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Abstract
Purpose In prospective life cycle assessment (pLCA), inventory models represent a future state of a production system and 
therefore contain assumptions about future developments. Scientific quality should be ensured by using foresight methods 
for handling these future assumptions during inventory modelling. We present a stepwise approach for integrating future 
scenario development into inventory modelling for pLCA studies. 
Methods A transdisciplinary research method was used to develop the SIMPL approach for scenario-based inventory model-
ling for pLCA. Our interdisciplinary team of LCA and future scenario experts developed a first draft of the approach. After-
wards, 112 LCA practitioners tested the approach on prospective case studies in group work projects in three courses on pLCA. 
Lessons learned from application difficulties, misunderstandings and feedback were used to adapt the approach after each 
course. After the third course, reflection, discussion and in-depth application to case studies were used to solve the remain-
ing problems of the approach. Ongoing courses and this article are intended to bring the approach into a broader application.
Results and discussion The SIMPL approach comprises adaptations and additions to the LCA goal and scope phase necessary 
for prospective inventory modelling, particularly the prospective definition of scope items in reference to a time horizon. 
Moreover, three iterative steps for combined inventory modelling and scenario development are incorporated into the inven-
tory phase. Step A covers the identification of relevant inventory parameters and key factors, as well as their interrelations. 
In step B, future assumptions are made, by either adopting them from existing scenarios or deriving them from the available 
information, in particular by integrating expert and stakeholder knowledge. Step C addresses the combination of assumptions 
into consistent scenarios using cross-consistency assessment and distinctness-based selection. Several iterations of steps 
A–C deliver the final inventory models.
Conclusion The presented approach enables pLCA practitioners to systematically integrate future scenario development into 
inventory modelling. It helps organize possible future developments of a technology, product or service system, also with 
regard to future developments in the social, economic and technical environment of the technology. Its application helps to 
overcome implicit bias and ensures that the resulting assessments are consistent, transparently documented and useful for 
drawing practically relevant conclusions. The approach is also readily applicable by LCA practitioners and covers all steps 
of prospective inventory modelling.

Keywords Prospective life cycle assessment · Inventory modelling · Future scenarios · Future scenario approach · 
Foresight · Consistency

1 Introduction

While LCA has a long tradition of systematically handling 
a variety of uncertainties, dealing with the uncertainty about 
future developments is a comparatively new challenge of pro-
spective LCA (pLCA) (Pesonen et al. 2000; Arvidsson et al. 
2018; van der Giesen et al. 2020). pLCA inventory models 
represent a future state of a production system and inevita-
bly include assumptions about future developments. When 
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integrating these future assumptions into the process of inven-
tory modelling, LCA practitioners may build on scientific 
methods provided by the research field of foresight (Euro-
pean Commission; OECD). In particular, the future scenario 
approach (Kosow und Gaßner 2008) is a suitable method to 
systematically account for future uncertainties. It has been 
readily applied by the pLCA community, as a recent review 
(Bisinella et al. 2021) analysed 514 articles on the combination 
of LCA and future scenarios. However, only a quarter of these 
studies are based on consistent knowledge of the scientific 
background of the future scenario methodology (Bisinella et al. 
2021). Most studies use foresight keywords and employ future 
scenarios as a general concept, but do not follow the scientific 
principles and systematic procedure of the scenario methodol-
ogy. A large share of studies do not define a time horizon and 
lack transparency regarding the choices made for the future 
scenarios. In addition, 97% of the studies address foreground 
parameters, but only 41% address background parameters, 
hinting that the latter are prone to be neglected (Bisinella et al. 
2021). This phenomenon has also been discussed in (Mendoza 
Beltran et al. 2020) and (Arvidsson et al. 2018). Recommenda-
tions from the systematic review (Bisinella et al. 2021) empha-
size the necessity to ensure transparency and communicability 
of studies combining LCA and future scenarios. Furthermore, 
it is recommended that the goal and scope definition of the 
LCA and the future scenario approach be aligned with each 
other. Moreover, scenarios should be contextual, i.e. identify 
key factors and their potential development, while also tak-
ing into account the potential impacts of background develop-
ments. To fulfil these criteria, it is recommended to include 
stakeholders and specialists into the process (Bisinella et al. 
2021). These recommendations enable a more balanced devel-
opment of the combined use of LCA and future scenarios. The 
study presented in this article aims to contribute to this pro-
gress with a particular focus on prospective small-scale LCAs, 
which are addressing technology development. Although gen-
eral recommendations are available for prospective small-scale 
LCAs (Arvidsson et al. 2018; Villares et al. 2017; van der 
Giesen et al. 2020; Thonemann et al. 2020; Cucurachi et al. 
2018; Thomassen et al. 2019; Buyle et al. 2019; Moni et al. 
2020), practitioners still face the challenge to convert these 
into a practically applicable procedure. Practical guidance is 
only published for specific elements of prospective inventory 
modelling, such as technological upscaling (reviewed in (Tsoy 
et al. 2020)), but does not systematically cover the entire pro-
cess of prospective inventory modelling. Given the limited 
time resources in many pLCA studies, a readily applicable 
step-by-step manual covering all the necessary steps reduces 
the barriers to fulfilling quality requirements when integrat-
ing the future scenario approach into LCAs. Therefore, the 
presented study seeks to develop a step-by-step manual for 
prospective inventory modelling in small-scale LCAs covering 
all the necessary steps. Comparable guidance was published 

in (Spielmann et al. 2005) for medium-scale LCAs (in par-
ticular applied to transport systems). We decided to develop 
an approach independently of this guidance for medium-scale 
LCAs, since our intention was to provide an approach that is 
particularly suitable for the requirements of small-scale LCA 
practitioners. In summary, our research goal was to develop 
and bring into application a step-by-step approach for prospec-
tive inventory modelling fulfilling the following criteria:

1. The approach should be easily applicable by small-scale 
LCA practitioners.

2. The approach should ensure that scientific standards of 
the future scenario approach are met.

3. The approach should cover all the necessary steps for 
prospective inventory modelling.

This article presents the derived approach, which is called 
Scenario-based Inventory Modelling for Prospective LCA 
(SIMPL) approach. Section 2.1 describes the transdiscipli-
nary development of this approach, followed by a summary 
of the scientific foundations in Sect. 2.2. Section 3 presents 
the results, i.e. a step-by-step approach for prospective 
inventory modelling for small-scale LCAs, while Sect. 4 
illustrates its application with an example. In the discus-
sion (Sect. 5), we compare the presented SIMPL approach 
against the requirements set for its development and discuss 
methodological choices and their alternatives. Finally, con-
clusions and recommendations are given in Sect. 6.

2  Methods

Section 2.1 describes the methods that were used to develop 
the SIMPL approach, while Sect. 2.2 provides information 
on the principles and definitions that build the methodologi-
cal foundation of the SIMPL approach.

2.1  Development of the SIMPL approach

The methodological shortcomings of many pLCA studies 
(as detected in (Bisinella et al. 2021) and summarized in 
the introduction) can be attributed to a lack of integration 
between the scientific communities of foresight and LCA: 
While the future scenario approach is used in many pLCA 
studies, scientific standards of the foresight community are 
often not met. To better integrate the scientific knowledge 
and principles of the foresight community into pLCA prac-
titioning, the mutual understanding of principles, standards 
and requirements between both scientific communities needs 
to be improved. This mutual understanding is a prerequi-
site to develop a readily applicable step-by-step manual that 
meets the requirements and standards of both communities. 
To ensure the necessary exchange and integration, a trans-
disciplinary research approach was applied for developing 
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the SIMPL approach, according to the principles summa-
rized in (Lang et al. 2012). Consequently, the research pro-
cess can be divided into 3 phases:

(a) Collaborative problem framing and building a collabo-
rative research team

(b) Co-creation of solution-oriented and transferable 
knowledge through collaborative research

(c) (Re-)integrating and applying the co-created knowledge

In the following, we will describe the steps taken in each of 
these phases. In general, the phases were not passed linearly, 
but in iterative and recursive ways, which is typical for transdis-
ciplinary research in sustainability science (Lang et al. 2012).

2.1.1  Phase (a): collaborative problem framing 
and building a collaborative research team

As part of phase (a), the research goal was defined as develop-
ing and bringing into application a step-by-step approach for 
prospective inventory modelling, fulfilling three main criteria:

1. The approach should be easily applicable by small-scale 
LCA practitioners.

2. The approach should ensure that scientific standards of 
the future scenario approach are met.

3. The approach should cover all necessary steps for pro-
spective inventory modelling.

Specific requirements for the criteria were likewise 
defined as part of phase (a), although owing to the itera-
tive character of the transdisciplinary development method 
(Lang et al. 2012), these requirements were adapted through 
insights gathered during the process rather than set up in 
one step at the outset. Most importantly, the specifics of 
criterion (1) were formulated with insights gained from the 
courses given in phase (b) (cf. Sect. 2.1.2 and suppl. mat. 1, 
Sect. 1.3). The specifics of criterion (1) are:

1.1 The approach is easily understandable.
1.2 The approach involves a manageable/scalable effort.
1.3 It can be readily integrated into the existing LCA frame-

work as determined by the ISO standard.
1.4 The approach offers choices so it can be adapted to the 

requirements of different research problems.
1.5 The approach delivers practical benefits.

More detailed aspects of criterion (2) can be formulated 
in line with (Bisinella et al. 2021): The approach ensures.

2.1 Terminology is in alignment with foresight terminology.
2.2 Transparency and communicability of pLCA studies is 

enhanced.

2.3 Scenarios are developed contextually, i.e. by identifying 
key factors and their potential development.

2.4 Goal and scope definition of the LCA and the future 
scenario approach are in alignment.

2.5 Stakeholders and specialists are included in the process.
2.6 The impact of background developments is taken into 

account.
2.7 Uncertainties and sensitivities are addressed.

Criterion (3) requires the inclusion of:

3.1 The goal and scope definition that is relevant for inven-
tory modelling

3.2 All the steps of prospective inventory modelling

As another task of phase (a), we set up a collaborative 
research team including scientists with expertise in pLCA, 
foresight and sustainability science (for details, cf. suppl. 
mat. 1, Sect. 1.1) and planned the research processes of 
phases b and c.

2.1.2  Phase (b): co‑creation of solution‑oriented 
and transferable knowledge through  
collaborative research

Phase (b) can be further broken down into the following steps:

 (b1) Literature research provided the scientific background 
from the available scientific evidence.

 (b2) Through an initial phase of discussions within the 
research team, followed by personal reflection and 
conceptualization, we created a first draft of an 
approach for prospective inventory modelling for 
small-scale LCAs, bringing together knowledge and 
perspectives from the different scientific fields.

 (b3) In three courses with LCA practitioners, we gained 
knowledge about the practical requirements and the 
potential for improvement. In each course, the SIMPL 
approach was introduced by the research team and 
afterwards applied by the participants to their own 
case studies in group work. The application was 
supervised by the members of the research team and 
presented by the participants at the end of the course. 
Each course was followed by a process of reflection 
on the lessons learned, discussions within the project 
team and an adaptation of the approach.

 (b4) After the third course, a longer phase of reflection, 
discussion and in-depth application to case studies was 
used to solve the remaining problems of the approach.

More details on each step are documented in suppl. mat. 
1, Sect. 1.3. Additionally, table A0 in suppl. mat. 1 gives an 
overview on the technical data of the courses.
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2.1.3  Phase (c): (re‑)integrating and applying 
the co‑created knowledge

The key goal of this phase is to integrate the derived 
approach into LCA practice. This can be achieved by con-
tinuing the courses (c.1). A pLCA course will be given by 
the research team once a year. Furthermore, it was pointed 
out by participants of the courses that citable documentation 
of the SIMPL approach itself would be desirable as a way 
to support the practical application in their research. There-
fore, the documentation provided in this article is seen as 
step (c.2) in order to support the practical application of the 
SIMPL approach. We hope that a further in-depth applica-
tion of the SIMPL approach will be made possible through 
this article, leading to an improvement of pLCA practice as 
well as further development of the approach itself.

2.2  Methodological foundations and terminology 
of the SIMPL approach

The SIMPL approach is built upon the methodological prin-
ciples of LCA and the future scenario approach. This sec-
tion explains the methodological background of the SIMPL 
approach and defines all terms used in the results section. 
Since the principles of LCA are familiar to the readers of 
this journal, this section focuses on the scientific principles 
and terminology of the foresight community and the future 
scenario approach in particular. It includes only few defini-
tions on LCA terminology that are important for understand-
ing the results section.

The scientific principles of the future scenario approach 
provide the foundation of the SIMPL approach and are 
explained in Sect. 2.2.1. Since a scenario type needs to be 
chosen for the SIMPL approach, a description of the differ-
ent types is given in Sect. 2.2.2. In order to actually integrate 
future scenario development into inventory modelling for 
prospective LCA, the SIMPL approach suggests to incor-
porate the general steps of future scenario development into 
the first two phases of LCA. Therefore, these general steps 
of future scenario development are presented in Sect. 2.2.3. 
This introduces the term ‘key factor’, so it is defined what 
key factors are and how they relate to inventory parame-
ters within the SIMPL approach in Sect. 2.2.4, which also 
leads to the definition of inventory parameters themselves. 
Afterwards, specific requirements for the collection of 
information for future scenario development are described 
in Sect. 2.2.5. Finally, specific tools can be applied for some 
of the general steps of the future scenario development, so 
Sect. 2.2.6 briefly explains the tools that are recommended 
for use in the SIMPL approach. Furthermore, Sect. 2.2.6 
can be used to look up details on tools and methodological 
alternatives when applying the SIMPL approach.

2.2.1  Scientific principles of the future scenario approach

The research field of foresight builds on the understand-
ing that different future developments are possible. Conse-
quently, foresight can be defined as ‘the disciplined analysis 
of alternative futures’ (European Commission; OECD). The 
future scenario technique is a particular foresight method 
to account for future uncertainties in a transparent and sys-
tematic way. The scenarios themselves describe plausible 
and relevant pictures of the future, often encompassing the 
paths that lead to these distinct future situations (European 
Commission; OECD)(Kosow und Gaßner 2008). There-
fore, the aim of scenario development is not to predict what 
will actually happen, but to explore the different possibili-
ties of future developments, i.e. what could happen. Thus, 
important criteria for the scientific quality of future scenario 
development (Kosow and Gaßner 2008; Gerhold et al. 2017) 
are plausibility and consistency, i.e. the scenarios have to be 
conceptually feasible and devoid of contradictions. Moreo-
ver, scenarios have to be documented in a transparent and 
traceable way and have to make use of all available and rel-
evant knowledge (details are given in Sect. 2.2.5).

2.2.2  Scenario types

There are a variety of scenario types and typologies, e.g. 
(van Notten et al. 2003; Börjeson et al. 2006), and new types 
are under development, e.g. (Erdmann and Schirrmeister 
2016). We refer to the typology given by Börjeson et al. 
(2006), since it was shown by (Bisinella et al. 2021) that 
previous works on the combination of LCA and future sce-
narios can be classified by this typology, so it is assumed to 
cover the variety of scenario types applied. This typology 
differentiates explorative, predictive and normative scenar-
ios. Depending on the research question, a combination of 
these three basic types is possible.

Explorative scenarios Explorative scenarios follow the basic 
assumption that several alternative future developments are 
possible (cf. Sect. 2.2.1) and allow for the exploration of the 
possible developments. Since future uncertainties increase 
with the time anticipated, the range of possible future devel-
opments can be depicted as a funnel (cf. Fig. 1a). Choosing 
specific assumptions and investigating their specific implica-
tions is referred to as developing what-if-scenarios (Börjeson 
et al. 2006). The attempt to explore a broad or even full range 
of future uncertainties is known as developing cornerstone 
scenarios. Frequently, a ‘best case’ and a ‘worst case’ serve 
as cornerstone scenarios. However, the scope of the possible 
developments will not always follow this ‘good-or-bad’ logic, 
neither is it necessarily one-dimensional. The Shared Socioeco-
nomic Pathways (SSPs) are an example of a well-established set 
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of explorative scenarios including four cornerstone scenarios 
(O’Neill et al. 2017) (Fig. 1b). Additionally, this set of scenarios 
includes a ‘middle of the road’ scenario, which is often used to 
illustrate an intermediate development alongside the possible 
extreme developments.

Predictive scenarios With the predictive scenario type, a 
single ‘likely’ scenario is developed. Since a fundamental 
aspect of the future scenario approach is that scenarios are 
not predictions (cf. Sect. 2.2.1), it should be critically scruti-
nized as to whether it is justified to call a future development 
‘certain’ or ‘likely’. Often, by intuition, an average case or 
business-as-usual scenario is chosen as the most likely sce-
nario, however, a rationale for this is often lacking. Predic-
tive scenarios may be most suitable when uncertainties are 
assumed to be negligible, e.g. when a study is looking into 
the very near future and/or a future assumption is hardly 
disputed (e.g. the magnetic field of the Earth will not change 
its direction over the next 30 years).

Normative scenarios Normative scenarios explicitly incor-
porate values and desired future developments. Often, at 
first, a vision of the future is generated and then pathways 
to reach this vision are identified and analysed.

2.2.3  General steps of future scenario development

From various approaches, an archetype scenario develop-
ment process can be abstracted (European Commission; 
Kosow and Gaßner 2008; Erdmann and Schirrmeister 
2016; Dönitz and Schirrmeister 2013; Tiberius et al. 2020). 
Kosow and Gaßner (2008) will serve as a reference in this 
article, as they condense the most important principles into 

easily understandable steps. Accordingly, the process of  
scenario development comprises five stages, the last one 
being optional:

1. Scenario field definition: The goal of the scenario devel-
opment is specified. Furthermore, system boundaries 
(including temporal and geographical boundaries), data 
sources and stakeholder participation, the scenario type 
(see Sect. 2.2.2) and other relevant aspects of the scope 
are defined.

2. Key factor identification: It is systematically analysed 
which factors have a high impact on the uncertain 
future development. Factors with a high impact are 
called ‘key factors’.

3. Key factor analysis: Alternative assumptions are made 
on the possible future developments of each key factor.

4. Scenario generation: Consistent combinations of key 
factor assumptions are combined and integrated into 
scenarios. If there are many consistent combinations, 
making a selection becomes necessary.

5. Optional: Scenario transfer: The generated scenarios 
can be further applied or processed. Options include the 
evaluation of desirability, development of strategies and 
use for communication.

2.2.4  Definition of key factors vs. inventory parameters

Section 2.2.3 introduces the term ‘key factor’ as a factor 
with high impact on the uncertainties of the developed 
future scenarios. In order to explain what role ‘key factors’  
play within the SIMPL approach and how they relate to 
‘inventory parameters’ of the inventory model, which 
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Fig. 1  Illustration of explorative scenarios: a scenario funnel with cornerstone scenarios and b the Shared Socio-Economic Pathways as an 
example for a set of explorative scenarios with four cornerstone scenarios and one intermediate scenario (based on (O’Neill et al. 2017))
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are familiar to the LCA community, we will define and 
explain the terms ‘key factor’ and ‘inventory parameter’ 
in the following.

Key factors ‘Key factors’ significantly influence the inven-
tory parameters (and consequently, the pLCA results), but  
are not part of the inventory model. One key factor may  
influence several inventory parameters simultaneously. In order  
to avoid inconsistencies between the assumptions made 
about the influenced inventory parameters, it is important to 
identify the influencing key factors. For instance, political 
decisions may influence the future development of several 
processes in an inventory model, so the same suppositions 
about these political decisions should underlie the assump-
tions about all processes. Additionally, consideration of key 
factors helps provide an understanding of the broader condi-
tions under which the pLCA results are valid, and thereby 
supports the development of practical recommendations. 
Potential key factors will be referred to as ‘factors’ before 
their influence on the inventory model has been testified.

Inventory parameters The essential parameters of the inven-
tory model are the quantified elementary and intermediate 
flows, e.g. material and energy inputs, emissions and prod-
ucts. Furthermore, parameters influencing these flows can 
be defined quantitatively when modelling the inventory. This 
is usually done for a better overview and efficient model-
ling of several alternatives. A parameter influencing the 
inventory model flows can be implemented for a specific 
process (e.g. a process efficiency giving the ratio of outputs 
to inputs) or the entire inventory model (e.g. an energy effi-
ciency parameter relevant for several processes). Alternative 
choices, for example between different input materials or  
different production systems, often need to be implemented 
as well. They can be modelled through alternative production  
routes within an inventory model and quantification of each 
route’s share in the total production. In some cases, model-
ling each alternative route in a separate model can improve 
the overview. All elements described in this paragraph are 
called ‘inventory parameters’ throughout this article.

In addition, inventory parameters are often categorized 
into foreground and background parameters by the LCA 
community. Foreground parameters are based on primary 
data obtained by the LCA practitioners themselves. Back-
ground parameters relate to generic data taken from databases 
(Klöpffer and Grahl 2014). Throughout this article, ‘inventory 
parameters’ refers to foreground and background parameters.

2.2.5  Collection of information

Epistemic uncertainties about future developments cannot be 
eliminated or reduced by collecting precise data, in contrast 

to stochastic uncertainties, e.g. about technical parameters 
in retrospective inventory modelling. Consequently, meth-
odological requirements for the collection of information 
are more complex. The utilization of all the available and 
relevant knowledge is important for the quality of the sce-
narios (Gerhold et al. 2017). According to (van Notten et al. 
2003), there are two principle approaches for the information 
collection: desk research at the one end, and participatory 
methods at the other. Participatory methods include experts 
and stakeholders in knowledge collection, e.g. through 
interviews, surveys (such as Delphi surveys) or workshops. 
Kosow and Gaßner (2008) differentiate between systematic-
formalized scenario approaches, having a strong focus on 
desk research, and creative-narrative scenario approaches, 
focusing on participatory methods. The former offer an in-
depth analysis including empirical insights and theoreti-
cal foundations. The latter utilize the intuitive and implicit 
knowledge of the involved stakeholders and experts, synthe-
size their insights into a general overview and reach a com-
mon understanding through exchange, while also providing 
legitimacy through participation. Most future scenarios are 
developed using a combination of systematic-formalized 
desk research and creative-narrative participation (Kosow 
and Gaßner 2008), ideally utilizing the advantages of both 
approaches. The development of future assumptions on key 
factors in particular (step 3 in Sect. 2.2.3) inherently includes 
intuitive and creative aspects, so stakeholder participation is 
essential for this step (Kosow and Gaßner 2008). The other 
steps can theoretically be covered in a purely analytical fash-
ion, but still benefit from participatory methods. Stakeholder 
and expert participation is a key element according to the 
recommendations for combining future scenarios and LCA 
outlined in (Bisinella et al. 2021). Table 1 gives an overview 
on recommended methods for the collection of information 
at each step of the SIMPL approach.

2.2.6  Specific tools for the general steps of the future 
scenario approach

Specific tools for key factor identification In order to obtain 
a good overview of potential key factors, it is necessary to 
consider factors from different areas that could affect the 
future development of the analysed technology. We recom-
mend PEST approaches since they ensure that a variety of 
potentially relevant areas are considered in a systematic, 
structured way, thereby reducing the risk of blind spots. 
PEST approaches were initially used in strategic manage-
ment for the identification of key factors in the macro-
environment of institutions (Fahey and Narayanan 1986). 
They serve as checklists for scanning different potentially 
influential areas and are frequently used in future scenario 
development. PEST stands for political, economic, socio-
cultural and technological factors. A wide range of variants 
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exists. PESTEL (Issa et al. 2010) was chosen for the SIMPL 
approach as the best fit for pLCA, as it adds both environ-
mental and legal factors, which are often relevant for the 
technologies being assessed. A thorough explanation of the 
principle and an example for practical application can be 
found in (Ulubeyli and Kazanci 2018). A table for practical 
application is provided in supplementary material 2. Other 
approaches also include cultural, ethical or demographic fac-
tors (Fahey and Narayanan 1986). Stakeholder integration 
can further reduce the risk of blind spots. It might take place 
via survey sheets providing the PESTEL checklist and the 
research question, or through brainstorming workshops. Ide-
ally, stakeholders from all PESTEL areas are involved, but 
inclusion of sector experts, experts from competing technol-
ogies or potential customers already enhances the overview.

In order to analyse the interrelationships between several 
factors and identify the most influential factors among them, 
typical methods include influence analysis of factors and 
cross-impact-balance analysis of factor projections (Kosow 
and Gaßner 2008; Schweizer and Lazurko 2020). Both are 
table-based solutions. Causal loop diagrams (CLD) are 
a less common but graphical alternative (de Vries 2012). 
Since inventory modelling is usually based on a flow chart 
of the production system, CLDs as a likewise graphical solu-
tion allow for a graphical linkage and were easily adopted by 
LCA practitioners in our courses (cf. Sect. 2.1). Addition-
ally, CLDs can be used as a starting point for quantitative 
modelling of key factors when this option seems appro-
priate in terms of the research question and the available 
resources. For these reasons, CLDs were chosen for the 
SIMPL approach. A thorough explanation of CLD princi-
ples and their application in sustainability science can be  
found in (de Vries 2012) pages 24–25 and 36–44. Examples 
given in suppl. mat. 1, Sect. 2 illustrate the principle. In short,  
when creating a CLD, the general task is to draw an outline 
of the relevant variables with their connections to each other 
using arrows. If one parameter (A) is connected to another 
(B) with an arrow and a plus, it means that an increase in A 
will lead to an increase in B, and likewise, a decrease in A 
will lead to a decrease in B. If A points to B with a minus, 
it means that an increase in A will lead to a decrease in B, 
while a decrease in A will lead to an increase in B. The last 
aspect leads to most misunderstandings and should therefore 
be kept in mind. Literature research and stakeholder integra-
tion are important for an in-depth understanding of the con-
nections and interrelationships. Workshops with phases of 
collective discussion and individual reflection are a suitable 
tool to develop the CLD in collaboration with stakeholders.

Specific tools for scenario generation Cross-consistency 
assessment (CCA) (Ritchey 2002; Zwicky and Wilson 1967) 
also known as cross-impact analysis (CIA) (Bishop et al. 

2007; Culka 2018; Bradfield et al. 2005), is a widely used 
standard for checking consistency when developing sce-
narios and has no commonly used alternatives. For CCA, 
assumptions about factors are checked pairwise. If two 
assumptions are inconsistent with each other (for logical or 
empirical reasons), all combinations of assumptions includ-
ing the inconsistent pair of assumptions can be excluded 
from further analysis. A straightforward inconsistency might 
be found for some pairs of assumptions, but some pairs of 
assumptions might also be more or less consistent. There-
fore, pseudo-quantitative scales or colour scales are usually 
applied to differentiate the more consistent pairs from the 
less consistent pairs. Depending on the purpose and avail-
able resources, it can be decided whether only the most con-
sistent or all the more or less consistent pairs should be con-
sidered for further analysis. If the number of factors is small,  
a cross-consistency check can be performed by hand. A table 
is provided in supplementary material 3 for the consistency 
check of up to five factors. For a higher number of factors, 
software tools (Bañuls and Turoff 2011) will be needed. A 
more detailed description of CCA can be found in (Ritchey 
2002), particularly on pages 5–7. An example given in suppl.  
mat. 1, Sect. 2 illustrates the principles. Stakeholder involve-
ment can help to overcome biased perspectives on correlations. 
Stakeholder perspectives can be collected through surveys. 
In case many opposing perspectives are found, workshops  
or Delphi surveys can help to reach a consensus.

3  Results: the SIMPL approach 
for Scenario‑based Inventory Modelling 
for Prospective LCA

For integrating the future scenario approach into LCA 
inventory modelling, the four mandatory steps of future 
scenario development (Kosow and Gaßner 2008) (cf. 
Sect. 2.2.3) were incorporated into the first two phases of 
LCA as displayed in Fig. 2, leading to

1. Adaptations and additions required for prospective 
inventory modelling within the goal and scope defini-
tion and

2. Three iterative steps (A–C) for combined inventory 
modelling and scenario development within the inven-
tory analysis.

The integration of the four mandatory steps of future 
scenario development is essential elements of the SIMPL 
approach to ensure that quality standards of the scientific 
foresight community are met. Within the steps, different 
tools and options are offered to keep the approach adapt-
able for specific research problems and scalable according 
to available capacities.
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3.1  Integrating scenario field identification 
into the LCA goal and scope definition

The precise definition of the research goal and scope is the 
first step of both LCA and future scenario approach, being 
called ‘goal and scope definition’ in LCA and ‘scenario field 
identification’ in scenario development. Hence, when inte-
grating scenario development into inventory modelling for 
pLCA, the scenario field identification should be integrated 

into the LCA goal and scope definition (cf. Fig. 2). This 
integration leads to adaptations and additions which are 
explained in the following subsections.

3.1.1  Definition of the prospective LCA research question

Stakeholder participation and iterative adaptations are key 
elements of a precise goal definition in both disciplines 
(Klöpffer and Grahl 2014; Kosow and Gaßner 2008). 

Inventory Analysis (LCI)

Three iterative steps for combined inventory modelling and scenario
development

(A) Identify relevant inventory parameters and key factors
(A1) Preliminary inventory models + sensitivity ↔ (A2) PESTEL

↔ (A3) Causal Loop Diagram

(B) Find future assumptions for each relevant parameter and key factor
(B1) Adopt assumptions ↔ (B2) Derive assumptions ↔ 

(B3) Distinctness-based selection of assumptions

(C) Combine assumptions into future scenarios 
(C1) Consistency check ↔ (C2) Distinctness-based selection of scenarios

Calculate elementary flows with final inventory models

Goal and Scope definition

1) Scenario field identification

2) Key factor identification

3) Key factor analysis

4) Scenario generation

Life Cycle Assessment

Impact Assessment (LCIA)

Interpretation

Scenario construction

Definition of the prospective LCA research question
Choice of time horizon & scenario type
Prospective definition of scope items

Fig. 2  The four mandatory steps of future scenario development (Kosow 
and Gaßner 2008) (yellow) were adapted and integrated into the first two 
LCA phases (blue), allowing for scenario-based inventory modelling for 

pLCA (green). Adaptations of the last two LCA phases (grey) are beyond 
the scope of this article. Also, the adaptation of the goal and scope phase 
would have to be extended when addressing the last two phases
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However, participatory methods for goal definition are more 
commonly used by the foresight community and frequently 
neglected in LCA studies. Therefore, special attention should 
be paid to stakeholder involvement when integrating scenario 
field identification into the goal definition (cf. Table 1).

3.1.2  Choice of temporal boundaries/time horizon

Temporal boundaries need to be specified in LCA and 
are supposed to be valid for all parameters included in the 
assessment to ensure consistency (Klöpffer and Grahl 2014). 
For pLCA, the temporal boundaries lie in the future and 
should be defined according to the standards of scenario 
field identification, i.e. a specific year (or period) in the 
future is chosen as the ‘time horizon’.

An appropriate time horizon allows for the emerging 
technology under investigation to have reached maturity 
(i.e. sufficient diffusion into the market), as that is when 
its environmental impacts are most significant. Addition-
ally, a comparison with an already established technology 
provides meaningful results only if both technologies have 
the same degree of maturity at the time of comparison 
(Thonemann et al. 2020). Furthermore, when choosing the 
temporal boundaries, it is usually necessary to ensure that 
sufficient data on all relevant foreground and background 
processes are available for the year chosen in retrospective 
LCA. Similarly, when choosing the time horizon for pro-
spective LCA, consideration should be given to the future 
years for which assumptions about background processes are 
available from already existing future scenarios. Stakeholder 
integration can be helpful in finding a suitable time horizon 
(cf. Table 1).

3.1.3  Choice of scenario type

Depending on the research question and the time horizon, 
the most suitable scenario type should be chosen, which 
can be explorative (cornerstone or what-if), predictive or 
normative (cf. Sect. 2.2.2). In the following, the approach 
will be given for the case of explorative scenarios. Devia-
tions for the other scenario types can be found in sup-
plementary material 1. As the most important difference, 
in explorative cornerstone scenarios, several assumptions 
for each key factor and inventory parameter need to be 
managed, while for predictive and what-if scenarios, sin-
gle assumptions might be chosen. Furthermore, normative 
scenarios take a backcasting perspective that requires find-
ing (one or several) assumptions for each key factor and 
inventory parameter to reach a certain goal. ‘Key factor’ 
and ‘inventory parameter’ are defined in Sect. 2.2.4.

3.1.4  Prospective definition of the production system 
and related scope items

The first outline of the production system (to be drawn 
within the goal and scope phase according to LCA stand-
ards, e.g. (Klöpffer and Grahl 2014)) should already depict 
the potential future state of the technology corresponding 
to the time horizon. If several alternative scenarios are to 
be developed, which is typically the case for explorative 
scenarios, several alternative outlines might be necessary. 
Likewise, related elements of the LCA scope definition 
(e.g. the functional unit and the geographical bounda-
ries) have to be defined in accordance with the chosen 
time horizon and future scenario type and potential future 
changes have to be considered (Thonemann et al. 2020; 
Bisinella et al. 2021). For instance, the functional unit of 
a cleaning technology for industrial waste water might be 
‘1  m3 of clean water’ today, but could become ‘xx g of 
rare metal’ in the future, as the metal recovery becomes 
more efficient and metal scarcity more relevant. Similarly, 
equipment for an emerging technology might currently 
only be produced within narrow geographical boundaries, 
but in the future could be manufactured globally, so that 
geographical boundaries need to be adapted.

3.2  Integrating scenario development 
into inventory modelling

For a systematic prospective inventory modelling, the 
three steps A–C illustrated in Fig. 2 need to be done itera-
tively. Several iterations of steps A–C lead to the final 
inventory model(s) as the result of the pLCI.

3.2.1  Step A: Identify relevant inventory parameters 
and key factors

Inventory parameters and other factors are relevant if they 
significantly influence the results of the pLCA. Relevant fac-
tors are called key factors. The terms ‘inventory parameters’ 
and ‘key factors’ are defined and explained in Sect. 2.2.4.

Steps A1–A3 are summarized in Table 2 and explained in 
the following. For details on the applied tools, cf. Sect. 2.2.6.

Step A1: Preliminary inventory model and sensitivity analy‑
sis The inventory model identifies the inventory parameters, 
while a sensitivity analysis helps to assess their impact on 
the LCA results, i.e. their relevance. Therefore, at the begin-
ning of the iterative steps A–C for pLCI, both preliminary 
inventory modelling and a preliminary sensitivity analysis 
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need to be conducted based on rough estimates. Through 
several iterations of steps A–C, the preliminary inventory 
model will become more and more detailed and finely tuned 
until a final inventory model is created. The preliminary sen-
sitivity analysis helps to select the most relevant inventory 
parameters for a closer analysis in step B (Fig. 2). On the 
other hand, it helps to determine which inventory parameters 
have only negligible influence on the LCA results and thus, 
can be neglected during step B.

The preliminary inventory model is developed from the 
flow chart drafted during the goal and scope phase (cf. 
Sect. 3.1.4). It depicts the anticipated future state of the 
technologies as defined in the goal and scope (the status of 
all processes at the time horizon, e.g. fully industrialized, 
market-diffused processes instead of lab-scale processes). 
Consequently, it includes future assumptions about all inven-
tory parameters. Several alternative assumptions about the 
inventory parameters may be plausible and this needs to be 
reflected in the inventory model. It is possible to include 
several alternative assumptions in one inventory model, e.g. 
by alternative processes optionally connected to the main 
process chain or by defining alternative values for inventory 
parameters on process efficiencies. Likewise, it is possible 
to create several alternative inventory models, e.g. for mod-
elling two different production systems leading to the same 
product. Whether the best choice is (i) one inventory model 
including all alternative future assumption or (ii) several 
alternative inventory models each representing a consistent 
combination of future assumptions, depends on the number 
and complexity of alternative assumptions, as well as on 
the practitioner’s preferences. Insights from experts, particu-
larly technology developers and experts with experience in 
technological upscaling of similar technologies, are helpful 
in creating these preliminary prospective inventory models. 
They can be obtained through interviews and surveys (cf. 
Table 1).

For a better overview, it can be helpful to organize 
hierarchically the inventory parameters which have been 
identified as relevant, e.g. define a few main inventory 
parameters each including a couple of subordinated inven-
tory parameters. For instance, the electricity mix can be 
defined as a main inventory parameter, with the respective 

shares of different technologies for electricity generation 
being the subordinated inventory parameters. Likewise, 
the choice of one specific production pathway can be 
defined as a main inventory parameter, with all the inven-
tory parameters which belong to this specific production 
pathway being the subordinated inventory parameters. 
What constitutes a suitable hierarchy depends on the 
research question, and also on the practitioner’s prefer-
ences, so no general recommendations can be given here.

Step A2: PESTEL When looking for key factors, a systematic 
search ensures clarity and thoroughness. The PESTEL check-
list helps to consider political, economic, sociological, tech-
nical, environmental and legal factors (Fahey and Narayanan 
1986), as explained in Sect. 2.2.6. In this instance, technical is 
not related to the specifics of the technology in focus (which 
is already covered by the inventory model(s) in A1). Instead, 
technical key factors may be technical preconditions or threads 
to this technology’s progress, e.g. the development of neces-
sary infrastructural prerequisites or a competing technology. 
Stakeholders and experts, ideally from each PESTEL domain, 
should be integrated via survey sheets or brainstorming work-
shops to avoid blind spots (cf. Table 1).

Step A3: Causal loop diagrams connected to the inventory 
model(s) After listing potential key factors, we need to know 
how exactly these factors affect the pLCA results, i.e. which 
inventory parameters they influence and in what way. Fur-
thermore, it is necessary to know which connections between 
key factors may cause interdependencies between inventory 
parameters and thus, have to be considered to ensure that 
assumptions about inventory parameters are consistent.

These issues will be solved by drawing a CLD and link-
ing it to the inventory model(s). The working principle 
of CLDs is explained in Sect. 2.2.6. The methodological 
novelty of linking CLDs and LCIs is illustrated in Fig. 3. 
In order to gain additional insights and perspectives into 
connections and overcome biased perspectives on inter-
dependencies, stakeholders and experts should be inte-
grated into drawing the CLD, e.g. through workshops with 
phases of collective discussion and individual reflection 
(cf. Table 1).

Table 2  Steps A1–A3 for 
the identification of relevant 
inventory parameters and key 
factors

Result: Overview of relevant parameters and relevant connections

Step Task/tool Purpose

A1 Inventory model, sensitivity analysis Identify relevant inventory parameters
A2 PESTEL checklist Identify key factors
A3 CLD connected to inventory model Identify relevant connections between key factors 

and connections between key factors and inventory 
parameters
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The CLD includes the factors identified using PESTEL. 
Factors identified using PESTEL but showing no direct 
connection to the inventory parameters and no significant 
connections to other factors can be neglected. In contrast, 
factors having a direct connection to the inventory model 
and/or many connections to other factors eventually leading 
to the inventory are most relevant, i.e. actual key factors.

Step A3 can be based on rough estimates at the beginning 
and will become more finely tuned after several iterations 
of steps A–C.

Step A delivers an overview (e.g. a list or a table) of 
inventory parameters, key factors and their connections, 
which are relevant for the pLCA results. These inventory 
parameters, key factors and connections between them need 
to be addressed when making future assumptions in step B.

3.2.2  Step B: Find future assumptions for each key factor 
and each relevant inventory parameter

Future assumptions for each key factor and each relevant 
parameter can either be taken from already existing scenarios 
(step B1) or obtained through considerations by the practi-
tioners, utilizing the available literature and expert knowledge 
(step B2). Assumptions about inventory parameters need to 
be quantified, while assumptions about key factors only need 
to be qualitatively described to assess their influence on the 
inventory parameters. In both cases, it is necessary to choose 
some assumptions based on distinctness to keep the number 
of assumptions manageable (Step B3). Table 3 summarizes 
the necessary steps for finding future assumptions.

Step B1: Adopt assumptions The inventory background 
parameters (e.g. electricity mix) and key factors (e.g. climate 
policy) are often relevant for a variety of research questions. 
Hence, future assumptions about these parameters can some-
times be found in scenarios which have already been pub-
lished. In some cases (e.g. a broadly analysed technology), this 
might even be the case for inventory foreground parameters.

Adopting assumptions saves time and potentially allows 
to benefit from resources invested in future scenario pro-
cesses specifically dedicated to the respective key factors/
inventory parameters. Conversely, integration of the pLCA 
results into broader scientific studies or discussions will be 
more feasible if they are based on generally accepted future 
assumptions or embedded into well-known future scenarios. 
The quality of the adopted assumptions can be ensured by 
choosing future scenarios from acknowledged sources and/or 
checking the scenarios using quality criteria (cf. Sect. 2.2.1).

+

Higher share of environmentally
improved processes for the

production of acid 1

Additional filter in process 3

Competing
pressing issues

External parameters Inventory background
parameters

Inventory foreground
parameters

Links

Strong institutions

Environmental 
awareness

Legislation on 
toxic

emissions

Process 1
Market for electricity

Process 2

Process 3

Market for acid 1
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Intermediate 2
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System boundary of the inventory model
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Fig. 3  Illustration of step A3 with a simplified example: factors identi-
fied through PESTEL and their interrelations are displayed in a CLD 
and connected to the inventory model. It shows that an inventory fore-
ground parameter (additional filter in process 3) and an inventory back-

ground parameter (market for acid 1) depend on the same key factor 
(legislation on toxic emissions), which needs to be regarded for con-
sistent future scenarios. Key factors (having relevant connections to the 
inventory model and/or to other factors) are marked with a frame

Table 3  Steps B1–B3 for finding future assumptions for each key fac-
tor and each relevant inventory parameter

Result: Future assumptions about each key factor (qualitative/descrip-
tive) and each relevant parameter (quantitative/modelled)

Step Task/tool Purpose

B1 Adopting assumptions Utilize available and appropriate 
assumptions

B2 Deriving assumptions Add missing assumptions
B3 Distinctness-based selection 

of assumptions
Reduce number of assumptions
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Ideally, a future scenario can be found that covers all the 
relevant background parameters and key factors, automati-
cally ensuring the consistency of the adopted future assump-
tions. Since this will not always be possible, it is feasible to 
adopt assumptions about one parameter from one scenario 
and assumptions about another parameter from another sce-
nario. However, assumptions from different scenarios need 
to be checked for consistency (step C). Likewise, it might 
be possible to choose a future scenario covering several 
relevant key factors/inventory parameters as a ‘framework 
scenario’ and add assumptions about the remaining factors/
parameters from other sources or the practitioner’s own con-
siderations. In which case, the consistency check only has to 
be done for the added key factors.

Analyzing the literature on scenarios for the identified 
key factors and relevant inventory parameters, including 
peer-reviewed articles as well as reports from governmental 
institutions, companies, NGOs or other organizations, is very 
important for this step. Interviews with experts on the identi-
fied key factors and relevant inventory parameters can help 
in finding and assessing the relevant literature (cf. Table 1).

If no future assumptions can be found for a factor/param-
eter, they have to be derived as explained in step B2. If only 
qualitative assumptions are found in already published sce-
narios, these can be used as a basis for quantification. On 
the other hand, when complex quantitative information is 
available from external scenarios or models, algorithms may 
be necessary to automatically transfer them into an inven-
tory model. For instance, future assumptions from integrated 
assessment models (IAMs) have been combined with the 
ecoinvent database to create LCI datasets on future elec-
tricity production by (Cox et al. 2020; Sacchi et al. 2022). 
Bisinella et al. (2021) give an overview on how external 
models can in principle be combined with pLCA.

Step B2: Derive assumptions Deriving future assumptions 
about a key factor or inventory parameter usually starts with 
a qualitative description, followed by a quantification in the 
case of an inventory parameter. For instance, we can assume 
that the electricity demand for producing a product might 
decrease significantly or only slightly in the future, depend-
ing on the technological progress of the production technol-
ogy. This is a set of two explorative cornerstone assump-
tions given as qualitative descriptions. Next, they can be 
quantified: a significant improvement might represent a 40% 
reduction of electricity demand, whereas a slight improve-
ment might mean a 5% reduction.

Deriving assumptions is typically necessary for inventory 
foreground parameters, since these parameters are specific 
for a particular technology and hence, less likely to be the 
subject of readily available future scenarios. The inclusion 
of expert knowledge is crucial when deriving the future 

assumptions, as it by nature includes intuitive and creative 
aspects (cf. Sect. 2.2.5). Process engineers or plant devel-
opment experts from the technology’s industry sector can 
provide important insights based on experience with simi-
lar technologies. Their knowledge can be collected through 
interviews and survey sheets. Delphi surveys and interactive 
workshops can help to create a common understanding out 
of different expert opinions.

Furthermore, many approaches have been suggested for 
making assumptions about the development of technology, 
especially during the upscaling of emerging technology to 
mature technology. However, these approaches are highly 
technology-specific, so no general recommendations can 
be given. Different upscaling protocols may be required for 
different types of technologies, such as those proposed by 
(Piccinno et al. 2016) for chemical technologies. Scaling 
relationships are utilized in (Caduff et al. 2011, 2012, 2014). 
Furthermore, van der Hulst et al. (2020) provide additional 
guidance for upscaling. Technological learning is addressed 
in (Louwen et al. 2016). A more comprehensive review of 
applied upscaling approaches in different technological con-
texts has been published by Tsoy et al.( 2020). Additionally, 
the hierarchy of data collection and estimation methods for 
LCA given by Parvatker and Eckelman (2019) can be helpful 
for deriving future assumptions about foreground parameters.

Step B3: Distinctness‑based selection of assumptions When 
many different assumptions about a parameter are possible, 
it is reasonable to choose the ones which differ most but 
which still seem plausible or at least a few markedly distinct 
ones. Choosing only the most different assumptions as cor-
nerstones allows a range of coverage since all other assump-
tions lie somewhere between the most distinctly different 
ones. On the other hand, choosing a few distinctly different 
assumptions allows ‘what-if’-implications of special interest 
to be highlighted (e.g. reaching specific policy targets that 
are under present discussion).

Sometimes the distinctness-based selection is straightfor-
ward. For instance, instead of considering the assumptions 
that the efficiency of a process increases by 20%, 21%, 22%, 
…, we will assume that it could increase by 20% in the worst 
case and by 40% in the best case. An average case of 30% 
may be considered as well. With more complex parameters, 
the distinctness-based selection becomes more multifaceted 
as well, e.g. when choosing between different process set-
ups. Hence, more dimensions may become relevant so that 
there can be more than two cornerstone assumptions and 
other logics than the best-case-worst-case constellation.

Interviews and workshops with experts and stakehold-
ers can help to choose assumptions or verify the choices 
made. Ideally, they can be combined with the stakeholder 
and expert interaction in step B2.



 The International Journal of Life Cycle Assessment

1 3

All the future assumptions about inventory parameters 
found in step B need to be integrated into the preliminary 
inventory model(s), leading to refined versions of the models 
made in step A. This means that assumptions about different 
parameters need to be combined, which is the task in step C.

3.2.3  Step C: combine assumptions into future scenarios

From the various plausible future assumptions identified 
in step B for each of the key factors/inventory parameters 
identified in step A, numerous formally possible combina-
tions can be formed. However, only internally consistent 
combinations represent reasonable scenarios with prac-
tical relevance. Therefore, CCA (step C1) can be used to 
exclude all inconsistent combinations. Nevertheless, a high 
number of consistent combinations may remain, making a 
distinctness-based selection of scenarios (step C2) neces-
sary. Table 4 summarizes the necessary steps for combining 
future assumptions into future scenarios.

Step C1: Cross‑consistency assessment The procedure of 
CCA is explained in Sect. 2.2.6. Once a pair of two param-
eter assumptions can be excluded as inconsistent, combi-
nations including this pair of assumptions do not need to 
be analysed any further. Hence, it can be helpful to check 
for consistency of a few assumptions separately at different 
points of the iterative process. If parameters are organized 
hierarchically as main parameters and subordinated param-
eters, a consistency check can be done within and between 
the main parameters. For instance, it may help to check 
consistency of inventory foreground parameters separately. 
Thereafter, the consistency of sets of consistent foreground 
parameters with background parameters can be checked.

To avoid biased conclusions on correlations, stakeholders 
and experts should be asked to provide perspectives from 
their field of expertise (cf. Table 1). The cross-consistency 
check can be handed out to them as a survey sheet and inter-
views can increase understanding with regard to the choices 
made. Based on that, interactive workshops and Delphi sur-
veys can help to reconcile different perspectives into a com-
mon, legitimized conclusion.

Step C2: Distinctness‑based selection of scenarios When 
assumptions are found for each parameter, a distinctness-
based selection of assumptions needs to be made (step B3). 
Combining the remaining assumptions can still lead to a 
high number of scenarios, and this number may remain high 
after the consistency check. Consequently, the overview and 
clarity can be improved and effort reduced by choosing only 
sufficiently different scenarios, showing the implications of 
these differences, and possibly covering a range of more 
similar scenarios in between. The choices should be made 
in accordance with stakeholder perspectives, which can be 
gained through interviews and workshops, ideally in com-
bination with step C1.

4  Illustrating the results with an example

The purpose of this section is to demonstrate the work-
ing principles of the SIMPL approach with an example. 
Consequently, many details of the example provided on 
alternative jet fuels were neglected or simplified. Also, 
steps A–C have to be passed several times iteratively, 
but it would be laborious to show each iteration and its 
incremental progress. Instead, the main procedure will be 
explained for each step separately, hinting to the connec-
tions between steps where necessary.

4.1  Integrating scenario field identification 
into the LCA goal and scope definition

4.1.1  Definition of the pLCA research question

Two different production pathways for alternative jet-fuel 
will be compared. The first possibility is the production 
from non-food biomass (second-generation bio-fuels), 
referred to hereafter as ‘biomass-to-jet-fuel’ or ‘BTJ’. For 
simplicity, only straw was regarded as BTJ raw material 
in this illustrative example. The second production route 
generates jet-fuel from  CO2 and  H2, the latter being pro-
duced through water electrolysis, therefore called ‘power-
to-jet-fuel’ or ‘PTJ’ throughout this article.

Thus, the starting point for the research question was 
‘Jet-fuel from power or bio-waste: Which production route 
will be more environmentally favorable in the future?’. 
The necessary further refinement of the research ques-
tion took place through the definition of scope items as 
explained in the following.

Literature, especially LCAs on both technologies, were 
reviewed, showing a high variation in results impeding the 
comparison. Three experts from related fields were con-
sulted when formulating the research targets, which led to 
the exclusion of the application of alternative fuel in ships 
and a focus on bio-waste as the only raw material for BTJ.

Table 4  Steps C1–C2 for combining future assumptions into future 
scenarios

Result: Appropriate selection of consistent scenarios

Step Task/tool Purpose

C1 Consistency check for combinations 
of assumptions through CCA 

Exclude inconsistent 
combinations

C2 Distinctness-based selection from 
consistent parameter combinations

Reduce number of 
scenarios
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4.1.2  Choice of temporal boundaries/time horizon

2050 was chosen as the time horizon, since we assumed 
(in agreement with technology experts interviewed) that 
both emerging technologies might have matured to serve 
mass markets by 2050 and appropriate future scenarios on 
energy production (as crucial background processes) are 
available for 2050 as well.

4.1.3  Choice of scenario type

The long-term perspective (the time horizon 2050 lies 
almost 30 years in the future) and the early development 
stage of the technologies are connected with a high degree 
of uncertainty. Therefore, an explorative scenario approach 
is more appropriate than a predictive one (cf. Sect. 2.2.2). 
The research interest is not directed to any specific implica-
tions but rather general, so cornerstone scenarios covering a 
range of possible developments are more suitable than what-
if scenarios showing specific implications. Similar research 
questions leading to other scenario types can be found in 
supplementary material 1.

4.1.4  Prospective definition of the production system 
and related scope items

According to the explorative scenario approach, several 
potential future states of the two technologies were summa-
rized in preliminary flow charts of the production systems. 
To avoid repetition, details on the production systems are 
only described in Sect. 4.2.1.

One kilogram of jet-fuel was chosen as the functional unit, 
based on the assumption that jet-fuel is the main product, 
while other products of both production pathways (e.g. die-
sel and gasoline) are considered by-products. Additionally, it 
was assumed that there is no difference between the fuels in 
the use phase, leading to a cradle-to-gate approach. Regard-
ing geographical boundaries, it was assumed that production 
will take place in Germany. In this example, the functional  
unit and geographical boundaries were assumed to be con-
stant over time and different scenarios. Examples for potential  
future changes can be found in supplementary material 1.

With these definitions, the refined research question was 
‘Jet-fuel from power or bio-waste: Which production route 
will be more environmentally favorable in Germany in 2050?’.

4.2  Integrating scenario development 
into inventory modelling

In the following, details on BTJ will be presented directly 
in the article for illustration, while the respective details on 
PTJ can be found in supplementary material 1.

4.2.1  Step A: Identify key factors and relevant parameters

Step A1: Relevant inventory parameters For each of the two 
technologies (BTJ and PTJ), inventory models describing 
the potential production state in 2050 were created for the 
identification of relevant inventory parameters. A first brief 
iteration through steps B and C revealed first future assump-
tions about production systems and led to selection criteria for 
these assumptions. Namely, we decided to select cornerstone 
assumptions of high and low technological progress, which 
cover a range of possible success levels of technological pro-
gress in-between them. Inventory models suitable as starting 
points were taken from literature (Humbird et al. 2011; Balch 
et al. 2020; Wittmann and Liao 2016; Hank et al. 2020), for 
details cf. supplementary material 1. Interviews with experts 
for each technology supported the literature research and 
the choice of preliminary inventory models. The decision 
was made to create two separate inventory models for high 
and low technological progress of BTJ (depicted in Fig. 4b, 
already containing connections to the CLD). For PTJ, all 
assumptions were incorporated into one inventory model by 
branching between process options (cf. supplementary mate-
rial 1). Table 5 summarizes the relevant inventory parameters 
identified. For a better overview, they were structured into 
main and subordinated inventory parameters. Through pre-
liminary sensitivity analysis, the cereal type of straw produc-
tion was found to have only a negligible impact on the results 
and could be excluded as a relevant inventory parameter.

Steps A2 and A3: Key factors and their connections to the 
inventory model Next, potential key factors were identi-
fied through PESTEL (filled-in checklist in supplementary 
material 1) in step A2 and connected to each other and the 
inventory parameters in step A3. The PESTEL was filled 
in by several team members separately and then discussed, 
leading to a common list. This list was discussed with two 
experts (one from the field of sustainable transport scenarios 
and one from the field of alternative fuels), which led to the 
addition of subsidies and climate change impact of conven-
tional air traffic as potential key factors. The CLD was cre-
ated by several members of the research team through phases 
of discussion, personal reflection and literature research. 
Afterwards, it was discussed with three experts (the above-
mentioned plus an expert for bio-economy). The inclusion of 
more experts and stakeholders, ideally from each PESTEL 
domain, would be desirable for an actual case study, but 
resources were limited for this illustrative example.

Figure 4 shows a simplified version of the CLD and its 
links to the inventory models for BTJ. For a more elaborate 
CLD, connections to the PTJ inventory model and a detailed 
explanation of the connections, cf. supplementary material 
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1. Climate policy affects the foreground processes through 
its various connections to the technological progress of BTJ 
and PTJ. The technological progress affects the choice of 
technology options/production systems, which can be rep-
resented by different inventory models (connection [1a] in 
Fig. 4a, b). Similarly, it determines the efficiency of the fore-
ground processes, i.e. the ratio of outputs to inputs or the 
demand for inputs ([1b] in Fig. 4a, b, [2b] in supplementary 
material 1). At the same time, climate policy reinforces the 
share of renewable technologies in inventory background 
processes for the production of electricity (connection [3]). 
Therefore, climate policy can be identified as a key factor 
influencing several inventory parameters ([1]–[3]). Moreo-
ver, consistency between the respective assumptions about 
foreground and background parameters I–III requires special 
attention in steps B and C. Furthermore, for BTJ, the neces-
sary soil sustainment is a key factor. If the supply of sur-
plus straw falls short of demand, additional measures may 
become necessary, e.g. soil fertilization for soil sustainment 
leading to changes within the LCA background processes of 
straw production (connection [4]). Consequently, climate 
policy (v) and straw surplus (vi) are included as key factors 
in Table 5 and marked with a frame in Fig. 4.

4.2.2  Step B: find future assumptions for each key factor 
and each relevant inventory parameter

As discovered in step A (cf. Table 5), the development 
of background processes for the production of electricity 
is connected to the development of foreground processes 
for BTJ and PTJ, since they all depend on climate policy 
(v). Ideally, we would have found an already existing set 

of explorative scenarios that covers the key factor climate 
policy and the inventory parameters of the electricity sup-
ply and technological progress that depend on it. Since 
such an ideal scenario could not be found, we only adopted 
assumptions about climate policy (v) and energy supply (III) 
directly from suitable scenarios (step B1). Next, we derived 
assumptions about the foreground processes for BTJ and PTJ 
(I, II) based on literature analysis and interviews with two 
technology experts for each technology (step B2). Likewise, 
assumptions about background data regarding future straw 
supply were derived for the background processes on straw 
production (IV) based on considerations on soil sustainment 
(vi). For all the parameters, cornerstone assumptions were 
chosen based on interviews with the four technology experts 
(distinctness-based selection step B3). Integrating more 
experts and utilizing more advanced methods (e.g. work-
shops or Delphi surveys) would be desirable for an actual 
case study, but resources were limited for this illustrative 
example. Assumptions about inventory parameters (I-IV) 
were quantified and incorporated into the inventory models. 
Assumptions about key factors (v, vi) were kept qualitative.

Step B1: adopting assumptions Looking for future assumptions 
about climate policy (v) and the resulting supply with energy 
(III) in Germany in 2050, we did not find a set of explorative 
cornerstone scenarios, so we chose two separate scenarios, 
which could serve as cornerstones for possible developments 
(distinctness-based selection/step B3). Hence, we chose a future 
scenario describing an entirely renewable energy supply for 
Germany in 2050 developed by the German environmental 
agency (UBA 2014) for adopting a set of assumptions, which 
we named ‘green energy future’ for our purposes. In addition, 
we chose a scenario describing a future energy supply result-
ing from low ambitions for a green energy transition (Prognos 
and Ewi 2014), to adopt a set of assumptions called ‘business-
as-usual energy future’. (Limitations to the suitability of both 
external scenarios for this pLCA study will not be discussed 
since it is only an illustrative example.) The future assumptions 
adopted are summarized in Table 6.

Fig. 4  a CLD and its connections (numbers [1]–[4]) to the inventory 
models for BTJ. This CLD is a simplified version to ensure a good 
overview for explaining the general principle. A more elaborate ver-
sion can be found in suppl. mat. 1, Sect. 2.2.3. b Inventory models for 
BTJ. Numbers [1] to [4] mark the connections from the CLD. Greek 
letters numerate the two assumptions (α low, β high) for the param-
eter I (technological progress of BTJ)

◂

Table 5  Overview on identified key parameters and relevant inventory parameters

# Main inventory parameters Subordinated inventory parameters

I Technological progress of BTJ Production system and process details (foreground) – > demand for: electricity, 
 H2SO4,  NH3, silage, inoculum, cellulase, hydrogen; by-products: diesel, gaso-
line, silage; direct emissions:  CO2

II Technological progress of PTJ Production system and process details (foreground) – > demand for: water, elec-
tricity, heat; by-products: diesel, gasoline; direct emissions:  CO2

III Future electricity supply Production of electricity (background)
IV Future straw supply Production of straw: cereal type, necessity of additional fertilization (background)

# Key factors Influence on inventory parameters

v Climate policy Preconditions for and correlations between I, II, and III
vi Straw surplus Preconditions for IV
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Step B2: deriving assumptions In order to derive future 
assumptions about inventory parameters of the foreground 
processes (I & II), we screened the available literature, 
interviewed two experts on each technology and kept in 
mind the external influences discovered with the CLD in 
step A. Instead of dealing with all possible developments in 
each inventory model, we made low progress assumptions 
for each relevant inventory parameter in the low progress 
inventory, as well as high progress assumptions for each 
relevant inventory parameter in the high progress inventory 
(distinctness-based selection/step B3). The choices were 
made based on the expert interviews. An overview on the 
final, quantitative assumptions is given in Table 7 for BTJ 
and in supplementary material 1 for PTJ.

Regarding soil sustainment (vi), it is a generally accepted 
rule of thumb that 70–80% of the straw resulting as a by-
product from cereal cultivation should be plowed back 
into the ground to sustain soil quality, while the remain-
ing 20–30% can be used for other applications (Münch 
2008; Kaltschmitt 1995). The straw that can be produced in 
accordance with this in Germany will probably not be suf-
ficient to fulfil the German demand for jet-fuel (UBA 2014). 
Thus, a plausible assumption is that only surplus straw is 
used for BTJ, which implicitly limits the total amount that 
can be produced. Another possibility is to model the soil 
fertilization that becomes necessary for soil sustainment 
due to straw removal within the inventory model. Hence, 
we derived two cornerstone assumptions for future straw 
supply (IV), namely ‘No additional soil fertilization’ and 
‘Additional soil fertilization’ within step B2.

4.2.3  Step C: combine assumptions into future scenarios

Step C1: consistency check Consistency within assumptions 
on each key factor and within assumptions on each main 
inventory parameter: The directly adopted assumptions 
about climate policy and energy production summarized 
in ‘green energy future’ (III.ε + v.ε) and ‘business-as-usual 
energy future’ (III.ζ + v.ζ) are assumed to be internally con-
sistent as they were adopted from the same external scenar-
ios in both cases, and these external scenarios are assumed 
to be internally consistent (cf. Table 6).

Further, the assumptions derived for subordinate inven-
tory parameters regarding technological progress for both 
BTJ and PTJ are assumed to be consistent within each main 
assumption I.α, I.β, II.γ, II.δ (cf. Table 7 and supplementary 
material 1). They were already chosen under the paradigm of 
high or low technological progress according to step B3, and 
potential inconsistencies were discussed within the project 
team and with the interviewed experts.

Consistency of assumptions between key factors and main 
inventory parameters: Fig. 5 shows the CCA for combining  
the assumptions on the main inventory parameters and under-
lying key factors. In a first step (Fig. 5a), we noted down 
the different assumptions for each main inventory parameter 
in columns and rows to get a matrix of all formally possi-
ble combinations. Duplicates were greyed out. There are 24 
pairwise combinations of assumptions, and 16 formally pos-
sible combinations of assumptions on all the main inventory  
parameters. Next, we applied a pseudo-quantitative scale  
(and colour scale): 

Table 6  Adopted sets of future assumptions (step B1) for key factor v 
as well as main inventory parameter III and its subordinated inventory 
parameters. The assumption of low ambitions and limited success of 
climate policy (v.ε), connected to the quantified assumptions III.ε on 
energy supply, represent the business-as-usual energy future and are 

adopted from (Prognos et  al. 2014). Likewise, assuming high ambi-
tions and high success of climate policy (v.ζ) connected to the quanti-
fied assumptions III.ζ represents the green energy future and is based 
on (UBA 2014). The share of different sources of energy supply is 
given in %

‘Business-as-usual energy future’ ‘Green energy future’

Adopted from (Prognos AG et al. 2014) (UBA 2014)
Climate policy (v) v.ε: Low ambitions, limited success v.ζ: High ambitions, high success
Energy supply (III) III.ε: III.ζ:
Share in %:
Geothermal 3.08 3.28
Hydro 4.18 1.57
Lignite 4.40 0.00
Natural gas 9.89 0.00
Onshore wind 32.97 66.57
Offshore wind 14.07 11.80
Biomass 13.19 1.51
Photovoltaics 16.48 16.26
Oil 0.44 0.00
Hard coal 1.32 0.00
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• −3 (dark red) for strong negative correlation/inconsist-
ency to − 1 (light red) for slight negative correlation/
inconsistency

• 0 (white) for no correlation,
• 1 (light green) for slight positive correlation/consistency to 

3 (dark green) for strong positive correlation/consistency

The CCA was done separately by several members of the 
research team and discussed within the research team. After-
wards, it was discussed with an external expert. Finally, the 
following considerations led to the assessment given in Fig. 5:

• In the business-as-usual energy future, ambitions for 
decarbonization are generally low, so it is very unlikely 
that straw would be used for jet fuel to an extent that 
makes additional soil fertilization necessary (− 3 in 
Fig. 5a). The scenario behind the green energy future 
(UBA 2014) emphasizes that only surplus biomass should 
be used for energy production, thus, an extensive straw 
use making additional soil fertilization necessary can be 
seen as highly implausible in the green energy future, too 
(− 3). In turn, ‘no additional soil fertilization’ appears 
highly probable in both energy futures (+ 3). Since ‘addi-
tional soil fertilization’ is inconsistent with both energy 
futures, it can be excluded from further considerations.

• There is a correlation between energy mix and techno-
logical progress since all parameters depend on climate 
policy (Fig. 4). The correlation is stronger for electricity-
based fuel technologies (− 3 or + 3), as they only provide  
environmental advantages in combination with renewable elec-
tricity, while bio-based fuel is more independent of the energy 
mix, but still more plausibly successful due to R&D fund-
ing when climate policy is successful in general (− 2 or + 2).  

Since both technologies depend on climate policy, it is 
more plausible that one's technological improvement is 
successful if the other one’s is, too. Additionally, a com-
bination of both technologies could result in the highest 
environmental advantage (cf. suppl. mat. 1, Sect. 2.2.3). 
On the other hand, BTJ and PTJ are competing technolo-
gies, so one's success might mean the other one’s decline. 
Due to these opposing interrelations, their correlation is 
overall rated neutral (0), which means that all combina-
tions of assumptions need to be considered. (In contrast,  
a strong correlation (+ 3 or − 3) would lead to the exclu-
sion of certain combinations of assumptions).

Thus, 12 combinations including a − 3 (dark red) pair of 
assumptions were excluded as inconsistent (Fig. 5a). The remain-
ing four combinations (two very consistent and two sufficiently 
consistent scenarios) are summarized in Fig. 5b. All quantitative 
assumptions about inventory parameters can be traced back from 
the final row of Fig. 5b (assumptions for inventory models) to 
Tables 6 and 7 and Table A2 in supplementary material 1.

Step C2: distinctness‑based selection of scenarios To reduce 
the number of scenarios from four to two, it would be possible 
to select ‘x’ and ‘o’ as the general best and worst case (cf. 
Fig. 5b). Alternatively, one could select ‘#’ and ‘*’, delivering 
a sufficiently consistent framework to show each technology’s 
greatest possible advantages over the other (cf. Fig. 5b).

The presentation of the final LCA results of the illustrative 
example is not necessary for the understanding of the demon-
strated procedure. It would also not be appropriate since too 
many simplifications (cf. supplementary material 1) had to be 
made for this very broad (yet illustrative) comparison.

Table 7  Derived future 
assumptions (step B2) on 
technological progress of BTJ 
(main inventory parameter I 
and its relevant subordinated 
inventory parameters). All 
values given for production of 
1 kg of jet fuel (functional unit), 
I.α: low technological progress 
BTJ, I.β: high technological 
progress BTJ. The quantitative 
future assumptions are based 
on literature research (Humbird 
et al. 2011; Balch et al. 2020; 
Wittmann and Liao 2016; 
Hank et al. 2020) and expert 
interviews

Technological progress 
of BTJ (I)

Inventory model for low  
technological progress of BTJ (I.α)

Inventory model for high  
technological progress of BTJ (I.β)

Unit

Demand for:
  Electricity 10.90 8.50 MJ
   H2SO4 0.15 0.00 kg
   NH3 0.20 0.00 kg
   (NH4)2(HPO4) 0.06 0.06 kg
  Silage 0.42 0.46 kg
  Inoculum 0.47 0.48 kg
  Cellulase 0.06 0.00 kg
  Hydrogen 0.01 0.01 kg

By-products:
  Diesel 0.29 0.29 kg
  Gasoline 0.14 0.14 kg
  Fermentation waste 4.26 4.09 kg

Direct emissions:
   CO2 2.32 2.21 kg
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5  Discussion

5.1  Evaluating the SIMPL approach 
with the requirements defined  
in development phase (a)

In the following, we will discuss to what extent the SIMPL 
approach in its current state fulfils the criteria set for its 
development (cf. Sect. 2.1.1) and what limitations it has.

5.1.1  Criterion (1): The approach should be applicable 
by small‑scale LCA practitioners

1.1 The approach is understandable for LCA practitioners.

During the fourth course (the last course up to now) there 
were little to no confusion and application mistakes, which 

were very prevalent at the beginning of the courses. Thus, 
an acceptable status has been reached. However, the general 
concept and structure as well as the application of tools still 
demand unaccustomed thinking from the LCA practitioners, 
which can be seen as an application barrier.

1.2 The approach comes with manageable/scalable effort.

The SIMPL approach requires significant resources. The 
general set-up of integrating the four mandatory steps of 
future scenario development into the goal and scope and 
inventory phase is seen as essential and demands time and 
effort from the LCA practitioners. This time and effort is 
scalable, since specific choices are left to the practitioners, 
particularly the intensity of stakeholder interaction (with 
the exception that stakeholder interaction is mandatory in 
step B2). Thereby, the approach enables a thorough future 

I. I. II. II. III. +v. III. +v. IV. +vi. IV. +vi.

BTJ technological progress low (I. )
BTJ technological progress high (I. )
PTJ technological progress low (II. ) 0 0
PTJ technological progress high (II. ) 0 0
Business-as-usual energy future (III. +v. ) +2 -2 +3 -3
Green energy future (III. +v. ) -2 +2 -3 +3
No additional soil fertilization (IV. +vi. ) 0 0 0 0 +3 +3
Additional soil fertilization (IV. +vi. ) 0 0 0 0 -3 -3

Scenario symbol x o # *
Combined assumtions:
BTJ technological progress low (I. ) o #
BTJ technological progress high (I. ) x *
PTJ technological progress low (II. ) o *
PTJ technological progress high (II. ) x #
BAU energy future (III. +v. ) o *
Green energy future (III. +v. ) x #
No additional soil fertilization (IV. +vi. ) x o # *
Additional soil fertilization (IV. +vi. )
Consistency High High Sufficient Sufficient
Cornerstone/name General best

case
General worst

case
Best case for PTJ 

(vs. BTJ)
Best case for BTJ 

(vs. PTJ)
Assumptions for inventory models BTJ: I. +III. +IV.

PTJ: II. +III. +IV.
BTJ: I. +III. +IV.
PTJ: II. +III. +IV.

BTJ: I. +III. +IV.
PTJ: II. +III. +IV.

BTJ: I. +III. +IV.
PTJ: II. +III. +IV.

a

b

Fig. 5  CCA for the illustrative case study: a Matrix for pairwise con-
sistency check through a pseudo-quantitative scale and colour scale, 
Greek letters numerate the different assumptions made for inventory 
parameters I–IV and key factory v and vi. b Overview on the result-
ing consistent scenarios. It is possible to select all consistent scenar-

ios (x, o, #, *), only the most consistent ones (x, o), or the most dis-
tinctive ones (#, *). Quantitative values for the assumptions for each 
scenario can be taken from Tables 6 and 7 and A2  in suppl. mat. 1 
through the codes given in the last row
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scenario development process when the necessary resources 
are available, but it can still be used to avoid fundamental 
biases when applied in a rudimentary way due to limited 
time resources.

1.3 The approach can be readily integrated into the existing 
LCA framework as given by the ISO standard.

As displayed in Fig. 2, this is the case.

1.4 The approach offers choices so it can be adapted to the 
requirements of different research problems.

While the general set-up of integration of the four man-
datory steps of future scenario development is not to be 
changed, the approach offers choices between different tools 
for each step. Practical tools are recommended in Sect. 3 for 
straightforward application, but alternatives are described in 
Sect. 2.2.6 for adaptability. A particular requirement discov-
ered in the courses was the necessity to implement alterna-
tive developments of the entire product system instead of 
merely adapting quantitative parameters within the processes 
of the process chain. This option was integrated through the 
possibility of creating several inventory models for several 
scenarios and organizing the respective inventory parameters 
hierarchically.

1.5 The approach delivers practical benefits.

The following list of practical benefits, observed from case 
studies at the courses for LCA practitioners (cf. Sect. 2.1.2), 
provides evidence that this requirement is fulfilled:

• Step A of the SIMPL approach helps to identify correla-
tions between different inventory parameters caused by 
dependencies on the same key factor and thereby sup-
ports the development of practically relevant scenarios. 
A typical correlation is found between the technological 
progress of green technologies and the electricity mix. 
This is demonstrated using the illustrative example in 
Sect. 4. Further examples from the courses are electric 
cars, direct air capture or production of green hydrogen.

• Step B1 ensures that future scenarios which have already 
been published on inventory background parameters and 
key factors are utilized for pLCA studies. Many course 
participants were aware of scenarios for the development 
of the electricity supply, but for example not of policy 
targets set for circular economy or pollution, or sector 
roadmaps. Thus, relevant information on the future devel-
opments of background parameters are easily overlooked 
without a systematic search as recommended in step B1.

• The consistency check (step C1) helps to avoid biases 
leading to inconsistent scenarios. To begin with, it serves 

to prevent biases regarding inventory foreground param-
eter combination. A typical bias in best case scenarios on 
new technologies is to assume the best possible assump-
tion for each parameter, while in reality, there might be 
tradeoffs. For instance, optimizing the energy efficiency 
and optimizing the material efficiency of a process can 
present conflicting goals: a higher energy efficiency 
might come at the cost of higher material requirements 
and vice versa. A similar example is the optimization of 
lifetime vs. the optimization of the efficiency of a tech-
nology. In comparative pLCAs, a common bias is that not 
all possible and consistent developments of the compet-
ing technology are considered in the scenarios, which is 
likewise demonstrated to be overcome by a consistency 
check used in the illustrative example (cf. Fig. 5).

• The distinctness-based selection (steps B3 and C2), espe-
cially in its iterative application, prevents losing the over-
view in the case of many assumptions for key factors and 
inventory parameters.

Overall, an anonymous survey at the end of course four 
(cf. Sect.2.1.3) revealed that 16 out of 25 participants intend 
to use the method in their future work, and a further 8 might 
or might not use it, while only 1 participant does not intend 
to use it. Therefore, the approach seems helpful and applica-
ble for a significant share of pLCA research problems deal-
ing with technology development.

5.1.2  Criterion (2): The approach should ensure 
that scientific standards of the future scenario 
approach are met

2.1 Terminology is in accordance with foresight terminology.

This was checked by the foresight experts of the research 
team (cf. Sect. 2.1.1).

2.2 Transparency and communicability of pLCA studies is 
enhanced.

Following the mandatory steps of the SIMPL approach 
ensures transparency of pLCA studies by demanding the 
documentation of the choice of relevant inventory param-
eters and key factors, the creation of the respective assump-
tions and the combination of these assumptions into sce-
narios. The suggested tools, especially CLD and CCA, 
further demand the expression of assumptions explicitly and 
transparently. The illustrative example demonstrates how all 
assumptions and decisions are made transparent and retract-
able. The mandatory steps of the SIMPL approach ensure a 
better understanding of the context of the pLCA studies and 
thereby support their communicability.
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2.3 Scenarios are developed contextually, i.e. by identifying 
key factors and their potential development.

Key factors are identified in step A and their develop-
ments are analysed in step B (cf. Fig. 2).

2.4 Goal and scope definition of the LCA and the future 
scenario approach are in accordance.

This is ensured by integrating the scenario field iden-
tification into the LCA goal and scope phase (cf. Fig. 2).

2.5 Stakeholders and specialists are included in the process.

Stakeholder and expert involvement is essential for 
the SIMPL approach in step B2, i.e. in deriving assump-
tions for key factors and relevant inventory parameters, as 
this step requires creative and intuitive thinking (Kosow 
and Gaßner 2008). For the other steps, stakeholder and 
expert participation is suggested as an important option to 
improve the scenario development, but not seen as man-
datory in agreement with (Kosow and Gaßner 2008; van 
Notten et al. 2003). The improvements possible through 
participatory processes have to be set against the criterion 
of 1.2, i.e. the limited time resources of individual LCA 
practitioners. A limitation is that the stakeholder inclusion 
could not be tested with actual stakeholders and experts 
in the courses.

2.6 The impacts of background developments are considered.

The SIMPL approach considers background develop-
ments by a systematic screening of potentially relevant 
background parameters and potential key factors. Systematic 
and explicit screening can be seen as a new scientific future 
scenario requirement for pLCA, as so far, even methodo-
logical advances and best practice examples for considering 
background parameters (e.g. (Mendoza Beltran et al. 2020), 
cited examples in (Arvidsson et al. 2018)) have chosen a spe-
cific background parameter, i.e. the electricity mix, without 
describing the respective decision process. Since electricity 
mix is a very important inventory background parameter for 
many pLCAs, these examples provide substantial scientific 
progress. Nonetheless, other background parameters can 
likewise be important, e.g. the production of other energy 
supplies (e.g. heat), raw materials (e.g. mass metals, specialty 
metals or bio-based raw materials) or chemicals (e.g. acids). 
Likewise, potential development toward a circular economy 
may be relevant. (Langkau and Erdmann 2021) is an example 
where supply with chemicals was found to be more relevant 
for future environmental impacts than electricity mix.

A second new scientific future scenario requirement is 
to identify potential correlations between foreground and 

background parameters with the SIMPL approach to enhance 
the consistency and practical relevance of the scenarios.

Overall, the approach fulfils the criterion of considering 
background developments and goes beyond the efforts taken 
so far by the LCA community with two new requirements 
for scientifically founded scenarios.

2.7 Uncertainties and sensitivities are addressed.

The future scenario approach itself is an approach to deal 
with uncertainties and sensitivities; more specifically epis-
temic uncertainties and sensitivities regarding future devel-
opments. The SIMPL approach ensures that the respective 
methodological features are incorporated into prospective 
inventory modelling. It also makes use of LCA sensitivity 
analysis for the preliminary sensitivity analysis in step A1 
(cf. Fig. 2). One limitation, however, is that the consolida-
tion of future scenarios with the conventional LCA uncer-
tainty and sensitivity analysis, which is an essential part of 
the fourth phase of LCA (interpretation), is not covered. 
Conventional LCA uncertainties can be divided into sto-
chastic and epistemic uncertainties (Piano and Benini 2022). 
Concerning inventory modelling, stochastic uncertainties are 
usually data uncertainties, while epistemic uncertainties 
relate to methodological choices on how to handle multi-
functionality (e.g. by allocation, system expansion or cred-
its). These epistemic uncertainties can likewise be handled 
in scenarios, but not in future scenarios. How to combine 
conventional LCA uncertainty and sensitivity analysis with 
the SIMPL approach is the topic of a separate study/article, 
as this requires thorough conceptual explanations leading to 
practically applicable techniques.

5.1.3  Criterion (3): the approach should cover all necessary 
steps for prospective inventory modelling

The SIMPL approach covers the definition of goal and scope 
relevant for inventory modelling (criterion 3.1) as well as 
all steps of prospective inventory modelling (criterion 3.2), 
as can be seen in Fig. 2. One limitation is that it is not yet 
linked to the uncertainty and sensitivity analysis in the LCA 
interpretation phase (cf. criterion 2.7).

5.2  Methodological choices and their alternatives

The SIMPL approach is particularly intended to support 
small-scale pLCA studies of technology development, espe-
cially for emerging technologies where assumptions about 
the technology foreground are in focus. Assumptions about 
the future developments of the technical, social and eco-
nomic environment and competing technologies, however, 
still have to be regarded for consistency and practical rel-
evance of the results of the assessment.
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A complementary approach is to utilize existing future 
scenarios to define future developments of pLCA inven-
tory background parameters and analyse how different 
(emerging) technologies would perform embedded into 
these potential future background developments. The future 
assumptions given in suitable framework scenarios, e.g. on 
the development of industrial sectors, can be quantified 
and/or elaborated in more detail to be incorporated into a 
pLCA inventory model, and additional assumptions may be 
made that are consistent with the framework scenarios. This 
approach has particularly high potential to provide consistent 
background assumptions for several pLCAs (e.g. within one 
industrial sector) and to support the comparability between 
the pLCAs. For instance, in Voglhuber-Slavinsky et  al. 
(2022), existing scenarios for Europe’s food sector in 2035 
were used to adapt the LCA background system for pLCA 
of apple juice production.

Although developed with a different focus (i.e. for 
medium-scale LCAs), Spielmann et al.’s (2005) approach is 
a scientifically founded alternative to the SIMPL approach. 
The principles of the SIMPL approach and Spielmann et al.’s 
(2005) procedure are similar: both are procedures for sce-
nario development integrated into inventory modelling. While 
Spielmann et al. (2005) utilized a specific future scenario 
approach (formative scenario approach FSA (Schroth 2018; 
Scholz and Tietje 2002)) and we integrated the four manda-
tory general steps of the future scenario approach (Kosow 
and Gaßner 2008), the important foundations of future sce-
nario development are implemented in both works, e.g. the 
identification of relevant inventory parameters and key factors 
and a consistency check. Different choices of specific meth-
ods within the individual steps of Spielmann et al.’s (2005) 
approach and our approach can be considered as equivalent 
and hence interchangeable. Sect. 2.2.6 explains our choices 
and hints to alternatives. The SIMPL approach puts more 
emphasis on possibilities to implement alternative product 
systems (e.g. add or exchange one or more processes in the 
inventory model), which was a particular requirement of 
the prospective small-scale LCA practitioners identified in 
the courses (cf. Sect. 2.1). Since Spielmann et al.’s (2005) 
approach was initially developed for medium-scale LCAs, 
particularly on a case study on transport systems, these aspects 
are not emphasized as much in their approach. Regardless of 
their initial focus on small-scale LCA or medium-scale LCA, 
a choice between both approaches can be made depending on 
the suitability for a specific research problem.

6  Conclusion and recommendations

We recommend the application of the SIMPL approach for 
prospective inventory modelling for small-scale LCA stud-
ies, since it ensures that quality standards of future scenario 

development are met. The approach is readily applicable in 
small-scale LCAs and covers all the necessary steps of the 
goal and scope definition to the prospective inventory mod-
els. The integration of the four mandatory steps of future 
scenario development (cf. Fig. 2) and the stakeholder inclu-
sion at step B2 are essential to guarantee that the prospective 
inventory modelling fulfils the scientific principles of the 
foresight community. For each step, the SIMPL approach 
provides specific tools and advice which are readily appli-
cable, while still being adaptable and scalable for specific 
research problems and capacities.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s11367- 023- 02175-9.

Acknowledgements We would like to thank all MINTEA course par-
ticipants for helping us with the development of the presented approach 
by experimenting with their case studies. Moreover, we thank all 
experts involved in the illustrative example for providing their insights 
and perspectives. Finally, we wish to thank two anonymous reviewers 
for helping us improving the manuscript.

Funding Open Access funding enabled and organized by Projekt 
DEAL. This work received funding from EIT Raw Materials (project 
number 18231).

Data availability The datasets generated during and/or analysed dur-
ing the current study are available from the corresponding author on 
reasonable request.

Declarations 

Competing interests The authors declare no competing interests.

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://creativecommons.org/licenses/by/4.0/.

References

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

Balch ML, Chamberlain MB, Worthen RS, Holwerda EK, Lynd LR 
(2020) Fermentation with continuous ball milling: Effectiveness 
at enhancing solubilization for several cellulosic feedstocks and 
comparative tolerance of several microorganisms. Biomass Bio-
energy 134:105468. Available online at https:// doi. org/ 10. 1016/j. 
biomb ioe. 2020. 105468

Bañuls VA, Turoff M (2011) Scenario construction via Delphi and 
cross-impact analysis. Technol Forecasting Social Change 
78(9):1579–1602. https:// doi. org/ 10. 1016/j. techf ore. 2011. 03. 014

https://doi.org/10.1007/s11367-023-02175-9
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1111/jiec.12690
https://doi.org/10.1016/j.biombioe.2020.105468
https://doi.org/10.1016/j.biombioe.2020.105468
https://doi.org/10.1016/j.techfore.2011.03.014


 The International Journal of Life Cycle Assessment

1 3

Bishop P, Hines A, Collins T (2007) The current state of scenario 
development: an overview of techniques. Foresight 9(1):5–25. 
https:// doi. org/ 10. 1108/ 14636 68071 07275 16

Bisinella V, Christensen TH, Astrup TF (2021) Future scenarios and 
life cycle assessment: systematic review and recommendations. 
Int J Life Cycle Assess 26(11):2143–2170. https:// doi. org/ 10. 
1007/ s11367- 021- 01954-6

Börjeson L, Höjer M, Dreborg K-H, Ekvall T, Finnveden G (2006) 
Scenario types and techniques: Towards a user’s guide. Futures 
38(7):723–739. https:// doi. org/ 10. 1016/j. futur es. 2005. 12. 002

Bradfield R, Wright G, Burt G, Cairns G, van der Heijden K (2005) 
The origins and evolution of scenario techniques in long range 
business planning. Futures 37(8):795–812. https:// doi. org/ 10. 
1016/j. futur es. 2005. 01. 003

Buyle M, Anthonissen J, Van Den Bergh Wim, Braet J, Audenaert A 
(2019) Analysis of the Belgian electricity mix used in environ-
mental life cycle assessment studies: how reliable is the ecoinvent 
3.1 mix? Energy Effic 12(5):1105–1121. https:// doi. org/ 10. 1007/ 
s12053- 018- 9724-7

Caduff M, Huijbregts MA, Althaus HJ, Hendriks AJ (2011) Power-
law relationships for estimating mass, fuel consumption and 
costs of energy conversion equipments. Environ Sci Technol 
45(2):751–754

Caduff M, Huijbregts MA, Althaus HJ, Koehler A, Hellweg S (2012) 
Wind power electricity: the Bigger the turbine, the greener the 
electricity?, Environ Sci Technol 46(9):4725–4733

Caduff M, Huijbregts MA, Koehler A, Althaus HJ, Hellweg S 
(2014) Scaling relationships in life cycle assessment. J Ind Ecol 
18(3):393–406. https:// doi. org/ 10. 1111/ jiec. 12122

Cox B, Bauer C, Beltran AM, van Vuuren DP, Mutel CL (2020) Life 
cycle environmental and cost comparison of current and future 
passenger cars under different energy scenarios. Appl Energy 
269:115021. https:// doi. org/ 10. 1016/j. apene rgy. 2020. 115021 

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

Culka M (2018) Quantitative scenario design with Bayesian model 
averaging: constructing consistent scenarios for quantitative mod-
els exemplified for energy economics. Energ Sustain Soc 8(1). 
https:// doi. org/ 10. 1186/ s13705- 018- 0162-3

de Vries BJM (2012) Sustainability Science. Cambridge University 
Press, Cambridge

Dönitz EJ, Schirrmeister E (2013) Foresight and Scenarios at Fraun-
hofer ISI. Problemy Eksploatacji - Maintenance Problems 
91(4):15–28

Erdmann L, Schirrmeister E (2016) Constructing transformative sce-
narios for research and innovation futures. Foresight 18(3):238–
252. Available online at https:// doi. org/ 10. 1108/ FS- 06- 2014- 0041

European Commission (n.d.) ForLearn: Online Foresight Guide. Avail-
able online at https:// knowl edge4 policy. ec. europa. eu/ fores ight/ 
topic/ forle arn- online- fores ight- guide_ en. Checked on 3/23/2022

Fahey L, Narayanan VK (1986) Macroenvironmental Analysis for Strate-
gic Management. West Publishing, St. Paul MN

Gerhold L, Holtmannspötter D, Neuhaus C, Schüll E, Schulz-Montag 
B, Steinmüller K, Zweck A (Eds.) (2017) Standards und Gütekri-
terien der Zukunftsforschung. Ein Pocketguide für Praktiker und 
Studierende. Berlin: Freie Universität Berlin Fachbereich Math-
ematik und Informatik Arbeitsgruppe Interdisziplinäre Sicher-
heitsforschung. Checked on 3/23/2022

Hank C, Sternberg A, Köppel N, Holst M, Smolinka T, Schaadt A et al 
(2020) Energy efficiency and economic assessment of imported 
energy carriers based on renewable electricity. Sustainable Energy 
Fuels 4(5):2256–2273. https:// doi. org/ 10. 1039/ D0SE0 0067A

Humbird D, Davis R, Tao L, Tan ECD, Biddy MJ, Beckham GT et al 
(2011) Process Design and Economics for Biochemical Con-
version of Lignocellulosic Biomass to Ethanol: Dilute-Acid 

Pretreatment and Enzymatic Hydrolysis of Corn Stover. Edited 
by NREL. Nat Renew Energ Lab. Available online at https:// doi. 
org/ 10. 2172/ 11074 70

Issa T, Chang V, Issa T (2010) Sustainable Business Strategies and 
PESTEL Framework. GSTF Int J Computing 1(1). Available 
online at http:// dl6. globa lstf. org/ index. php/ joc/ artic le/ viewF ile/ 
429/ 2263. Checked on 12/14/2021

Kaltschmitt M (1995) Energetische Nutzung organischer Abfälle. Ber-
lin: Akademie Verlag. Available online at https:// edoc. bbaw. de/ 
files/ 170/ 20XwC kvQy3 TP2. pdf. Checked on 3/27/2022

Klöpffer W, Grahl B (2014) Life Cycle Assessment (LCA). Wiley-
VCH, A Guide to Best Practice

Kosow H, Gaßner R (2008) Methods of future and scenario analysis. 
Overview, assessment, and selection criteria. Bonn: Dt. Inst. für 
Entwicklungspolitik (Studies / Deutsches Institut für Entwick-
lungspolitik, 39). Checked on 1/26/2022

Lang DJ, Wiek A, Bergmann M, Stauffacher M, Martens P, Moll P et al 
(2012) Transdisciplinary research in sustainability science: prac-
tice, principles, and challenges. Sustainability Sci 7(S1):25–43. 
https:// doi. org/ 10. 1007/ s11625- 011- 0149-x

Langkau S, Erdmann M (2021) Environmental impacts of the 
future supply of rare earths for magnet applications. J Ind Ecol 
25(4):1034–1050. https:// doi. org/ 10. 1111/ jiec. 13090

Lo Piano S, Benini L (2022) A critical perspective on uncertainty appraisal 
and sensitivity analysis in life cycle assessment. J Ind Ecol 26(3):763–
781. https:// doi. org/ 10. 1111/ jiec. 13237

Louwen A, van Sark WG, Faaij AP, Schropp RE (2016) Re-assessment 
of net energy production and greenhouse gas emissions avoidance 
after 40 years of photovoltaics development. Abstract Nat Com-
mun 7(1). https:// doi. org/ 10. 1038/ ncomm s13728

Mendoza Beltran A, Cox B, Mutel C, van Vuuren DP, Font Vivanco 
D, Deetman S et al (2020) When the Background Matters: Using 
Scenarios from Integrated Assessment Models in Prospective 
Life Cycle Assessment. J Ind Ecol 24(1):64–79. https:// doi. org/ 
10. 1111/ jiec. 12825

Moni SM, Mahmud R, High K, Carbajales-Dale M (2020) Life cycle 
assessment of emerging technologies: A review. J Ind Ecol 24:52–
63. Checked on 1/1/2023

Münch J (2008) Nachhaltig nutzbares Getreidestroh in Deutschland. 
Positionspapier. IFEU. Available online at https:// www. ifeu. de/ 
filea dmin/ uploa ds/ landw irtsc haft/ pdf/ IFEU_ Posit ionsp apier_ 
Stroh. pdf

OECD (n.d.) Strategic Foresight. Available online at https:// www. oecd. 
org/ strat egic- fores ight/ whati sfore sight/. Checked on 3/23/2022

O’Neill BC, Kriegler E, Ebi KL, Kemp-Benedict E, Riahi K, Rothman 
DS, Van Ruijven BJ, Van Vuuren DP, Birkmann J, Kok K, Levy 
M (2017) The roads ahead: Narratives for shared socioeconomic 
pathways describing world futures in the 21st century. Glob Envi-
ron Change 42:169-180. https:// doi. org/ 10. 1016/j. gloen vcha. 2015. 
01. 004

Parvatker AG, Eckelman MJ (2019) Comparative evaluation of chemi-
cal life cycle inventory generation methods and implications 
for life cycle assessment results. ACS Sustainable Chem Eng 
7(1):350–367

Pesonen HL, Ekvall T, Fleischer G, Huppes G, Jahn C, Klos ZS et al 
(2000) Framework for scenario development in LCA. Int J Life 
Cycle Assess 5(1). https:// doi. org/ 10. 1007/ BF029 78555

Piccinno F, Hischier R, Seeger S, Som C (2016) From laboratory to 
industrial scale: a scale-up framework for chemical processes in 
life cycle assessment studies. J Clean Prod 135:1085-1097. https:// 
doi. org/ 10. 1016/j. jclep ro. 2016. 06. 164

Prognos AG, EWI G (2014) Entwicklung der Energiemärkte - Ener-
giereferenzprognose. Available online at https:// www. progn os. 
com/ sites/ defau lt/ files/ 2021- 01/ 140716_ langf assung_ 583_ seiten_ 
energ ieref erenz progn ose_ 2014. pdf. Checked on 3/25/2022

https://doi.org/10.1108/14636680710727516
https://doi.org/10.1007/s11367-021-01954-6
https://doi.org/10.1007/s11367-021-01954-6
https://doi.org/10.1016/j.futures.2005.12.002
https://doi.org/10.1016/j.futures.2005.01.003
https://doi.org/10.1016/j.futures.2005.01.003
https://doi.org/10.1007/s12053-018-9724-7
https://doi.org/10.1007/s12053-018-9724-7
https://doi.org/10.1111/jiec.12122
https://doi.org/10.1016/j.apenergy.2020.115021
https://doi.org/10.1016/j.procir.2017.11.005
https://doi.org/10.1016/j.procir.2017.11.005
https://doi.org/10.1186/s13705-018-0162-3
https://doi.org/10.1108/FS-06-2014-0041
https://knowledge4policy.ec.europa.eu/foresight/topic/forlearn-online-foresight-guide_en
https://knowledge4policy.ec.europa.eu/foresight/topic/forlearn-online-foresight-guide_en
https://doi.org/10.1039/D0SE00067A
https://doi.org/10.2172/1107470
https://doi.org/10.2172/1107470
http://dl6.globalstf.org/index.php/joc/article/viewFile/429/2263
http://dl6.globalstf.org/index.php/joc/article/viewFile/429/2263
https://edoc.bbaw.de/files/170/20XwCkvQy3TP2.pdf
https://edoc.bbaw.de/files/170/20XwCkvQy3TP2.pdf
https://doi.org/10.1007/s11625-011-0149-x
https://doi.org/10.1111/jiec.13090
https://doi.org/10.1111/jiec.13237
https://doi.org/10.1038/ncomms13728
https://doi.org/10.1111/jiec.12825
https://doi.org/10.1111/jiec.12825
https://www.ifeu.de/fileadmin/uploads/landwirtschaft/pdf/IFEU_Positionspapier_Stroh.pdf
https://www.ifeu.de/fileadmin/uploads/landwirtschaft/pdf/IFEU_Positionspapier_Stroh.pdf
https://www.ifeu.de/fileadmin/uploads/landwirtschaft/pdf/IFEU_Positionspapier_Stroh.pdf
https://www.oecd.org/strategic-foresight/whatisforesight/
https://www.oecd.org/strategic-foresight/whatisforesight/
https://doi.org/10.1016/j.gloenvcha.2015.01.004
https://doi.org/10.1016/j.gloenvcha.2015.01.004
https://doi.org/10.1007/BF02978555
https://doi.org/10.1016/j.jclepro.2016.06.164
https://doi.org/10.1016/j.jclepro.2016.06.164
https://www.prognos.com/sites/default/files/2021-01/140716_langfassung_583_seiten_energiereferenzprognose_2014.pdf
https://www.prognos.com/sites/default/files/2021-01/140716_langfassung_583_seiten_energiereferenzprognose_2014.pdf
https://www.prognos.com/sites/default/files/2021-01/140716_langfassung_583_seiten_energiereferenzprognose_2014.pdf


The International Journal of Life Cycle Assessment 

1 3

Prognos AG, EWI, GWS (2014) Entwicklung der Energiemärkte - 
Energiereferenz-prognose. Available online at https:// www. progn 
os. com/ sites/ defau lt/ files/ 2021- 01/ 140716_ langf assung_ 583_ 
seiten_ energ ieref erenz progn ose_ 2014. pdf, checked on 3/25/2022

Ritchey T (2002) General Morphological Analysis - A general method 
for non-quantified modelling. Swedish Morphol Soc

Sacchi R, Terlouw T, Siala K, Dirnaichner A, Bauer C, Cox B, Mutel C, 
Daioglou V, Luderer G (2022) Prospective EnvironMental Impact 
assement (premise): A streamlined approach to producing data-
bases for prospective life cycle assessment using integrated assess-
ment models. Renewable and Sustainable Energy Rev 160:112311. 
https:// doi. org/ 10. 1016/j. rser. 2022. 112311

Scholz W, Tietje O (2002) Embedded Case Study Methods: Integrat-
ing Quantitative and Qualitative Knowledge. SAGE Publications, 
Thousand Oaks, London, New Dehli

Schroth T (2018) Formative Scenario Analysis. Available online at 
https:// diging. atlas sian. net/ wiki/ spaces/ SOSRR/ pages/ 35667 9692/ 
Forma tive+ Scena rio+ Analy sis

Schweizer V, Lazurko A (2020) Cross-impact Balances: A Method 
for Bridging Social Systems and Cybernetics. : 2020 IEEE Inter-
national Conference on Systems, Man, and Cybernetics (SMC): 
IEEE

Spielmann M, Scholz R, Tietje O, Haan P (2005) Scenario Modelling in 
Prospective LCA of Transport Systems. Application of Formative 
Scenario Analysis (11 pp). Int J Life Cycle Assess 10(5):325–335. 
https:// doi. org/ 10. 1065/ lca20 04. 10. 188

Thomassen G, van Dael M, van Passel S, You F (2019) How to assess the 
potential of emerging green technologies? Towards a prospective 
environmental and techno-economic assessment framework. Green 
Chem 21(18):4868–4886. https:// doi. org/ 10. 1039/ C9GC0 2223F

Thonemann N, Schulte A, Maga D (2020) How to Conduct Prospective 
Life Cycle Assessment for Emerging Technologies? A Systematic 
Review and Methodological Guidance. Sustainability 12(3):1192. 
https:// doi. org/ 10. 3390/ su120 31192

Tiberius V, Siglow C, Sendra-García J (2020) Scenarios in business and 
management: The current stock and research opportunities. J Bus 
Res 121:235–242. https:// doi. org/ 10. 1016/j. jbusr es. 2020. 08. 037

Tsoy N, Steubing B, van der Giesen C, Guinée J (2020) Upscaling 
methods used in ex ante life cycle assessment of emerging tech-
nologies: a review. Int J Life Cycle Assess 25(9):1680–1692. 
https:// doi. org/ 10. 1007/ s11367- 020- 01796-8

UBA (2014) Treibhausgasneutrales Deutschland im Jahr 2050 (Climate 
Change, 07). Available online at https:// www. umwel tbund esamt. 
de/ sites/ defau lt/ files/ medien/ 378/ publi katio nen/ 07_ 2014_ clima 
te_ change_ dt. pdf. Checked on 3/25/2022

Ulubeyli S, Kazanci O (2018) Holistic sustainability assessment of 
green building industry in Turkey. J Cleaner Prod 202:197–212. 
https:// doi. org/ 10. 1016/j. jclep ro. 2018. 08. 111

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 der Hulst MK, Huijbregts MA,  Loon N, Theelen M,  Kootstra L, 
Bergesen JD (2020) A systematic approach to assess the environ-
mental impact of  emerging technologies: A case study for the 
GHG footprint of CIGS solar photovoltaic laminate. J Ind Ecol 
24(6): 1234–-1249. https:// doi. org/ 10. 1111/ jiec. v24.6

van Notten PWF, Rotmans J, van Asselt MBA, Rothman DS (2003) An 
updated scenario typology. Futures 35(5):423–443. https:// doi. org/ 
10. 1016/ S0016- 3287(02) 00090-3

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 Assess 22(10):1618–1633. https:// doi. org/ 10. 1007/ 
s11367- 017- 1270-6

Voglhuber-Slavinsky A, Zicari A, Smetana S, Moller B, Dönitz E, 
Vranken L et al (2022) Setting LCA in a future oriented context: 
The combination of qualitative scenarios and life cycle assessment 
in the agri-food sector. Eur J Futures Res

Wittmann C, Liao JC (Eds.) (2016) Advances in Consolidated Bio-
processing Using Clostridium thermocellum and Thermoanaero-
bacter saccharolyticum. With assistance of Lee R. Lynd, Adam M. 
Guss, Michael E. Himmel, Dhananjay Beri, Chris Herring, Evert 
K. Holwerda et al. (Industrial Biotechnology: Microorganisms, 1). 
Available online at https:// doi. org/ 10. 1002/ 97835 27807 796. ch10

Zwicky F, Wilson A (eds) (1967). Springer, Berlin

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Authors and Affiliations

Sabine Langkau1  · Bernhard Steubing2  · Christopher Mutel3  · Maulana Permana Ajie1 · Lorenz Erdmann1  · 
Ariane Voglhuber‑Slavinsky1  · Matty Janssen4 

1 Fraunhofer Institute for Systems and Innovation Research 
ISI, Karlsruhe, Germany

2 CML, Leiden University, Leiden, The Netherlands
3 Technology Assessment Group, Laboratory for Energy 

Systems Analysis, Paul Scherrer Institut, Villigen, 
Switzerland

4 Environmental Systems Analysis, Chalmers University 
of Technology, Gothenburg, Sweden

https://www.prognos.com/sites/default/files/2021-01/140716_langfassung_583_seiten_energiereferenzprognose_2014.pdf
https://www.prognos.com/sites/default/files/2021-01/140716_langfassung_583_seiten_energiereferenzprognose_2014.pdf
https://www.prognos.com/sites/default/files/2021-01/140716_langfassung_583_seiten_energiereferenzprognose_2014.pdf
https://doi.org/10.1016/j.rser.2022.112311
https://diging.atlassian.net/wiki/spaces/SOSRR/pages/356679692/Formative+Scenario+Analysis
https://diging.atlassian.net/wiki/spaces/SOSRR/pages/356679692/Formative+Scenario+Analysis
https://doi.org/10.1065/lca2004.10.188
https://doi.org/10.1039/C9GC02223F
https://doi.org/10.3390/su12031192
https://doi.org/10.1016/j.jbusres.2020.08.037
https://doi.org/10.1007/s11367-020-01796-8
https://www.umweltbundesamt.de/sites/default/files/medien/378/publikationen/07_2014_climate_change_dt.pdf
https://www.umweltbundesamt.de/sites/default/files/medien/378/publikationen/07_2014_climate_change_dt.pdf
https://www.umweltbundesamt.de/sites/default/files/medien/378/publikationen/07_2014_climate_change_dt.pdf
https://doi.org/10.1016/j.jclepro.2018.08.111
https://doi.org/10.1016/j.jclepro.2020.120904
https://doi.org/10.1111/jiec.v24.6
https://doi.org/10.1016/S0016-3287(02)00090-3
https://doi.org/10.1016/S0016-3287(02)00090-3
https://doi.org/10.1007/s11367-017-1270-6
https://doi.org/10.1007/s11367-017-1270-6
https://doi.org/10.1002/9783527807796.ch10
http://orcid.org/0000-0003-3443-2920
http://orcid.org/0000-0002-1307-6376
http://orcid.org/0000-0002-7898-9862
http://orcid.org/0000-0002-4893-780X
http://orcid.org/0000-0002-2131-5066
http://orcid.org/0000-0002-5314-7968

	A stepwise approach for Scenario-based Inventory Modelling for Prospective LCA (SIMPL)
	Abstract
	Purpose 
	Methods 
	Results and discussion 
	Conclusion 

	1 Introduction
	2 Methods
	2.1 Development of the SIMPL approach
	2.1.1 Phase (a): collaborative problem framing and building a collaborative research team
	2.1.2 Phase (b): co-creation of solution-oriented and transferable knowledge through collaborative research
	2.1.3 Phase (c): (re-)integrating and applying the co-created knowledge

	2.2 Methodological foundations and terminology of the SIMPL approach
	2.2.1 Scientific principles of the future scenario approach
	2.2.2 Scenario types
	2.2.3 General steps of future scenario development
	2.2.4 Definition of key factors vs. inventory parameters
	2.2.5 Collection of information
	2.2.6 Specific tools for the general steps of the future scenario approach


	3 Results: the SIMPL approach for Scenario-based Inventory Modelling for Prospective LCA
	3.1 Integrating scenario field identification into the LCA goal and scope definition
	3.1.1 Definition of the prospective LCA research question
	3.1.2 Choice of temporal boundariestime horizon
	3.1.3 Choice of scenario type
	3.1.4 Prospective definition of the production system and related scope items

	3.2 Integrating scenario development into inventory modelling
	3.2.1 Step A: Identify relevant inventory parameters and key factors
	3.2.2 Step B: Find future assumptions for each key factor and each relevant inventory parameter
	3.2.3 Step C: combine assumptions into future scenarios


	4 Illustrating the results with an example
	4.1 Integrating scenario field identification into the LCA goal and scope definition
	4.1.1 Definition of the pLCA research question
	4.1.2 Choice of temporal boundariestime horizon
	4.1.3 Choice of scenario type
	4.1.4 Prospective definition of the production system and related scope items

	4.2 Integrating scenario development into inventory modelling
	4.2.1 Step A: Identify key factors and relevant parameters
	4.2.2 Step B: find future assumptions for each key factor and each relevant inventory parameter
	4.2.3 Step C: combine assumptions into future scenarios


	5 Discussion
	5.1 Evaluating the SIMPL approach with the requirements defined in development phase (a)
	5.1.1 Criterion (1): The approach should be applicable by small-scale LCA practitioners
	5.1.2 Criterion (2): The approach should ensure that scientific standards of the future scenario approach are met
	5.1.3 Criterion (3): the approach should cover all necessary steps for prospective inventory modelling

	5.2 Methodological choices and their alternatives

	6 Conclusion and recommendations
	Anchor 47
	Acknowledgements 
	References


