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Abstract 

Background: Linking qualitative scenarios with quantitative models is a common approach to integrate assump‑
tions on possible future societal contexts into modeling. But reflection on how and to what degree knowledge is 
effectively integrated during this endeavor does not generally take place. In this paper, we reflect on the performance 
of a specific hybrid scenario approach (qualitative Cross‑Impact Balance analysis, CIB, linked with quantitative energy 
models) concerning knowledge integration through 11 different process steps. In order to guide the scenario com‑
munity in applying this approach, we reflect on general methodological features as well as different design options. 
We conceptualize different forms of interdisciplinary knowledge integration (compiling, combining and synthesizing) 
and analyze how and to what degree knowledge about society and uncertainty are integrated into scenario process 
and products. In addition, we discuss trade‑offs regarding design choices and forms of knowledge integration.

Results: On the basis of three case studies, we identify two general designs of linking which build on each other 
(basic and extended design) and which differ in essence regarding the balance of power between the CIB and the 
energy modeling. Ex post assessment of the form of interdisciplinary knowledge integration in each step revealed 
that specific method properties of CIB as well as the interaction with additional quantitative as well as specific qualita‑
tive methods foster distinct forms of knowledge integration. The specific roles assigned to CIB in the hybrid scenario 
process can also influence the form of knowledge integration.

Conclusions: In this study, we use a joint process scheme linking qualitative context scenarios with energy mod‑
eling. By applying our conceptualization of different forms of knowledge integration we analyze the designs’ respec‑
tive potential for and respective effects on knowledge integration. Consequently, our findings can give guidance to 
those who are designing their own hybrid scenario processes. As this is an explorative study, it would be useful to 
further test our hypotheses in different hybrid scenario designs. Finally, we note that at some points in the process a 
more precise differentiation of three forms of knowledge integration would have been useful and propose to further 
differentiate and detail them in future research.

Keywords: Interdisciplinary knowledge integration, Context scenarios, Energy modeling, Case study, Cross‑impact 
balance analysis (CIB), Hybrid scenario approach
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Background
Hybrid scenario construction and its challenges
The awareness within the energy research community 
of the importance of also integrating more explicitly 
social, political and cultural dimensions in the analysis 
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of energy systems of the future has increased over the 
years [1–3]. During energy scenario construction, energy 
models need data input about future societal develop-
ments and their impact on energy demand and supply. 
Such information relates for example to population, life-
styles, economy, innovation and other factors and must 
be defined on the basis of so-called framework assump-
tions [4]. Such assumptions implicitly draw on the mod-
elers’ perceptions concerning the future developments of 
the society into which the modeled system is embedded 
[5]. These future assumptions can be integrated intui-
tively or more formally using various available sources. 
But not every combination of framework assumptions 
builds a meaningful picture of societal contexts, even if 
their sources are highly credible.

In response to this difficulty, hybrid approaches have 
been developed, e.g., by Gallopin et  al. [6], Alcamo 
et  al. [7] and Raskin et  al. [8] and have become promi-
nent in environmental research under the label of “Story 
And Simulation” (SAS) [7, 9]. Hybrid (also named com-
bined or integrated) scenario approaches are method-
ologies combining qualitative and model-based scenario 
approaches (cf. also in the following [10, 11]. Their aim is 
to realize more complete system representations, which 
combine and/or integrate qualitative as well as quantita-
tive information. Hybrid scenario approaches have been 
used in various fields such as water (e.g., [12]), climate 
change (e.g., [13], biodiversity [14]), sustainability and 
development [15] as well as energy (e.g., [16, 17]. In the 
traditional approach, the qualitative part of hybrid sce-
narios is developed using the Intuitive Logics method [18, 
19]. Intuitive Logics develops scenarios based on reflec-
tion and discussion. While this approach has enabled 
impressive results in climate, environmental, and energy 
research (cf. above), it has also drawn concern from 
scholars about the imbalance between the rather simple 
storyline procedures in comparison to the sophistication 
of the models [20]. To counter this imbalance, scholars 
recommend the use of formalized storyline construction 
methods and point to Cross-Impact Balances (CIB, [21] 
as a promising alternative [22–25]. The advantages of 
CIB are seen in a more systematic, consistent, complete, 
transparent and objective scenario construction pro-
cess. CIB conceptualizes systems as qualitative networks 
[21]. The main drivers of future developments (descrip-
tors) are set as the nodes of the network and a small set 
of qualitatively and/or quantitatively defined alternative 
futures of the drivers are assigned to the nodes as dis-
crete states. Qualitative information about the promoting 
and hindering influences between the nodes is collected 
by literature review or expert elicitation. The consistent 
configurations (consistent scenarios) of the network are 

obtained by calculating the Nash equilibria [26] of the 
cross-impact data.1

CIB-based qualitative scenarios forming hybrid sce-
nario construction are called ‘context scenarios’ [5]. 
Examples of recent applications of CIB context scenarios 
in hybrid scenario exercises are Ruth et  al. [27], Vögele 
et al. [28], Brodecki et al. [29], Schütze et al. [30], Vögele 
et al. [31], and Pregger et al. [32]. The role of CIB context 
scenarios, their strengths and challenges are outlined by 
Weimer-Jehle et  al. [33] who reflect on the approach in 
comparison to other current hybrid approaches in energy 
research, as, e.g., Ault et al. [34], Stocker et al. [35]/Span-
genberg et al. [36], O’Mahony et al. [37], McDowell [38], 
Trutnevyte et al. [39]/Foxon [40] or Fortes et al. [41].

Hybrid scenarios share the fundamental challenge of 
needing to bring together the different worlds of separate 
disciplines from engineering, natural and social sciences 
as well as the humanities. These often have contrasting, 
or even conflicting, ontologies, epistemologies and meth-
odologies (e.g., [10]. On a pragmatic level, regarding the 
concrete scenario construction processes, hybrid sce-
narios show as a minimal condition, a “need for shared 
understanding amongst researches in cross-disciplinary 
collaboration” [42]: 583).

Aim and outline
For several years, qualitative scenarios have functioned 
as boundary objects for knowledge integration in energy 
modeling and various hybrid approaches have been used 
and proposed. However, hybrid scenario processes still 
pose a challenge to successful interdisciplinary coopera-
tion and, more precisely, to interdisciplinary knowledge 
integration. As we understand it, knowledge integration 
does not function by itself. Effective knowledge inte-
gration needs a “unifying framework for integrative 
research” [43]: 324). Regarding SAS, the ways in which 
scenario processes can be structured, are already well 
researched and documented (e.g., [9]. The context sce-
nario approach, on the other hand, is relatively young 
and its methodological options yet not systematically 
reflected. We would like to provide scenario builders 
and energy system modelers with an overview of design 
options and therefore explore (i) the different forms in 
which the linking of context scenarios and energy models 
can be structured and designed and what roles CIB plays 
with regard to that linking (research question 1).

Although qualitative scenarios function as knowledge 
integration methods [20], and hybrid scenario construc-
tion is seen as an enabler of interdisciplinary knowledge 

1 Free software is available to execute the CIB algorithm (www. cross- impact. 
org).

http://www.cross-impact.org
http://www.cross-impact.org
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integration in energy scenarios, we still lack knowledge 
of whether, how and to what degree knowledge integra-
tion in hybrid scenario approaches has actually been 
implemented. We want to fill these research gaps by (ii) 
presenting a framework for the analysis of interdiscipli-
nary knowledge integration (see ‘Forms of knowledge 
integration’ in the next subsection) and by exemplarily 
(iii) applying this framework to three methodological 
designs linking qualitative CIB-based context scenarios 
with quantitative (energy) models. We furthermore con-
sider the effects of (iv) the scenario method CIB itself 
and (v) the interplay of different methods on the form of 
interdisciplinary knowledge integration (research ques-
tion 2). Our approach is explorative and thus generates 
hypotheses.

With our paper, we aim to report on what we learned 
from our first experiences from three projects applied in 
ENERGY-TRANS.2 These methodological analyses and 
reflections target the energy scenario community as well 
as the entire field of environmental modeling concerned 
with using and advancing hybrid scenario approaches 
with regard to context scenarios and other hybrid 
approaches.

The next subsection provides a review of existing scien-
tific work that addresses knowledge integration in inter-
disciplinary and transdisciplinary research. This is the 
basis for our conceptual framework on ‘forms of interdis-
ciplinary knowledge integration’, which we developed for 
the analysis. Then, we present the three empirical cases. 
In the next section, we introduce our methods of data 
collection and analysis. In the following, we show and 
interpret our results concerning different designs and the 
resulting form of interdisciplinary knowledge integration. 
Finally, we discuss our results and draw conclusions.

Literature review and derived forms of interdisciplinary 
knowledge integration
To link our analysis to prior work on interdisciplinary 
knowledge integration (e.g., [43–45], we consider the 
distinction often made between data, information and 
knowledge [46]. Data refers to symbols, such as let-
ters and numbers; information refers to “data that are 
processed to be useful and provides answers to "who", 
"what", "where", and "when" questions; knowledge refers 
to the application of data and information and is neces-
sary to answer "how" questions” [47].

The setting of the type of research we are presenting is 
interdisciplinary3 and requires “a synthesis of ideas, data 
and information, methods, tools, concepts, and/or theo-
ries from two or more disciplines aimed at answering a 
complex question, solving a complex problem, or pro-
ducing new knowledge or a product of knowledge” [48]: 
286). Although interdisciplinary research can also be 
realized by individuals [49, 50], we focus on the research 
of a team, which is considerably different regarding the 
operationalization of a project and also the challenges an 
interdisciplinary team has to handle [51]. The members 
of an interdisciplinary project team can belong to dif-
ferent scientific realms as well as to different schools of 
thought, different regions, etc. [50, 51]. We work with a 
pragmatic understanding of scientific knowledge defined 
as scientifically valid representation(s) of the world.

The integration of knowledge is seen by many scholars 
as being the key to interdisciplinary research (see also 
[44, 50, 52]. It can be defined as the blending of concepts 
and perspectives “to create innovative new worldviews” 
[53]: 299). Hinkel [44]:19 distinguishes two phases of 
knowledge integration: “the elaboration of a shared lan-
guage” (see also [42], also defined as “common ground” 
by Edelenbos [54]: 454) and “the design of a methodol-
ogy”. A methodology consists of a combination of instru-
ments and methods: in our case, this is the specific 
empirical application of the qualitative scenario method 
Cross-Impact Balance analysis and its link to quantitative 
(energy) models, including individual additional methods 
and techniques, researchers and data.

To compare transdisciplinary research projects with 
regard to knowledge integration, different scholars have 
provided analytical frameworks (e.g., [55, 56]. These 
frameworks include typologies of actors, of actor involve-
ment and knowledge, and the differentiation of synthe-
sis stages. As these analytical frameworks are developed 
for transdisciplinary research, they do not exactly fit our 
purpose, but have inspired the development of our own 
analytical framework for a comparative analysis of inter-
disciplinary research projects linking CIB-based scenar-
ios with quantitative (energy) models.

For our comparative analysis, we analytically distin-
guish between three different forms of how scientific 
knowledge is integrated in interdisciplinary research pro-
cesses. We have conceptualized knowledge integration 

2 For more information on ENERGY-TRANS see www. energy- trans. de.

3 We do not extend our approach on transdisciplinary approaches, bring-
ing together knowledge from scientific as well as non-scientific sources (as 
practical knowledge, local knowledge) including experts of all sorts and 
even lay people into knowledge production – and transformation – pro-
cesses, as these were not relevant in our case studies. Still, hybrid scenario 
processes frequently also comprise transdisciplinary elements when inte-
grating stakeholders.

http://www.energy-trans.de
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in a way that is tailored to hybrid scenario construction 
in interdisciplinary teams. To meet this aim, we propose 
to distinguish between compiling, combining and syn-
thesizing knowledge. These three forms of integration 
are described in more detail in the following section and 
visualized in Fig. 1.

• Compiling knowledge refers to activities when sepa-
rate bodies of knowledge (i.e., representations of the 
world, such as the energy system) are produced by 
distinct disciplines, which might use separate meth-
ods and concepts and, once the analysis is achieved, 
compile the products. This is the case if, for instance, 
a joint question or issue is dealt with separately by 
different mono-disciplinary methods or concepts, 
and the results of each disciplinary perspective are 
finally brought together. An example of this could be 
a report presenting the different perspectives on the 
issue. Such a compilation may contain for instance 
one chapter on the technical aspects of the energy 
system, one on economic aspects and another one 
on legal issues. Furthermore, compiling can refer to 
the adding up of knowledge about “issues of concern” 
[45]. This can be knowledge which needs to be newly 
produced in disciplinary ways as described above or 
that already exists, e.g., in publications, and which 
needs to be consolidated.

• Combining knowledge refers to activities that go 
beyond the accumulation of different disciplinary 
approaches and elements of knowledge, resulting in 
the production of jointly usable content. To achieve 
this aim, combining often requires the use of trans-
lation methods. Translation methods translate con-
tent (representations of the world) produced by 
one discipline, making them understandable and 
allowing them to be potentially further processed 
by another disciplinary approach. One example is 
the quantification of qualitative expert assessments 

by fuzzy logics (e.g., [9] or Bayesian Networks (e.g., 
[57]. Also, in order to allow the mutual understand-
ing of approaches and contents of initially separate 
disciplines, conceptual bridges are used, such as joint 
meta-languages, i.e., “language[s] for speaking about 
knowledge to be integrated and a specification of the 
integration process” [44]: 15).

• Synthesizing knowledge refers to interdisciplinary 
activities in which researches are using joint, or 
(rather) closely coupled, interdisciplinary concepts 
and/or methods to jointly develop “a new kind of 
knowledge” ([58]: 409). This new knowledge is char-
acterized by novel connections distilled by the inte-
gration of results [59, 60] and it is “a synergy of con-
tributing parts that are not visible any more” (Angyal 
1939 in: [58]:  409). Interdisciplinary concepts and 
methods can (but need not) be the starting point for 
developing new disciplinary (sub-)fields.

Please note that, first of all, this distinction of three 
forms of interdisciplinary knowledge integration is an 
analytical one, and that they do not automatically exclude 
each other. Empirically, gradual transitions between 
forms might be found. And secondly, we do not intend 
to imply that any normative judgment, or claim that any 
form of knowledge integration is ‘better’ than any other. 
On the contrary, according to each specific research 
question and setting in a particular project different 
forms of integration might be appropriate. Nevertheless, 
the forms indicate to a certain degree whether integra-
tion was ‘on the surface’ (compiling), ‘deeper’ (combin-
ing) or ‘very deep’ (synthesizing).

Methods
Case study approach
Our research position is based on the concept of the 
‘reflective practitioner’ (in the sense of [61]. We aim to go 
beyond textbook descriptions of methods and designs by 
taking a step back in order to critically consider our own 
practice as scenario builders (cf. [62]). To gain the nec-
essary distance, we chose to use the case study approach 
[63] to explore, analyze and finally compare different 
approaches linking CIB with energy models. The three 
projects linking qualitative context scenarios (based on 
CIB) with energy modeling, which are described in the 
previous chapter, are considered as our three case stud-
ies. Overall, due to the low number of case studies sam-
pled, our case study approach encourages qualitative 
in-depth analysis and theoretical generalization, but no 
statistical generalization of results (cf. [63]. But “a knowl-
edge base not only expands by generalising experience, 
but also by becoming more and more experienced in 
identifying the specifics of a new case and in gaining the 

Fig. 1 Forms of interdisciplinary knowledge integration
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ability to take features of the cases to be typical.” (Krohn 
2008 in: [55]: 113). The approach used here is exploratory 
and generates hypotheses.

Overview of the three exemplary case studies
We applied our framework to three exemplary case stud-
ies on context scenarios. First of all, the sampling of the 
case studies was pragmatic: these were, to our knowl-
edge, among the very first current case studies linking 
qualitative, CIB-generated, context scenarios with energy 
modeling. They started simultaneously within the same 
research alliance. At that time, only two other case stud-
ies existed, namely the pioneer application by Förster 
[64], as well as a study published by Wachsmuth [65] and 
Ruth et al. [27]. We did not select these case studies due 
to their limited (ex post) accessibility, especially in com-
parison to the insights on methodological considerations 
that were possible through our role as insiders in the 
three selected case studies. Secondly, the three selected 
case studies seemed to be good examples of applications 
of the methodology in different domains, on different 
scales, and for different purposes of energy modeling, 
with regard to different designs used to develop hybrid 
scenarios. The choice of the three specific designs within 
the three cases was not a systematic or supervised deci-
sion, but was taken individually in each team determined 
by the function of the scope and preferences of each 
project. However, comparing the three cases now ena-
bles researchers who want to apply the context scenario 
approach themselves, to derive advice regarding their 
own methodological design decision. Table 1 provides a 
brief overview of the three case studies4 concerning their 
overall objectives, researcher constellation, a short char-
acterization of the models used and some details on how 
they linked CIB-based context scenarios and quantitative 
energy models.

The objective of C1 was to analyze the future energy 
demands of private households. The core team consisted 
of one CIB expert and one energy modeler and was fur-
ther supported by eight scientific experts from the same 
institution in order to construct the context scenarios. 
Taking different policies and frameworks into account, 
a technology-based simulation model (JEMS-BTS) was 
thereby used to create different energy scenarios. This 
model is based on a scenario approach. By using a com-
prehensive typology for residential buildings, heating, 

and hot water technologies in Germany [28], it calculates 
the effects of various energy efficiency measures until 
2050.

The application of CIB was planned from the outset 
and used for the purpose of (a) creating internally con-
sistent storylines, (b) checking the consistency of pre-
existing energy scenarios, and (c) extending the general 
scope of the study towards (societal) issues beyond the 
realm modeled. To integrate different regional scales, 
three separate CIB matrices were constructed and linked 
to each other, at the global, national, and sectoral levels.

The main objective of C2 was to translate the idea 
of ‘socio-technical’ scenarios into the field of national 
energy transition scenarios, by developing a new meth-
odology which combines conventional energy systems 
analysis with societal context scenarios. The core team 
consisted of three CIB experts and two energy modelers 
and for the construction of the context scenarios, 65 fur-
ther researchers with different professional backgrounds 
and from 32 different institutions became involved. The 
energy system model primarily applied in the project 
was based on the accounting framework Mesap/PlaNet, 
which has been used for years in the building of target-
oriented energy scenarios relating to Germany [67], as 
well as other countries and world regions [68, 69]. The 
model uses a detailed and transparent data structure to 
represent the energy system. Science-based premises 
are key to the methodology applied when defining and 
modeling development paths in all sectors of the energy 
system. Infrastructure expansion is therefore determined 
exogenously for the energy system model, and is not the 
result of a cost-optimizing objective function.

CIB was used in this project to construct context sce-
narios that (a) provide the energy model with internally 
consistent sets of socio-technical assumptions (i.e., 
avoiding explicit and implicit contradictions between 
the different assumptions) and (b) represent the future 
uncertainty of such socio-technical assumptions. Finally, 
(c) context scenarios and model-based energy scenarios 
were planned to be merged into ‘socio-technical energy-
scenarios’. To integrate different regional scales, C2 cre-
ated two descriptors which constitute already existing 
scenarios in a condensed way in an international [8] and 
a European context [70].

The objective of C3 was to shed light on the regional 
idiosyncrasies of the German energy transition, particu-
larly at the level of the regional planning region (English 
for “Raumordnungsregion”), which normally consists 
of several municipalities. The core team consisted of 
modelers only, with two of them taking over the respon-
sibility of constructing the context scenarios as CIB nov-
ices; they were supported in doing so by four scientific 
experts. The approach was to model energy scenarios for 

4 For more information on the individual ENERGY-TRANS projects in the 
research field ‘Technical-Societal Development’ please visit http:// www. 
energy- trans. de/ engli sh/ 100. php.
Table 3 compares the concrete methods and techniques used during the 11 
process steps in the three case studies and shows that a multitude of qualita-
tive and quantitative methods were applied.

http://www.energy-trans.de/english/100.php
http://www.energy-trans.de/english/100.php
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selected regional planning regions, from the current state 
of electricity, heat and mobility supply and demand, to 
possible future states (up to 2030, as well as providing a 
prognosis on further development). Multiple sub-models 

were combined in order to quantify the regional impact 
of the energy transition on the environment, economy 
and mobility and vice versa.

Table 1 Overview on case studies: objectives, researcher constellation, models, specific information concerning linking

a JEMS-BTS: Jülich Energy Modeling Suite—Building Stock and Technology Simulation Model for Space Heating and Hot Water Supply
b Mesap (Modular Energy System Analysis and Planning Environment); PlaNet (Planning Network)
c Full lists of descriptors can be found in the supplementary materials. All descriptors are characterized as directly, softly or indirectly linkable descriptors. The directly 
linkable descriptors were integrated in the analysis as such right from the outset. If the context descriptors are linkable to the model in a soft way (through plausibility 
arguments) or only indirectly (through the impact network) was decided in the phase of the energy scenario construction. Due to better clarity this differentiation is 
already presented here in the overview of the case studies

C1: Modeling potentials of 
technologies and concepts

C2: Integrated scenario building—
national energy modeling

C3: Regional modeling

General objective(s) Analyze the future energy demands of 
private households

Translate the motif of ‘socio‑technical’ 
scenarios into the field of national 
energy transition scenarios

Analyze the regional idiosyncrasies of the 
German energy transition at the level of 
the regional planning

Researcher constellation

CIB
n1 = 1

EM
n1 = 1

SE
n1 = 8

CIB
n2 = 3

EM
n2 = 2

SE
n2= 65

n=32

CIB
n3 = 2

EM
n3 = 2

SE
n3 = 4

Scientific expert(s)

Energy modeler(s)

CIB novice(s)

CIB expert(s) EMCIB

CIB SE

Same institution

Researcher

Spectrum of disciplines Economists
Engineers
Political scientists

Economists
Engineers
Political scientists
Social scientists
Communication scientists
Physicists
Philosophers
Psychologists
Legal scientists
Natural scientists

Economists
Engineers
CIB method experts
Philosophers

Applied model(s) A technology‑based simulation model 
focusing on the building sector 
(JEMS-BTSa)

A technology‑based national energy 
system model using the accounting 
framework Mesap/PlaNetb

Economic input–output
Logit car ownership model
Mathematical optimization of electricity 

and heat supply
Life cycle assessment

Time horizon 2030 2050 2030

Context scope International
National
Sectoral

International
National

National
Regional

CIB  descriptorsc 8 Direct linkable
16 Soft linkable
18 Indirect linkable

10 Direct linkable
7 Soft linkable
22 Indirect linkable

5 Direct linkable
3 Soft linkable
1 Indirect linkable

Consistent scenarios 
applied for linking

4 Scenarios 4 Scenarios 1 Scenario

Reference on case study Vögele et al. [28] Pregger et al. [32] Weimer‑Jehle et al. [66], chapter 6.3 (no 
peer‑reviewed article available)
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The application of CIB was only decided upon later 
during the course of the modeling process. Its aim was 
(a) to promote the harmonization of factors and trends, 
which are used equally in the individual sub-models; for 
example, the future trend of regional population devel-
opment, and (b) to gain insights into whether the con-
text is adequate, in order to be able to better reflect the 
completeness of the set of models. C3 decided to select 
one national scenario from C1 with favorable basic con-
ditions for a successful energy transition and embed the 
regional CIB analysis into it. This selection was done 
through discussion.

Structure of the cross‑case comparison
To structure the cross-case comparison, we adapted the 
8-step process of linking context scenarios with energy 
models described in Weimer-Jehle et  al. [5]. We omit-
ted the last step described there because it did not affect 
any of the case studies. On the other hand, we have also 
added steps if they are relevant for knowledge integra-
tion from the literature point of view. This includes, e.g., 
step 1, where it is about defining the design of the whole 
approach and what common goals should be achieved 
by the different project partners [44]. The question of 
how to deal with dissent between the participants (step 
6) also plays an important role when considering knowl-
edge integration [44]. The translation of qualitative data 
into quantitative equivalents on the other hand plays an 
important role especially in hybrid scenario approaches 
[9]. This knowledge transformation is also taken into 
account in this analysis by defining a further process 
step (step 4). In systematic scenario approaches such as 
cross-impact balance analysis, the selection of qualitative 
scenarios for the further process represents an opportu-
nity, but also a challenge for knowledge integration [33] 
and was included as a process step for the comparative 
analysis. Finally, we specified 11 steps, which are briefly 
described in Table 2.

Ex post questionnaire
To collect (ex post) evidence on knowledge integration 
in our case studies, we developed a detailed question-
naire, which was filled out by the participants of the 
three projects. Data collection was supported by a virtual 
workshop to assure a joint understanding of this ques-
tionnaire. This questionnaire included general questions 
on the objectives of the project, the applied model(s), 
the use of CIB and the descriptors included in the con-
text scenario construction (‘Questionnaire and responses 
from the case studies’ [see Additional file  1: Table  S1]). 
Furthermore, specific questions on the methodological 
procedure in different process steps were asked. In addi-
tion to the questionnaire, interviews or written requests 

served to obtain specific information from individual 
case study participants as well as observation and partici-
patory observation.

Cross‑case comparison and qualitative content analysis
To answer our research question, we carried out a 
cross-case comparison to learn about similarities and 
differences in the case studies concerning the aims, pro-
cess and individual methods. First of all, this allowed us 
to characterize different design options linking qualita-
tive CIB-based scenarios with energy models as well as 
roles of CIB within the linking process.

We then applied our analytical framework for the 
comparative analysis of interdisciplinary research pro-
jects and assessed the form of knowledge integration 
for each process step and case study, respectively.

Finally, we analyzed the effects of different meth-
ods and designs on the form of knowledge integration 
(identified beforehand). For this aim, we used qualita-
tive content analysis [71, 72]. Data were summarized 
and then structured in a “topic matrix” (English for 
“Themenmatrix” [72]: 73), which means that they were 
organized in form of qualitative cross tables (see [72]). 
For instance, to analyze whether forms of knowledge 
integration varied with individual methods such as 
interviews or workshops applied in the different pro-
cess steps, we juxtaposed these categories in a cross 
table and then interpreted similarities and differences, 
and finally derived effects therefrom. In this paper, we 
analyzed data from a case-oriented as well as from a 
topic-oriented perspective and juxtaposed categories in 
different constellations.

To understand the effects of the CIB method, we 
first examined the CIB for its specific properties (such 
as the evaluation of interactions by discrete numbers 
or the underlying consistency principle in the form of 
the balance algorithm). These may be fundamentally 
different from other scenario methods and thus might 
make a difference regarding the ‘predefined’ forms of 
knowledge integration. Then we checked in the empiri-
cal material to see whether these methodological prop-
erties determine one or another form of knowledge 
integration. If this was the case, we declared these as 
hints for CIB-specific effects on the form of knowledge 
integration.

Results and interpretation
We subdivided the following section into two parts to 
generate hypotheses regarding our two main research 
questions. First, we asked how the linking of CIB-based 
context scenarios and energy modeling could be struc-
tured and which roles the method CIB could play within 
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those designs. Second, we wanted to know what effects 
the linking design, the CIB method itself and the inter-
play of different methods have on interdisciplinary 
knowledge integration.

Linking designs in CIB‑based hybrid scenario construction 
and roles of CIB
To answer our first research question, we compared the 
processes of the three case studies. We described simi-
larities and differences concerning their methodological 

Table 2 Process scheme of linking context scenarios with energy models in 11 steps

a To better visualize similarities and differences between designs, the quantification step in all three cases is considered as step 3 in the graphical presentations of this 
paper

Steps Description

1. Definition of design of context scenario approach Linking of the context scenarios with energy models needs to be conceptually developed 
by the project team. The objectives of the project can provide a basis for the elaboration 
of the specific designs

2. Definition of context and descriptors The process of context scenario construction begins with the definition of system elements. 
The questions of which level of context is adequate to represent the focused energy 
system (e.g., regional, national or international society) and through which descriptors 
this context can be represented best, are pursued in this step. The descriptors need to be 
identified and specified (defined) in more detail to assure that all participating actors use 
the same information as a basis for further analysis

3. Definition of descriptor variants Future uncertainty of all descriptors needs to be identified and specified (defined) in the 
form of at least two different future variants. The definition of variants maps the possible 
future space for each descriptor, defining alternatives as plausible extreme and, where 
appropriate, mean paths for each descriptor

4. Quantification of descriptor variants To enable the context scenarios to be a bridge to energy models, at least some qualitatively 
defined descriptors need a quantitative equivalent. The quantification of variant specifica‑
tions can be realized as part of the context scenario construction or, later, during Step 9, 
as part of the energy  modelinga. Quantitative descriptors can take on threefold functions: 
they can function as parameters; they can be a basis for an indirect statement about 
parameters; or they have a rather indicative character and are therefore output‑related

5. Assessment of interdependencies between descriptors Following the CIB methodology all descriptor variants are then assessed pairwise concern‑
ing their ability to influence the others in a promoting or a hindering way and to what 
extent (normally on a scale from − 3 to 0 to + 3). The assessments can be performed 
through expert statements as well as through literature review

6. Handling of dissent If the interdependencies between descriptor variants (Step 5) are assessed by a team (e.g., 
in a workshop) or by different independent experts (e.g., in interviews), a decision must 
be reached on how dissent is to be handled. It can be aimed at one common assessment 
(consent) or the parallel existence of different assessments (this trade‑off and its effects 
are described in “Effects on interdisciplinary knowledge integration”)

7. Analysis of interdependencies The CIB balance algorithm analyzes the pairwise assessments of promoting or hindering 
influences and creates consistent scenario configurations. Consistency is defined as a self‑
stabilizing network of future variants

8. Context scenario selection Step 7 can result in far more qualitative scenarios (depending on the number of descriptors 
and assessments between them) than can be analyzed in detail by the models. Therefore, 
a choice needs to be made. This selection can be implemented by internal methods 
provided by the CIB software or other qualitative or quantitative methods, for example, as 
referenced in Section “Effects on interdisciplinary knowledge integration”

9. Preparation of a set of framework assumptions The set of quantified descriptors (Step 4) of a specific context scenario can be directly linked 
with energy models as framework assumptions (model parameter). Qualitative descriptor 
variants would need to be parameterized in this step as set of framework assumptions. 
Furthermore, some more descriptors can be interpreted and softly linked with the model 
through, for example, plausibility arguments. All other descriptors are indirectly linked 
through the impact network

Additionally, it can become necessary for model structures or the set of applied models, to 
be adapted in order to reflect the context scenarios

10. Calculation of energy scenarios The framework assumptions from the context scenarios are used with the energy model 
and its respective energy scenarios are calculated. For this purpose, further parameters for 
the description of the techno‑economic development paths must be defined on the side 
of the energy experts

11. Integration of context and energy scenarios A specific energy scenario (calculated with the input parameter given by a context scenario) 
is chosen and its hidden societal implications can be interpreted in a separate and joint 
product containing quantitative model results and quantitative impact diagrams
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design and presented different design options for link-
ing CIB-based context scenarios with quantitative 
energy models. In addition, we wanted to build a bridge 
between the purposes of the use of context scenario 
approach in the respective case studies and the poten-
tial roles CIB could play with regard to the linking.

Differences and similarities in the methodologies of the three 
case studies
Generally, integrating societal contexts requires the inte-
gration of perspectives of experts of multidisciplinary 
scientific domains. Thus, in addition to CIB as systematic 
qualitative scenario technique and a quantitative model, 
further qualitative and/or quantitative methods need to 

be applied to integrate this knowledge and to perform the 
different process steps described previously. Depending 
on the model or set of models, more or less complex con-
texts must be considered. For instance, the application of 
a set of models makes it more complicated to find joint 
descriptors which fit or are linkable to all models. Other 
models might be more or less flexible with regard to 
required changes due to the linking of qualitative scenar-
ios with quantitative models. Furthermore, there might 
be less data or knowledge available for some contexts, 
so that knowledge integration is somewhat “restricted” 
to limited sources. We show the effects of the design on 
knowledge integration and that the applications can be 
manifold and need to be decided on the basis of specific 

Table 3 Detailed methodological designs of the three case studies

a Application of Talcott Parsons system theory (structural functionalism)
b The impact assessment was done by various experts. If significant differences arose between the assessments, those were reflected to the experts. They got the 
chance to comment on the arguments of the other expert(s), change their own assessments according to the other expert(s), approximate in the direction of the 
others or keep their own assessments. Delphi as an expert method is described, for instance, by [73]
c Due to the combination of three CIB matrices on different levels (sectoral, national, international) the approach how to combine those automatically reduces the 
amount of consistent scenarios and defines the selection process of scenarios (see more to Multi-level-CIB in [28]
d According to geographical thematic maps, scenario landscapes were created in combination with correspondence analysis reflecting for example the positions of 
different variants of a descriptor on the 2 axes or the positions of societies (scenarios) including their emission assessment
e “Linking factors” are model requirements to be considered within the context scenarios to make them linkable to the models. Examples are GDP development, 
tertiarization of the economy, international integration of electricity grids, development of infrastructures in power transmission and distribution, etc., depending on 
the specific model

Steps C1 C2 C3

1. Definition of design of context 
scenario approach

Discussion Discussion Discussion

2. Definition of context and descrip‑
tors

Desk research
Workshop
Linking factors

Desk research
Interdisciplinary expert interviews
Social  theorya

Linking factors
Expert rating

Workshop/audio conferences
Interview with CIB experts
Linking factors

3. Definition of descriptor variants Desk research
Workshop

Desk research
Interdisciplinary expert interviews

Workshop / audio conferences

4. Quantification of descriptor 
variants

Literature review Literature review
Discussions between energy mod‑

elers and CIB experts

Literature review
Regression analysis

5. Assessment of interdependencies 
between descriptors

In‑house workshop Expert interviews Internal discussion between project 
members

6. Handling of dissent Finding consent in a workshop Written Delphi‑styleb discussion
Averaging the cross‑impacts

Finding consent in a workshop

7. Analysis of interdependencies CIB Balance Algorithm CIB Balance Algorithm CIB Balance Algorithm

8. Context scenario selection Discussions between energy mod‑
elers and CIB experts

Interviews with 8 in‑house experts
Multi‑Level‑CIB‑approachc

Discussions between energy mod‑
elers and CIB experts

Correspondence analysis
Scenario  landscapesd

Discussions between non‑CIB experts
Linking 2 energy scenarios

9. Preparation of a set of framework 
assumptions

Discussions between energy mod‑
elers and CIB experts

Using plausibility arguments
Parameterizing linking  factorse

Literature reviews
Using plausibility arguments
Parameterizing linking factors

Discussions within energy modelers
Literature reviews
Parameterizing linking factors
Adding new model to model set

10. Calculation of energy scenarios Model runs Model runs Model runs

11. Integration of context and 
energy scenarios

NOT APPLIED Interpretation of cross‑impact inter‑
relations concerning a specific 
energy scenario

NOT APPLIED
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project requirements. Table  3 shows the detailed meth-
odologies of the three case studies.

The table shows that there are many similar methods 
applied in specific process steps (in more than one pro-
ject). For instance, in step 1, the methods desk research, 
workshops and interviews were each applied by two case 
studies. To implement step 3, all case studies chose the 
method literature review. However, literature review was 
carried out in different intensities; it ranged from review-
ing only their own prior work (C1) to reviewing a whole 
scientific discourse (C2). Step 9 is also supported by simi-
lar methods in all three case studies, namely by discus-
sions, literature review and the parameterizing of the 
linking factors.

The main differences between the case studies in the 
use of qualitative and quantitative methods can be found, 
for example, in step 6. Complex model contexts require 
integrating the perspectives of multidisciplinary scientific 
domain experts. The possibilities of integrating the per-
spectives of different domain experts and handling dis-
sent between them can be realized in very different ways. 
For example, regarding impact assessments, C1 intended 
to reach consent between experts (to define a joint 
impact judgement) and reached this within a workshop. 

C2, in most cases, only reached an approximation con-
cerning the impact assessments with the applied method 
(Delphi-style written ’discussions’)5. Most non-consen-
sual impact assessments were resolved by averaging the 
assessments statistically. Important differences can also 
be identified during step 7. Discussions between energy 
modelers and CIB experts are an integral part of this 
step in all cases. But further qualitative methods such as 
interviews as well as further quantitative methods like 
correspondence analysis were applied by the different 
case studies. Furthermore, methodical enhancements 
of CIB were reached in this step like the linking of three 
matrices of different scales (cf. [28]. Steps 2 and 4 also 
revealed evident differences in the application of qualita-
tive and quantitative methods between the cases. Despite 
these differences, all individual combinations of meth-
ods and techniques used in Steps 2–8 were effective in 
creating context scenarios. And the methods (modeling 
approaches) in step 9 led to model runs and the effective 
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Fig. 2 Design alternatives observed in the three case studies and design steps of linking context scenarios and energy modeling

5 In C3 calculations with the optimization model have been carried out and 
showed that the hybrid scenario approach worked. Unfortunately, no official 
source is available to show this evidence.
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calculation of energy scenarios (step 10), see footnote 5. 
What effects the application of the individual method-
ologies had on knowledge integration is discussed later in 
this paper.

Different designs linking context scenarios and energy 
modeling and roles of CIB
In order to answer research question one, we identified 
different designs of linking CIB with energy modeling, 
and defined the roles of CIB within this relationship.

Overall, two designs of linking context scenarios based 
on CIB with energy models emerged from our empirical 
study. These are shown in Fig. 2: CIB as provider (basic 
design) and CIB as equal partner (extended design).

CIB as provider means that energy models use con-
sistent context scenarios that have been derived by a 
CIB analysis. The results of both the CIB and the energy 
modeling are interpreted separately; the CIB provides a 
service for the energy model(s) and the final products are 
energy scenarios with (consistent) socio-technical con-
text assumptions. This linking design was performed in 
all three case studies. The extended design, CIB as equal 
partner, is an optional extension: CIB-based context sce-
narios and energy model(s) are of equal value for a joint 
final product, the socio-technical energy scenarios. For 
a specific energy scenario, the results are reflected and 
explained on the basis of its underlying societal impli-
cations. This procedure leads to a more balanced inte-
gration of techno-economic and societal aspects in the 
hybrid scenario construction. C2 is the only case study 
which realized this extended type of linking.

Within design alternative CIB as provider, we further-
more found two alternatives concerning the position (a) 
of the context scenarios within the approach (Design 
I) and (b) of quantification of descriptors definitions 
within the process (Design II), respectively. The position 
of context scenarios can be distinguished as Design Ia 
‘Energy model first’ (C1 and C2) and Design Ib ‘Context 
scenarios first’ (C3). In Design Ia the choice of energy 
model(s) enables the definition of input requirements for 
the subsequent context scenario construction. The con-
text is designed depending on the model scope and can 
serve specific model needs. In Design Ib—if the decision 
which energy model(s) are to be chosen is still open—
the context scenarios are constructed with CIB in a first 
step and then serve to adapt the final model set (i.e., later 
and accordingly). The context scenarios are intended to 
define the context under consideration first (to make 
mental models and context assumptions explicit) and 
the models then serve to examine the consequences of 
the explicit context assumptions. Context scenarios are 
instead constructed independently of model requirement 
as consistent framework scenarios for various (potential) 

models. One or the other design alternative can then be 
combined with Design II. In Design IIa ‘Quantification 
as part of context scenario construction’ (C2 and C3), the 
descriptors and variants are already defined qualitatively 
and quantitatively within the process of context scenario 
construction. In Design IIb ‘Quantification as part of 
energy modeling’ (C1), on the other hand, the quantifi-
cation takes place immediately before energy modeling 
which means that the expert judgements of the impact 
assessments within the context scenario construction 
process are based on relative classifications, e.g., high/
medium/low share instead of quantitative descriptions 
like 80%/50%/20%.

In sum, linking context scenarios and energy models 
can be realized in two designs: the basic design, CIB as 
provider (C1, C2 and C3); and the extended design, CIB 
as equal partner (C2). The latter needs the preliminaries 
of the basic linking. Within the basic linking design, the 
main differences in design between the case studies are 
the position of CIB in the process (Design Ia—C1 and C2 
vs. Design Ib—C3), as well as the position of the quantifi-
cation (Design IIa—C2 and C3 vs. Design IIb—C1).

In addition to these two general roles of CIB in the 
linking design, CIB can resume more specific roles within 
the relationship of context scenarios and models. These 
roles were not appointed as such by the project mem-
bers, but are derived through interpreting project objec-
tives, experiences and results, which are partly collected 
through the questionnaire and partly through personal 
information.

Firstly, “knowledge representation requires a language 
to represent the knowledge in” [44]: 15) so CIB can effec-
tively function as such a ‘meta-language provider for 
interdisciplinary groups’. The language expresses itself 
through descriptors and variants describing system ele-
ments as well as their reciprocal promoting or hinder-
ing impacts to discuss their interactions. All types of 
knowledge can be linked by applying this meta-language. 
Explicit ‘linking factors’ can be integrated into the con-
text scenarios, and context scenarios and energy mod-
els thus have, due to this direct interface, the ability to 
mutually inform each other during the process. Further-
more, CIB can function as an ‘input-data provider’, mean-
ing that the context scenarios provide combinations of 
input factors to function as (scenario) frameworks for 
the energy model(s). Additionally, the inclusion of quali-
tative (context) factors and the explicit consideration of 
the socio-technical system results in enhanced system 
understanding and in a substantiation of the choice of 
input assumptions made in the context scenarios. The 
role of an input-data provider in combination with more 
than one model (it is not restricted to energy models) can 
moreover result into the role of a ‘manager of context 
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assumptions for a multi-model exercise’, meaning that 
the scenarios reflect the context of different models and 
therefore can be applied by all of them (see [10, 39, 74]).

Because of the natural effect of CIB providing vari-
ous consistent scenarios and enabling the calculation of 
energy scenarios in the light of different contexts, reflect-
ing alternative future possibilities—future openness—in 
a changing society, CIB can also function as a ‘context-
uncertainty dealer’. Another role of CIB in combination 
with energy models is the ‘conceptual modeling of the 
social system or of the socio-technical system’. CIB can 
enable the adaptation of scenario premises, the linking 
of further qualitative factors (if only slightly) with the 
energy model through plausible arguments (cf. [5, 32]. 
As a model is never static, we assume that the role of 
conceptual modeling can also result in (deep) structural 
adaptations of the energy models in the form, that, for 
example, the model can be further developed depending 
on the requirements6 resulting from the linking with the 
context scenarios.

Lastly, CIB can also play the role of a “knowledge con-
tainer” [33], a provider (and storage) of argumentations 
for socio-technical pathways: within CIB, additional 
explicit information on contexts and their (assumed) 
internal structure are stored so that it can be accessed if 
necessary.

Effects on interdisciplinary knowledge integration
To answer our second research question we first analyze 
which form of knowledge integration could be assigned 
to the different process steps conducted by the case 
studies and then developed hypotheses on how similari-
ties and differences in knowledge integration could be 
explained by different methodological factors.

Interdisciplinary knowledge integration in the different 
designs of the case studies
We conceptualized the forms of knowledge integration 
before the analysis, deriving them from the current litera-
ture. As can be seen in the following section, the analysis 
then showed that differences between the cases in some 
steps could not be depicted, although the methodological 
design was different. We found that, for example no lit-
erature review against profound literature review cannot 
be depicted in the form of knowledge integration other 
than showing that there also was compiling in the latter 
beforehand. This is how we dealt with such differences in 
this paper. Furthermore, we are not able to show all the 
results of the case studies within the limits of a paper, 
but ‘Examples of interdisciplinary knowledge integra-
tion visible in process and results’ [see Additional file 2: 
Table S2] are given.

Knowledge integration starts in step 1 with the defini-
tion of the design of the context scenario approach. The 
linking of the context scenarios and energy modeling is 
prepared and planned and the roles CIB should play as 
well as the ambition of integrating methods are decided 
upon. This step requires bringing knowledge (from dif-
ferent perspectives) together and the research partners 
need to develop strategies of how to link and to inte-
grate knowledge with CIB and energy modeling. Thus, 
the knowledge integration form combining is reached 
through this step (for an overview see Table 4).

Table 4 Final forms of knowledge integration per process step per case study

Steps C1 C2 C3

1. Definition of design of context scenario approach in project Combining Combining Combining

2. Definition of context and descriptors Combining Combining Combining

3. Definition of descriptor variants Combining Combining Combining

4. Quantification of descriptor definitions Compiling Combining Combining

5. Assessment of interdependencies between descriptors Combining Compiling Combining

6. Handling of dissent Combining Combining Combining

7. Analysis of interdependencies Synthesizing Synthesizing Synthesizing

8. Context scenario selection Synthesizing Synthesizing Combining
9. Preparation of a set of framework assumptions Combining Combining Combining

10. Calculation of energy scenarios Synthesizing Synthesizing Combining
11. Integration of context and energy scenarios NOT APPLIED Synthesizing NOT APPLIED

6 In C2, for example, the descriptor “Individual energy consumer behavior” 
could not be coupled with the model because the model uses the aggregated 
indicator “per capital consumption”. If “consumption” and “device efficiency” 
would be separated, the descriptor “individual energy consumer behavior” 
could have been directly considered, too. This separation could have been 
realized through a model extension which was not possible within the scope 
of the project.
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Then the process of constructing the context scenarios 
begin. We assessed all processes leading to products and 
important interim products separately in regard to their 
forms of knowledge integration.

The steps ‘definition of context, descriptors and vari-
ants’ (Step 2 and 3) could be split into two processes 
each, namely identification and definition, as each pro-
cess results in its own forms of knowledge integration. 
While the identification of descriptors and variants sim-
ply serves as a collector of ideas of different perspectives 
(compiling interdisciplinary knowledge, see example 
A, Additional file 2: Table S2), during the definition, the 
descriptors and variants are described in-depth and need 
to be mutually understood and supported by experts of 
the same domain or by domain experts and energy mod-
elers. The experts need to define descriptors and vari-
ants in a way that they can be used by scientific domain 
experts and energy modelers. Therefore, the overall form 
of interdisciplinary knowledge integration is combining 
(see example B and C, Additional file 2: Table S2).

During the quantification of descriptor definitions 
(step 4), C1 compiled quantifications of their own prior 
research, while C2 compiled knowledge from various 
energy scenario studies to identify the range of quantifi-
cations discussed in the literature (see example D, Addi-
tional file  2: Table  S2). The latter approach increased 
the diversity of knowledge sources that were integrated 
in the following and thus, the level of interdisciplinar-
ity. Nevertheless, this cannot be depicted in the forms of 
knowledge integration. C3 integrated new knowledge by 
calculating population data for a specific region and com-
piled data from existing sources. As the quantification 
took place early in C2 and C3, jointly usable content was 
produced, which means translated, by finding quantita-
tive equivalents to the qualitative descriptor definitions. 
Thus, in this step the final integration form combining 
was achieved in C2 and C3, as joint sense-making took 
place and was then applicable by experts construct-
ing the context scenarios as well as later by the experts 
running the energy models (see example E, Additional 
file 2: Table S2). C1 has quantified much later in the pro-
cess, just before energy modeling. Thus, the knowledge 
was translated into data. As no joint sense-making took 
place between the CIB expert and the modeler, and the 
quantified knowledge is no longer usable for the con-
struction of the context scenarios, it could therefore be 
assigned to the knowledge integration form compiling. 
This design had the advantage that the scenarios “could 
be interpreted, in principle, as frameworks” [28]:942) 
which allowed C1 to analyze the consistency of other sce-
narios, which was one of the initial aims of the project 
(see example F, Additional file 2: Table S2).

Another difference regarding the forms of knowledge 
integration between the cases could be found in step 5, 
the assessment of descriptor interdependencies and step 
6, the handling of dissent of assessments of interdepend-
encies between descriptors. C1 and C3 performed group 
discussions to assess interdependencies between descrip-
tors and decided on one assessment per interaction 
between descriptor developments. They handled dissent 
directly during a workshop by discussing and finding one 
solution. The result was joint assessments, where dissent 
was not visible (any more) (type combining). C2 carried 
out several interviews per descriptor assessment and thus 
compiled assessments on interactions between descrip-
tor developments (step 5). Dissent could not be dealt with 
(step 6) during the survey. Thus, in the aftermath, dissent 
was dealt with in a written Delphi-style process, as an 
offer to agree and change one’s own arguments, to disa-
gree and to stay with one’s own assessment or to approxi-
mate one’s prior assessments to others. The aim was to 
get a “cross-checked” CIB assessment for each interac-
tion, to validate assessments by asking more than one 
expert and also to represent the legitimate dissent within 
the scientific discourse. Performing step 6 with this mul-
tiple interview and Delphi-style technique showed some 
aspects of combining knowledge, but not fully achieves it, 
no matter whether this was the aim or not. Thus, knowl-
edge was mostly compiled using this method. Compil-
ing diverging assessments allowed them to maintain the 
ambivalence of equally valid, but different, arguments (vs. 
forcing everything into one matrix).7 If the arguments for 
the diverging assessments are traceable, which is the case 
if CIB is applied, a wider spectrum of diverging scenarios 
can be interpreted later (see example G, Additional file 2: 
Table  S2). However, the CIB-specific impact scale to 
decide on assessments was the joint language used by all 
experts. Thus, to further process data, joint content was 
possible to be brought about methodically by averaging 
the impact assessments with the CIB-specific evaluation 
tool ‘ensemble evaluation’ (type combining).

During the analysis of the interdependencies (step 
7), knowledge was synthesized by applying the CIB 
with its balance algorithm as a bridging method. Single 
assessments were balanced against each other and pro-
duced new content, namely raw scenarios (see example 
H, Additional file 2: Table S2). But the following under-
standing of those raw scenarios and their interpretation 
require more (knowledge) than applying CIB and had to 
be implemented in a subsequent step (step 8).

7 Generally, this is independent from the method (e.g. interview vs. work-
shop).
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Further differences in the three case studies as to forms 
of knowledge integration can be found in step 8, scenario 
selection. C3 combined different contents: research-
ers used one of the consistent national scenarios of C1 
reflecting a positive development of the energy transi-
tion and matched it qualitatively (verbally) with one of 
their own regional scenarios. They mirrored the national 
scenario of C1 and discussed which of the regional sce-
narios would best fit it. Also, C1 selected the final sce-
narios regarding their regional compatibility, albeit in a 
much more complex approach: they constructed indi-
vidual context scenarios on the sectoral, national and 
global scale and developed their own approach to tie the 
individual CIB matrices to each other. They selected sce-
narios out of the spectrum of scenarios that were mutu-
ally consistent regarding main drivers (tie-descriptors) on 
the three levels [28] and thus, further integrated knowl-
edge to a joint product (type synthesizing, see example 
B, Additional file  2: Table  S2). In contrast, researchers 
in C2 applied various additional methods and further 
processed their results together with interim and final 
products of the CIB analysis (e.g., by using the CIB cod-
ing of the scenario constellations as input for statisti-
cal analysis) and created new content to assess the CIB 
output (type synthesizing). For example, knowledge was 
condensed by entering the datasets of all consistent con-
text scenarios into correspondence analysis, which is able 
to identify latent structures in the datasets. By doing so, 
a new understanding of the scenario space was reached 
and it was possible to visualize scenario landscapes (see 
example I, Additional file 2: Table S2). By also linking it 
with the simplified energy model of C2, energy-related 
knowledge can be assigned to the different scenarios (see 
example J, Additional file 2: Table S2).

During the energy scenario construction, a set of 
framework assumptions needed to be derived from the 
selected consistent scenarios (step 9). This was realized 
by directly linking either the already quantified descrip-
tors in the specific variant constellation as the basis for 
model parameter translation (directly integrated or with 
only minor adaptations, see example E, Additional file 2: 
Table S2) (C2 and C3), or by parameterizing the quanti-
fiable qualitative descriptors in this step (see example F, 
Additional file 2: Table S2) (C1). Additionally, some qual-
itative descriptors were used as model parameter by inte-
grating them as plausibility arguments (defined as soft 
linking). This therefore resulted in the knowledge inte-
gration form combining in all three case studies.

The prepared sets of framework assumptions are the 
basis for the model calculations (step 10). This is where 
a direct link between context scenarios and energy mod-
els takes place. Applying different context scenarios 
implies that the resulting energy scenarios reflect future 

uncertainty (which in turn is reflected in different sets 
of framework assumptions). In this way, the energy sce-
narios reflect the spirit of the different selected context 
scenarios. Not only is this an application of the con-
text scenarios as framework assumptions for energy 
modeling, but new knowledge can be derived from the 
explorative approach of confronting energy technologies 
with uncertain societal conditions. Therefore, knowledge 
integration in this step can be characterized as synthesiz-
ing in C1 and C2 (see example K, L and M, Additional 
file 2: Table S2). No such exploration occurred in C3, as 
it only applied one of the consistent scenarios which ful-
filled a normative aim. In this approach, no new knowl-
edge could be derived regarding context uncertainty and 
therefore knowledge was only combined.

Finally, step 11, an integration of context and energy 
scenarios as socio-technical energy scenarios was imple-
mented by C2 only. CIB and an energy model were com-
bined as equal methodical partners and created a new 
product, a socio-technical energy scenario (an exam-
ple is given in [32], SM-(7)). In this step, a predefined 
energy scenario from the preceding analysis was chosen 
and examined for its hidden societal implications and 
reveales new knowledge. The result was a joint product, 
a socio-technical energy scenario, containing not only 
quantitative model results, but also “qualitative impact 
diagrams show[ing] how societal drivers act on the 
techno-economic factors in the sector, explaining the 
connection between societal and technical dynamics” 
[32], SM-(7):22). Therefore, we classified the knowledge 
integration that occurred at this moment as synthesizing 
(see example N, Additional file 2: Table S2).

In sum, the forms of knowledge integration found dur-
ing the same process steps (steps 1–10) in the three dif-
ferent case studies were either partly equal or very similar 
(steps 1–3, 7 and 9) and partly differ (steps 4–6, 8, and 
10). As step 11 was only applied by C2 no comparison 
was possible.

Effects of CIB on interdisciplinary knowledge integration
CIB as a knowledge integration method which, in differ-
ent roles, shapes and, at times even predefines, the forms 
of knowledge integration that are achieved through cer-
tain steps. This holds true mainly for steps 2, 3, 5 and 7.

The definition of context, descriptors and variants (step 
2 and 3) is strongly shaped by the requirements of CIB, 
as ‘meta-language provider’ to codify knowledge from 
different (disciplinary) perspectives in the joint form of 
distinct descriptors and their variants (see [21]. The CIB 
method thus supports and, at the same time, requires 
that knowledge is combined into descriptors and variants 
to be further processable by CIB. Regarding this step, the 
integration form of combining knowledge is predefined 
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from the outset, when the CIB method is applied and 
when at the same time multidisciplinary experts are 
participating (C1, C2 and C3). The same applies for CIB 
as ‘manager of context assumptions for a multi-model 
exercise’, if context assumptions need to be defined for 
various models which reflect the same problem from a 
different perspective (C3).

Analyzing interdependencies in process step 7 turns 
CIB into an ‘input-data provider’ and reveals a synthesiz-
ing effect of CIB: the CIB balance algorithm creates new, 
joint knowledge that integrates the individual (pairwise) 
impact assessments into an impact network and identi-
fies internally consistent constellations of this network.

Despite those roles of CIB predetermining the form 
of knowledge integration from the outset, there are 
other roles showing trade-offs with regard to the form 
of knowledge integration. This applies to the assessment 
of mutual impacts between descriptors (step 5). On the 
one hand, this step is also strongly shaped by the require-
ments of CIB to use a joint meta-language to communi-
cate interdependencies. This is namely a joint (and semi 
formalized) impact scale that evaluates interrelations as 
hindering and fostering impacts. The CIB method at this 
moment leads to combining knowledge. On the other 
hand, we found that this CIB-specific effect can be out-
weighed in this step by the interplay of CIB with certain 
qualitative methods and in doing so lead to compiling 
knowledge (see section after next).

A trade-off can also be identified to the role of CIB 
as ‘knowledge container’. If a project aims for socio-
technical scenarios, accessible knowledge (in form of 
the impact network stored) is a precondition for step 11 
being able to further synthesize knowledge by systemati-
cally linking model calculations to their specific societal 
implications in socio-technical energy scenarios. On the 
other hand, as described in the former section, dissent 
between experts concerning the impact assessment can 
be solved (by deciding on one joint assessment) or kept 
(by storing the different assessments). This has content-
specific implications, but also has effects on the form of 
knowledge integration as knowledge can be compiled (if 
dissent is kept) or combined (if dissent is solved).

Choosing CIB as ‘context-uncertainty dealer’ implies 
that distinct context scenarios are selected to be linked 
with the energy model. Thus, new (synthesized) knowl-
edge develops through dealing with different future per-
spectives. However, if CIB is not applied to deal with 
uncertainty, but to provide one consistent scenario only 
(no matter for which reason), knowledge is not synthe-
sized, but combined.

Lastly, applying CIB as ‘conceptual modeling for the 
social system or socio-technical system’ also shows 
a trade-off with regard to the form of knowledge 

integration. Depending on how the context scenarios 
are reflected in energy modeling, the form of knowledge 
integration can change. Combined knowledge integration 
can be found if the context scenarios are linked through 
exogenous parameters with models which directly (link-
ing descriptors), softly (plausibility arguments) or indi-
rectly (through impact network) affect the model. If the 
context scenarios also include endogenous model param-
eter (which was not the case in the three case studies ana-
lyzed), in addition to the direct, soft and indirect links, 
this could lead to an adaption of model structures, if the 
impact network required it, and would show synthesized 
knowledge integration. The same holds true if the model 
is extended with specifically developed sub-models.

Effects of the linking design on interdisciplinary knowledge 
integration
In our three case studies, depending on time and finan-
cial resources, the researchers defined the purpose of the 
endeavor and agreed on method(s) and their interplay 
to fulfill these purposes. Additional competencies in the 
form of other researchers and/or methods were inte-
grated, if they were judged necessary to reach the pro-
ject goals and if financial and time resources allowed for 
them.

CIB is the joint method used by all case studies. We 
have shown that, in the approach of linking context sce-
narios based on CIB with energy models, the context sce-
nario approach can follow two design alternatives (see 
Fig. 2) depending on the interplay of CIB and the model 
(CIB as provider for the energy model(s) vs. CIB as equal 
partner). Both designs can lead to a high level of knowl-
edge integration (synthesizing). Within the first design, 
which is a prerequisite for the second, we can, further-
more, distinguish two different design options depending 
on the position of CIB and the timing of the quantifica-
tion within the process. We found out that the order of 
application (CIB first or model first) does not matter with 
regard to knowledge integration in the three case studies. 
C1 and C2 applied the energy model first option (Design 
Ia), which means that an energy model already existed to 
be used for the energy scenario construction and context 
scenarios were constructed in the aftermath. The advan-
tage of this option was that the context scenarios could 
be constructed in a more target-oriented way, consider-
ing specific model premises and model input needs. C3 
applied the CIB first option (Design Ib). In all three case 
studies, the overall form of knowledge integration was 
not affected by the chosen approach.

The timing of the quantification of qualitative descrip-
tors had an effect on the form of knowledge integration 
and entailed an important trade-off. If the quantification 
took place early in the process (quantify during context 
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scenario construction Design IIa as in C2) before the 
impact judgements were assessed (step 7), the quantifi-
cations made were thus the basis for the impact judge-
ments as well as for the energy modeling and therefore 
were the bridge and joint content between them (com-
bining). Furthermore, the impact judgments made on the 
basis of qualitative and quantitative definitions could be 
more consistent. On the other hand, this led to a kind of 
restriction of the modeling, because model results were 
more or less fixed to the specified values of the quanti-
fied descriptor variants. If, on the other hand, the quan-
tification took place later in the process, i.e., after the 
impact assessment (quantify later during energy mod-
eling, Design IIb as in C1 and C3), the impact judgements 
were based only on relative classifications, which might 
be interpreted differently by each expert and therefore 
might lead to unclear impact assessments. The quantifi-
able descriptors in this case had a more indicative char-
acter. The advantage is that the quantifications can be 
adapted more easily to modeling requirements. With 
regard to knowledge integration of the design option 
IIb (quantify later) reveals the form of compiling as the 
quantification is made without joint sense-making.

Effects of the interplay of different methods 
on interdisciplinary knowledge integration
CIB is a method which can be applied for the integration 
of knowledge. Furthermore, its specific storage function 
in form of discrete assessments within a matrix, enables 
final and interim products of the CIB process to be fur-
ther processed by linking them with additional (disci-
plinary) methods. Also, additional methods can build 
a bridge between context scenario products and energy 
models. An example of this is the application of cor-
respondence analysis (C2): firstly, to further condense 
results by considering the whole context scenario set 
in the future uncertainty space and thus revealing new 
knowledge about the scenario set (type synthesizing) 
and secondly, to integrate the context and energy system 
knowledge (type synthesizing).

The three case studies differ little in their overall meth-
odological approach. But when we go further into the 
detail of their individual methodologies, rather important 
differences become visible. C2 made the most innova-
tive choices by trying out new/additional methods and 
C1 also developed methodical enhancements. The rea-
sons for this might be that knowledge integration and the 
application of CIB were part of the project agendas and 
adequate resources were planned for this. C3 did include 
the application of context scenarios only in the after-
math and, in addition, without having planned adequate 
resources.

In sum, we found out that the individual (qualitative) 
methods used to operationalize different process steps 
mattered only slightly for the forms of knowledge integra-
tion that were reached. The only major differences could 
be found in step 5 (assessment of interdependencies) 
and step 6 (handling of dissent). C2 has decided to con-
duct the assessments with individual interviews and has 
obtained several expert opinions for each. Even if these 
experts used the same “language” to assess the interde-
pendencies, it is not possible to reach consensus in inter-
views conducted separately within the same step. To deal 
with dissent C2 implemented a written Delphi-style pro-
cess. A Delphi process is generally designed to generate 
consensus or to establish consent on dissent [73] on a 
specific topic among a group of experts. The written Del-
phi applied in C2 via expert interviews did not strive for 
consensus on impact assessments at all costs, but rather 
were used to clarify where justified dissent was present. 
This decision thus had an effect on the form of knowl-
edge integration in addition to the choice of the inter-
view method. The methodological choice to carry out 
interviews to assess the impact assessments (step 5) with 
more than one expert from one domain (C2) leads to less 
integration (type compiled), at the very moment when 
interviews are carried out. But, integration could be 
reached methodically. In terms of content, this approach 
has led to the fact that the richer background informa-
tion could be synthesized in a later process step, which 
also reflects the ambivalence and dissent of the scientific 
discourse. However, in our conceptualization of forms of 
interdisciplinary knowledge integration this cannot be 
made visible. Other methods which do matter (directly) 
concerning the form of knowledge integration are addi-
tional (disciplinary and quantitative) methods as well as 
CIB method enhancements which have the potential to 
produce new knowledge such as correspondence analysis 
(C2) or Multi-level-CIB (C1).

Discussion and conclusion
Scenario constructors apply hybrid scenario methodolo-
gies to benefit from advantages of both the qualitative as 
well as the quantitative scenarios (cf. [9]. In such hybrid 
scenario approaches interdisciplinary knowledge integra-
tion is the overarching aim, but also its central challenge 
(cf. [11]. However, we still lack knowledge of whether, 
how and to what degree knowledge integration in hybrid 
scenario approaches actually is achieved. To better ana-
lyze the knowledge integration performance of hybrid 
scenario methodologies, we propose to distinguish three 
forms of interdisciplinary knowledge integration (com-
piling, combining, synthesizing). This distinction is a 
conceptual contribution to interdisciplinarity research 
(cf. e.g., [50]. In this paper, we applied these concepts to 
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better understand interdisciplinary knowledge integra-
tion in processes using a relatively new hybrid scenario 
approach, the linking of qualitative scenarios based on 
Cross-Impact Balance analysis (CIB) with quantitative 
energy models and draw on three different case studies 
applying this approach. In an ex post analysis, we com-
pared and analyzed the different case studies concerning 
their linking design and the role of CIB. We were able 
to identify forms of knowledge integration within the 
scenario process, and reflected the effects of the inter-
play of respective methods with regard to interdiscipli-
nary knowledge integration step by step throughout the 
process.

Our exploratory cross-case analysis was based on 
three case studies: therefore, statistically we are not able 
to generalize results. Still, we assume that the process 
scheme presented in the method section and the find-
ings concerning the linking designs are useful to guide 
scenario constructors and energy modelers to construct 
hybrid scenarios in general. Furthermore, we assume 
that our results on forms of interdisciplinary knowledge 
integration resulting from the different designs are gener-
ally valid. The same applies to the roles of CIB and their 
(predetermined and trade-off) effects on knowledge inte-
gration. Clearly, there might be further roles of CIB, and 
further forms of linking methods, which were not seen in 
the cases presented here. Apart from that, there are also 
hints at aspects, one should pay attention to when linking 
CIB with quantitative models. The first hint is that, in one 
case (C3), the rationale of the model (Input–Output) did 
not fit one future perspective (here: shrinking GDP) and, 
therefore, the scenarios including this future perspective 
had to be excluded from further research. It could also be 
that other models have rationales which cannot be linked 
with context scenarios properly, this should be clarified 
at forehand. Secondly, the design option CIB first showed 
no particular effect on the form of interdisciplinary 
knowledge integration in our case study. But experiences 
from other studies indicate that there could be synthesiz-
ing effects, e.g., by adapting model structures with regard 
to the context scenarios [10]. And thirdly, the case studies 
presented here show that the choice of qualitative meth-
ods to realize the different process steps do, with two 
exceptions, not play a decisive role for the form of inter-
disciplinary knowledge integration as we operationalized 
it. But there could be different method constellations 
that might show further effects of qualitative methods on 
interdisciplinary knowledge integration. Overall, these 
hints require further empirical analysis.

In sum, the overall methodological design (meaning 
the technical and empirical realization of each of the 
11-step process scheme), should depend on the spe-
cific roles researchers want CIB to play and on the form 

of knowledge integration they want or need to achieve. 
If interdisciplinary perspectives need to be brought 
together, CIB can function as a meta-language and can be 
used to combine knowledge through a joint language. Or, 
by applying CIB as context-uncertainty dealer, knowledge 
can be synthesized if context uncertainty and its conse-
quences on energy systems are reflected in the energy 
scenarios. It seems that further qualitative methods can 
mainly be selected according to aims, preferences, time 
and financial resources.

This was an explorative and qualitative study, thus 
many roads for further research were indicated: one is to 
test the hypotheses generated by our study through fur-
ther empirical analysis. Furthermore, the conceptualiza-
tion of forms of interdisciplinary knowledge integration 
for hybrid scenario approaches was tested with our exem-
plary case studies linking CIB-based context scenarios 
with energy modeling only. We assume that some of the 
(predefined or trade-off) effects CIB generates through 
its specific method features do differ from effects on 
knowledge integration of hybrid approaches that apply 
intuitive methods for the qualitative scenario construc-
tion as SAS (e.g., [9]. Still, it seems promising to compare 
the effects of different methodologies of the ‘context sce-
nario approach’ on knowledge integration with the effects 
of other hybrid scenario methodologies for a better 
design of hybrid scenario processes. Last, but not least, 
our conceptualization of the forms of knowledge integra-
tion has shown limitations with regard to a more precise 
differentiation. Thus, we propose to further differentiate 
and detail the three forms of interdisciplinary knowl-
edge integration developed here by conceptualizing and 
operationalizing ’interdisciplinarity or multidisciplinar-
ity’ in more detail. This would allow a better inclusion of 
corresponding aspects such as disciplinary multitude and 
bandwidth into the analysis. We assume that further dif-
ferences of the cases, e.g., concerning different forms of 
researcher involvement, could be analyzed in more detail 
and might reveal additional effects on interdisciplinary 
knowledge integration.
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