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Using impact chains for assessing
local climate risk—A case study on
impacts of extended periods of
fluvial low waters and drought on a
metropolitan region
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Adaptive Reflective Teams, Fraunhofer Institute for Intelligent Analysis and Information Systems IAIS, Sankt

Augustin, Germany

As the climate crisis accelerates, the resilience of Europe’s aging critical infrastructure

systems shifts more and more into focus. However, the rising interconnectedness

of critical infrastructure systems and the dependency of their operation on

multiple stakeholders makes approaches that target the resilience of isolated

infrastructures insu�cient and might even result in a decrease of the resilience

of the whole system. This need for more resilience thinking in interconnected

infrastructure systems has resulted in advances in risk analyses of supply chains and

analyses of interdependencies in infrastructure systems from a Critical Infrastructure

Protection/Resilience perspective. However, results from such analyses on the level

of interconnected infrastructure systems have seldomly be broken down to the level

of individual corporate value chains, a necessity as national/regional resilience e�orts

need to be supported on the local level. In this paper we therefore propose a novel

approach for value chain climate risk and vulnerability analysis that combines a

participatory, indicator-based approach with a semi-quantitative risk matrix approach

to allow linking analyses from national to local scale and supports economic

assessment of climate change impacts for individual businesses. This approach has

been developed and prototypically applied in a case study in a German metropolitan

area located at the Rhine River. The results allow to identify where along the

dependency chains of interconnected infrastructure systems, hazards and impacts

might manifest, which cascading (economic) impacts result on the level of individual

infrastructure operators, and where resilience measures should be taken to be most

e�ective and (cost) e�cient.

KEYWORDS

climate change adaptation, climate risk assessment, impact chains, supply chains, knowledge

co-production, case study

1. Introduction

Critical Infrastructure is essential for everyday life and for the functioning of society;
it is the backbone of vital societal functions as well as the social and economic wellbeing
of people. Critical Infrastructure includes many types of public and private assets, like
transportation, communication, electricity, and water networks, food production, supply chains,
waste treatment, industrial facilities, governmental facilities, and cultural assets. At least 70
countries1 have introduced definitions of what qualifies as and constitutes their Critical
Infrastructure, but these definitions vary due to the differences in available infrastructure,

1 https://websites.fraunhofer.de/CIPedia/index.php/Critical_Infrastructure
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abilities, and resources for protecting such infrastructure, as well
as governance and political priorities. Therefore, we will use
“infrastructure” and “Critical Infrastructure” synonymously in the
remainder of this article. Over the last decades, infrastructure
systems have transformed from widely isolated service providers
to interdependent parts in a “system of systems” (cf. Eusgeld et al.,
2011)—tightly organized networks that are carried by a multitude of
actors, involve a myriad of physical and digital structures, and offer
services to society through all sorts of physical and digital channels.
Without these tightly organized networks, the international division
of labor and global economy would not be possible. But it is also an
inherent feature of this tight organization that risk, including climate
risk, can propagate along dependencies in these networks and cause
local, regional, national, and transboundary impacts.

The infrastructure sector is responsible for 79 percent of total
greenhouse gas emissions and 88 percent of all adaptation costs
(Thacker et al., 2021). It therefore takes on a key role to achieve the
Paris 2015 goals and needs to be better adapted to the unavoidable
impacts from climate change we are already experiencing. Physical
climate-driven hazards such as heatwaves, droughts, wildfires, fluvial
and coastal floods, as well as windstorms already have significant
impact on the aging European infrastructure systems (European
Commission, 2021a) and these impacts will increase even more
in the coming years, especially in places already exposed to high
temperatures and along coasts (cf. IPCC, 2022).

As infrastructure becomes even more connected, it becomes
necessary to focus on the full spectrum of dependencies within
the connected system of systems to fully address its climate
mitigation and adaptation potential, and move to a “resilience
thinking” approach for managing infrastructure systems (Forzieri
et al., 2016, 2018). On a European level, several new or updated
policies (European Commission, 2019, 2020, 2021b) acknowledge
this fact and require measures for making infrastructures and “critical
entities” more resilient to threats—including threats induced by
climate change. While such policies become increasingly mutually
consistent, the increasing interdependence of infrastructure systems
raises several questions: Where along the dependency chains of
interdependent infrastructure systems do climate hazards originate?
Where will the impacts of these hazards manifest? Where will
cascading impacts manifest? What risks result from these impacts?
Where along the dependency chain should adaptation andmitigation
measures against climate change risks be taken to be most efficient
and effective? Who should be responsible for implementing these
measures? And who should bear the costs of these measures,
considering that multiple stakeholders along the dependency chains
might benefit from their implementation?

A first step toward answering some of these questions would be
to conduct a climate risk assessment that allows to locate impacts and
risks along dependency chains of infrastructure systems and enables
to quantify the socio-economic losses posed by climate change
impacts as well as the potential benefits of adaptation/mitigation
measures for different stakeholders. To do so, it would be necessary to
understand the nature of the dependencies within the global system
of systems: infrastructure systems and economic networks and their
substructures. Contributions to advance such an understanding
have been made in different fields. In the research area of Critical
Infrastructure Protection and Resilience, numerous investigations on
critical infrastructures, their dependencies, and cascading failures
have been made (e.g., Luiijf et al., 2010; Setola et al., 2017). In

economics, methods for analyzing commodity chains, supply chains,
and value chains have been developed for specific analytical purposes
in macro-economy or on business level. Some of these methods
have been further developed to inform risk management, so it seems
logical to integrate climate risk assessment into such established
methods. However, despite the rising need to increase the resilience
of infrastructure systems against extreme weather events, methods to
assess climate risks along their corporate value chains are still lacking2

and have become moderately popular only in the food industry
(Oxfam, 2012). In addition, only few economic assessments of future
infrastructure developments under different climate scenarios, like
recently (Hänsel et al., 2020), have been developed.

To take a step toward closing these gaps, in this paper
we propose a novel approach for value chain climate risk and
vulnerability assessment (CRVA) that combines a participatory,
indicator-based approach with a semi-quantitative risk matrix
approach to allow linking analyses from national to local scale
and supports economic assessment of climate change impacts
for individual businesses. This approach has been developed and
prototypically applied in a case study as part of the research project
“Unpacking climate Impact Chains—a new generation of climate
change risk assessments” (UNCHAIN). In UNCHAIN, ten research
organizations and universities collaborate on a systematic study to
improve a particular indicator-based CRVA approach using Impact
Chains (ICs). The research and development took place in twelve case
studies that the project partners conducted in seven countries, each
covering different sectors, spatial scales, and innovation approaches.
Some of the work originating from other UNCHAIN case studies, a
more detailed presentation of the use of Impact Chains for CRVA,
an overview and assessment of the achieved innovations, and a
description of the research pipeline in UNCHAIN please find in other
UNCHAIN related articles of this journal issue.

The case study, in which the work presented in this paper has
been developed, addressed climate risk for a German metropolitan
area located at the Rhine River, including critical infrastructure.
Specifically, the case study focused on the major metropolitan region
of Mannheim—a heavily industrialized region—the companies
and residents located therein, as well as energy production and
freight transport via the Rhine River as critical infrastructure
systems. A specific goal of the case study was to connect the
regional risk analysis to the more general national German climate
Impact Chains (Umweltbundesamt, 2016) on the one hand, and
to individual stakeholders’ business continuity management on
the other hand, spanning three levels of governance scale. In
particular, we collaborated with the City of Mannheim and other
regional stakeholders to assess the “Risk of negative impacts of
extended periods of drought and low waters of the Rhine River on
infrastructure, logistics and population in the metropolitan region of
Mannheim,” using climate Impact Chains. It should be noted that
besides the research goals, it was also a goal to provide actionable
decision support to the stakeholders participating in the case study
for their climate risk assessments.

The remainder of the paper is structured as follows. After a
brief introduction into participative, Impact Chain-based climate

2 On the level of individual organizations, risk analyses are usually part of

business continuity planning, which is often confidential and cannot be shared

publicly.
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risk and vulnerability assessment (IC-based CRVA), we describe the
background situation of the case study and introduce the applied
value chain CRVA process. The “Results” section then describes the
major outcomes of the case study, before we discuss the main insights
from the case study and the achieved innovation of the value chain
CRVA. We conclude the paper by providing hints for future work.

2. An introduction to participative,
IC-based CRVA

Climate risk and vulnerability assessments can be conducted
using different methods, depending on the aims and scope of the
analysis. Quantitative methods, like quantitative risk assessments
using damage functions or event tree analysis, are usually extremely
data demanding, but allow detailed analysis from international to
site-specific spatial scales that can support cost-benefit analysis
and the identification of cascading effects. (Semi-) Qualitative
approaches, like the risk matrix approach or the indicator-based
approach, on the other hand, are less data demanding, allow
the inclusion of expert judgements, and are usually easier to
understand for a broader range of stakeholders. However, their results
heavily depend on participating stakeholders, usually cannot easily
support cost-benefit analysis, and—in the case of the indicator-
based approach—are often not applicable at small (site-specific)
spatial scales.

One well-known implementation of the indicator-based
approach was developed by Eurac Research for studies on climate
vulnerability in the Alps. First published in Schneiderbauer et al.
(2013), it has been further developed for the national climate
vulnerability assessment for Germany and the Vulnerability
Sourcebook on climate vulnerability assessment in the context of
international cooperation (Fritzsche et al., 2014). The Vulnerability
Sourcebook provides amodular CRVA framework for understanding,
systematizing, and prioritizing the factors that drive climate impact
related vulnerability in a specific system of concern. The framework
is known as the “Vulnerability Sourcebook method” and is divided
in a highly participative, qualitative phase and a less participative,
quantitative assessment phase. It has been applied in numerous
cases, usually at national, regional, or local—i.e., city or county—
scale. Since 2017, the framework was adapted to the new IPCC
Assessment Report 5 (IPCC, 2014) concept of climate risk and
was recommended for climate risk assessments in the context of
Ecosystem Based Adaptation (Hagenlocher et al., 2018). At the same
time, the framework was also adapted by Fraunhofer in the European
research project RESIN for climate risk assessments of cities and
infrastructures (Lückerath et al., 2018; Rome et al., 2018), also
investigating the potential of combining indicator-based approaches
with quantitative risk assessments and risk matrix approaches
using damage functions (Rome et al., 2018). For applying the
original Vulnerability Sourcebook method and its updates extensive
guidelines are available (Fritzsche et al., 2014; GIZ and EURAC, 2017;
Hagenlocher et al., 2018; Rome et al., 2018). In this introduction, we
present only the basic underlying concepts of this family of IC-based
CRVA methods.

At the core of the Vulnerability Sourcebook method lies the
development of Impact Chains, cause-effect models that describe
the relationship between climate change-induced hazards (e.g., a
heavy rain event), exposed elements (e.g., businesses located in

FIGURE 1

Structure and elements of an Impact Chain. Source: Hagenlocher

et al. (2018). With kind permission of K. Renner, EURAC. Climate risk

results from the interaction of the risk components vulnerability,

exposure, and hazard (IPCC, 2014). Risk components are subdivided

into (risk) factors: Factors of the hazard under consideration are

climate signals and direct physical impacts, exposure factors are one

or more entities exposed to the hazard, vulnerability factors are

sensitivities and capacities of these exposed entities (GIZ and EURAC,

2017). “Intermediate impacts are not a risk component by themselves

but merely an auxiliary tool to fully grasp the cause-e�ect chain

leading to the risk” (GIZ and EURAC, 2017), including cascading e�ects

like propagation of infrastructure failure.

a specific area) and their vulnerability (e.g., availability of flood
protection measures), and resulting impacts (e.g., erosion upstream
that contributes to flooding downstream). According to the IPCC
Assessment Report 5 (IPCC, 2014), the final risk “results from
the interaction of vulnerability, exposure, and hazard.” Works
like (GIZ and EURAC, 2017) and (Rome et al., 2018) are first
operationalizations of that IPCC definition of climate risk, using
its risk components hazard, exposure, and vulnerability as defined
by the IPCC. Both works look at risk components in more detail
and subdivide them into (risk) factors: Factors of the hazard
under consideration are climate signals and direct physical impacts,
exposure factors are one or more entities exposed to the hazard,
vulnerability factors are sensitivities and capacities of these exposed
entities (GIZ and EURAC, 2017). Again, IPCC definitions are used
for these terms.

Impact Chains are composed of all these elements: risk
components, risk factors, and additionally, intermediate impacts.
According to GIZ and EURAC (2017), “intermediate impacts are not
a risk component by themselves but merely an auxiliary tool to fully
grasp the cause-effect chain leading to the risk.” Intermediate impacts
can capture, for instance, cascading effects like infrastructure failures
propagating after a first physical impact. The Impact Chain concept
is depicted in Figure 1. An Impact Chain is represented in graphical
form, which is typically a diagram like that in Figure 1, but with
more and concrete elements. In some works, like (Rome et al., 2018),
stressors are added as external factors that could aggravate impacts of
a hazard, like a garbage worker strike during a heat wave.
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Impact Chains are usually developed in participative settings with
local stakeholders. A validation of an Impact Chain is conducted
by gathering and integrating feedback of the participating domain
experts until a final approval of the results by all stakeholders. A
final validated Impact Chain captures the cause-effect relationships
of the investigated climate risk in a structured way and provides
pointers to first options for adaptation: increasing identified
capacities, reducing identified sensitivities, and mitigating identified
intermediate impacts. But Impact Chains also serve as the backbone
for an indicator-based CRVA; they are the basis for the selection
of appropriate indicators as well as a backbone for the aggregation
of indicators to composite risk indicators. CRVA based on Impact
Chains can combine data and model driven approaches with expert-
based approaches. However, Impact Chains as a core modeling
element are more versatile and can be the basis for different
analyses, from the analysis of transboundary knock-on effects, like
diminished local industrial or agricultural production, to the analysis
of cross-sectoral local effects, for example, the disruption of local
supply chains. In addition, Impact Chains are also a useful tool
for communication of complex cause-effect relationships of impacts
and risks.

The participative nature of IC-based CRVA has shown to
be particularly effective in providing actionable results that are
usable by relevant decision-makers and practitioners, compared to
conventional CRVA approaches, in which researchers or industry
professionals provide consultancy services as a “black box” or where
isolated departments of single businesses conduct risk analyses in
a top-down fashion (Klein and Juhola, 2014; Bremer and Meisch,
2017; Palutikof et al., 2019). This effect is especially pronounced
in interdependent infrastructure systems and value chains, where a
myriad of stakeholders from different backgrounds and institutions,
each with differing expectations and agendas, need to collaborate to
make the whole system and value chain more resilient in a cost-
efficient and effective way.

The positive effects of transdisciplinary methods for knowledge
co-production that include experiences from various points of views
have been acknowledged by a growing number of scientists and
policymakers, who argue for reconceptualizing the roles of experts,
practitioners and citizens in the production and use of scientific
knowledge (European Commission, 2009; Rodela and Gerger
Swartling, 2019). The need for better collaboration and combination
of knowledge and expertise is also emphasized in several European
and national strategies. For example, the Recommendations for
National Risk Assessment for Disaster Risk Management in the
European Union (Poljansek et al., 2021), the new German resilience
strategy (Bundesregierung, 2022), and the German guidelines for
national and regional climate impact and vulnerability analyses,
targeting national and regional authorities (Umweltbundesamt,
2017).

The Impact Chain-approach to CRVA is especially suited for such
knowledge co-production approaches, as it makes extensive use of
participatory workshops in which assessment goals, Impact Chains,
and indicators are jointly defined between researchers, experts from
municipalities, local businesses, Non-Governmental Organizations,
civil society, and other local stakeholder groups, thus validating the
results and ensuring ownership and sustainability. For more in-
depth information on this assessment method, we refer the reader
to the elaborated guidelines (Fritzsche et al., 2014; Rome et al.,
2017; Hagenlocher et al., 2018), the publications (Schneiderbauer

et al., 2013; Rome et al., 2018), the identification of challenges and
opportunities of the approach (Menk et al., 2022), and the discussion
on the value of innovating the method in another paper in this
journal issue.

3. Case study background, process, and
applied methods

In this section, we describe the regional and nationwide setting
of our case study, characterize the case study process, and describe
in detail how we applied IC-based CRVA on the regional level
and how we combined IC-based CRVA with Value Chains on the
corporate level.

For being able to properly conduct a climate risk assessment for
the metropolitan region of Mannheim, we collected relevant
background information from various sources to get an
understanding of the situation in the region. The guiding questions
for the research were:

• What is the economic importance of the Rhein River for
Germany, what are its infrastructure functions, how was it
affected by the weather extremes of 2018?

• What is the current understanding of the current and future
situation regarding climate risk in general and drought and low
water in particular in Germany and in the metropolitan region?

• What is the local situation in the Mannheim region in terms
of infrastructure, economy, climate risk, exposure, adaptation
policies, and action plans?

3.1. Case study background

3.1.1. Economic importance of the Rhine river
The Rhine is the most important waterway in Europe. It connects

important industrial locations from Switzerland to the Netherlands.
The transport of goods by inland waterway vessels via the Rhine
is of great economic importance for many companies, for the
riparian states and for Europe. In Germany, 80 percent of the goods
transported by inland waterway vessels are shipped via the Rhine
(IfW, 2018). Restrictions on the transport of goods via the Rhine
can lead to considerable economic losses. In the summer of 2018,
132 low-water days were registered on the Rhine—a record since
data recordings began. According to the Federal Statistical Office
(Destatis, 2019, p. 11) and the Kiel Institute for the World Economy
(IfW, 2018, p. 2), the low water of the Rhine caused a 0.2 percent
decline in Germany’s gross domestic product in the 3rd quarter of
2018. A study (Streng et al., 2020) by the Erasmus Center for Urban,
Port and Transport Economics puts the economic damage of the
low water level of the Rhine in 2018 at a nominal e2.4 billion for
Germany and e295 million for the Netherlands.

Even if the share of goods transported annually by inland
waterway in Germany is “only” about 6 percent of the total inland
transport volume, 4.8 percentage points of which are on the Rhine
alone, the share is considerably higher for certain types of goods,
namely 28 percent for raw materials like coal, crude oil, petroleum,
natural gas, and 21 percent for derivatives like coke, petroleum
products (Ademmer et al., 2018). The Kiel Institute for the World
Economy concludes: “These goods tend to be at the beginning of
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many production chains, so transport-related failures could lead to

production disruptions in downstream production stages” (Ademmer
et al., 2018; 15).3

The shallowest and most critical points of the Rhine River are
near gauging station Kaub. All shipments from the ARA4 seaports
and the Nether and Middle Rhine ports to the Upper Rhine region—
and vice versa—must pass Kaub. This includes a good part of the
industrial production of the metropolitan region of Mannheim and
the raw materials and derivatives needed for it.

But the Rhine River is not just used as transport infrastructure, it
also provides water for many purposes, including cooling water for
the industry, process water for the production industry, and water
for firefighting. Low waters of the Rhine may lead to restrictions of
water intake.

3.1.2. Current understanding of the national
situation regarding drought and low waters and
recent forecasts

The year 2018 brought several weather extremes to Germany,
which influenced the choice of the hazards to be analyzed in our
case study. By then it was the warmest recorded year since 1881,
the sunniest year since the recording started in 1951, and it was too
dry for 10 months in a row (from February through November)5,
resulting in an agricultural drought in most parts of the country.6 The
most recent comprehensive assessment of the situation in Germany
with respect to drought, low water, and ground water recharge is
provided in Umweltbundesamt (2021). The authors state that the
accumulation of agricultural droughts that hit six European countries
between 2014 and 2018 has not occurred in Central Europe for
250 years.

In Germany, the agricultural drought returned in 2019 and
in 2020. Today, in August 2022, the soil in entire Germany
is too dry again. Adaptation measures are already being taken,
both in enterprises—including infrastructure operators—and in
politics. Enterprises, for example, improve their business continuity
management and health protection of workers, secure their water
supply, and use renewable energy, as well as improved and
intelligent logistics.

The year 2018 also brought an extremely long period–132 days—
of extreme low waters of the Rhine River (hydrological drought),
leading to significantly reduced freight transport volumes on Europe’s
most important inland waterway. In August 2022, the water levels of
the Rhine dropped again to extremely low values (Bloomberg, 2022).

Regarding adaptation on the national level, the German Federal
Ministry of Transport and Digital Infrastructure (BMVI) has issued
an eight-point action plan “Low Water Rhine” (BMVI, 2019) for
securing the freight transport on the Rhine River. A German specialty
is the fact that the national government has included German
national climate Impact Chains (Umweltbundesamt, 2016, 2019a)
in the German Adaptation Strategy, structured into twelve national

3 Translated with www.DeepL.com/Translator (free version).

4 ARA: Amsterdam, Rotterdam, Antwerp.

5 German Weather Service (DWD), 28.12.2018 https://

www.dwd.de/DE/presse/pressemitteilungen/DE/2018/

20181228_deutschlandwetter_jahr2018_news.html.

6 German Drought Monitor at https://www.ufz.de/index.php?de=47252.

fields of action. The progress of implementing the national adaptation
strategy is monitored on an annual basis and published in annual
monitoring reports (Umweltbundesamt, 2019b).

3.1.3. Situation in the metropolitan region of
Mannheim

The metropolitan region around Mannheim, the Rhein-Neckar
region, is an agglomeration of three large cities—Mannheim,
Ludwigshafen, and Heidelberg—five smaller cities and seven
counties across three German federal states: Baden-Wuerttemberg,
Rhineland-Palatinate, and Hesse. Since 2005, the region is a
“European metropolitan region.” About 2.4 million citizens live
within this seventh largest industrial region of Germany.

The regional climate is warmer than the German average. The
years 2018, 2019, and 2020 belong to the warmest years in the region
since recording started in 1881 (KLIWA, 2021). For Mannheim, the
recent city climate analysis (Stadt Mannheim, 2021) stated that the
average temperature for the period 1990–2019 was 2◦C above the
average temperature for the period 1881–1910.

The recent second climate monitoring report of Baden-
Wuerttemberg (KLIWA, 2021) also contains an assessment of past
fluvial hydrological discharges in the federal state. Discharge patterns
and quantities are regionally quite different and depend on many
factors, like the number of gauging stations and the quality of data
delivered by these stations. Nevertheless, the report concludes that for
the hydrological water management summer semester (the months
May–October), the number of gauging stations with significantly
decreasing discharge trends rises clearly (KLIWA, 2021, p. 55).

Mannheim with its 300,000 citizens belongs to the most advanced
cities in Germany regarding climate protection and adaptation. In
2017, the City of Mannheim signed the climate protection pact
of the State of Baden-Württemberg and thereby committed to
strong climate protection activities. The city has a municipal climate
protection office responsible for the city-wide coordination and
implementation of climate protection projects and is committed to
bringing the climate protection strategy of the city “Mannheim on
climate course”7 into action.

For conducting the case study, we collaborated with a diverse
group of stakeholders that were relevant for and interested in the case
study: the state-owned Rhein-Neckar Port Authority that operates
the inland ports at the Rhine and Neckar confluence in Mannheim;
the City of Mannheim’s municipal departments Climate Protection
Office, Economic and Structural Development, Urban Development,
Public Health Office, and Professional Firefighters; the logistics
company Contargo; the sanitary paper production company essity;
the Mannheim Large Powerplant; and experts from the German
Federal Institute of Hydrology (BfG).

3.2. Case study process

The case study started with two preparatory phases to collect
relevant information on the climatic and economic situation
in Mannheim (desktop research), as well as establishing initial
stakeholder commitment (in individual meetings with stakeholders).

7 https://www.mannheim.de/de/service-bieten/mannheim-auf-klimakurs/

abteilung-klimaschutz-klimaschutzleitstelle
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A summary of the desktop research results can be found in the
previous section and the Appendix “Case study background.” A kick-
off meeting with all involved stakeholders was then used to define
the scope of the CRVA, establish a common understanding on the
terms of collaboration, and clarify expectations from stakeholders
and researchers. Afterwards, a first “test run” for the participative,
IC-based CRVA (Rome et al., 2017; Hagenlocher et al., 2018)
was conducted with a limited number of stakeholders from the
Municipality of Mannheim. Here, the CRVA process was conducted
partially to co-produce a qualitative IC that models the risk of
extended heatwaves for vulnerable population groups in Mannheim
(IC 1) and showcase how to use the German national ICs as a
foundation for the IC development. Based on the experiences of this
“test run”, the main IC-based CRVA (IC 2) to examine the risk on
prolonged periods of low water of the Rhine River was conducted. To
be able to keep the focus of the activities and to keep participation
time and workshop times to a tolerable limit, not all stakeholders
were included in all activities. Table 1 provides an overview of the
whole case study process in a chronological order and lists the applied
methods, the participants, taken actions and outcomes, respectively.
As the main innovation—the development of the IC-based value
chain CRVA—took place during the second half of the case study
process (creation of IC 2 and beyond), the following sections focus
in detail on this part of the case study.

3.3. Case study methods

3.3.1. Impact chain co-production with
stakeholders of the metropolitan region of
Mannheim

For the regional climate risk assessment, we co-developed an
Impact Chain with the full group of regional stakeholders. In
addition, a researcher from the Institut National des Sciences
Appliquées de Strasbourg, an UNCHAIN research partner, was also
involved. This Impact Chain covered the risk of “Negative impacts
of extended periods of drought and low waters of the Rhine River
on infrastructure, logistics and population in the metropolitan region
of Mannheim.”

Prior to working together with the experts and local stakeholders,
we prepared an initial Impact Chain for the workshop. This version
contained extracted information from different climate Impact
Chains of the German Environment Agency (Umweltbundesamt,
2016, 2019b) and was visualized—without causal connections—in a
miro8-board and corresponding to the Impact Chain layout from
the Vulnerability Sourcebook (Fritzsche et al., 2014). In this version,
we already clustered consequences, sensitivities and capacities based
on the “fields of action” of the German Adaptation Strategy
(Bundesregierung, 2008) and added some questions and comments
to guide the workshop (e.g., reference to further fields of action).

In a joint workshop (lasting approximately 4 h) with the above-
mentioned stakeholders fromMannheim and the UNCHAIN project,
the initial Impact Chain was systematically expanded. First, the
Impact Chain method was explained before individual participants
explained the relevant impacts of dry periods and summer low water
on their companies and specialist areas based on their experience.
Based on this exchange, the individual sections of the Impact Chain

8 miro: web-based collaborative whiteboard software.

were further filled-in during a moderated working session. The
workshop concluded with collecting sensitivities and capacities. This
approach encouraged the participants to discuss with each other
their individual or sector perspectives on and approaches to risk
and adaptation, leading to mutual awareness of which adaptation
measures are necessary for whom or are already in use.

In a next step, we analyzed the collected information and
developed proposals for restructuring, simplification, and causal
connections. This version was provided to the participants and their
feedback was implemented. The process of finalizing the Impact
Chain in feedback loops with the stakeholders until their consistent
final approval for correctness and completeness—according to their
points of views, respectively—leads to a validation of an Impact
Chain. This has been implemented as an iterative process, starting
with discussing and modifying the “raw” initial Impact Chain that
resulted from the co-production workshop. The comments and
replies of the participants regarding the elements of the IC and their
relations have been documented. These minutes and the modified
IC have been distributed to the participants for the next round of
discussions. This process has been repeated until a final outcome has
been agreed. The minutes and the intermediate versions are kept as
documentation, including all arguments, such that the evolution of
the IC can be understood even by persons who were not involved in
the process. The result of this qualitative IC-based CRVA, a validated
Impact Chain, is explained in the “Results” section of this article.

3.3.2. CRVA on corporate level using value chains
For preparing a more in-depth, quantitative CRVA on corporate

level, we designed the assessment of the climate change risk for
value chains of a company as a multi-step process. This procedure
requires a regional or corporate Impact Chain as input and is based
on methods of economics for the analysis of dependency chains.

3.3.2.1. Methods of economics for the analysis of

dependency chains

In economics, methods for analyzing commodity chains, supply
chains, and value chains have been developed for specific analytical
purposes. Since these terms are often confused, we have depicted the
ranges of and relations between these related concepts in Figure 2.
Global commodity chain analysis methods shall yield insights in
the organizational structure and dynamic processes of the globalized
economy (Hopkins and Wallerstein, 1977; Wallerstein and Hopkins,
1993; Bockel and Tallec, 2005). On corporate scale, supply chain
analysis is aimed at optimization in delivering a product or service,
like minimizing costs, maximizing customer value, or strategic
planning, and it informs supply chain management. Subjects of
the analysis can be the entire supply chain or its manufacturing,
service, or distribution parts (distribution chains). Value chain
analysis (Porter, 1985, 1991) is aimed at identifying which elements
of corporate business contribute to what extent to the corporate
margin, for the purposes of raising the margin or getting advantage
over competitors.

The international Association for Supply Chain Management
promotes the supply chain operations reference (SCOR9) model as
a standard method for supply chain analysis. Since its introduction
in 1997, the process oriented SCOR model has been improved and
extended. SCOR can now also be used for supporting supply chain

9 https://scor.ascm.org/processes/introduction
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TABLE 1 Overview of the case study activities (optional:methods), participants, actions, and results.

Case study activity
(method)

Participants Actions Output

Preparatory phase I Researchers Researching information on the situation in the case
study region
Planning

Collection of publications, reports,
information, data; summary of
desktop research
Time plan

Preparatory phase II Researchers, individual
stakeholders

Acquiring case study participants, initial stakeholder
information, stakeholder interest in CRVA

List of participants
Additional stakeholder information

Kick-off Researchers, all participating
stakeholders

Clarifying research goals, scope of the case study, terms
of collaboration, possible tangible outcomes for
stakeholders

Documentation of agreements
Action list with deadlines

IC 1 creation, consolidation,
and validation (participatory,
qualitative local IC-based
CRVA)
“Test run” for the regional
assessment

Researchers, stakeholders
from City of Mannheim

Co-production of a first, local IC based on German
national ICs for assessing the “Risk of negative impacts
of heat waves on the population (especially on
vulnerable groups) of Mannheim”
Commenting, discussing, editing the initial IC 1 until
agreement on a validated IC 1 was achieved

Consolidated, validated IC 1
Documentation of the assessment IC 1
integrated in heat action plan of the City
of Mannheim

IC 2 creation (participatory,
qualitative regional IC-based
CRVA)

Researchers, participating
stakeholders and additional
experts

Collaborative creation of a second, regional IC based on
German national ICs for assessing the “Risk of impacts
of more frequent periods of drought and summer low
water of the Rhine on infrastructure and logistics in the
Mannheim region”

Initial IC 2 Action list for next step

IC 2 consolidation and
validation (participatory,
qualitative regional IC-based
CRVA)

Researchers, participating
stakeholders and additional
experts

Commenting, discussing, editing the initial IC 2 until
agreement on a validated IC 2 was achieved

Consolidated, validated IC 2 Action list for
next step

Assessing risk on corporate
level using value chains
(participatory, qualitative and
quantitative analysis
combining IC-based CRVA
and Value Chains)

Researchers, stakeholders
from energy producing utility

Eliciting the corporate value chain (VC)
Pinpointing regional factors to VC elements
Identifying additional corporate climate risk factors
Determining suitable indicators for climate risk factors
Checking data availability
Validation of results
Selecting one indicator for further analysis (low water
transport surcharges)
Realizing the decision support tool
Presentation and validation of results of the
quantitative assessment

Corporate value chain annotated with
climate risk factors
List of indicators for climate risk factors
Decision support tool for analyzing and
comparing transport surcharges under
different low water scenarios

risk management (Wilkerson, 2011; Rotaru et al., 2014), a subtask of
supply chain management that has become increasingly important
(Wieland and Wallenburg, 2012). A prerequisite is that an overall
corporate risk management is already in place.

American economist Michael E. Porter developed the concept
of the value chain and introduced it in Porter (1985). Porter looks
not just at business processes. He starts by roughly dividing a
company’s activities into primary and supporting activities. Value
chain diagrams describe these company activities in graphical form
(Figure 3). The task of value chain analysis is to get a clear picture
which business activities and which units contribute to which extent
to the business margin. The further division of a company’s activities
into areas and intertwining processes that take place in and across
these areas offers various opportunities for analysis and optimization.

This type of modeling is also suited for informing risk
management but can yield different or additional information
compared to supply chain analysis. Also, value chain analysis
helps identifying the “business fence lines”, that is, which business
activities and processes are fully internal, and which require external
interaction, like input logistics, product delivery, and customer
service. For managing risk, including climate risk, this modeling
approach allows pinpointing risk factors to business processes,
activities, and units, and, furthermore, could hint at which risk factors
are within the business fence lines, and which go beyond them.

A fundamental prerequisite for being able to carry out
such analyses at all is an in-depth understanding of the
company’s activities. For eliciting a corporate value chain,
one must acquire knowledge from company experts on
how their company operates. This can be done by means
of interviews or by facilitated participative workshops with
company experts.

3.3.2.2. The process of creating a value chain CRVA

The individual steps of the proposed procedure for eliciting
a corporate value chain are adapted to the individual needs and
the existing information and data situation of the company to
achieve a result that is useful for the corporate stakeholders.
Whenever possible, the process should build on existing results
and information. In the final fifth step, the risk analysis is
validated, and exemplary adaptation measures are derived.
Figure 4 shows an overview of the individual steps of the
proposed procedure.

The development of all results takes place in cooperation
between researchers and representatives of the company by means
of discussions, information exchange via e-mail, and through
workshops. In total, a maximum of four half-day workshops can
be expected, in addition to a preliminary discussion of up to
90min duration and possible further short periods of time for
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FIGURE 2

Ranges of and relations between commodity chains, supply chains, distribution chains, and value chains.

FIGURE 3

Value chain of a company [after (Porter, 1991)]; light yellow, upper

half: primary company activities; dark yellow, lower half: supporting

company activities; orange, leading chevron shape: company margin.

validation of the results. The participants from the company are
ideally one or two main contact persons and, if necessary, experts
on specific company areas (depending on the planned scope of
the in-depth risk analysis). The steps of the process are briefly
explained below.

Step 0: Determination of the objective and the available

(personnel) resources

Together with the users, the goal of the risk analysis is
specified in more detail: How detailed should the risk analysis be?
Which company departments or persons should be involved? What
information is available (organizational charts, process manuals,
annual business reports, etc.)? What do confidentiality agreements
look like? When should the next step be taken? The agreements are
recorded in a results protocol.

Step 1: Elicitation of a company’s value chain

If a documentation of a corporate value chain does not exist, it
needs to be elicited. In our case study, researchers and stakeholders
have performed this elicitation jointly. The level of detail can vary
depending on the objectives and available time/personnel resources.
At a minimum, the different company divisions involved in the
value creation (like purchasing/procurement, sales, production,
etc.) and their activities and core processes should be included.
Preliminary information, e.g., organizational charts or descriptions of
the structural and process organization, can be used for preparation.
Areas of the value chain that are particularly interesting and/or
affected by climate change can then be broken down in more
detail, if necessary. The intermediate result of this step is the value
chain of the company in diagram form (Figure 5). Afterwards, the
terminology can be harmonized, and the presentation can be made
more precise, which is then validated by the participants before the
next step.

An initial catalog of questions on the following four topics is
prepared for eliciting of the corporate value chain. Here, we provide
the catalog used in our case study as an example.

Frontiers inClimate 08 frontiersin.org

https://doi.org/10.3389/fclim.2023.1037117
https://www.frontiersin.org/journals/climate
https://www.frontiersin.org


Lückerath et al. 10.3389/fclim.2023.1037117

FIGURE 4

Procedures for the elicitation of a value chain, for pinpointing risk factors therein, for risk quantification and validation, and for the planning of

adaptation measures.

FIGURE 5

Scheme of the corporate value chain enriched with risk factors. For each group of units, activities, and processes, a group of associated risk factors is

designated. Each such element of the value chain may have any number of assigned capacities (green squares) and sensitivities (pink squares). The full

enriched value chain created in the case study is confidential.
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• Organization, products, and customers of the company.

◦ Definition of the most important products (output) and raw
materials and supplies (input): Are our stated inputs and
outputs correct, or is there a need for change?

◦ Definition of business areas: What are the main
business areas?

◦ Who are the customers? Is the list complete?
◦ How does the regulation of the power grids affect

the business?
◦ Who imports/exports the electricity?

• Value chains of the company (if already elicited).

◦ Which business units are involved in the production of the
different products and how? (per business unit/product)

◦ Example question: “Which company areas are involved
in the generation of traction current—from purchasing
to generation?”

◦ What is the process/sequence from purchasing to
production? (per business unit/product).

• Core processes and value creation processes of the company.

◦ Consideration of the most important processes per value
creation step/company area: Please explain roughly what
exactly happens in the value creation step.

◦ Are there any relevant external factors that need to be
considered for value creation?

◦ If applicable, if time available: Identify key interrelationships
between the main processes of the value-adding steps.

• Check for completeness.

◦ Relation between process steps, externals factors, and
maybe more.

The elicitation approach should lead from the organization to
individual processes, roughly in the following order:

1) Building understanding of the business and the organization.
2) Identification of organizational units relevant for value creation

and their sequence (per product).
3) Identification of process steps within organizational units and

their sequence (per product).
4) Understanding of the company’s resilience mechanisms (e.g.,

business continuity management and IT security).
5) Other interrelationships and relevant external business factors

(e.g., market and market mechanisms).
6) Categorization according to core processes, support processes,

and management processes.

Intended outcomes of the elicitation include:

• List/mapping of organizational units relevant for value creation
and their interrelationships (per product).

• List/mapping of process steps within individual organizational
units (per product).

• External factors relevant for the business
• Visualization of the value chain (see Figure 5).
• Subdivision into core processes, support processes, and

management processes.

Step 2: Pinpointing the climatic risk factors in the value chain

Based on the post-processed value chain and the pre-defined
risk to be investigated, the researchers and stakeholders jointly
record the potential climate change-related impacts on individual
areas and process steps of the value chain (e.g., delivery delays or
failures, increased production costs, necessary changes in regular
transport modes) as well as the relevant associated risk factors.
The intermediate result of this step is the value chain with the
relevant risk elements from the climate Impact Chain assigned to the
business units, activities, and process steps (see Figure 5). If a climate
Impact Chain already exists, its risk elements (hazards, sensitivities,
capacities, and impacts) can be assigned to the value chain and, if
necessary, further specified.

In our case study, the joint researcher and stakeholder team
transferred relevant risk factor from the second regional Impact
Chain (“drought and low water risk”) to appropriate elements in
the value chain. Subsequently, the stakeholders named additional
company-specific risk factors that were also pinpointed to elements of
the value chain. Figure 5 shows the graphical scheme of the enriched
value chain. As before, harmonization and clarifications that still need
to be validated can be made subsequently.

Step 3: Consolidation and selection of indicators, determination of

data sources, assessing risk quantitatively

In this step, the risk is assessed and visualized along the value
chain. If sufficient data is available, a quantitative risk assessment
can be made; otherwise, a semi-quantitative risk assessment can
be made using expert estimates. Even with good availability of
company data, it is possible that indicator data cannot be provided
in nominal form due to confidentiality. In such cases (partial),
anonymization techniques can be applied, such as conversion
to percentage values or reporting additional costs instead of
total costs.

In our case study, the joint team proposed indicators for each
linkage of risk element/process step/element of the value chain. The
result is a table containing potential indicators per combination of
risk area, element of the value chain (business unit), process step in
that element, and risk factor (like impact, capacity, and sensitivity).
For each potential indicator, its dimension and data availability are
entered. Table 2 shows an excerpt of the table generated in our
case study.

Step 4: Identification of potential adaptation measures and

their impacts

Based on the calculated risk, a check is made for the most severely
affected areas and process steps in the value chain to determine
whether and, if so, which adaptation measures are required. To do
this, it is first necessary to identify the resilience mechanisms already
in place, which are components of business continuity management,
or which result from external market mechanisms. Then, the effects
of the adaptation measures are determined, both direct effects on the
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TABLE 2 List of potential indicators for corporate climate risk (excerpt for risk factor “impact”).

Indicators for which data are available or estimates could be made

Risk type Element of
the value
chain

Process step Impact Potential
indicator(s)

Dimension Data availability

Procurement risk Transport/Input Transport (to ARA
seaports)

Higher costs Additional costs for
inland water freight
transport during
low water periods

e Derivable from low
water surcharge (KWZ),
gauge level history and
transport quantities
history

Procurement risk Transport/Input Inland transport Reduction of
payload per cargo
ship

Freight quantities Quantity per cargo
ship

Correlates with number
of cargo ships

Procurement risk Transport/Input Inland transport Increased demand
for cargo ships

Number of cargo
ships

– Derivable from number
of cargo ships/gauge
level, gauge level history
and transport history

value chain (e.g., changes in process flow) and indirect effects (e.g.,
increased production costs).

4. Case study results

Using the process described in the previous section, three major
results were produced that jointly present the research innovations
achieved within our case study. These results are:

• A co-produced Impact Chain for the risk of “Negative impacts
of extended periods of drought and low waters of the
Rhine River on infrastructure, logistics and population in the
metropolitan region of Mannheim” that employs an adapted
visualization scheme compared to the original Vulnerability
Sourcebook method;

• A corporate value chain for the Mannheim Large Powerplant,
enriched with risk elements from the co-produced Impact
Chain, allowing qualitative risk assessments of the value
chain; and

• An Excel-based risk analysis tool to estimate risks of
“Additional costs for inland water freight transport during low
water periods.”

These results are described in detail in the next sections.

4.1. Impact chain co-produced with
stakeholders of the metropolitan region of
Mannheim

The validated regional Impact Chain is shown in Figure 6. The
layout of the resulting final Impact Chain is an adaptation of the
original Impact Chain layout as introduced in the Vulnerability
Sourcebook: As the stakeholders involved in the risk analysis work
with distinct, but potentially related sets of exposed elements (e.g.,
harbor infrastructure, container ships, and electricity production),
we grouped impacts, sensitivities, capacities, and exposed elements
in the Impact Chain into different “impact fields”, based on the
fields of action of the German Adaptation Strategy (e.g., logistics,
traffic infrastructure, industry & trade, energy industry, water balance

and water management, ecology/hygiene, and tourism and leisure
industry). These impact fields are included in the Impact Chain as
gray, transparent, labeled rounded rectangles into which all other
Impact Chain elements, except hazards, were placed. Impact fields
can overlap, if they have impacts, sensitivities, capacities, or exposed
elements in common, and they can also be nested, if it is necessary
to distinguish between different sub-groups of impacts (e.g., changes
to the ecosystem are defined as a sub-group of the impact field
ecology/hygiene). In total, the Impact Chain contains 50 direct
physical and intermediate impacts. For instance, a long duration of
extreme heat could increase water temperature in the river (direct
physical impact), leading to a sequence of intermediate impacts:
increased temperature of cooling water taken from the river, impaired
use of cooling water, cooling water shortage for thermal plant, service
interruption, reduced turnover.

Clustering impacts, exposed elements, sensitivities, and capacities
within impact fields allows to show interdependencies and potential
cascading effects between businesses and impact fields. In addition,
it allows to identify joint adaptation measures and measures of one
stakeholder that support another stakeholder, which can in turn
allow to identify adaptation measures early in a dependency chain
that help to reduce cascading effects for following businesses. This
latter approach allows to make adaptation efforts of different business
partners transparent and allows to facilitate a joint discussion, e.g., on
distributing adaptation costs fairly across the dependency chain.

The Impact Chain also contains a stack of adaptation measures—
right side of Figure 6—that were mentioned during the workshops or
during the validation process, and circular dark gray labels containing
comments or hints to potential data sources. A legend is contained in
the top row of Figure 6. Also included, but omitted here for space
limitations, we provided IPCC definitions of the risk factors.

4.2. Quantitative risk assessment using
combined impact chains and value chains of
individual businesses

For performing a quantitative risk assessment based on
results of the qualitative regional assessment, we collaborated
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FIGURE 6

Impact Chain depicting the results of the qualitative assessment of the risk of “negative impacts of extended periods of drought and low waters of the

Rhine River on infrastructure, logistics and population in the metropolitan region of Mannheim.”

with the Mannheim Large Powerplant that operates several fossil-
thermal units. We started with applying the method described in
section “CRVA on corporate level using Value Chains.” Here, we
provide some additional information on the actual application of
the method.

During step 1, we separated the value chain of the company into
four sections: (1) input/supply (i.e., all units, activities, and process
steps related to suppliers, input logistics, and inbound storage); (2)
internal value chain (i.e., all units, activities, and process steps related
to the internal value production); (3) internal support divisions (i.e.,
all supporting units, activities, and process steps that are relevant to
enable the actual value production, but do not contribute directly
to it); and (4) output/delivery (i.e., all units, activities, and process
steps related to customers, output logistics, and assets). After this

separation, the different business units, their relevant process steps,
and the relations between the different business steps are identified
(e.g., via organigrams or business process documentation). Lastly,
the value chain sections, business units, and activities are visualized
in diagrammatic form, similar to Impact Chains, with the input
section either at the top or on the left, the internal value chain in
the middle, the internal support division beside the internal value
chain, and the output section at the bottom or on the right (see
Figure 5).

Step 2: Once this value chain model was created, we
pinpointed the risk factors—impacts, sensitivities, and capacities—
from the regional Impact Chain within the corporate value
chain model, by trying to place them beside the operational
processes, which constitute the exposed elements of the combined
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Impact/value chain. If risk factors cannot be related to individual
process steps, it is also possible to locate them at the level
of business units. The actual value chain diagram produced
cannot be shown here for reasons of confidentiality. In the
discussion part of this paper, we will point to the ethical
dimension of assessing vulnerabilities of Critical Infrastructure.
Also, we will explain why we believe that omitting the full risk-
enhanced value chain does not impair the reproducibility of
our approach.

Pinpointing Impact Chain elements within the
value chain of a business allows to identify potential
cascading effects that might otherwise be missed.
In addition, this approach allows to locate potential
adaptation measures within different business units or even
process steps.

Step 3: For identifying indicators, the risk factors pinpointed
in the validated combined Impact and value chain are transferred
to tabular form. For each risk factor, the table specifies the risk
type (as shown in Figure 5), the element of the value chain,
and the (operational) process step. The potential indicator (or
indicators) is (are) entered: designation or description, dimension
(the indicator must be measurable), and known data availability.
Table 2 shows an excerpt of the working table that was co-
produced.

Due to resource limitations—explained in the Section
“Discussion,” we agreed with the stakeholders to perform an
exemplary quantitative assessment using only one of the indicators.
The stakeholders proposed to use the indicator “Additional costs for
inland water freight transport during low water periods”, abbreviated
to “low water transportation surcharges.” The next section describes
in detail how we proceeded for concluding step 3 of the method.

4.3. Risk assessment tool for a power
production company

We adopted a risk matrix approach to visualize the outcomes
of the quantitative risk assessment. The method is standardized10

and is employed for civil protection (BBK, 2011) and in many
other areas. Using this method had the additional advantage of
familiarity, since the Mannheim Large Powerplant also uses a risk
matrix approach for other operational aspects. The risk matrix is a
tabular representation of risk and relates the magnitude of impact
or damage caused by a hazard to the likelihood or probability of the
hazard’s occurrence. The user then must decide which combinations
of impact and likelihood, for instance, are acceptable, require staying
alert, or require immediate action. Such decisions may be political
ones, as in the case of civil protection, or based on business continuity
or corporate risk management policies.

For our case study, we selected the low water transportation
surcharge as an indicator for further assessment. The estimated
additional transportation costs under a given scenario are categorized
in six different impact levels, while the likelihood is based on the
frequency of the water level at the gauging level at station Kaub
ranging within a specific interval that is relevant for any of five
different transport surcharge ranges. The combination of impact

10 ISO 31010.

and likelihood (see Figure 7) then constitutes the basis for the
stakeholders’ risk classification.

Waterway transport surcharges grow exponentially with
decreasing water levels. Certain water levels mark critical surcharge
amounts: 220 cm (first significant rise), 150, 100, 50, and 40 cm
(highest cost, several times as high as normally). These water level
(wl) values delimit surcharge relevant intervals wli2,. . ., wli6 (in
list order):

150 cm<wl ≤ 220 cm

100 cm<wl ≤ 150 cm

50 cm<wl ≤ 100 cm

40 cm<wl ≤ 50 cm

0 cm<wl ≤ 40 cm

For determining likelihoods, we used water level data from
gauging station Kaub11 for the 120-year spanning period 1900–
2020. We first calculated the number of days per year in which
the daily mean gauging level at Kaub falls within the surcharge
relevant water level intervals. Based on these values, we then created
a reference scenario by calculating the 120-year average number of
days in each of the five intervals and then we calculated the fictive
expected surcharge for an “average year” (based on current surcharge
rates) against which historical or fictive low water scenarios can
be compared.

To determine the impact classes, we calculated the average
transportation amount of coal—in tons—using the monthly
transportation values for 2017 and 2018 provided by Mannheim
Large Powerplant as reference. For these years, we estimated the
additional transportation costs—the surcharge—using the number of
days the gauging levels at station Kaub fell within a specific surcharge
interval, i.e.,

Ij = adtq ∗ dwlj
∗ sj, where:

Ij denotes the impact contribution of surcharge interval j,

j ∈{2,. . .,6}, i.e., the total annual transport surcharge in euros for
water level interval wlij, j ∈ {2,. . ., 6},
adtq denotes the average daily coal transport quantity in tons,
dwlj denotes the number of days per year in which the water
level at gauging station Kaub was in water level interval
wlij, j ∈ {2,. . ., 6}, and
sj denotes the surcharge costs per ton associated with water level
interval wlij, j ∈{2,. . .,6}.

The total impact I1=
∑6

j=2 Ij sums up the total annual
transport surcharge.

Based on these calculated values, we introduced an initial impact
classification Ck, k ∈{1,. . ., 6} using five empirically determined
surcharge values, Limit1,. . .,Limit5. The impact Ij, j ∈{1,. . ., 6}
belongs to impact class Ck where:

k= 1 if 0≤ Ij≤Limit1

k ∈ 2,. . ., 5 if Limit(k−1) < Ij≤Limitk

k= 6 if Limit5 < Ij

11 The water level data have been kindly provided by the German Federal

Institute of Hydrology.
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FIGURE 7

Risk matrix for transport surcharges per low water days in water level interval, i.e., likelihood based on frequency, and annual surcharges (impact). The

colored matrix cells indicate the magnitude of the surcharge total per water level interval wlij, j ∈ {2,. . ., 6}, (“likelihood” class) for each of the 4 years

(historic average year Ø, 2017, 2018, and a fictive “Scenario” year). The additional column for “likelihood” class 1 is not related to a specific water level

interval but indicates the total impacts for each of the four scenarios.

These five thresholds are determined by stakeholders’ risk

management. For completing a standard risk matrix, the stakeholders
also must assign risk categories—typically three to five—to each

of the 30 possible combinations of impact and likelihood. These
risk categories may indicate the type of action that is required to

compensate the surcharge costs, like switching to cheaper transport
modalities or saving money in other business areas.

Since fluvial water levels are highly volatile and low water

days do not follow regular patterns, we proposed using the risk
matrix representation for creating a decision support tool that helps
comparing impacts (transport surcharges) and frequencies of low
water days for a few scenarios.

Using the impact and likelihood classification, we designed a
matrix with the likelihood classes on the x axis and the impact classes
on the y axis. At each intersection of a likelihood class with an impact
class, this matrix contains four cells, each representing additional
transportation costs:

1) for the reference scenario year calculated based on the 120-
year averages,

2) for the historical values of 2017,
3) for the historical values of 2018, and
4) for a user-defined fictive scenario year. In addition, the matrix

contains one column that calculates (and categorizes as impact)
the sum of all additional transportation costs under a given
scenario. The scheme of the resulting matrix is shown in
Figure 7.

The resulting tool allows entering all relevant data: distribution
of low water days in the cost-relevant intervals, transport surcharge
per such interval, and annual volume of fuel shipped via inland
water transport. The scenario allows assessing the consequences of
more frequent and severe low water situations and may aid decision-
making. That is, the stakeholder may now answer questions like:

• “How did last year compare to an average year in terms of
distribution of low water days and resulting surcharges?”

• “How would a year with even more extreme low water levels
than 2018 compare to 2018 and to the average year?”

• “What total transport surcharges could we expect for three
extreme years in a row?”

The four examples displayed in Figure 7 show that for all four
scenarios, the distributions and amounts of surcharge costs can
be vastly different. Combined with improved water level forecast
methods, the tool may support early preparedness for low water
situations, optimizing transport modes and minimizing costs.

4.4. Narratives—providing additional
information for the risk analysis

To combine the information from the Impact Chains, value
chains, and risk analysis with relevant additional information, we
produced an eight-page dossier “Evaluation of the Reports and
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Analyses on Economic Damage Caused by Summer Low Water in
the Rhine”. This dossier gathers information on the investigated
risk, its impacts, adaptation measures (implemented, on-going,
and planned), and policies (political and industrial). It has been
produced by research in the scoping phase, by gathering stakeholder
information during the co-production workshops, and by parallel
research updates. A good part of this information has been covered in
the section “Case study background” and in the annex of this paper.
Here, we focus on adaptation measures to mitigate negative impacts
of low water periods of the Rhine River.

One of the points in the BMVI’s action plan “Low Water Rhine”
(BMVI, 2019) has recently been implemented, namely an improved
forecast of low water levels. In July 2022, the Federal Institute of
Hydrology (BfG) has deployed a 6-weeks forecast for several gauging
stations to users—typically logistics companies and industries along
the Rhine. Before July, the forecast was limited to 10 days. Another
important action point, the “off-loading optimization of the navigation

channels on the Middle Rhine,” will take until 2030 to be realized
(BMVI, 2019). The plan involves several constructive measures for
removing the depth bottlenecks. The goal is to increase the off-
loading depth from 1.90m to 2.10m on a length of almost 50 km,
11 km downstream of the gauging station Kaub and 38 km upstream.

Implemented, on-going, and planned adaptation measures
include also:

• Installing re-cooling systems for enabling the reuse of river
water. It is by law prohibited to discharge industrial cooling
water from power plants and production facilities into a river
when the temperature of the river is equal to or higher than
25◦C. Re-cooling systems cool down used and thus heated
cooling water and enable to reuse it several times for cooling
in a closed cycle, instead of discharging it after one use and
extracting fresh river water. Without re-cooling systems, power
plants and industrial plants might need to be shut down if the
river temperature stays in the prohibitive temperature range for
too long a time.

• Optimization of loading and unloading times at ports for
accelerated dispatch of the higher number of cargo ships
required for transporting the same total amount of payload in
periods of low water levels.

• One company that extracts water from the Rhine River
for industrial processes, for cooling, and for firefighting has
constructed a new facility for uptake of river water from the
Rhine that can cope with much lower water levels than the
previous facility, and

• Conversion of cargo ships for improved navigability during
periods of low river water levels. This includes lighter ship
structures and modified propulsion for reducing the overall
height of the ship.

5. Discussion

5.1. Methodological implications

The rising need for more resilient infrastructure systems
has resulted in advances in risk analyses of supply chains
and analyses of interdependencies in infrastructure systems from
a Critical Infrastructure Protection and Resilience perspective.

However, results from such analyses on the level of interconnected
infrastructure systems have seldomly be broken down to the level of
individual corporate value chains.We address this gap by introducing
and combining four improvements to IC-based climate risk and
vulnerability analyses.

First, we developed an adapted visualization method for Impact
Chains, by introducing the concept of “impact fields” and clustering
exposed elements, sensitivities, capacities, and impacts within these
fields. We argue that this allows pinpointing which stakeholders need
to deal with which impacts along the dependency chains and who
might bear the brunt of the impacts (as well as their related economic
losses). This in turn enables stakeholders to identify where mitigation
measures might be most (cost) effective, by allowing to identify
measures that can be implemented early on in the dependency chain
to prevent or lessen the impact down the line. This approach also
allows to identify sensitivities and capacities that influence individual
or multiple impact fields, thus allowing to identify adaptation
measures that affect multiple impact fields. We believe that this in
turn can allow to identify the most efficient adaptation measures,
i.e., measures that can have positive effects on multiple impact fields.
In combination, locating exposed elements, sensitivities, capacities,
and related adaptation measures within (overlapping) impact fields
allows to identify which stakeholders need to take (or are already
taking) action andwhere the (initial investment) costs of these actions
(currently) lie, making the efforts (and investments) of individual
stakeholders and their effects more transparent to all stakeholders of
the infrastructure system.

Second, we based the regional climate risk assessment on national
ICs and their fields of action. From a knowledge co-production
perspective, not starting from scratch with the Impact Chain creation
but using relevant parts of the more general national (German)
climate Impact Chains had two effects: (1) co-production started with
concrete examples, which avoided “re-inventing the wheel” and gave
case study participants an easier start toward commencing the CRVA
process, and (2) the resulting qualitative ICs are consistent with the
national ICs. We believe that this can be an advantage for subsequent
adaptationmeasures, as they can be related to national-level measures
and potential funding options. The first effect is consistent with
experiences of the authors from the Horizon 2020 project RESIN12, in
whichmunicipal stakeholders often articulated the need for adaptable
Impact Chain “blueprints” to make the method less time consuming
and more accessible.

Third, we developed a method to locate risk components
from regional Impact Chains within value chains of individual
businesses. This allows to break down national/regional impacts
of climate change toward individual business units and even
single process steps, supporting more targeted adaptation measures
within organizations and allowing to connect national/regional
CRVA with business continuity practices. We believe that this
approach leads to more consistency of climate risk assessments across
governance levels.

Fourth, we developed a method for economic assessment of
climate impacts that links individual (impact) indicators under
different scenarios to economic losses, allowing to link the IC-based
value chain CRVA approach to the Risk Matrix Approach, which is a
standard and familiar way of visualizing risk in business continuity

12 https://resin-cities.eu/
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practice. We argue that the presented approach is in principle
generalizable for all kinds of impacts, provided there is sufficient data
available or experts for providing value judgements.

Overall, the application of the methods involved the exploitation
of qualitative (stakeholder knowledge) as well as quantitative
information and data (publicly available resources). We did not
explicitly address and report any potential uncertainties of these
information and data used, though we are aware of sources of
uncertainty. For instance, the calculation tool that we provided can
be used in two ways: (1) analysis of historic data for assessing the
influence of low water periods on transport costs and (2) assessing
potential future scenarios. For case (1), the stakeholders may use the
real costs; thus, the uncertainty in our model calculation—explained
in the next paragraph—is not relevant for this application case.
For case (2), stakeholders need to assume future developments of
transport volumes, transport costs, duration of low water periods
and water levels during those periods. The first two parameters
are hypothetic and thus uncertainties would be present and could
be derived from economic forecast, but we believe that this is
not necessary for exploring future cost scenarios. The assumptions
regarding low water periods may be aligned with regional climate
models, and then the uncertainties of these models would apply.

One source of uncertainty originates from our specific use of the
water level data. The data for the water level at the gauging station
Kaub are validated values of the measured water level provided by the
German Federal Institute of Hydrology. We used a set of daily mean
water level values, derived by the data provider, to determine the
number of days per calendar year in which the water level lies within
one of the surcharge-determining intervals. By using this provided
data, it may be possible that although the average water level value
for a given day lies within a certain interval range, the real water
level on that day may lie outside that interval for several hours. Given
the approximate travel time of 3 days between the ARA seaports and
Mannheim, we may assume that a possible shift of the water level to
another surcharge interval for a couple of hours intra-day does not
have a significant influence on the total surcharge for one such trip.

5.2. Limitations of the method, lessons
learned, and need for additional research

The method presented in this paper has been successfully applied
to create a regional Impact Chain with multiple stakeholders and to
locate risk components from this Impact Chain down toward the
value chain of one individual business. While both the Impact Chain
approach and modeling value chains are well-established approaches
that have been applied in numerous case studies, their combination—
as described in this paper—is a novel approach that needs further
validation by applying it to further businesses, ideally to businesses
within the same region or within the same supply chain. The steps
described in this paper (see section “The process of creating value
chain CRVA”) and the building blocks (Impact Chains and value
chains) provided, should allow other researchers to conduct further
case studies to validate the method. Although the specific value chain
created within out case study cannot be disclosed, the scheme we
describe can be applied to all businesses of the production sector.
However, as every business has its individual organizational setup,
the value chain model will have to be further adapted to fit the

specific needs of the business. We believe that applying the method
to additional business within the same supply chain would allow
to identify how impacts and risks from the regional Impact Chain
that are located up and downstream of an individual value chain
propagate through the whole supply chain.

We were also not able to complete the fourth step of the
process presented in Figure 4, due to resources limitations—
partially resulting from the fact that the impacts of the Russian-
Ukrainian war required the stakeholders needing to reorganize
their fuel procurement and transport activities, leaving them no
time to complete the planned fourth step. Consequently, while our
approach enables calculating economic impacts of different low
water scenarios, which would allow to include effects of different
adaptation measures, we did not have the chance to test this
hypothesis with specific adaptation measures identified with the case
study stakeholders.

With this case study, we provided a proof of concept for a single
business. For a clear validation of the generality of our proposed
method it would be necessary to apply the method also to another
type of business. We want to point out here that Porter’s value chain
model has been applied to numerous, different types of businesses
over the last 40 years. This fact makes us confident that our proposed
combination of using the Value Chain approach to model business
system elements and then pinpointing climate risk elements onto
these elements would also work for other businesses.

One thing that we learned in case studies across three different,
related projects is that stakeholders are almost always short of
personnel resources for climate change risk analysis and adaptation.
This holds especially for small and medium sized enterprises and
municipalities. Risk analysis, adaptation planning, and monitoring
need to be scaled such that the stakeholders can manage it with
their resources. Hence it is crucial to know for external experts and
scientists who engage in such activities and for the participating
stakeholders what the estimated resource demand of the methods
presented in this paper—or alternative methods—actually is. We
consider the experience values for the time demand of the activities
that we provided here a valuable piece of empirical information.

5.3. Ethical dimension of assessing
vulnerabilities and implications for
reproducibility

Climate risk assessment includes the identification of sensitivities
and vulnerabilities.When applied to Critical Infrastructure, identified
vulnerabilities of certain system elements may point to a security
risk. If a stakeholder decides to keep such an assessment result
confidential, then we believe that it would be irresponsible and
unethical to publish it. This is the reason why we have omitted the
full risk-enhanced value chain diagram in the Results section.

Does this restriction impair the reproducibility of our method?
We believe that it does not. The concept of Value Chains has been
introduced almost 40 years ago. There is ample literature on Value
Chain analysis, and guidance for eliciting Value Chain diagrams is
available13 and is not complicated to apply. The Value Chain elements
need to be elicited and the workflow of processes between business

13 For instance, https://miro.com/blog/value-chain-diagram/.
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units determined as described in this paper. This is already sufficient,
determining the margin is not necessary here. Instead, risk elements
are pinpointed to Value Chain elements. This is easy and requires
just the stakeholder knowledge of their enterprise, common sense
thinking, and facilitation of the process—as detailed in Figure 4—
from the scientific-technical experts.

6. Conclusion

With the accelerating climate crisis and the rising
interconnectedness of critical infrastructure systems, it becomes
more relevant to move away from analyses for single infrastructure
sectors toward the analysis of whole infrastructure systems and
cross-sectoral dependencies. However, as the functioning of these
interconnected infrastructure systems is dependent on a myriad of
different stakeholders and actors from European to local level who
need to cooperate to operate them, the need to increase the resilience
of these systems of systems brings questions of shared responsibilities
for implementation and financing of mitigation/adaptation measures
to the fore to ensure their efficiency and effectiveness.

In this paper, we have presented a case study that tried to take a
step toward closing these gaps by addressing shared implementation
of adaptation measures using an integrative approach to CRVA.
The first type of integration is the (vertical) uptake of results from
CRVAs from higher governance levels on lower ones, the second type
of integration is the (horizontal) multi-stakeholder, multi-sectoral
regional CRVA. Our case study employed a novel approach for
value chain climate risk and vulnerability analysis that combines
a participatory, indicator-based method with a semi-quantitative
risk matrix method that allows linking analyses from national
to local scale and also supports economic assessment of climate
change impacts for individual businesses. This approach has been
successfully applied within a multi-stakeholder case study in the
metropolitan region of Mannheim, where a part of the results have
been and will be transferred into daily practice: (1) The Impact Chain
developed with municipal stakeholders as a “test run” (IC 1) has been
included in Mannheim’s heat action plan; and (2) the developed risk
assessment tool is currently being evaluated by the Mannheim Large
Powerplant for inclusion in their business continuity management.
The risk-enhanced value chain diagrams also offer opportunities for
further coordinating risk analysis along supply chains or along value
chains that span more than one business due to shared organization
of work.

The workshops for creating the regional Impact Chain led to an
exchange of information on implemented and on-going adaptation
measures and to better awareness of the regional situation. Some
stakeholders have expressed their wish to continue exchanges on
regional adaptation beyond the duration of the case study.

We believe that our case study makes a significant contribution
to better understanding of socio-economic impacts within and
adaptation measures for interconnected infrastructure systems.
However, further application of the proposed method in additional
case studies is necessary to assure it is applicable for a broad range of
infrastructure systems affected by different climatic hazards.

Moreover, our approach currently solely focuses on CRVA for
preparing climate change adaptation. But for an infrastructure system
to become truly resilient—and to avoidmal-adaptation/-mitigation—
it would be advisable to also examine how to include climate change

mitigation measures and effects within the approach. This would
require additional research to extend the IC-based CRVA—and
specifically the Impact Chain method—with a way to account for
(positive or negative) mitigation effects of impacts and adaptation
measures, an avenue that should be pursued further in future.

Our case study showed that IC-based CRVA can be meaningfully
combined with other risk assessment practices that are common in
businesses, namely value chains and risk matrices. This facilitates
the integration of outcomes of IC-based CRVA in existing risk
management and business continuity practices of organizations.
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Appendix

List of non-standard acronyms.

Acronym Meaning

ARA Amsterdam, Rotterdam, and Antwerp (seaports)

BBK Bundesamt für Bevölkerungsschutz und Katastrophenhilfe
(German Federal Office for Civil Protection and Disaster
Assistance)

BMDV (BMVI) Bundesministerium für Digitales und Verkehr (German
Federal Ministry for Digital and Transport; formerly BMVI)

BMUV (BMU) Bundesministerium für Umwelt, Naturschutz, nukleare
Sicherheit und Verbraucherschutz (German Federal
Ministry for the Environment, Nature Conservation,
Nuclear Safety and Consumer Protection; formerly BMU)

CRVA Climate Risk and Vulnerability Assessment

ERA-NET European Research Area Network

IC Impact Chain

IC-based CRVA Impact Chain-based Climate Risk and Vulnerability
Assessment

IPCC Intergovernmental Panel on Climate Change

SC Supply Chain

SCOR Supply Chain Operations Reference

UFZ Helmholtz-Zentrum für Umweltforschung (Helmholtz
Center for Environmental Research)

VC Value Chain
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