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Abstract: The Rhenish lignite mining region is facing enormous structural changes due to the
withdrawal from opencast mining. The current planning of the regional transformation process,
however, has so far only insufficiently considered the local impacts of climate change and thus also
existing needs for action as well as opportunities in the context of sustainable regional development.
However, the integrated consideration of these challenges is probably one of the biggest strategic
challenges for this region. The aim of our study was therefore to apply a method for the integrated
analysis of structural and climatic changes in the context of a climate impact assessment. We follow
a parallel spatial modelling approach and use scenario corridors to describe the bandwidth of
potential future conditions. The results clearly show the influence of other drivers such as changes
in population and land use, and thus the adaptation options within the context of a sustainable
transformation process. Structural changes should be considered in the context of climate impact
analyses, as well as climate changes in the management of structural change.

Keywords: climate change; structural change; climate impact assessment; scenario corridors; heat stress

1. Introduction

Global climate change is one of the greatest challenges of our time. The changes in
the global climate are measurable, have been proven in many ways, and have become
more evident than ever in recent years. The assessment reports of the Intergovernmental
Panel on Climate Change (IPCC) between the years 2007 and 2014 already make clear the
ongoing climate change and the associated diverse impacts [1,2]. The new Sixth Assessment
Report arrives at an even more comprehensive picture. New and enhanced climate models
and simulations, new analyses, and methods improve the understanding of the human
influence on climate variables. Worldwide, the increasing impacts of global climate change
are present and noticeable. Weather extremes, such as heat waves, heavy rainfall events,
storms, or floods illustrate the problem [3].

Impacts of climate and weather-related extremes depend on the magnitude of climate
hazards in combination with locational exposure and vulnerability. In Europe, regions
and cities are exposed to different climate and weather-related hazards depending on their
geographical location and topography, whereas their physical and socio-economic charac-
teristics influence their vulnerability [4]. The main hazards and impacts of climate change,
both current and projected, vary across European regions and cities. In the continental
region, where Germany is mainly located, increasing heat extremes are a primary hazard.
Together with reduced summer precipitation, they can increase drought risk, risks of forest
fires, health risks, and energy demand during the summer. Climate change is also projected
to change the river floods regimes in winter and spring because of seasonal precipitation
changes [4–7].

Metropolitan regions and urban areas are particularly affected by the negative conse-
quences of climate change [1,2,8]. This is where assets, sensitive facilities and vulnerable
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groups of people are concentrated, so that a considerable potential for damage can unfold
because of climatic changes. Furthermore, climatic changes are interrelated with the type
and degree of building and land use as well as the existing urban and natural structure and
socio-economic conditions [4,9]. In any case, there are interrelationships between climate
change and other processes/megatrends such as demographic change, land use change
or structural change [10]. The spatial and temporal convergence of those megatrends can
unfold different impact relationships and challenges that need to be managed in an inte-
grated approach. Climate change has regional and local impacts on social, ecological, and
economic systems. To deal with these challenges, it is necessary to have knowledge about
the possible impacts, their causes and the related synergies and trade-offs. An integrated
approach to climate adaptation strategies and measures can be promoted through appro-
priate instruments and structures of policy governance and coordination. Spatial planning
in particular offers considerable opportunities for integrated approaches to dealing with
climate change, strengthening resilience, reducing emissions, and promoting sustainable
development [1,4,9].

The challenges of climate change do not occur detached from other challenges such as
structural change. Climate change and structural change are interrelated, as Matsuyama’s
definition of the phenomenon of ‘structural change’ illustrates: “It is a complex, intertwined
phenomenon, not only because economic growth brings about complementary changes
in various aspects of the economy, such as the sector compositions of output and employ-
ment, the organization of industry, the financial system, income and wealth distribution,
demography, political institutions, and even the society’s value system, but also because
these changes can in turn affect the growth processes” [11] (p. 2). On the one hand, climate
change is driving these changes as Bardt shows in his work: “Climate change, climate
protection and climate policy must be regarded as drivers of structural change” [12] (p. 56).
Both climate change adaptation and climate protection can lead to structural changes.
Companies and their infrastructures must adapt to the climate and changing weather
conditions. As a result, some of the previous products, production methods, locations
and markets will be questioned. At the same time, adaptation can create opportunities
for new markets and products [12,13]. On the other hand, structural change can influence
climate change and its impacts. Moving the economy from a climate deconstructive, mainly
carbon-based economy to a sustainable alternative economy can have positive effects on
climate mitigation. The transition from a land-intensive economy to a knowledge-based
and service economy can also reveal huge spatial potentials that can be used sustainably.
For countries in Europe such as Germany, Greece, Poland, or the Czech Republic, these
effects mainly impact the traditional lignite mining areas [14]. Thus, the energy transition
and the associated structural change in the German lignite mining areas in the Rhineland,
Lusatia, and Central Germany, which are still heavily dependent on the old energy industry
based on fossil fuels, also require an integrated view of the challenges described so that a
sustainable transformation process can be designed [15,16]. To achieve this sustainability
in managing structural change, it is essential that the challenges and impacts of climate
change are considered for the areas affected by structural change.

The following explanations and results refer to the project DAZWISCHEN (Future-
oriented structural change in the Rhenish lignite mining area). DAZWISCHEN is funded
by the Federal Ministry of Education and Research (BMBF) within the framework of
the Stadt-Land-Plus funding programme (German BMBF Funding Activity Urban-Rural).
From 2020–2023, the project examines the structural changes in the region of the Rhen-
ish lignite mining area and their local characteristics, both currently and in the future.
In particular, the interrelationships between structural change, settlement and open space
development, the mobility transition, the securing of services of general interest and, finally,
impacts of climate change, will be examined. The project considers the spatial effects and
changes on the functional interdependencies of the entire region with the surrounding
cities (Aachen, Bonn and Cologne). The aim is to develop action strategies for sustainable
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land management in cooperation with the municipalities, political actors, and stakeholders
in the region.

As described, a transformation process in the region should consider the challenges
of both structural change and climatic change. An integrated consideration of the local
impacts and resulting needs for action and opportunities should be incorporated into
sustainable regional development. For this purpose, there is a lack of sound evidence based
on the challenges of climate change in the region. Our contribution is therefore guided by
the following research questions:

1. What contribution can a climate impact analysis make to the successful management
of structural change?

2. What is the importance of considering scenario corridors for structural changes such
as land use and population change for valid climate impact analyses?

2. Study Area—The Rhenish Lignite Mining Region

The Rhenish lignite mining region is in the west of Germany in the federal state
of North Rhine-Westphalia (NRW), Germany’s largest opencast lignite mining area and
one of the largest in Europe. The region is shaped by a few larger cities, medium-sized
centres, small towns, and numerous villages (See Figure 1). Despite the rather small-scale
settlement structure the region is not rural at all, but an area formed by the fringe of
conurbations, which is coming under pressure from the population growth in the cities
(Aachen, Cologne and Bonn). The spatial structural changes in the Rhenish mining region
due to surface lignite mining development led to major challenges and opportunities for
sustainable village, neighbourhood, open space, and urban development [17]. As a result
of the long-standing coal and lignite mining, many energy-intensive industries have settled
in the region, such as the chemical, paper and plastics industries, aluminium, and copper
production, as well as the processing and food industries [16,17]. The upcoming structural
change requires that the jobs lost due to the end of lignite mining be compensated as the
demand for high-quality housing and new commercial and industrial areas continues.
This is creating land competition that can only be sustainably resolved across the different
spatial levels when future trends are considered. The strategic orientation of the Rhenish
mining region towards a pioneering role for the initiation of the resource turnaround in
Germany offers great opportunities for jobs and value creation in addition to the realisation
of ecological sustainability goals [17]. To govern these challenges, the regional development
agency of the Rhenish lignite mining area (Zukunftsagentur Rheinisches Revier, ZRR)
has been commissioned which comprises the territorial units of the counties of Düren,
Euskirchen, Heinsberg, the Rhein-Erft-Kreis and the Rhein-Kreis-Neuss, the Städteregion
Aachen and the City of Mönchengladbach (see Figure 1).

The challenges of structural change do not occur separately from other challenges
within the Rhenish mining region. Thus, a demographic change is taking place which
is characterised by a simultaneity of growth impulses radiating from the metropolis of
Cologne and shrinkage in the peripheral parts of the region in the Eifel as well as an overall
aging society. This not only creates growing problems for the provision of services of
general interest, but also demands on space and infrastructures.

The Rhenish lignite mining area has several locational advantages compared to other
lignite mining regions. With Aachen and Mönchengladbach, two major centres belong
to the region and the proximity to the centres of the neighbouring Rhineland (Bonn,
Cologne, and Düsseldorf). Its location within the border triangle with the Netherlands and
Belgium also offer opportunities for the region. The infrastructure, supply and transport
connections are good, but the upcoming transformation process must also include the new
challenges in terms of infrastructure and be adapted accordingly. The region can build on
its strong economic structure. In addition to the energy industry and the energy-intensive
industries, this includes, for example, companies in the areas of resource efficiency, mobility
and logistics, the digital economy and agriculture. There are numerous starting points
for creating new innovative, climate-neutral, and resilient structures. These include, for
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example, the re-use of power plant sites, the creation of new multifunctional landscapes
and/or lakescapes, new model neighbourhoods, new value creation in the bioeconomy,
digitalisation, suitable transport infrastructures, and the expansion of climate-neutral
mobility in rural areas. These developments could help to better connect the region with
the surrounding countryside, to overcome distances more easily, to better link urban
and rural qualities and, finally, to create climate-adapted and resilient structures for the
future [18].

Figure 1. Overview of the Rhenish lignite mining region and its land use. Own figure based on data
licence Germany—Attribution—Version 2.0.

The landscape and open spaces of the Rhenish mining region each have a different
effect on the regional climate conditions and on the urban climate. The extensive agricul-
tural land acts as cold air production areas and can have a positive effect on the climate
of the neighbouring settlements. According to the LANUV climate information system
and the explanatory technical report [19], cold air outflows from the Eifel towards the Rur
River and from the Jülich-Zülpicher-Börde towards the Erft River are of regional impor-
tance. The forest areas of the region act as fresh air production areas. During the day, the
forests are cooler than their surroundings and can serve as climatic recreation areas on
hot days (days with a maximum air temperature of ≥30 ◦C). Water areas have a similar
function with an overall balancing effect, cooling during the day and releasing heat at night.
The numerous smaller and larger watercourses act as cold air channels, which supply fresh
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and cold air to the settlements and thus contribute to the climatic balance in the settlements.
The larger settlement areas in towns and cities are to be regarded as heat islands, because
buildings and sealed areas heat up more than vegetated areas, store heat and release it again
at night. During climate change, a strong increase in hot days and tropical nights (with
a minimum air temperature ≥ 20 ◦C) is expected, which will further promote inner-city
heating and affect previously unaffected settlement areas. Against this background, cold
and fresh air production areas gain new importance [19,20]. Beside the projected rise in
temperature, the region is also affected by other climatic impacts and extremes which pose
major challenges for the region, as tragically demonstrated by the heavy rainfall in July
2021, which led to catastrophic flooding [21]. The rise in temperature will also lead to
a higher risk of forest fires and droughts in the Rhineland region and thus increase the
need for sustainable use of water resources. This will also affect the major rivers such as
the Rhine and the Erft and lead to increasing low water problems and to changed flood
regimes [22,23]. The region has not only contributed and still contributes with an annual
production volume of 90 million tons of lignite coal to climate change for more than a
century [24], but is already and will be affected by the impacts of climate change.

Considering all these challenges in an integrated way is probably one of the greatest
strategic challenges for the region. Against the current backdrop of change processes in the
region, there is a window of opportunity to address this. Therefore, we follow a concept to
promote an integrated approach to climatic and structural change, which is addressed in
the present climate impact assessment and its underlying methodology.

3. Methodology

In the following section, the underlying methodology of the climate impact analyses
carried out is described. For this purpose, it is necessary to first introduce the essential
terminology of the method and to emphasize the role of scenarios as well as the parallel
modelling of climate and socioeconomic variables.

3.1. Climate Impact Assessments (CIAs)

Climate change adaptation actions need a reliable data basis. Climate impact as-
sessments (CIA) are therefore important prerequisites for the development of adaptation
strategies: they identify which regions or sectors are particularly affected by climate change
and where adaptation is especially needed [9,25]. To cope with the challenges of climate
change, it is important to agree on and define the methodological framework, the key termi-
nology, and the outcome of the assessment which is dealing with the possible impacts [9,25].
Corresponding studies show that there are still existing incongruities in vulnerability con-
cepts, analyses, and assessments, both on a terminological and on a conceptual level [26,27].
This concerns, for example, the reference to place or scales of analysis, key components of
vulnerability, involvement of stakeholders or, for example, dealing with uncertainty [26].
This is also linked with the evolution of assessments dealing with climate impacts. Within
the evolution (see [27–29]) the approach and its definitions have been changed from a
vulnerability approach [1,30] to a risk-based approach as currently used by the IPCC [2,3].

The framework of the CIA used within this article follows the IPCC’s understanding of
vulnerability and is based on the German Federal Environment Agency’s (FEA) Guidelines
for Climate Impact and Vulnerability Assessments [25] and visualised in Figure 2.

In contrast to the IPCC’s current risk approach, a vulnerability approach for the present
assessment was chosen. This was particularly done because, compared to the risk approach
of the IPCC (2014), the application of the vulnerability understanding of the IPCC (2007)
avoids the problem of having to determine probabilities of occurrence for climatic and
socio-economic developments [29]. In comparison to the framework of the FEA, the result
or output of the CIA is also not the vulnerability but the climate impact, as the adaptive
capacity was not considered in the framework of the CIA. This is due to two reasons:
First, the identification and especially the projection of adaptive capacity is very complex,
and the projection already assumes actions that must first be identified and politically
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chosen. Second, spatial planning, as a primary actor in climate adaptation, is an essential
component of adaptive capacity on its own since the spatial distribution of assets and
values by land-use plans also has a direct influence on the (sub-)components ‘exposure’
and ‘sensitivity’.
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The climate impact results from the intersection of climate stimuli and sensitivity
(Figure 2). The climate stimuli indicate the expression of a certain climatic parameter at a
specific time at a defined location. For example, the average number of hot days per year
per grid cell or aggregated on spatial divisions. Sensitivity describes the degree to which a
social, ecological or economic system reacts to a specific climate stimulus. This depends on
the characteristics of a system as well as its exposure to climate stimuli. Compared to the
framework used in the guideline of the FEA there is no distinction between exposure and
sensitivity, since both are combined within the sensitivity component.

Two principles are of key relevance in our methodological approach. First, projections
are not only used for climate change, but also for the socio-economic changes that have
a significant influence on sensitivities. Second, for both components, a future state is not
assumed, but rather the possibility range for the future is shown by creating two scenarios
and combining them into a scenario corridor of possible futures. These principles are
explained in more detail in the following subsections.

3.2. The Parallel Modelling of Climate Stimuli and Sensitivity

The CIA approach follows the so-called ‘Parallel Modelling Approach’ [10] which em-
phasises the importance of considering dynamic vulnerabilities or sensitivities. Many current
CIAs assume that the climate is changing, but that the vulnerability and sensitivity of
the system remains static. The result of these assessments cannot be a reliable basis for
adaptation measures since, in addition to climate change as a driver of altered climate
stimuli, non-climatic drivers (e.g., land use change, demographic change) can also have
an impact on sensitivities, exposures and thus on vulnerabilities, and can significantly
influence them [2,29–31]. Therefore, it is unavoidable to take the dynamics of the sensitivity
into account. Considering the status quo for the future can lead to maladaptation and failed
planning directions [32]. Trends such as demographic change with its facets of ‘ageing’,
‘shrinking’, and ‘heterogenization’ illustrate very clearly why it is particularly relevant to
consider socio-economic changes in the context of climatic changes. Some studies assume
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that the change in non-climatic factors in the future may even have a greater influence on
climate impacts than climate change itself [2,33]. The Report on Germany’s Vulnerability to
Climate Change in 2015 pointed out quite appropriately that every projection of sensitivity,
no matter how uncertain, increases the confidence of the statements on future climate
impacts, since they must be wrong if they are based on the status quo of the socio-economic
systems [34,35], using the example of the German city of Ludwigsburg, that cities and
urban planning in general can influence the demographic structure and therefore future
vulnerability [35]. This parallel modelling of climate and socio-economic factors was also
published with examples from Germany in [10]. The mentioned examples also demonstrate
quite clearly why it is important to look at the socio-demographic future in the context of
climate change on different levels. There may be interactions between the development
of climatic parameters and socio-demographic variables, which should be considered to
adapt successfully. Ref. [36] also illustrates well that demographic factors, and in particular
their change over time, have a significant influence on the management of natural hazards
and thus on the challenges of climate [36].

The integrated consideration of socio-economic and climatic changes within the frame-
work of a CIA not only leads to an improved knowledge base and thus more well-founded
results on which measures can be based, but also to the possibility of considering interac-
tions between the different developments in terms of synergies and conflicts. For example,
the ageing of the population leads to an increase in the proportion of particularly sensitive
population groups, who are much more sensitive to heat stress, thus increasing vulnerabil-
ity [37]. As [38] stated, “[ . . . ] ignoring society aging may lead to underestimated climate
change risks” [38] (p. 1).

3.3. The Role of Scenarios for CIAs

Statements about future climate are associated with great uncertainties, as the results
are based on model assumptions that can always change. For example, ref. [39] note that in
the report of Working Group 1 of the 5th IPCC Assessment Report 2013, the word uncertain
and its derivatives (e.g., uncertainty) occur more than 2200 times, which corresponds to an
average of 1.5 times per printed page [39].

The fact that climate projections are given in ranges that refer to the representative
concentration pathway scenarios (RCPs) lead directly to the assumption that there is
no single future state of the climate. Rather, it is common to map the climatic futures
using a range of projections, or even to convert them into possible future scenarios that
follow an RCP scenario but choose different percentiles. However, as already shown
by the parallel modelling approach, it is not only necessary to consider the climate in
the future, but also the future characteristics of the system that could be affected by it.
Consequently, several possible futures are needed, which are transferred into scenarios
along with the climate projections. The consideration of scenarios, especially for non-
climatic factors, is significant in the literature and demonstrated not at least by the example
of the IPCC’s Shared Socioeconomic Pathways (SSPS) [33,40–43]. The climate projections
as output of climate ensembles can be used for scenario-building, since good scenarios
include projections [44]. This is especially the case for socio-economic forecasts, which are
known not to provide any punctual information. Again, the use of bandwidths of potential
future conditions can promote acceptance and a more targeted selection of interventions.
The familiar example of ‘no-regret’ measures is particularly beneficial if they are oriented
towards the upper edge of the corridor, i.e., towards the worst case.

In addition to taking socio-economic scenarios into account, it is important to merge
them with the climatic scenarios and, on this basis, to indicate a scenario corridor of possible
future developments. On this basis, a decision can be made on which edge of the scenario
corridor the adaptation options should be oriented. Ref. [45] has accurately stated that in a
scenario-based approach, the objectives of the analysis and the selection of the scenarios
are first normatively set to then determine the factual situation. Based on this analysis, a
planner can then exercise the assessment prerogative by deciding whether the planning
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specifications should be based on the upper edge of the possibility space (‘worst case’) or
on a moderate development [45]. In probabilistic risk calculation, a frequency-magnitude
function is usually derived from time series, which are often based on observations from
the past. In this respect, approaches to managing the consequences of today’s climate
can be described as ‘decisions under risk’ (according to [46]). However, the reaction to a
possible future climate change, which can be determined in its concrete spatio-temporal
manifestation and not via probability statements, cannot necessarily be grasped in this way.
So, the term ‘decisions under deep uncertainty’ (according to [46]) should be used in the
context of a future climate change [29,47,48].

4. Data

The data preparation and analysis were carried out in the ArcGIS programme, to
provide the results in descriptive maps as a further working and decision-making basis for
the planning processes of local actors and stakeholders.

4.1. Overview of Indicators Used

Since the impacts of climate change affect almost all sectors of society, a set of indicators
was developed to cover the diversity of these impacts. The aim was not a comprehensive
but an actor-oriented approach, adapted to local challenges. First, a pre-selection of
indicators was made based on an internal project discourse with special consideration of the
requirements and needs of the joint project partners. In addition, it was possible to refer to
the existing climate change prevention strategy of the neighbouring Cologne/Bonn region,
which has already been applied as a practical aid regionally since 2019 [49]. Finally, two
workshops were held with selected experts from relevant fields as well as federal and state
institutions.

The aforementioned climate impact assessment was applied to the Rhenish lignite
mining area with a total of eight indicators, which can be classified into three different
fields of action: ‘living’, ‘infrastructures’, and ‘open spaces’. Table 1 provides an overview
of the applied indicators, the assigned field of action, and the proxy indicators used for the
components’ climate stimuli and sensitivity. All fields of action are directly related to the
challenges of structural change and the associated transformation process in the region.

For each indicator, the current data basis was first collected and then coordinated
and completed with the actors and stakeholders involved. This included a review of the
existing data to determine whether forecasts and projections were available and whether the
data was available for both the present and the future, to enable the creation of scenarios.
The premise here was the use of existing and freely available data sets for the climate
stimuli and sensitivity components. In the following, the data basis used for the time-
consistent determination of the climate impact and its components as well as the underlying
calculations are explained using the example indicator for ‘heat stress of the population’.
The selected indicator shows hot spots at the municipal level of the Rhenish lignite mining
area in which a comparatively high heat stress for the population currently exists and is to
be expected in the future by linking the climate stimulus of the hot days with a weighted
sensitivity value of the inhabitants.

4.2. Climate Stimuli

In order to determine the climate stimulus, data from the State Office for Environ-
mental and Consumer Protection of the Federal State of North Rhine-Westphalia (LANUV
NRW) were used. There, data from the EURO-CORDEX-project [50], which are available
to the German Weather Service (DWD), are processed and made available on request.
On this basis, data sets could be used for both the present and the future, including RCP
scenarios. From this data set, the number of hot days for the period 1971–2000 could be
used as representative of the current situation. It should be noted that the selection of the
period 1971–2000 for the present is since the climate data for the future always refer to
this reference period at the time of data acquisition. For the future, values from the RCP



Land 2022, 11, 957 9 of 18

8.5 ensemble results were used. The advantage of the climate ensemble results lies in the
fact that they are available in different bandwidths or the division into percentiles. For the
future, a range of possible climatic changes could be estimated by selecting the 15th and
85th percentiles. The time period of the climate data for the future refers to 2021–2050 in
relation to 1971–2000. As a result, the ensemble outcomes for the individual indicators for
the 15th percentile could be interpreted as a ‘moderate change’ scenario and for the 85th
percentile as a ‘strong change’ scenario.

Table 1. Overview of indicators, their field of action and the used sub-indicators for climate stimuli
and sensitivity within the CIA for the Rhenish lignite-mining area.

Fields of Action Indicator Climate Stimuli Sensitivity

Living Heat stress of
population 1

Average number of
hot days per year

Population sensitivity as the result of
the number and relative percentages
of the population aggregated as the

result of a sensitivity score
per municipality

Impacts of flash floods
on the population

Flash flood potential as a
result of the combination of
terrain slope and average

precipitation sums

Population sensitivity as the result of
the number and relative percentages
of the population aggregated as the

result of a sensitivity score
per municipality

Impact of floods on
residential areas Extension of floodplains

Absolute extent and relative share of
residential and mixed-use areas

per municipality

Infrastructures Heat impact on
social infrastructures

Average number of hot
days per year

Absolute extent and relative share of
social infrastructure areas

per municipality

Impacts of flash floods on
transport infrastructure

Flash flood potential as a
result of the combination of
terrain slope and average

precipitation sum

Absolute extent and relative share of
transport infrastructures per

municipality combined with the total
commuters per year

Impact of floods on
transport infrastructure Extension of floodplains

Absolute extent and relative share of
transport infrastructures per

municipality combined with the total
commuters per year

Open spaces Drought stress potential
of agriculture

Average precipitation in the
cropping season as well as the
soil water available to plants

Absolute extent and relative share of
agricultural land including grassland

per municipality

Drought stress potential
of forests

Average precipitation in the
growing season as well as the
soil water available to plants

Absolute extent and relative share of
forests including wooded areas per
municipality weighted according to

tree species
1 This indicator is described in the following as an example in terms of methodology and content, and the
corresponding results are presented and discussed. For all indicators, the underlying methodology, data used,
calculation rules and sources are available in the Supplementary Material.

Initially, the absolute number of hot days was aggregated at grid levels (in the resolu-
tion of 1 × 1 km) using an area-weighted approach at the municipality level. An aggregated
value of hot days at the municipality level could then be determined for both the present
and the two future scenarios. The data were normalised using a min-max normalisation to
transfer the values to a scale between 0 and 1 and thus prepare them for linking with the
sensitivity. Since the socioeconomic data in this resolution were not available at the raster
cell level but at the community level, all data sets had to be transferred to a common scale
at municipality level.

On this basis, it is already possible to estimate where in the Rhenish lignite mining
area a high degree of this climate stimulus can already be expected today and in the future.
To relate the temporal development to the respective expression, a normalisation over the
temporal level was carried out for each of the individual components. By normalising



Land 2022, 11, 957 10 of 18

across all temporal levels and thus the entire value range, the results of all time periods are
transformed to a scale between 0 and 1. This allows the expression of each time period to
be put in relation to the others, and thus the temporal changes can be clearly visualised and
communicated. Normalisation across all time levels was carried out for all components of
the respective indicators.

4.3. Sensitivity

The appropriate representation of sensitivity remains a major challenge in climate
impact research. Key questions that must therefore be answered within the framework
of a climate impact assessment concern the extent to which each resource/receptor is
sensitive to which stimuli and at what point in time. These questions were answered for
each indicator within the framework of the assessment presented here. Various population
groups are known to respond differently to climate stimuli. When considering heat-related
climate impacts, age is often used as a key factor for determining the sensitivity [51–53].
For example, older or very young people are more sensitive to heat stress due to their
physiological characteristics [54]. However, the importance of socio-economic status or
living and working conditions in general for heat vulnerability, morbidity and mortality
should not be negated by our selection (e.g., [55]).

In the context of determining the sensitivity of the population to heat stress, it was
possible to access age-related population data from the statistical office of the federal
state of North Rhine-Westphalia. The database provides population data at the level of
age years both for the base year 2018 and a population projection for the year 2040 and
thus can be used to create own cohorts for each time slice. For the present assessment,
the assumption is made that both older and younger people are particularly sensitive
to heat stress. Therefore, the total number of inhabitants was transferred into cohorts,
which enabled a differentiated representation of sensitivity to be drawn. When spatially
calculating population data, not only the absolute number of inhabitants should be used,
but this should also be combined with the relative distribution. An exclusive consideration
of both absolute and relative statements can lead to significant distortion. Therefore, the
calculation also included proportional values of inhabitants per hectare of residential area.
The cohorts are weighted for age-related heat sensitivity based on studies of heat stress
mortality rates [53,56–58] according to the following formula:

sensheatstress(0 − 5 years × 0.25) + (6 − 64 years × 0.05) + (65 − 79 years × 0.25) + (> 80 years × 0.45))

According to this formula, the classic focus is not only on the very young or very old
population, but the entire population is considered differently according to its age structure.
A special feature, for example, is the explicit consideration of the age group of 6–64-year-
olds, who, according to recent surveys, feel particularly affected by heat stress [59,60].
As a result, more detailed statements on the sensitivity to heat stress can be visualised at
the level of the municipalities, which consider the differentiated sensitivity of certain age
cohorts as well as their absolute and relative distribution within residential areas.

For the socio-demographic future, it was not possible to refer directly to generally
available projection data. The development of the population at municipal level and
differentiated according to different age cohorts based on the population forecast of the State
Office for Information and Technology (IT.NRW) could be used [61]. Since the population
projection only provides information on the total population for the target year 2040, a
differentiated evaluation was not carried out due to the lack of data. Instead, this data was
used to generate assumptions about future land-use development. This was prepared under
two different assumptions, so that the future land demand resulting from the population
development could be determined quantitatively. The first scenario ‘internal development’
assumes that 50% of the land demand determined from the population development would
be covered within existing built-up areas, and the remaining 50% would be allocated in
newly designated building areas. The second scenario ‘external development’ assumes that
75% of the demand would be met by new construction and only 25% by existing structures.
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The scenario of increased internal development is classified as climatically ‘strong change’
and the scenario of increased external development as climatically ‘moderate change’ since
a densification of already built-up areas is considered as trigger for urban heat stress.
In general, our classification is not to be understood in a judgmental way, as an increased
external development must always be considered qualitatively from a climatic point of view
(e.g., the obstruction of cold air corridors or reduced retention capacity of the peri-urban
areas). As a result, a scenario corridor was created for the sensitivity that considers not only
the absolute number of population developments but also their change in age structure
and the resulting demand of residential areas. In order to merge the sensitivity component
with the climate stimulus component, the calculated values were also normalised across all
time levels and scenarios.

4.4. Climate Impact

The climate impact was calculated by linking the normalised values for the sensitivity
with the climate stimuli. The linkage was carried out multiplicatively, as we follow the
assumption that no climate impact can be assumed if one of the two parameters equals
zero. The scenarios for the climate stimuli as well as the sensitivity were then merged for
the different indicators so that statements on the climate impact could be made for both the
assumptions of a strong and a more moderate change.

5. Results

The results of the climate impact analysis follow the triad of Climate Stimuli, Sensitivity
and Climate Impact already described under Data and Methodology.

5.1. Climate Stimuli and Scenarios

The intensity of hot days is differentiated in the Rhenish lignite mining area. For ex-
ample, the current hot days are much more frequent in the eastern part of the region along
the Rhine River than in the more predominantly rural parts of the Eifel. This east-west and
north-south gradient will continue to develop in the future, both under the assumptions
of a moderate and a strong change. Especially when comparing the status quo with the
moderate change, it is obvious that even under the assumptions of a less severe change,
there will be a significant increase in hot days in the parts of the region that are already
stressed today. This is made very clear by the characteristics under the assumptions of
a strong change. In the overall view, it should also be emphasized that the impact along
the Rhine, for example, is already greater today than it will be in the southern Eifel region
under the assumptions of a strong change (see Figure 3).

Figure 3. Results for the climate stimuli of the indicator “Heat stress of population”: (a) Indicator
expression for the present time (b) Indicator expression for the future under a moderate scenario
(c) Indicator expression for the future under a strong scenario.
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5.2. Sensitivity

The sensitivity component shows a rather differentiated picture of the region. In the
present as well as in the future, the densely populated cities of Aachen and Mönchenglad-
bach show the highest sensitivity. The municipalities of the conurbation fringe along the
Rhine River are also already significantly more sensitive to the heat stress of the population
compared to, for example, the municipalities of the County of Euskirchen except for the city
of Euskirchen itself. Viewed over time, two specific effects lead to an increase in sensitivity
in parts of the region. On the one hand, demographic change and the associated ageing
processes of the population leads to an increased sensitivity to heat stress overall. On the
other hand, the projected population increase, especially along the conurbation fringe, also
leads to an increased sensitivity. The municipalities along the Rhine can be observed to
have a higher sensitivity to heat stress, both in the present and in the future, than, for
example, municipalities in the County of Euskirchen (see Figure 4).

Figure 4. Results for the sensitivity of the indicator “Heat stress of population”: (a) Indicator
expression for the present time (b) Indicator expression for the future under a moderate scenario
(c) Indicator expression for the future under a strong scenario.

5.3. Climate Impact

The figures of the climate impact complete the image of the differentiated impact in
the Rhenish lignite mining area that was already drawn in the description of the stimuli
and sensitivity components. At the present time, the impacts are comparatively low; only
the larger cities such as Aachen and Mönchengladbach, as well as other large and medium-
sized cities along the conurbation fringe such as Neuss and Hürth already have a high
impact today. Assuming moderate change in the future, this image will further differentiate.
The densely populated cities continue to be strongly affected and some municipalities in
the northern part of the region will also be more affected. The City of Düren is also strongly
affected in this future scenario. Under the assumptions of a strong change, the north-south
and east-west gradients will become even more visible. The most pronounced change
across all time periods is expected in the cities of Neuss and Mönchengladbach, followed
by Aachen, Hürth and Düren. In contrast, the County of Euskirchen is comparatively less
affected due to its rather sparsely populated and rural structures, which barely change over
time. Here it should be emphasised that some areas are currently more affected today than
others will be in the future scenarios. Consequently, a corresponding need for adaptation
and action can already be derived for the present (see Figure 5).
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Figure 5. Results for the climate impact of the indicator “Heat stress of population”: (a) Indicator
expression for the present time (b) Indicator expression for the future under a moderate scenario
(c) Indicator expression for the future under a strong scenario.

The results of our study show the clear influence of sensitivity to global warming and
increase in heat days on the corresponding climate impact. In terms of negative effects, this
also applies to other sectors such as agriculture, forestry, and tourism. Positive effects of cli-
mate change on summer tourism or viticulture, for example, are also possible. These results
can be used by spatial planning in the management of structural change, particularly to dif-
ferentiate between action areas and to develop and implement spatially specific adaptation
measures accordingly, especially for hotspots.

6. Discussion

Any spatial development strategy should be based on sound evidence [62]. This is
also a truth for local adaptation processes [52,63,64]. In addition, the relevant European
framework directives require continuous monitoring of unforeseen environmental im-
pacts [65,66]. Structural change is an interdisciplinary topic in the practice of regional
and municipal planning that requires the coordination and cooperation of the economy,
society, administration, politics, and science. The inclusion and close cooperation of all
actors involved makes it possible to integrate the expertise of different disciplines in the
transformation process and to achieve balanced goals and strategies for sustainable land
management [67]. The main addressee apart from the DAZWISCHEN project itself is the
ZRR which currently prepares a regional development strategy for the entire region [68].
For this purpose, the results of the CIA qualify the analytical basis for the planning teams
currently developing regional spatial visions on behalf of the ZRR. The authors had the
opportunity to present their findings to the planning teams and to discuss fields of ap-
plication. These give more than a mere consideration of areas that are to be kept free of
development due to their climatic significance. One field of application is also the differen-
tiated handling of densification from the urban perspective, both in terms of health impacts
due to overheating and the need to adapt to heavy precipitation events.

A comprehensive understanding of the relationship between economic, environmen-
tal, and social conditions is essential for sustainable structural change. This includes proper
knowledge on the interactions between different aspects of structural change and environ-
mental impacts, such as climate change [12,69]. Against the background of long planning
periods, the persistence of built infrastructures as well as the upcoming complex challenges,
structural change must prepare for the expected consequences and impacts of climate
change at an early stage and take these into account in the planning and transformation
process. The presented paper proves the importance of a parallel modelling approach for
identifying the potential range of future conditions and thereby contributes to a better un-
derstanding of the interconnected climatic and societal changes. The way climate impacts
are communicated must also be tailored to the needs and experiences of stakeholders [70].
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Considering the diverse land capacities that arise from the abandonment of open-
cast mining sites, the question must not only be asked about the role of these areas for
climate protection, but also how these areas can be used to adapt to local climate impacts.
The design of new landscape parks and the planned conversion with large water bodies
as lakescapes are often promoted as a promising way of enhancing the value of the area
and is seen as a motor for positive structural change. However, the development of such a
landscape must be planned and implemented against the background of climatic changes.
As the results of the climate impact analysis for the Rhenish mining region show, there
will be a significant increase in heat stress in the future and thus also a change in the water
balance. On the one hand, this raises the question of where the water to fill the new lakes is
to come from, when in summer low water levels are already increasingly being observed in
the catchment areas. On the other hand, questions arise about ensuring the quality and
quantity of the existing and planned water bodies.

Nevertheless, in view of climate change and the associated shifts, the climatic functions
of open spaces and water bodies are of great importance. The protection and strengthening
of exchange pathways (e.g., significant biotopes, fresh/cold air corridors) and the provi-
sion and design of recreation and climatic compensation areas around the heat-affected
settlement areas appear to be particularly important. There is a need for action, on the one
hand, to secure existing climate-relevant areas and structures, and, on the other hand, to
consistently take climate aspects into account in all future land developments. This shows
the importance of climate impact analysis in a structural change. In addition to major
regional land-related developments, it is also a matter of shaping structural change in
the neighbouring and surrounding municipalities in a sustainable way. For example, the
temporary loss of jobs and the migration of energy-intensive production and supplier
companies for the mining industry are major challenges but also offer opportunities. This is
because structural change creates areas of possibilities that can meet the challenges of
climate change.

The ecosystem services, which are mainly provided by the rural south of the region,
serve particularly to make the urban climate of the urban core areas bearable by securing
cold air volume flows. Finally, the protection of cold air production areas and air guiding
paths restricts the development of settlements in rural areas to maintain good living
conditions in urban areas. In this context, a balancing of burdens and benefits between
rural and urban areas should be discussed in the context of a regional development strategy.

7. Conclusions

Regarding research question one, our contribution has demonstrated the relevance
of a climate impact analysis for the management of structural change. The interactions
between the foreseeable as well the desired land-use changes and the regional climate are
evident and are to be seen as an important framework condition for any development
strategy. That is why the upcoming informal spatial strategy of the ZRR considers climate
change adaptation as an important element and is going to explore the implications of
different development pathways.

Using an example indicator on heat stress of the population, we have addressed
research question two and shown how important is the consideration of scenario corridors
for structural changes such as land use and population change for a consistent climate
impact analysis. This fundamental insight is not put in question by the shortcomings of
the old and outdated time slice of 1971–2000 as a reference period. Other appropriate
data were simply not available at the time of data acquisition. Nonetheless, these scenario
corridors enable decision-makers not only to select a certain scenario pathway, but also to
take decisions based on the precautionary principle that considers a worst-case scenario.

However, the chosen procedure of making values on different scales comparable
by means of a normalization is very suitable for identifying intraregional differences.
This evidence base can be used to identify priority areas for adaptation measures within
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the region and subsequent funding priorities. Moreover, it supports decision-makers to
identify eco-system services which are crucial for stabilizing the urban climate.

At the same time, the normalization allows only relative statements of the municipali-
ties among each other. This is also true for all indicator-based approaches in general, as
the findings are not easily transferable to other spatial scales. Thus, for intra-municipal
decisions, for instance, in urban land use planning, a higher-resolution investigation is
required that focuses on the absolute climate impacts and presents the results on a grid
cell basis.

The approach we used in this study is in principle transferable to other regions.
The fact that we have limited our analysis to free and freely available data sets increases
the transferability. In addition, the detailed documentation of the method as well as the
supplementary material allow a step-by-step reproduction of the analysis and its results.
Individual improvements could already be identified during the analysis. In order to
represent the heat stress indicator more adequately, the number of tropical nights should
be taken into account. Even though the probability that a hot day is followed by a tropical
night can be considered high, the additional consideration of the proxy indicator leads to an
improved data basis. Furthermore, the consideration of an additional population projection
can also improve the estimation of future sensitivity and thus the scenarios. Based on this,
a moderate and stronger development of the population could also be assumed and then
transferred into a differentiated demand for land.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/land11070957/s1, Factsheets on Indicators of the Climate Im-
pact Assessment.
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