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1. Introduction

In order to accomplish the climate change goals set by the Paris Agreement and
maintain the global temperature increase below 2°C, every aspect of society needs
to contribute. One area addressed in the German Sustainability Development
Strategy [1], is the goal of affordable and clean energy. The Energy Sources Act
(EEG) sets national targets for the power sector and stipulates that at least 80% of
electricity production should come from renewable resources in the year 2050 [2].
Although renewable energy concepts are a key element of energy policy today, sole
reliance on increasing the share of renewable energies is not sufficient to build a
sustainable energy system [3]. Consideration of sustainability criteria, which targets
more than the amount of renewable energies, is thus important in evaluating an
energy system.

This final report presents the findings of the research project NEDS — Sustainable
Energy Supply Lower Saxony. The main research question of the project is Afow can
a path towards a sustainable enerqy system for Lower Saxony be found, modeled,
and evaluated? To answer this question, the project was conducted from 2015 to
2019 under the collaboration of eight research institutes. At the outset of this project
in 2015, Lower Saxony had an important role model function within Germany as a
state with approximately 38% of its electricity coming from renewable energy
sources, especially from biogas and onshore wind. Further progress is, however,
necessary to reach the goals described in the state’s mission statement [4] and to
achieve a renewable energy supply by the year 2050, which satisfies sustainability
criteria.

There have been other studies to model possible energy system configurations that
can achieve the state’s targets (especially in [5]), multiple system configurations and
paths toward them are possible. This project used methodology developed to
analyze and evaluate the configurations. For an overview of the overall project
design, see Figure 1. The project team started out by qualitatively describing the
energy system for the year 2015 with respect to technical, economic, social, and
environmental aspects. The method of scenario planning was applied to develop
future energy scenarios for the year 2050. One scenario was selected and quantified
resulting in three alternative system configurations. Four reference years were
selected to model and simulate the development of the energy system (2020, 2030,
2040, and 2050). In the last step, all of these system configurations in their different
pathways were evaluated using multi-criteria analysis.
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Figure 1. Project overview

In this report, we first present a brief overview of the state of literature (Section 2)
before describing the project targets and deriving system boundaries for such a
methodology (Section 3). A simple overview of the methodology is given
(Section 4), which also encompasses how data exchange was handled in the
different phases of the methodology. After that, the methodology is described in
more detail. The transition of a formerly centralized electrical energy system with
well controllable energy supply toward an energy system based on renewable
energies has a significant impact on several areas, e.g., social or economic. The
definition of evaluation criteria to assess the sustainability of the defined energy
system configurations and transitions paths toward them is presented in Section O.
After that, scenarios are developed in a structured process that also allows the
definition of transitions paths (Sections 6 and 8). Selected attributes of these
scenarios are empirically embedded, using insights from the diffusion studies,
developed for a selection of relevant innovations (Section 7).

With our interdisciplinary project consortium, we aim to analyze technical, social,
environmental, and economic parameters as well as their interactions with the help
of corresponding models and we focused on coupling these models. Different
energy system configurations are modeled using multiple simulations and
optimization models described in Sections 9. Results of the individual models are
shown in Section 10. Finally, to aggregate the performance scores of the 18 criteria
obtained from the simulation and optimization models, a Multi-Criteria Decision
Analysis (MCDA) method is used (Section 11).

2
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1. Introduction

To illustrate the application of the method and support the decision process,
conceivable transition paths toward a power supply based on renewable energies in
Lower Saxony by 2050 were developed and examined for their sustainability and
feasibility in several time steps (2020, 2030, 2040, and 2050). With the conclusion of
the project, a possible transition path to a sustainable, renewable-energy-based
electric power supply system for Lower Saxony was identified for a chosen scenario.
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2.  State of the Art Regarding Energy Scenarios for Lower Saxony
T. Witt

While many energy scenario studies examine possible future energy systems of
Germany [6, 7], there actually are only few relevant energy scenario studies
analyzing the transition of Lower Saxony’s energy supply system toward higher
shares of energy from renewable sources. To decide, which approaches and
assumptions can be reused in our project, the existing studies as well as the own
approach are categorized using a morphological box.

The method morphological box was developed by [8] in the 1960s and can be used
to systematically identify all possible configurations of a certain object of interest. In
the leftmost column, relevant parameters describing a system are collected. For
example, in Figure 2, Orientation, Purpose, Type of information, etc. On the right
side, the possible variations for these parameters, so-called characteristics, are
collected. The morphological box is usually used for classification. It can also be
regarded as a creativity technique, since new configurations of a system can be
found by trying out different combinations of characteristics.

The morphological box for the categorization of energy scenarios has been
developed at the beginning of the project [7]. Figures2 and 3 show the
categorization of four related energy scenarios concerning the energy supply system
in Lower Saxony as well as the approach in this project (NEDS, marked with *). For
example, regarding the scenario orientation, in [9] and [10], predictive scenarios are
developed, while in this project (*) and [10], explorative scenarios are developed,
and in [5] and [11], normative scenarios are developed. In the following, the other
four studies are briefly introduced, before the new features of the approach in NEDS
are highlighted.

The study Szenarien zur Energieversorgung in Niedersachsen im Jahr 2050
(scenarios for the energy supply in Lower Saxony in the year 2050; [5]) was
commissioned by the Lower Saxony Ministry for Environment, Energy and Climate
Protection, which is a ministry of the federal state of Lower Saxony. Its overall goal
was to provide information to develop a guideline for the sustainable development
of the energy system, including power, heat, and transport, in Lower Saxony. One
important premise of this study is that the whole energy demand of Lower Saxony
can be provided with power and heat plants on the actual territory of Lower Saxony,
so that land use competition, e.g., between photovoltaics and biogas plants, is
considered. This study contains two normative scenarios: The first scenario describes
an energy system with 100% renewable energy. The second scenario describes an
energy system with a GHG reduction of 80%. Numerical assumptions are presented
for 2012 and 2050 only, and most results are only presented for 2050. However,

4
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2. State of the Art Regarding Energy Scenarios for Lower Saxony

linear extrapolation is used to describe the development of selected key figures in
the years 2020, 2030, and 2040.

(1) Scenario properties

Orientation Predictive Explorative Normative
[9,10] (*, [10]) [5,11]
Purpose External Exploration of Advocacy of Representative
conditions future particular sample of
affecting the conditions or courses of future states
consequences environments action
of policy actions
() [5,9,10] [11]
Type of Mainly quantitative Mainly qualitative Combined (Story-
information and-Simulation)
[5,11,10] [] *)
The aomain of Technical Economic Social Environ- Environ-
results/impacts mental mental
*,[5,9,11, *, 5,9, (only GHG)
10D 10D (*, 9D [5,10] *)

Temporal scope Short term Long term
of the scenario *,[5,9,11,10])
Geographical Local Regional National International Global
scope of * 159 11,
scenario 10]) [10] [9]
Economic sector Overall Electricity Heat Transport

economy (*) | (*,[5,9,11,10]) [5,9,11,10] [5,9,11,10]
(2) Model properties
Analytical Top-down Bottom-up n.a.
approach /
System
perspective ™ *, [10]) [5,9, 11]
The
geographical Local Regional | National Inter- Global n.a.
scope of the *,[5, 11, national
model (*, [10]) 10]) [10] [10] ™) [9]
The temporal Minutes Hours Days Years n.a.
resolution of the
mode/ *) @) [5,10] (*,[11,10]) [9]
Number of One Multiple
models [5,11,10] @)
Coupling of Soft link Hard link No link n.a.
models ™ ™ [5,11,10] [9]

Figure 2: Morphological box applied to selected enerqgy scenarios
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2. State of the Art Regarding Energy Scenarios for Lower Saxony

The study BUND-Szenario — Energieversorgung in Niedersachsen im Jahr 2050
(BUND scenario — energy supply in Lower Saxony in the year 2050; [11] was
commissioned by the Lower Saxony branch of the Bund fir Umwelt- und
Naturschutz Deutschland (BUND; association for environmental protection and
nature conservation Germany). It is based on the scenarios and the energy system
model described in [5], but sets different assumptions, for example regarding
economic growth, land use of residential areas, resource consumption, and traffic
volume. It is also based on the premise that the whole energy demand of Lower
Saxony can be provided with power and heat plants on the actual territory of Lower
Saxony. This study contains one normative scenario, which describes an energy
system with 100% renewable energy. Numerical assumptions and results are
described for 2050.

(3) Scientific practice

Transparency of Explicit evaluation of scenarios, Implicit data-driven analysis
decision support | e.g., with methods from (multi-
criteria) decision analysis
@) [5,9,11,10]
The rationale for Provided, based on Provided, based on Not provided
assumptions literature own assumptions
and constraints (*, [5, 10]) *, [11]) [9]
Consistency of Demonstrated Not demonstrated
assumptions
and constraints (*, [10]) [5,9, 11]
Communication Assumptions are not
of uncertainties Critical assumptions are marked distinguished
explicitly
(*, [5,9,10]) [11]
Ease of model Glass box Grey box Black box
validation [5] (*, [5, 10]) *,[9,11])

(4) Institutional setting

Commissioner Public Private Non- No
institution institution governmental | commissioner
organization
(*, [5,10]) [9] [11]
Affiliation of Technical Economic Social Environ- No com-
Commissioner mental missioner
[9] (*, [10]) [5,11]
Involvement of Stakeholders are involved Stakeholders are either not
stakeholders involved or not mentioned

*, [5D

[9,11, 10]

*: Approach in NEDS

Figure 3: Morphological box applied to selected enerqgy scenarios, continued
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2. State of the Art Regarding Energy Scenarios for Lower Saxony

The study £nergieland Niedersachsen — Struktur, Entwicklung und Innovation in der
niedersdchsischen Energiewirtschaft (Energy land Lower Saxony — structure,
development, and innovation in the energy sector in Lower Saxony; [9]) was
commissioned by the “Institut der Norddeutschen Wirtschaft e.V.” (Institute of the
North German economy). Notably, this study is not based on any particular energy
system model. Therefore, most results are only presented in a qualitative way. lts
goal is to provide information on the status quo of the energy sector in Lower
Saxony as well as to identify future opportunities for the energy sector in Lower
Saxony. This study contains one predictive (reference) scenario, which describes
future potentials for the development of Lower Saxony’s energy sector, e.g., in
terms of the installed capacities of different renewable energy technologies or the
development of the number of jobs in the energy sector. Future developments are
described for different years up to 2038.

The study £nergie und Klima als Optimierungsproblem am Beispiel Niedersachsen
(Energy and climate as optimization problem applied to Lower Saxony; [10]) was
commissioned by the Federal Ministry for Education, Science, Research, and
Technology. Notably, this study was published in 1996 and is therefore not only the
oldest of the analyzed studies but was also written well before the energy transition
became a prominent topic on the political agenda in Germany. It is nonetheless
included in the analysis because it is one of the few model-based studies concerning
Lower Saxony’s energy supply system. The goal of this study is to analyze options,
which allow avoiding the use of nuclear energy and reducing CO;-emissions in
Lower Saxony, with an optimization model. This study contains three scenarios and
additional sensitivity analyses, which differ in the assumed prices for energy carriers,
sociodemographic and economic parameters, and assumptions concerning the use
of nuclear energy. Quantitative assumptions are described for 1992, while
quantitative results are presented for 2005 and 2020.

In this project, we extend upon existing studies. In particular, the integration of
methods from Multi-Criteria Decision Analysis (MCDA) to evaluate transition paths
and the integration of energy system models with different foci requires a new
methodology for energy scenario development and evaluation. This methodology
will be outlined broadly in Section 4. The multi-criteria evaluation of transition paths
is described in more detail in Section 11. Another feature of this new methodology is
that the consistency of assumptions and constraints is addressed with an
information model, which can be used to support the data exchange in the different
phases of the developed methodology. For example, when different energy system
models with different temporal resolutions and system perspectives need to
exchange data, the information model can be used to model the dependencies and
construct a shared database for these energy system models (see Section 4.2).
Furthermore, the internal consistency of the explorative scenarios is addressed in the
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scenario planning method (see Section 6). Finally, not only greenhouse gas
emissions are considered as environmental impacts, but also other factors such as
agricultural land use, by means of a Life-Cycle assessment (see Sections 9.9 and
10.5).
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3.  Project Framework
C. Reinhold, T. Witt

Because energy systems are very complex systems (as stated in [12]), the major
question, how such a system can be transformed so that it is more sustainable in the
future, can be broken down into many small research questions that need to be
tackled by different disciplines [13]. Increasingly, interdisciplinary approaches,
where models and methods from different disciplines complement each other, are
used.

In this project, models and methods from energy technology, psychology, business
administration, economics, and computer science are brought together to evaluate
how sustainable energy supply can be achieved for Lower Saxony up to the year
2050. The project team comprises partners from universities located in Lower
Saxony.

In Section 3.1, the project targets are described in more detail. From these project
targets, the system boundaries are derived in Section 3.2.

3.1 Project Targets

C. Reinhold

The transformation of the energy supply system in Germany and especially in Lower
Saxony toward a more sustainable system requires the investigation of relevant
subsystems and properties that describe this system. In this field, essential
instruments for decision support and scientific policy advice are the qualitative
analysis of future scenarios via scenario planning, quantitative analysis of these
scenarios’ consequences via energy system analysis, and a subsequent multi-criteria
evaluation, which helps to integrate objective model results and stakeholders’ values
for a holistic system evaluation. In this project, we develop a new general
methodology for the development and evaluation of energy scenarios that aim to
integrate scenario planning, energy system analysis, and multi-criteria analysis.

The objective of developing this methodology is, therefore, to provide an instrument
for scientific policy advice, which helps to shed light on today’s decision problems
by providing quantitative data and allowing for sensitivity analyses, which can
inform corresponding debates in the democratic system and make them more
objective and transparent. The methodology does however not claim to generate
binding recommendations. The energy transition affects many stakeholders because
the energy system has many dependencies to economy, environment, policy,
technology, and citizens. Therefore, the methodology has an additional goal to
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integrate this interdisciplinarity. In the first step, we develop future energy scenarios
for the year 2050 as well as transition pathways marking the years 2020, 2030 and
2040. In the second step, we aim to evaluate the final system state in 2050 as well as
the transition states based on a sustainability concept using a multi-criteria decision
analysis approach.

In addition to the overall goal, subject-specific key questions are formulated at
micro- and macro-level. For the micro-level, influencing factors on the diffusion of
innovations as well as the possible necessity of behavioral adaptation for the
implementation of a sustainable power supply system are examined. This requires a
detailed empirical description of the behavior patterns in German households. The
integration of innovations and new technologies in the residential and commercial
sectors requires the investigation of the electrical behavior of buildings for each grid
node in a coordinated grid system. Based on this, technical requirements are
defined, which are necessary for the efficient use of smart grid technologies.

The macro-level, on the other hand, analyzes the energy system transformation and
its quantitative effects on the sub-sectors of grid technology, energy economy, and
national economy. To this end, the topology of the supply system and the
characteristics of the generation and consumption structure are addressed. Cost-
optimized expansion strategies and economic planning of the plants are essential for
the transformation of the power supply system. The focus at the macroeconomic
level is the evaluation of the influence of climate policy, trade policy and their
interconnections on the energy sector and the economy of Lower Saxony.

Both levels are linked with each other. Statements and results from the micro-level
are transferred to models of the macro-level with the use of scaling. For example, the
load assumptions of a low-voltage grid are scaled and transferred to the grid
extension planning for Lower Saxony’s entire power grid.

Answering the key questions for future scenarios requires subject-specific simulation
models to simulate the individual parts of the energy supply system. The basis for
efficient simulation studies is the performance optimization of the respective
simulation models. The subsequent process step is the aggregation and connecting
of the simulation results with the sustainability criteria.

3.2 System Boundary

1. Witt

Because the project targets are not only to develop a methodology for development
and evaluation of energy scenarios but also to apply this methodology to planning
the transition of Lower Saxony’s power generation system toward higher shares of
energy from renewable sources, two system boundaries need to be distinguished:

10
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First, the system boundary of the developed methodology and, second, the case-
specific system boundary of its application to Lower Saxony.

The system boundary of the developed methodology is related to the so-called life
cycle of energy scenarios. According to Grunwald [14], this life cycle can be
distinguished into three phases. (1) Construction of energy scenarios, which may
include quantitative energy system analysis, qualitative assumptions, or a mix of
both; (2) evaluation of energy scenarios, which is the evaluation of an energy
scenario’s substance'; (3) impact of energy scenarios in energy policy and the
energy sector, which comprises energy scenarios’ consequences for decisions, the
formation of opinions or structuring of public debates. In accordance with the
project targets, the developed methodology for development and evaluation of
energy scenarios covers only the first two phases of an energy scenario’s life cycle.
The generated results of the methodology can subsequently be used in the last
phase of the life cycle to inform public debates. For example, as part of the project,
the assumptions and results have been discussed in three public symposia with
stakeholders employed in Lower Saxony’s ministries, different regional associations,
and the energy sector.

The case-specific system boundary of the methodology’s application to Lower
Saxony can again be divided into two parts: system boundaries of the future
scenarios (see Section 6) and system boundaries of the different (energy system)
models (see Section 9).

The future scenarios cover the power supply system of Lower Saxony, e.g., in terms
of the energy mix and energy demand, and its environment, e.g., in terms of prices
for primary energy carriers and political developments in the European Union. The
heat and transport sectors are not covered, but assumptions for the development
and growth of the overall economy are made. The temporal scope of the scenarios is
2015 through 2050, and the geographical scope of the scenarios is (mostly) Lower
Saxony. For example, the energy demand of the adjoining federal states of Bremen
and Hamburg is also considered, following the principle of solidarity described in

[5].

Different energy system models cover different parts of the power generation system
and have different geographical scopes. For example, the energy demand and
generation of (a limited number of) households are modeled in a smart grid model.
Thus, only a small section of the energy system is modeled, and this model’s results

! According to [14], the substance or “quality”, i.e., the assumptions and methods of energy scenarios should be
evaluated, which should help to select suitable energy scenarios for a decision problem. Note that a slightly
different concept of evaluation is used in this project: Different alternatives are evaluated under different
scenarios, which also leads to more transparent decision support. We also aim to increase the transparency of an
energy scenario’s construction phase with the help of an information model (see Section 4.2).

11
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need to be aggregated before they can be used as input parameters for connected
models with greater geographical scope. For detailed descriptions of each model’s
system boundary and the interfaces between the models, refer to the individual
models’ descriptions (see Section 9). Due to the varying availability of data, the
temporal baseline of the models also differs. For example, while most models use
input data from 2015 as their base year, the macroeconomic model uses data from
2011 as its base year, since data that is more recent was not available.

It should be noted that some of the used models and methods, e.g., the multi-
criteria evaluation or empirical studies of the diffusion of innovation, require the
identification of relevant stakeholders. With the object of investigation being Lower
Saxony’s energy supply system, different stakeholders can be investigated. However,
a decision maker (or group thereof), who could implement options for Lower
Saxony’s future energy supply system, cannot be clearly identified, because there
are simply too many actors that have different authorities over necessary resources
(including energy supply companies, transmission system operators, non-energy
companies, the general public, government institutions, and non-government
organizations). In such a setting, we suggest that the different stakeholders can be
analyzed via stakeholder analysis (see, e.g., [15] or Section 7), or that different
perspectives are investigated via sensitivity analysis (see Section 5.1 for the
weighting of decision-relevant criteria).

12
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4. Development of a Methodology for the Sustainability

Evaluation of Energy Scenarios
7. Witt, J. S. Schwarz

The major objective of energy policy in the European Union is to ensure a
competitive, sustainable, and secure energy supply [16]. These targets are often
cited in energy scenario studies for the EU and its member states. However, most
energy scenario studies do not differentiate between scenarios (describing external
uncertainties) and alternatives (describing options for the energy supply), and
therefore do not explicitly evaluate the degree to which different alternatives actually
satisfy these (multiple, usually conflicting) targets [7, 17]. Therefore, the
recommendations and conclusions in these studies cannot be derived in a
transparent way. To increase the transparency of the decision support, it would be
useful to explicitly evaluate options in terms of these targets and thereby support
today’s decisions in energy policy or the energy sector.

To achieve such an evaluation, the methodology is based on the story-and-
simulation (SAS) approach [18], in which the first step for developing scenarios is to
develop qualitative storylines for each scenario (via scenario planning, see, e.g.,
[19]), which are quantified with assumptions and system models (via energy system
analysis, see, e.g., [20]) afterward. Our methodology extends this SAS approach with
multi-criteria analysis (see, e.g., [21]) in such a way that it leads to a number of
alternatives, which can be evaluated in terms of competitiveness, sustainability, and
energy security. Figure 4 illustrates the basic idea of a sustainability evaluation
process.

The methodology, therefore, combines three individual processes: scenario
planning, (energy) system analysis, and multi-criteria analysis. It does however not
cover the last phase of the life cycle of energy scenarios (see Section 3.2), due to the
nature of multi-criteria decision problems, where different stakeholders may have
different opinions and priorities so that a compromise needs to be found.

13
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Scenarios
Future Scenarios Sustainability Evaluation
Possible future energy Sustainability
system configurations evaluation of decision
alternatives
| [
| [
T Sustainability order
Quall_tatlve fuftur_e ) ot decision
scenario description ' -
alternatives
N ~
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\E_q__,/// R — _,// .

Figure 4: Methodological challenge: from qualitative future scenarios to an order of
quantitatively evaluated alternatives

4.1 Process for Integrated Development and Evaluation of Energy
Scenarios (PDES)

7. Witt

Two similar versions of the developed methodology have been described in [22, 17]
(for a simplified version, see Figure 5; for a detailed version, see Appendix:
Figure 101)." According to these descriptions, the methodology is divided into four
subsequent phases: (1) Preparatory Steps; (2) From Story to Simulation;
(3) Modeling and Simulation; (4) Sustainability Evaluation.

In the Preparatory Steps phase, a problem is identified and defined. The first result of
this phase is a problem adequate definition of sustainability and its
operationalization with concrete sustainability evaluation criteria (SEC, see
Section 0). For example, in the application of the methodology to planning the
transition of Lower Saxony’s power generation system, not only social, economic,
and environmental, but also technical criteria are used. The second result of this
phase is the description of qualitative future scenarios addressing the earlier defined
problem (see Section 6). For planning the transition of a complex system such as the
energy supply system, different perspectives need to be integrated [13]. Therefore,

' Another version of the methodology, which uses the individual process of scenario planning, energy system
analysis, and multi-criteria analysis as a theoretical basis, is described in [61].
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4. Development of a Methodology for the Sustainability Evaluation of Energy
Scenarios

assuming an interdisciplinary perspective can be useful when defining future
scenarios.

Braiaraton Shsns From Story to Modeling & Sustainability
P ry Siep Simulation Simulation Evaluation
Preparation of Sustainability TP
Evaluation sustainability
i SRS £ 1 7| evaluation criteria
N
Definiion of austananity :
sustainability evaluation criteria
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¢ s = MCDA
uture Scenarios Quantification sy sy Simulation
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external scenario

scenarios
ordered by
sustainability

Figure 5: Overview of the Process for Integrated Development and Evaluation of Energy
Scenarios (PDES)

In the From Story to Simulation phase, the qualitative future scenarios are
transformed into quantitative assumptions. Assumptions that — according to the
case-specific system boundaries — represent external uncertainties, e.g., prices for
crude oil, are distinguished from assumptions that represent alternatives, e.g.,
alternative configurations of the energy system. Together, both types of
assumptions form a so-called “evaluation object”, i.e., a particular alternative in a
particular scenario. The assumptions, e.g., the installed capacity of rooftop
photovoltaic power plants, are usually based on related literature, but can also be
refined with empirical analyses, as we did in our diffusion studies (see Section 7).
The result of this phase is, therefore, the specification of input parameters for
quantitative energy system models, which represent the earlier defined future
scenarios (see Section 8).

In the Modeling and Simulation phase, one or multiple energy system models can
be used to quantify the performance of different alternatives in different scenarios
(see Sections 9 and 10). In this project, multiple models are used, so that their
interfaces need to be defined as well.

In the Sustainability Evaluation phase, the alternatives are explicitly evaluated in
terms of the earlier defined sustainability evaluation criteria under different
scenarios. With sensitivity analyses, the consequences of different input parameters,
e.g., the criteria weights, on the evaluation result can be investigated. Based on
explicit evaluation of alternatives, policy recommendations can be inferred in a
transparent way.
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Scenarios

4.2 Information Model

/. 8. Schwarz

In the PDES, many different types of data are described as the output of different
steps of the process, e.g., quantified future scenarios, results of the simulation, or
SECs. Thus, an information model has been developed, which assists the handling of
data flows and dependencies during the integrated development of future scenarios,
simulation, and sustainability evaluation within the PDES based on methods from
computer science. It is described in detail in [22, 17] and summarized in the
following.

Transformation Functions

k{ Transformation Function

A

r A)
£ A .
‘ : AE R Evaluation
Domains g \
g o %
2 .r'r N\ r
AC N Evaluation Dimension
omain ’ 4 .
//’ ’)’} \\\
v 4 *| Evaluation Criterion
omain jec /,
""""" el
5Derived Attribute f=—___ >~ =
e T Simulation Models ‘

"~~~ simulation Model

Figure 6: Structure of the information model [17]

The structure of the information model is shown in Figure 6, which uses the object-
orientation paradigm from computer science. The boxes with rounded edges
represent the different types of objects and the rectangular boxes represent the
instances of the objects. Arrows model data flows.

On the left-hand side of Figure 6, the domains of interest within the future scenarios
and simulation are modeled. The term domain refers to a specific area of expertise in
the interdisciplinary context. Each domain is described by domain objects
representing objects or concepts of the real world. These domain objects are
characterized by attributes, which can have different types as shown in Figure 7. The
attributes are categorized based on the following two characterizations: Firstly, if
attributes can be influenced, they are endogenous attributes, which constitute the
decision alternatives. Secondly, the attributes that cannot be influenced describe the
external uncertainties and are subdivided into scenario-specific framework
conditions and general framework conditions. The scenario-specific framework
conditions vary for all the different future scenarios, while the general framework
conditions apply for all future scenarios.
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Scenarios

Additional information can be annotated to the attributes: E.g., the key factor
describing the attribute in the scenario planning process (see Section 6.1) or the
different types of attributes: general framework condition (G), scenario-specific
framework condition (S), and endogenous attribute (E). The attributes can be
annotated with their unit and have to be instantiated with values for simulation. The
general framework conditions have to be initialized with one value for all external
scenarios and decision alternatives. The scenario-specific framework conditions have
to be initialized with one value for each external scenario, and the endogenous
attributes for each external scenario and decision alternative. These values can be
based on literature research for future scenarios (non-derived attributes) or on
simulation (derived attributes). For the derived attributes, which are annotated with
cogwheel icons, also simulation models can be added in the information model to
represent the data flows of their outputs.

Attributes
scenario-static scenario-variable
Scenario-
General SHERIRE
exogenous framework P Quantified
2 framework ; 3 : i
conditions 5 Derived Transformation sustainability
conditions —_— ; — £ e :
attributes functions evaluation
criteria (SECs)
endogenous Endqgenous
attributes

Figure 7: Overview of attribute classification in different types and the data flows of their
values [22]

On the right-hand side of Figure 6, the evaluation goal is described — for the NEDS
project, this is sustainability. This main goal of the evaluation is subdivided into
several sustainability dimensions (technical, economic, environmental, and social as
described in Section 0), which are again subdivided into concrete SEC. Quantified
attributes are mapped onto the SECs via transformation functions. These functions
describe simple data flows or aggregations of the input values.

In Figure 8, an example of the usage of the information model from [17] is shown.
The domain wuser contains the domain object /ifestyle with an attribute wtilization
frequency of electrical equipment representing user behavior. This attribute is
scenario-specific (annotated with an “S”) and depends on a specific factor defined in
the future scenarios (annotated with a “6”). It represents conceivable future
development of the user behavior and is input for a smart home model. This model
consists of various models of consumer devices encapsulated in a smart home.
Based on the user behavior, the building model offers flexibility, which is used by the
smart grid model to schedule the Building Energy Management Systems’ (BEMS)
electricity consumption or production. Based on the schedule, the demand for
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Scenarios

electricity in households is the output of the building model, which is input for the
economic market model and the energy market model. Both market models also
have the energy mix as input. The energy mix consists of the amount of energy
generated by the different primary energy sources. As output, the two market
models provide the carbon dioxide emissions of the power plants and the overall
economy. The carbon dioxide emissions are input for the transformation function for
the SEC GHG emissions.

transformation functions |
"

user *_ecological |

_! greenhouse gas emission

|| ifestyle |
{ [s[Butilization frequency of electrical equipment |

1cT | ;
e GHG emissions [kg CO2-eq] .
[ —_— [ ecological |
| BEMS i
| DY ] technical l (e
- H sustainability
| flexibility k- economic |) EEEESSS———

sschedule F-- : . social |

| ]
[— market
demand for electricity |
f 4 in housholds [kWh] #

* smart home model

1 emission
L PN > smart grid model |

{ “acarbon dioxide [kg] §o e e : > energy market model J simulation models

— energy : economic market mode

[El 2energy mix J=

Figure &: Example of the information model [17]

This example illustrates how the information model can support modeling scenarios.
The modeling can take place in a mind map following the described structure and
aims to support discussions in an interdisciplinary project team. The content is
serializable in standard formats. However, modeling a scenario with many attributes,
dependencies, and data flows can be highly complex and therefore would benefit
from assistance and automation. Thus, the information model is integrated with
Semantic Web technologies [23]. The Semantic Web was developed to add semantic
descriptions to the World Wide Web but can also be used to make knowledge
machine readable and processable with the following technologies. RDF (Resource
Description Framework) is the common format to store data in triples of subject,
object, and predicate. OWL (Web Ontology Language) is the common language to
describe ontologies, which describe knowledge based on concepts (classes) and
their relationships (properties). For the development and usage of ontologies, the
ontology editor Protégé is used. The SPARQL Protocol And RDF Query Language
(SPARQL) is used to query the content of RDF files or triple stores.

To make the content of the information model machine readable for further
processing it is transformed to RDF and the structure of the information model is
defined by an OWL ontology as described in [24]. Thus, the information model can
be used to assist in the development of a so-called Aigh-level scenario. Modeling this
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Scenarios

high-level scenario means describing the goals of a simulation, identifying needed
simulation models, modeling data flows, and identifying potential dependencies
between simulation models. Especially, for answering interdisciplinary questions,
the modeling can get very complex. The information model in NEDS contains 29
domain objects, 231 attributes, and 18 sustainability criteria (The complete
information model of NEDS can be found online’). The domain objects and
attributes are listed in Table 36 and the sustainability criteria are presented in Section
5.2. As this number of objects can get hard to handle manually, queries can assist
the user to find the needed information. For example, queries can show attributes or
sustainability criteria, which are not connected to anything and recommend
connections (more details and examples were published in [25]). Thus, it helps to
use the full potential of the modeled scenario. Additionally, in several domains
ontologies exist with domain knowledge, which can be integrated, e.g., to reference
existing terminology.

The content of the information model can be used to assist the user not only in
developing a high-level scenario but also in the steps toward an executable
simulation. Because multiple simulation models may be needed for the
interdisciplinary simulation in the PDES, co-simulation provides promising
functionalities. Co-simulation allows to couple simulation models, which can
represent different domains and can be implemented in different programming
languages and paradigms [26]. Thus, co-simulation suits perfectly for building an
interdisciplinary simulation of future scenarios. The information model can be used
to assist the user in the planning of such a co-simulation. A scenario planning
process integrated directly in the co-simulation framework “mosaik” is under
development and described in [27] (see Figure 9). The left-hand side of Figure 9
represents the already explained integration of the information model. To develop a
concrete co-simulation based on the “high-level” scenario planning in the
information model, a catalog for co-simulation components has been developed. It
uses the Functional Mockup Interface (FMI) standard [28] for the definition of
variables and is implemented in a Semantic Media Wiki (SMW) [29], which allows
the integration of its content in SPARQL queries. With these queries, the information
model and the catalog can be used to find suitable components to build a
simulation scenario, which consists of the simulation models, their parametrization,
and the data flows between them. Additionally, the information model can be used
to identify dependencies between different simulation models or the
parametrization. For example, attributes, which are used for the parametrization of
several different simulation models, should be modeled in the information model to
ensure the consistency in the parametrization.

2 https.//www.neds-niedersachsen.de/fileadmin/neds/pdf/NEDS._Informationmodel.zjp
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The information model can also be used to
integrate the knowledge from the high-level
scenario description in the evaluation in two ways.
On the one hand, the dependencies to the SEC in
the PDES are modeled and as shortly described in
[17], the information model was used to
automatically generate a relational database
schema to store the relevant data. For every
attribute, the assumptions and results for the
different alternatives, scenarios, and years can be
stored in this database. Thus, it can make the
parametrization and data exchange more
transparent. On the other hand, the information
model can also be used for simulation in other
contexts to model dependencies and data flows of
simulation models and make the evaluation more
transparent.

With the described use cases, the information
model supports the PDES described in Section 4.1.
It was used in NEDS to structure discussions and
make the goals and data flows transparent.
Furthermore, it enables larger interdisciplinary
projects to apply it with larger numbers of
simulation models to handle complexity.
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5.  Sustainability as Evaluation Concept

F. Wille
Defining and operationalizing the
Flieparatoryieps concept of sustainability is one of the
first preparatory steps of the
methodology for integrated
Preparation of Sustainability development and evaluation of energy
Evaluation scenarios because this

operationalization serves as a basis and
provides input for many subsequent

/' Sustainabilty steps in the methodology. Figure 10
D (R fveliiston provides an overview of the process

criteria (SEC)

: steps that lead to the
operationalization of sustainability in
terms of concrete, measurable criteria.

Citizen Definition of . . . . .
el O | sustainability There is a myriad of possible criteria to
evaluation criteria
evaluate an energy system. In our

project, the focus for selecting criteria
is their correspondence with the
Sustrniity concept of the German term
concept ‘Nachhaltigkeit’, which translates to
the term ‘sustainability’, but s
sometimes used with different
connotations [30]. Originally, the term
Figure 10: Excerpt from the PDES for defining sustainability was employed in relation
relevant evaluation criteria to forestry in 1713 by Hans Carl von
Carlowitz [31] and developed further into a principle describing the usage of forest
resources in a way, which would allow future generations equal or more usage of
forest resources (Hartig, cited from [32]). At first, the sustainability principle was only
applied to upholding limited forest resources, but it was expanded to incorporate
other aspects which were to be upheld, e.g., biodiversity or the functional integrity
of an ecosystem [32]. Its expansion to natural resources in a broad sense seems still
consensus in concepts of sustainability [33]. This principle can be identified for
example in the idea of dividing energy resources in renewable and non-renewable
sources of energy. The current use of the term renewable energy as defined by the
International Energy Agency as "energy that is derived from natural processes (e.g.,
sunlight and wind) that are replenished at a higher rate than they are consumed”
[34] is relatively consistent within the literature [3] and often includes enumerations
of wind, solar, geothermal, hydro, and tidal power and biomass as examples of
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5. Sustainability as Evaluation Concept

renewable energy [3]. Coal, gas, oil, and uranium are considered non-renewable
sources [35]. In our project, we emphasize this idea by evaluating the proportion of
renewable energy resources in possible future energy systems. Even though the
concepts of renewable energy and sustainability are strongly linked in public
discourse, for achieving climate change goals, [3] argue that it could be detrimental
to equate both concepts and that specifications of sustainability criteria are
important for an evaluation of an energy system. Another notion is the long-term
perspective of sustainability by considering effects for future generations, which
according to Seghezzo [36] is neglected as part of the contemporary debate of
sustainability but is nonetheless part of most ideas about sustainability in terms of
intergenerational justice [33]. Long-term effects of the transition toward higher
shares of energy from renewable sources can, for example, be analyzed with long-
term energy scenarios.

According to Hellbriick and Kals [30], sustainability became a popular guiding
principle for discussing environmental problems and necessary behavior changes
with the Club of Rome Report “The limits to growth” in 1972. Having undergone
changes in meaning since then, a common notion concerning the definition of
sustainability appears to be its description by integrating goals within three different
dimensions: environmental, economic and social [30]. This three-dimensional
perspective was developed by the Enquéte-commission as a guiding principle for a
sustainable society regarding the three dimensions as equal to each other [37]. Due
to the important influence of technical innovations on living standards and global
developments, e.g., in information- and communication systems and especially in
the field of renewable energies [37], it is appropriate to integrate as the fourth
dimension of sustainability a technical perspective, which was also done by others
before [38].

Another aspect of defining sustainability is its conception as strong or weak. The
differentiation focuses on the degree of substitutability of natural capital [33]. From
an economic perspective, different types of individual and collective legacies for
future generations are associated with building, sustaining and reproducing capital
stock, which can be categorized into physical capital, natural capital, cultivated
natural capital (e.g., utilized agricultural area), social capital (e.g., institutions),
human capital (e.g., education) and knowledge capital [33]. While in conceptions of
strong sustainability, the idea is to keep the natural capital constant over time, in
weak sustainability conceptions natural capital can be substituted by physical
capital, as long as an aggregated utility value in terms of human welfare does not
decline [33]. In our evaluation process, we do not define limits in criteria for
substitutability, but compensation effects are taken into account when specifying
the MCDA-method (see Section 11).
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5. Sustainability as Evaluation Concept

The sustainability evaluation criteria (SEC) are a significant output of the preparatory
steps within the evaluation process as depicted in Figure 10. They are based on the
analysis of empirical data from citizen involvement, which is described in
Section 5.1, and the definition of SEC, which is described in Section 5.2. Both the
empirical analysis as well as the definition of SEC build on the described concept of
sustainability.

5.1 Empirical Analyses of Evaluation Criteria for a Sustainable Energy
System and the Importance of Sustainability Dimensions

F. Wille

In order to realize a future energy system, societal acceptance and legitimization are
of importance [39]. Even though there is enough literature from which to choose
evaluation criteria for an energy system, we decided to specifically address the Lower
Saxony context of this project and to analyze preference and evaluation patterns for
a sustainable energy system in Lower Saxony. The aim is to develop a process, which
allows integrating evaluation criteria and preferences as stated by groups of interest.
Since there is no a priori reason to assume differences in the preference patterns of
groups labeled “Lower Saxons” and “other states”, our selection of groups of
interest did not differentiate this aspect. Instead, we focused on acquiring two
relatively homogenous groups to analyze their preferences toward the evaluation
object of an energy system for Lower Saxony in 2050. Research questions are, first,
which social, economic, environmental and technical evaluation criteria for a
sustainable energy system in 2050 in Lower Saxony are verbally stated for those
sustainability dimensions by professional experts and by thematically highly
interested citizens and, second, how do these groups weigh the importance of the
different sustainability dimensions for a sustainable energy system in 2050 in Lower
Saxony?

Four experts were selected by the project consortium based on their professional
expertise. The representative for the economic dimension works for the Institute for
The World Economy, the representative for the social dimension for the German
Trade Union Confederation (area of expertise energy politics), the representative for
the environmental dimension for the Federal Agency for Nature Conservation (area
of expertise nature conservation and renewable energies), and the representative for
the technical dimension works for the Bundesnetzagentur (area of expertise energy
regulation). Data material from this expert group was collected at a public
symposium at the beginning of the project from (1) speeches delivered, (2) a
moderated focus group discussion between the experts and (3) an open discussion
with symposium participants. The produced speeches were based on an open
question “According to your opinion, what features should a sustainable energy
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system have? What are your ideas for a future energy system in Lower Saxony?”
(translated from German)'.

The group of thematically highly interested citizens was recruited from a pool of 29
symposium participants who answered open questionnaire items (“What means
sustainability for you?” and “What are the important criteria of a sustainable energy
system for you?”) and indicated willingness to participate in semi-structured
interviews of approximately one hour by separately leaving contact information. Ten
interviews were conducted with participants between 27 and 75 years old.

A qualitative content analysis according to Mayring [40] was conducted. The
analysis was performed with MAXQDAT8 software. Sustainability dimensions were
coded deductively and sustainability evaluation criteria were coded inductively
based on data material from experts as well as highly interested citizens. Interrater
reliabilities lie between kappa = .76 and kappa = .97 [41] for the different types of
data material.

To answer the first research question, the inductively coded evaluation criteria were
summarized for the group of experts and highly interested citizens, broken down
into the different dimensions of sustainability, which were coded deductively in the
first step of the analysis. The developed evaluation criteria are the result of inductive
category building according to Mayring’s technique of a summarizing content
analysis [40], which builds its’ categories via paraphrasing text segments,
generalizing paraphrases and abstraction. In this way, a category system with
different levels of abstraction (for example, categories at the top level and below
that, sub-categories) can be built. Depending on the sustainability dimension, our
category system encompasses in descending order of abstraction main categories,
upper categories and sub-categories. The sub-categories designate the evaluation
criteria. In cases, where a sub-category was not coded to belong to an upper
category, it stands alone in the following visualizations. To this logic, we made one
exception for the case of the upper category acceptance, because even though it
only contains the one sub-category consider acceptance, it was stated so often, that
we wanted to relate this by an upper category, even if the paraphrased statements
were not diverse enough in content to build different “acceptance sub-categories”.

For an aggregated overview of the category system with its evaluation criteria, see
Figures 10, 11, 12 and 13.

' Al data material, instructions, coding schemes and results are originally in German. For reporting, important
parts are translated.
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Figure 11: Social sustainability criteria from qualitative context analysis

As can be seen, most criteria were coded for the social dimension of sustainability
(31 criteria). Eleven upper categories were built:

The criteria (local) participation, demand contributions, setting general conditions
for change and bottom-up change were grouped as part of an upper category
collective change. They aim at integrating humans with different roles in regard to
the energy system (e.g., citizen, entrepreneur, politician) in the transformation
process. Acceptance as upper category describes the demand to consider
acceptance in society concerning planning and implementation of energy systems.
The upper category information of population includes aspects of transference of
knowledge and education as well as transparency of the process. Transparency in
this context was sometimes described as a factor influencing acceptance directly or
indirectly via (local) participation. The upper category behavior contro/ summarizes
discussed possibilities and ideas on how to influence behavior to achieve a
sustainable energy system. This includes the use of and being a role model,
regulation of electricity pricing, incentivizing sustainable choices, regulation through
(federal) laws and motivational interventions as well as education, knowledge and
system improvement. The upper category safety as part of the social sustainability
dimension encompasses demanding of a technical energy system to secure and
focus on certain human needs among which supply with electricity and a secure use
model or use pattern of electricity were further distinguishable. Evaluations of
whether the use patterns should change to be compatible with a transformed
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energy system or if the new system should be built to minimize changes in use
patterns and secure maximum freedom in electricity use, varied. The criterion
resource-saving lifestyle in the upper category /ifestyle is comparable to secure
electricity use models, but does not address electricity use and states the need to
change current lifestyles. Lifestyle also includes maintaining public welfare and living
standards, as well as discussions of alternative living concepts with for example
higher flexibility in working hours. The upper category risk avoidance comprises
accounting for international consequences of for example resource conflicts,
accounting for health consequences (e.g., respiration, smog) and accounting for
climate change consequences affecting humans. The criteria societal weighting
process of consequences, no consideration of bogus arguments, consideration of
different interests, early conflict identification and coping as well as expectancy of
resistance against change describe an approach toward societal confiict
managementin which perspectives, arguments, and interests of different groups are
(critically) considered. The upper category establishing justice comprises aspects of
compensation for disadvantages and intergenerational justice, which aim at
compensating unequal distributions of advantages and disadvantages resulting from
an energy system within and between generations. Such aspects of advantages and
disadvantages are also discussed in terms of the criterion affordability of energy. The
criterion long-term consequences are more important than short-term
consequences was stated only once and was sorted to the social dimension because
it can be viewed as close to a societal weighting process of consequences, but an
interpretation as a statement for a general weighting principle of consequences of
an energy system is also possible.

Statements coded as belonging to the environmental sustainability dimension
(18 criteria) are summarized in following upper categories: environmental
compatibility, minimize emissions and minimize impacts, which are grouped as part
of a main category environmental protection, to which the criterion climate
protection can be sorted as well, while maintenance and restoration of nature and
implementation of nature protection goals were grouped within a main category
nature conservancy, as was the criterion species protection. The upper category
follow ecological boundary conditions describes the demand of maintaining an
ecological balance and observing ecological limits, which also can be interpreted as
a statement toward weighting of criteria. In demarcation to the social criterion
account for climate change consequences affecting humans, where the focus lies in
explicitly stating the relevance for humans, the environmental criteria consider
catastrophic climate impacts describes climate impacts without relation to effects on
humans and was thus coded as part of environmental sustainability criteria.
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Figure 1z: Environmental sustainability criteria from qualitative context analysis

Most economic sustainability criteria (13) are grouped in the upper category
weighing up of costs, which encompasses the idea of using cost analyses to evaluate
change options, to choose lower-cost options and to integrate aspects like
consequences of interventions or environmental changes in a cost calculation. The
differentiation between short-term and long-term consequences arises also in this
context, but without a preference statement toward weighting. Competition as
upper category comprises the existence of a competitive market economy as a
regulating instrument, the maintenance of (international) competitiveness of Lower
Saxony’s industry and the goal to attain competitiveness of renewables. The upper
category preservation of work capacity includes the demand to consider loss and
gain of workplaces in economic decisions, to support the adaption of workers to
new workplaces and to plan and design adequate workplaces in the energy sector.
Since the focus lies on maintaining a work-force, it was categorized as belonging to
economic sustainability criteria. The criterion preservation of structure and structural
change encompasses the idea to maintain closed industrial value chains and the use
of regional resources in spite of structural changes in the energy system. The
criterion alternative economic system was stated by the group of interested citizens,
who doubted the sustainability of growth-oriented economic systems.
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Figure 13: Economic sustainability criteria from qualitative context analysis

Since technical sustainability criteria are less known, we describe a few examples
from paraphrased text segments for illustrative purposes. Criteria for technical
sustainability (twelve) are reliable systems (e.g., low susceptibility of systems, need
of storage system for reliable supply, grid stability), intelligent systems (e.g.,
information and communication technology to better control energy distribution),
flexible systems (e.g., adaptiveness, sector coupling, no preference for certain types
of power plants), safe systems (e.g., operational safety, too high safety risks
concerning atomic disposal and accidents), efficient systems, and frugal systems
(e.g., improve energy savings, consider whole life-cycle of technologies, use of
existing infrastructure). The upper category long-lasting systems encompass aspects
such as reusability of materials in the manufacturing process, long operability of
energy technologies due to good mending and maintenance possibilities and use of
regenerating energy resources in contrast to those which do not regenerate. The
criterion advancement of technologies comprises statements toward promoting the
development of storage systems and promoting research without constraints on the
type of technology. A systems’ closeness to people is characterized by its
decentralization, adaptiveness to human needs and the use of local potentials for
energy conversion.
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Figure 14: Technical sustainability criteria from qualitative context analysis

The derived criteria for our four sustainability dimensions can be related to existing
criteria. The extracted social sustainability criteria correspond with topics of social
indicator sets developed in a similar European project (NEDS), which aimed at
devising an indicator set of social sustainability criteria for energy systems [42]. In
that project, four main criteria are derived: “political stability and legitimacy”,
“security and reliability of energy provision”, “social and individual risks” and
“quality of life”. Values of a social sustainability concept described by Hull [43] such
as equality, work, liberty, social solidarity, universal access to basic goods,
intergenerational justice, and social justice are also discussed by our group of
experts and interested citizens. Furthermore, principles such as political
participation, which already appear in the ‘Brundtland Report’” (WCED; [44]), are
stated and were grouped in the upper category of collective change. A relatively
large amount of codes is grouped in the upper category behavior control, which
puts an emphasis on possibilities of behavior change methods to achieve a
sustainable energy system. This category is not suited for operationalizing social
sustainability in this current project, because the evaluation object consists of
different states of systems and the category focusses on the process of how to
achieve a certain system state. However, since questions of behavior change are
viewed as an integral part of a sustainability discourse [45], we included it in our
social sustainability criteria. Environmental criteria, such as resource consumption,
climate protection, biodiversity, ecotoxicity, air pollution, waste reduction and
minimizing risks are similar to the criteria topics of the NEEDS project [46] and also
with other literature there seems to be a high topical similarity (e.g., [47] [48]). The
NEEDS project [46] specified thematically comparable economic sustainability
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criteria in terms of preservation of work capacity (direct jobs: “as the amount of
employment directly related to building and operating the generating technology”),
but the considered or weighed costs are less broad. They are restricted to
operational costs and financial risks of the utility manager, while our content analysis
identifies criteria like economic cost of consequences of environmental impacts and
interventions. This might be reflective of what Hull [43, pp. 76-77] identifies as one
of three basic approaches in the discourse on conceptualizing sustainable
development, which he distinguishes according to their main ideas and values. What
he terms “conservational neo-liberal economy” is described as “an idea of
sustainable development that leads to economic growth taking account of natural
and social limitations”, which tries to value and factor in all environmental goods, as
well as environmental effects of human activity into market mechanisms. Often, a
technical dimension is not included in the conceptualizations of sustainability (e.g.,
[49, 50, 51]). Some of the stated technical criteria like reliability and safety are
sometimes part of a social dimension as in safety and reliability of energy supply,
whereas criteria such as frugality, flexibility and efficiency are often sorted with an
economic dimension [42, 46]. Inconsistencies in the allocation of criteria to different
dimensions are to be expected as a result of introducing this new sustainability
dimension. An interesting consequence of this conceptualization is, however, that
relatively new evaluation criteria such as human relatedness of a technical system are
discussed. Comparing our empirical results on sustainability criteria with other
criteria as outlined above, we find a large overlap in discussed topics. Thus, verbal
statements from ten interviewed citizens, four public speaking experts from different
areas of expertise and 29 questionnaire answers mainly reproduced topics already
discussed as relevant aspects in the sustainability debate with the exception of the
relatively newly introduced dimension of technical sustainability. This is a similar
observation as a conclusion drawn by Hopwood et al. [50, p. 47]: “In most cases
people bring to the debates on sustainable development already existing political
and philosophical outlooks”.

As part of multi-criteria decision analysis (MCDA), the importance of criteria for a
certain group of decision-makers or stakeholders is often assessed. In our evaluation
process, we do not have a specified group of decision makers. With our second
research question, we thus aim at evaluating the preference ranking of the four
sustainability dimensions as discussed by our group of experts and highly interested
citizens.

One way to establish a preference ranking is to analyze verbal statements toward the
weighting of different sustainability dimensions. This was done for a group of
experts. Since, in total, there was a low amount of “ranking statements” in the
expert group (17 out of 482 codes), from which to deduce a preference order, we
included a specific question in the interviews to rank the sustainability dimensions
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according to importance. Both procedures deduce a preference order based on
explicit verbal statements. Taken together, the statements by the expert group in
their talks, the focus group and open discussion point toward a preference of the
environmental dimension or an equal weighting of all dimensions. Aspects of the
environmental dimension are described as general boundary conditions, which need
to be upheld, and the other dimensions are to be weighed more or less equally
depending on the speaker after that. To exemplify this summary, view the translated
statements from experts one to four (for expert two, no weighting statement was
coded) and an example from the focus group as well as an open discussion:

“From a nature conservation perspective not only the costs are important, but even
more so a good cost-benefit ratio. And we have to take conflicts with other societal
goals seriously and to this belongs also the nature conservation goals” (expert_1, 8)

“this has to happen of course within the ecological or planetary load limits”
(expert_3, 7)

“One needs basically a strict upper limit of emissions, which one defines and if we
take the politically set [...] two degrees goal, then we have a fixed amount of
emissions we have to emit and there | believe, that we have to achieve that, to
uphold this goal.” (expert_4, 45)

“the equality of different aspects arranges of course beneath the upholding of
planetary load limits somehow” (focus group, 36)

“insofar | find this ‘it has to be economically driven’ in fact a little [not
understandable] too short-sighted because for me it is always the questions, what
must | actually include in the calculation” (open discussion, 50)

The preference order, based on explicit statements for the group of interested
citizens, is summarized in a dominance matrix in Table 1. In the group of interested
citizens, the environmental dimension also ranks first, followed by the social,
economic and technical dimensions.

Table 1: Dominance matrix of stated ranks in a group of citizens (row beats column)

environ- . . . dominance
social economic technical
mental (sum)

environmental
social
economic
technical

Interpreting this type of preference order indicator, which is based on explicit verbal
statements, as the only possible indicator, would be too reduced because it neglects
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the situation, in which the statements were made, the function of verbal behavior
and the method used to deduce the indicator. The dominance of the environmental
dimension in verbal statements could be for example largely attributable to the
sustainability topic of the project and function as a means to further status quo
interests (e.g., [52]; [53]) or even other interests. To consider this possibility, a
preference indicator, which is closer to observable behavior, such as the amount of
produced verbal behavior on a certain sustainability dimension, can be evaluated.
Since producing verbal behavior means energy expenditure for an organism, we
assume the more energy an organism spends on a certain topic, the more
importance that topic has, i.e., the higher the preference for that dimension. As such
an implicit indicator of a preference order, we choose the number of codes per
sustainability dimension. The results for the group of interested citizens and experts
are displayed in Figure 15 and Figure 16.

socie sustaincoiy | - -

economic sustainability 16,8%

environmental sustainability _ 18,9%

technical sustainability 21,5%

T T T T

0% 5% 10% 15% 20% 25% 30% 35% 40% 45%

Figure 15: Code counts in percent for a group of highly interested citizens (interviews and
questionnaires)

sociel sustamaoiy | - -

economic sustainability 25,0%

environmental sustainability _ 19,9%

technical sustainability 4,5%

0% 6% 12% 18% 24% 30% 36% 42% 48% 54% 60%

Figure 16: Code counts in percent for a group of experts(talks and focus group discussion)

For both groups, the social sustainability dimension is the one with the most codes,
followed for the group of interested citizens by the technical, environmental and
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economic sustainability dimensions with percentages ranging slightly between
16.8% and 21.5%. For the groups of experts, the social sustainability dimension is
followed in code counts by economic and environmental sustainability (25% and
19.9% respectively) and with a larger difference by the technical dimension (4.5%).
This might be due to the relative newness of incorporating such a dimension in a
conceptualization of sustainability and the fact, that in contrast to the interviewees,
experts’ statements were open in comparison to semi-structured. As can be seen in
Figure 17 even in relation to their dimension of expertise, for each speaker, the talks
consisted of mainly or to an equal amount of social sustainability codes.

Codesystem Expert environmental ~ Expert technical ~ Expertsocial =~ Expert economic ~ SUM
@g social sustainability B B = [
&g economic sustainability . [ | L]
@g environmental sustainability 2
&4 technical sustainability . P
2 sum 20

Figure 17: Code counts for a group of experts as representatives of their sustainability
dimension (only talks, the symbol size is relative to total count)

Depending on the indicator chosen, different weighting options for the sustainability
dimensions in the MCDA analysis are possible. Based on explicit verbal statements,
one can rank the environmental dimension first and the remaining three dimensions
equally for the two groups (assigning percentage values as weights for the
dimensions based on the dominance matrix or code counts would suggest a
precision of weighing decisions not justified by the method of analysis). Grounding
preference analysis on explicit verbal behavior, be it in forms of qualitative analysis,
questionnaires or through moderated workshop procedures (as often done in an
MCDA process) is generally viewed as legitimate [54]. Considering the very different
weighting outcome, when basing the indicator on implicit verbal behavior (rank the
social sustainability dimension first and then the other dimensions equally), one
should question this approach as means to deduce preference information. For a
preference analysis, it is important to reflect on the group of interest as well as on
chosen indicators. Since the explicit weighting results are probably explicable in
terms of situational factors, choosing an implicit behavioral indicator might be a
better indicator of preference.

Relating the results of deduced evaluation criteria and weighting of sustainability
dimensions of a group of experts and a group of highly interested citizens to the
concept of sustainability, two conclusions for the overall method development (see
Section 4) are important: First, we analyzed two groups, which reproduced a large
number of criteria discussed within the sustainability debate. New criteria and ideas
were mainly identified for the dimension of technical sustainability. Trying to include
a wide range of criteria from this analysis as well as from existing literature is thus a
good procedure, especially if trying to integrate a new concept such as technical
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sustainability. Second, even though it is possible to deduce a meaningful preference
ranking for the sustainability dimensions, in light of the concept of sustainability
itself, an equal weighting of all dimensions instead of representing a selection of
different group preferences is preferable for this level of decision making. As Hull
[43] points out, there is no consensus on how the idea of sustainability should be
construed. Even though a sustainability principle — formulated in a broad way as
bringing three fundamental spheres (economic, social, natural) of human existence
and activity into an equilibrium — gained wide acceptance, there are still in everyday
life a multitude of perspectives, which are all justified. Before advancing to a
concrete implementation of energy system changes, which needs conflict and
interest management, which was an important part of the social sustainability
dimension, an equal weighting of interests and preferences is in best accordance
with our concept of sustainability. When all perspectives are to be respected, a
procedure, which allows evaluating different weightings and the consequences
associated with them, seems useful for decision problems, in which a large number
of different groups and perspectives is included. In this way, the results and
consequences of different weighting decisions can be made transparent.

5.2 Synthesis of Evaluation Criteria

M. Dumeier, F. Wille, T. Witt

The abstractness of the identified criteria necessitates a further operationalization
applicable to our specific evaluation object. Our selection of evaluation criteria is
guided by the principle of incorporating a broad spectrum of criteria from every
sustainability dimension identified in the empirical analysis, although it is not
possible to integrate all deduced sustainability criteria into the MCDA analysis. We
also collected criteria from the literature [55, 38] and then condensed, and arranged
in a hierarchy a set of potentially relevant evaluation criteria. The selection is
restricted by the availability of indicators from our simulation models. Thus, the final
criteria catalog is a synthesis from the literature, the results of the qualitative content
analysis, and the available attributes in the optimization and simulation models (see
Section 9). Table 2 depicts the criteria hierarchy derived for the evaluation of Lower
Saxony’s power system until 2050. The major objective is split into four sub-
objectives according to the four sustainability dimensions, which are further broken
down into several measurable criteria. The number of criteria per sub-objective
varies from two to seven, which needs to be considered when the criteria are
weighed for the MCDA. Further information on how the performance scores for each
alternative and criterion are calculated is provided in Section 9. Further information
on how the performance scores are aggregated with the MCDA method
PROMETHEE is described in Section 11.
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Table 2: Criteria hierarchy for evaluating the sustainability of Lower Saxony’s power system

Sub-

Objective Criteria

Technical Percentage of plants utilizing renewable energies %
Grid efficiency share of output %
Import quota for energy sources used %
The ratio of wage to capital income %
Share of expenditure on electricity of total consumption %
expenditure

Social Behavioral adaptation costs €/capita
Particulate matter formation kg PM10-eq/MWh
Photochemical oxidant formation kg NMVOC/MWh
Human toxicity kg 1,4-DCB-eq/MWh
Metal depletion kg Fe-eq/MWh
Fossil depletion kg oil-eq/MWh
Climate change kg CO2-eq/MWh
Environmental | Terrestrial acidification kg SO2-eq/MWh

Freshwater eutrophication kg P-eq/MWh
Terrestrial ecotoxicity kg 1,4-DCB-eq/MWh
Agricultural land occupation m2/ MWh

Economic Real gross domestic product 1,000 €/capita
Costs for electricity production and grid expansion €/MWh

Note that the assignment of criteria to the different sub-objectives in Table 2 slightly
differs from assignments in the literature (see, e.g., [38, 55]): Criteria, which are
usually measured with a Life-Cycle Assessment (LCA), are usually assigned to the
environmental sub-objective only. However, we split these criteria into two groups,
to better take into account the results of the empirical analysis described in
Section 5.1: If criteria have a direct impact on human health, they are assigned to the
social sub-objective. For example, the exposure to the chemicals measured by the
criteria is shown to cause a variety of negative health effects and thereby reduces life
expectancy. If the criteria have a direct impact on the environment, e.g., through the
contamination of freshwater or soil, which leads to a decreased biodiversity or to the
consumption of finite resources, they are assigned to the environmental sub-
objective.
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6. Development of Future Scenarios
/. S. Schwarz

The development of future scenarios is located
in the Preparatory Steps phase of the PDES
(see Section 4.1) in parallel to the preparation
of sustainability evaluation. In this context, a
future scenario is a qualitative storyline of

Preparatory Steps

Future Scenarios

D future developments, e.g., regarding the
_ future energy system and its environment,
Define systerm — which provides a common ground for the
GikiE < investigation of an interdisciplinary question.

In a later stage of the PDES (see Section 8), the
scenarios are used as the basis for quantifying

System : .

boundares ¢ fblinle those assumptions that are necessary for

[Gausemeier]

== quantitative modeling (see Section 9).

The first task for the development of future
scenarios is the definition of system
Figure 18: Development of future boundaries for the modeled energy system,
scenarios in the PDES according to the general objectives. Typical
system boundaries in energy scenarios are temporal, spatial, and energy sector-
related [7]. In NEDS, the system boundary is defined as the power supply system
(energy-sector related boundary) in Lower Saxony (spatial boundary), up to the year
2050 (temporal boundary).

In the next step, qualitative future scenarios are developed. For this development,
the scenario planning process described by Gausemeier [19, 56] was used in NEDS
and is described in Section 6.1. The resulting future scenarios are outlined in
Section 6.2.

6.1 Scenario Planning

/. S. Schwarz

Scenario planning' is an expert-based management tool, which originates from
strategic planning in companies in the 1970s [57, 58]. It is based on the two main
principles systems thinking and multiple futures. System thinking addresses the

! Also called scenario management.
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dependence between different influence factors in a complex field for enterprises.
The term ‘multiple futures” means thinking about multiple possible developments in
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Figure 19: Scenario planning process
(based on [56, p. 49])

the future, instead of only one prediction,
to be prepared for  changing
circumstances. The process of scenario
planning and its background is described
in detail in [19] and [56]. It consists of the
steps Scenario Preparation, Scenario-Field
Analysis, Scenario Prognostic, Scenario
Development, and Scenario Transfer. An
overview of the scenario planning process
is shown in Figure 19. Scenario Transfer is
omitted because it was not done in NEDS
as described by Gausemeier. This phase
aims at developing strategies based on the
scenarios and in [56] multiple qualitative
processes are described to predict the
probability of different scenarios and to
deal with the opportunities and risks
related to the different scenarios. In NEDS,
potential strategies were developed based
on quantitative simulation and evaluation.
Scenario planning provides a transparent
process  for  collaboration in  an
interdisciplinary project team of domain
experts. Within this process, the experts
discuss the most important factors and
possible  developments to  develop
consistent future scenarios. The process
provides also tools to support the experts
in these tasks.

6.1.1 Scenario Preparation

The goal of scenario planning is to support
the stakeholder(s) in making a decision.
The starting point of the process is the
definition of the scenario field and the
decision field. The scenario field describes
the scope of the scenarios, while the
decision field describes the part of the
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scenarios, which can be influenced by the stakeholder(s). Based on this classification,
three different types of future scenarios can be distinguished: External scenarios
comprise only external factors and can be used to characterize the development of
the environment of decision alternatives. In these scenarios, no decision field exists.
Internal scenarios comprise only internal factors and can be used to describe
possible decision alternatives. In these scenarios, the scenario field equals the
decision field. Systems scenarios include both external and internal factors. These
scenarios can be used to describe the development of complex systems. In these
scenarios, the decision field is smaller compared to the scenario field.

The goal in NEDS is the development and evaluation of a sustainable future power
supply with a focus on Lower Saxony. Because the power system is highly
dependent on developments outside of Lower Saxony, the scenario field in NEDS is
global with the considered domains energy, ICT, economy, user, and politics. The
decision field is defined by the scope of action of the government of the federal state
Lower Saxony. In NEDS, factors are considered, which can be influenced (internal
factors), and factors, which cannot be influenced (external factors) by the
stakeholders. Thus, the scenarios are system scenarios.

6.1.2 Scenario-Field Analysis

In this step, the relevant and characteristic influence factors for the scenario field are
identified. Typically, this starts with brainstorming or brainwriting with the
stakeholders to find influence factors. Having described the decision and scenario
fields, the experts systematically identify the most relevant and characteristic
influence factors — the so-called key factors (KF). For the identification, typically
methods of influence analysis are used [59, 56].

For the analysis of the scenario field, a workshop with all partners of the NEDS
project was organized. At this workshop, the first steps of the scenario planning
process were executed. The process was supported by an expert, who brought in his
experience from the scenario planning process in the Future Energy Grid study [60].

First, the participants collected influence factors in brainstorming and clustered them
together. As results, 20 influence factors were found. For these influence factors, the
participants filled out an influence matrix, which resulted in the system grid shown
in Figure 20. It shows passive (being influenced by other factors) and active
(influencing the other factors) influence of factors. Based on the system grid, the
influence factors were discussed. Some of them were merged together in the
discussion and finally, eleven KFs were identified.
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Figure 20: System grid of influence factors

The following KFs were identified and described based on two dimensions of
possible future development for the future scenarios in NEDS [61, 62]:

1.

Power grid: This KF describes the nature of the power grid. The two dimensions
are an expansion of power lines (low/high) and use of controllable equipment
(low/high).

Topology of distributed energy resources (DER): This KF represents the spatial
distribution and size of DER. The two dimensions are the wnit size (small/large)
and distance to consumers (near/far).

Digitalization in the distribution grid: This KF describes the level of
digitalization in the distribution grid. The two dimensions are the dissemination
of smart meter gateways (low/high) and diffusion of ICT-infrastructure in the
distribution grid (low/high).

Energy management: This KF describes the diffusion of energy management
systems in private households and industry. The two dimensions are application
in private households (low/high) and application in the industry (low/high).
Energy mix: This KF describes the shares of renewable and fossil energies in the
electricity generation. The two dimensions are the share of renewable energies
(low/high) and the share of fossil energies (low/high).

Demand for energy (in households): The energy demand of private
households is dependent on the consumer behavior and number of electric
devices per capita. The two dimensions are dliffusion of resource-saving behavior
(low/high) and number of electric devices per capita (low/high).
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7. Economic structure: This KF describes the energy intensity and growth of the
economy. The two dimensions are the economic growth rate (low/high) and
enerqy intensity (low/high).

8. Levelized costs of electricity: This KF describes the future development of the
levelized costs of electricity for both renewable and fossil energies. The two
dimensions are /evelized costs of electricity of fossil-fueled power plants
(decrease/increase) and levelized costs of electricity of renewable energy
technologies (decrease/increase).

9. Intentions of energy politics: This KF describes national and international
developments in energy policy. The two dimensions are market regulation
(create markets/strong requlation) and international coordination of the enerqy
transition (low/high).

10. Knowledge and perceived control: This KF describes the knowledge of
individuals about and perceived opportunities to control renewable energy
technologies in the smart home or smart grid. The two dimensions are
knowledge about the environment (low/high) and perceived contro/
(low/high).

11. Acceptance: This KF describes the acceptance of renewable energy technologies
on both individual and societal levels as a function of cost-benefit ratios. The
two dimensions are /ndividual cost-benefit ratio (low/high) and societal cost-
benefit ratio (low/high).

6.1.3 Scenario Prognostic

For the identified KFs, projections are defined. The projections are possible
developments up to a certain point in time to span a broad range of possible future
developments. For every dimension, two different future developments were
defined, so that every KF has altogether four projections as a combination of its two
dimensions. These projections are described with a short text.

All the descriptions of the project NEDS can be found in [62] (in German). A detailed
example of one KF’s projections is depicted in Figure 21. It shows the KF topology of
DER with the dimensions’ wnit size and distance to the consumer. The two
dimensions are combined and build the following four projections:

Distributed and small power generating units (2A): This projection describes a
future power system with a focus on small power generating units, e.g., single wind
turbines, small biogas plants, and small ground-mounted and rooftop photovoltaic
plants. The units are distributed and need power lines to transport their energy.

Distributed renewable power plants (2B): This projection describes a future power
system with a focus on large power plants, e.g., ground-mounted photovoltaic
parks, off- and onshore wind parks, large biogas plants, or fossil power plants. The
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plants are in distance to high demand areas and need power lines to transport their
energy.

Local and small power generating units (2C): This projection describes a future
power system with a focus on small power generating units, e.g., single wind
turbines, small biogas plants, and small ground-mounted and rooftop photovoltaic
plants. The generating units are near to consumers and the energy has not
necessarily to be transported over long distances.

Conventional power plants (2D): This projection describes a future power system
with a focus on large power plants, e.g., ground-mounted photovoltaic parks, off-
and onshore wind parks, large biogas plants, or fossil power plants. The generating
units are near to high demand areas and the energy has not necessarily to be
transported over long distances.

[
O

Projection 2A Projection 2B
Distributed and Distributed

small power renewable power
generating units plants

Projection 2C
Local and small

power generating

Projection 2D
Conventional power

plants

units

Distance of generation to consumer

near

Unit size

Figure 21: Projections of key factor “topology of distributed enerqy resources”
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6.1.4 Scenario Development

The experts check the different projections for pair-wise consistency and the results
are recorded in a consistency matrix. Based on this matrix, scenario software uses
cluster analysis to build projection bundles, which represent consistent
combinations of projections and thus possible future scenarios. In the last step, the
domain experts write storylines, i.e., textual descriptions, for all future scenarios.

In NEDS, the project team filled out the consistency matrix based on the defined
projections of the KFs. In contrast to the influence matrix, different ratings from
different participants cannot automatically be merged. Thus, the matrix was
subdivided and discussed in small groups.

Cluster analysis with the software Scenario Manager® was executed on the results
and used to build five raw scenarios. The raw scenarios still contain uncertainty
about some key factors’ projections if the consistency matrix allowed no clear choice
of a single projection but multiple were possible. Thus, the most suitable projections
were chosen based on the discussion. Figure 22 shows these raw scenarios
consisting of one projection for each KF. For each scenario, a storyline was
developed, and meaningful titles were determined.

6.2 Description of Future Scenarios

J. Minnemann

Scenario 1 "smart consumption with economic growth" is characterized by a
combination of flexible electricity demand and economic growth with increasing
energy intensity. Fossil energy sources remain competitive in the long term, as
ineffective promotion and lack of technical progress in renewable energies, among
other things, hinder the transformation of the energy mix. The energy mix,
therefore, remains largely unchanged, so that the topology of the distributed energy
resources stays the same. Large grid extensions are not necessary. In the distribution
grids, digitalization is progressing and is enabling a high degree of flexibility in
generation and consumption in households and industry. Flexibility in households is
supported by resource-saving consumption, as energy efficiency plays an important
role. The resource-conserving behavior of society is supported by a high level of
environmental knowledge and perceived control. The population is willing to take
social risks, but the individual cost-benefit ratio is in the foreground.

? http://www.scmi.de/de/software/scenario-manager
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Figure 2z: Raw Scenarios with projections for each key factor
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One reason for the stagnating economy is a sharp rise in fossil electricity production
costs and stagnation in renewable electricity production costs. The population has a
high level of environmental knowledge and is actively involved in the energy
transition, for example through an efficient lifestyle and declining electricity
consumption in households. A high diffusion of local small-scale distributed energy
resources such as PV installations was achieved, which favors the spread of
renewable energy production. A Europe-wide climate policy supports these
developments. Both industrial and household customers have integrated active
energy management on a large scale, but its potential cannot be fully exploited due
to insufficient information and communication technology infrastructure. The
expansion of power lines is therefore necessary.

"Competitive conventional power plants and untapped renewable potential" is the
title of scenario 3. Although a high proportion of renewable power plants
characterizes the scenario, the potential cannot be fully exploited due to a lack of
infrastructure. Although distributed large-scale renewable power plants are being
built, conventional backup power plants are necessary to maintain the stable
operation of the grid. This result in high demand for grid expansion, but the
distribution grids are little digitalized and demand flexibility has not been achieved.
In the economy, energy intensity increases with the stagnation of growth. At the
national level, there is a strong intervention in the energy markets and fossil fuels
remain competitive. Consumers are more consumption-oriented. There is a
stagnating implementation of savings potentials at the household level and in
general, the population tends to resist more against renewable energies.

Scenario 4 is called "energy transition without the support of the population". In
this scenario, the transition of the energy system is largely successful, although the
population resists. Power plants are installed away from consumers and a high
proportion of renewable energy sources can be achieved. The information and
communication technology infrastructure in the distribution grids has been greatly
expanded and investments are being made in intelligent resources in the grid. The
industry can largely integrate energy management into its processes. Although the
environmental knowledge of the population is high, the possibilities for control are
perceived as limited. Despite better knowledge, the population is still consumer-
oriented, and measures to make consumption more flexible in households are
scarcely applied. Changes that are necessary for the course of the energy transition
lead to resistance among the population. The electricity generation costs of fossil
sources of energy are rising, while those of renewable sources of energy are falling.
With simultaneous economic growth, the energy intensity in the production of
goods and services decreases. Coordinated climate policy is successful at the
European level.
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The "cross-sectoral energy transition" succeeds in scenario 5, since in this scenario,
conditions could be created for full support of the energy transition. An important
part is the realization of local small-scale distributed energy resources. The energy
mix is characterized by renewable energies, as these achieve a clear cost advantage
in electricity generation. Digitalization of the distribution grid and maximum
demand flexibility at both household and industrial levels have been achieved, but
this has required a high exchange of operating resources in the grids. The economy
is experiencing growth characterized by the production of less energy-intensive
goods and services. A Europe-wide coordinated energy policy with little market
regulation has been achieved. User behavior at the household level is ecologically
motivated. There is an efficient application of renewable energy technologies, and
the acceptance of the energy transition is high. The population is involved in the
energy transition.
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7.  Diffusion and Adoption of Innovations for the Energy

Transition

M. Kleinau, J. Minnemann, C. Busse

Amongst scientists, broad agreement exists that a fast energy transition is necessary
for limiting the ongoing climate change. Given that numerous technological
innovations are already available for facilitating the energy transition, more scholarly
attention needs to turn to the processes of diffusion of these innovations [63] [64].
Diffusion as the macro-level process through which an innovation spreads through
the population of available adopters [65] is apparently not taking place at the speed
that would be required for slowing global warming. Macro-level innovation
diffusion is the aggregate outcome of numerous micro-level innovation adoption
processes of households, firms and governmental institutions [65]. Accordingly, this
section seeks to answer the research question what influences the adoption and
diffusion of relevant innovations for Lower Saxony's energy supply.

Our analysis of the created scenarios constitutes the starting point for the
identification of crucial innovations. Our goal is to describe and analyze the diffusion
of these crucial innovations, including the social systems consisting of parties such as
(potential) adopters of energy-related innovations and change agents. With a
thorough understanding of drivers and obstacles, sophisticated transformation
strategies may be deduced and resources needed for the promotion of certain
innovations can be allocated more efficiently. Furthermore, measures could be taken
that aim at altering communication structures in said social systems, for example by
increasing the visibility of successful adoptions or by adapting the communication
between change agents and adopters. In addition to these more practical
implications, another goal is to support the empirical foundation of the created
scenarios, by providing forecasts for the diffusion of the selected innovations as well
as adding arguments and explanations for possible diffusion paths.

The next Section 7.1 illuminates diffusion of innovation theory as the theoretical
foundation for this study. The following Section 7.2 describes the process for
choosing the most relevant innovations. Afterward, we sketch our research design
for analyzing the potential for widespread adoption of crucial innovations in
Section 7.3. A deeper understanding of influence factors and perspectives will be
gained through qualitative interviews with both, adopters and change agents. As
our main results, we summarize diffusion studies for each of the selected innovations
(Section 7.4), before we discuss practical implications as well as future research
opportunities in the concluding Section 7.5.
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7.1 Theoretical Grounding of the Diffusion of Innovations

The foundation for our research is Rogers’ (2003) seminal diffusion of innovations
theory, which provides an empirically supported, highly generalizable theoretical
basis for studying the relationships between the main elements in the diffusion of
innovations. In accordance with our research goal, diffusion of innovations theory is
used not only for explaining diffusion paths but also for predicting and possibly
influencing diffusion by means of third-party interventions (e.g., [66]).

Rogers defines innovation as “an idea, practice, or object that is perceived as new by
an individual or other unit of adoption” [65, p. 12]. He emphasizes the perceived
degree of novelty of the innovation as the decisive criterion: “If an idea seems new to
the individual, it is an innovation” [65, p. 12]. Innovations comprise, most
importantly, new products, services or procedures, which differ substantially from
existing solutions [67].

At the level of analysis of the innovation itself, five features have been identified as
adoption determinants, namely the relative advantage, compatibility, complexity,
trialability, and observability of the innovation [65]. The relative advantage describes
to what extent an innovation is perceived to be more advantageous than existing
solutions. Compatibility means that an innovation is consistent with an individual’s
values, experiences and needs. The complexity of an innovation is the only attribute
with a negative impact on the diffusion. A complex innovation is difficult to
understand or use by the potential adopter. Trialability gives the potential adopter
an opportunity to try out an innovation and therefore helps to reduce the perceived
risk. Observability means that the result of an innovation’s adoption is visible to
others.

Another main element impacting diffusion are the communication channels through
which potential adopters hear about the innovation and its features. Those channels
comprise mass media, interpersonal channels or interactive communication over the
internet. Since most individuals do not rely on scientific studies to evaluate
innovation and much rather build their opinion on subjective evaluations of others,
it is crucial for the diffusion of innovation, that the communicating parties differ in
certain attributes to some degree [65].

The third main aspect is the time passing over the innovation-decision process. This
process aims at decreasing uncertainty by information seeking and -processing and
consists of five main steps: knowledge, persuasion, decision, implementation, and
confirmation. This usual sequence can occur in different orders and take different
periods of time. For our diffusion analysis, we are aiming to gather data from
adopters finding themselves in different steps during this process in order to create a
better understanding of the importance of these steps for the different innovations.
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Still, the results focus on the adopter’s way to his decision, rather than the
implementation and confirmation. Moreover, each individual might have a different
degree of innovativeness, which describes whether a person is relatively early in
adopting innovations. The members of a social system differ in their degree of
innovativeness and can be classified as innovators, early adopters, early majority,
late majority, and laggards. Mapping the rate of adoptions for different points in
time leads to an S-shaped curve [65].

The last main element is the social system in which an innovation diffuses. Its
structure, norms and of course members affect the diffusion. In addition to the
adopters, relevant actors within this system comprise opinion leaders, who provide
information and advice about innovation to many other individuals in the system
and change agents, who influence their client’s innovation-decision process in a
direction desired by his change agency [65].

It always needs to be considered that the adoption or rejection of innovation might
lead to changes to the individual or the social system. These consequences can be
classified in desirable or undesirable, direct or indirect and anticipated or
unanticipated. Change agents may find themselves encountering undesirable
consequences whenever they fail to anticipate important indirect effects associated
with the adoption of an innovation [65]. Since such consequences appear on a
higher level for the entire energy system, we will not portray them in this section,
but later on in Section 11.

7.2 Selection of Innovations

Our diffusion analysis begins with the choice of relevant innovations. Therefore, it is
necessary to identify those innovations that are relevant for the energy transition in
Lower Saxony. We applied a seven-step process to identify these innovations, their
adopters and change agents. The process, shown in Figure 23, consists of an
evaluation of the detailed description of the future scenarios as well as scientific
studies, identification of relevant actors within the diffusion process and a
categorization of these actors in adopters and change agents. Subsequently, the
process is described on a step-by-step basis.
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Identification of Innovations through Evaluation of Future Scenarios

Identification of Innovations from Transformation Studies

Selection of Innovations for Analysis

Identification of Relevant Actors

Determination of Adopters

Determination of Change Agents

Elaboration of a Synoptical Table

Figure 23: Process to identify innovations and relevant actors

The process of innovation identification as step one started with an evaluation of the
detailed description of the future scenarios (see Section 6.2 for more information).
Each scenario is based on eleven key factors with several different projections. The
different projections of key factors were the starting point to identify innovations.
Therefore, each scenario was analyzed in detail and possible innovations were
selected. As a result, the first list of innovations was compiled. Step two extended
this list with innovations found in five main transformation studies [68, 69, 70, 71,
72], resulting in 36 innovations being considered. Within step three, the list was
adjusted by deleting those innovations for which an analysis of diffusion could not
be done satisfactorily as the number of potential adopters is too low, the innovation
itself is no product or the innovation only acts a tool. For example, all technological
innovations regarding the transmission grid were deleted, as there are only four
providers, with only one of them operating in Lower Saxony. An analysis of diffusion
with such a small number of adopters does not make sense. Some others like load or
energy management are not considered as they represent behavioral attitudes,
which can be present to differing degrees, rather than products whose adoption can
be classified into a binary “yes or no” type of decision. Yet other innovations like
contracting were dismissed because they mainly function as tools for financing
innovations and cannot diffuse without them. Moreover, cogeneration units do not
play a role in our considered scenario 3, which is why they were neither regarded.
After all these considerations, five innovations of the initial long list remained,
namely 1) photovoltaic (PV) systems with energy storage, 2) smart meters, 3)
dynamic electricity tariffs, 4) heat pumps, and 5) electric mobility with charging
infrastructure. Step four describes the identification of relevant actors, such as
households, companies and governmental actors, based on the adjusted innovation
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list. In step five, we determined adopters by assigning all actors to innovations for
which they could theoretically appear as adopters. By identifying examples of
applications of innovations, the group of change agents was worked out in step six.
In the concluding step seven, all of the above-mentioned results were combined to
Table 3 which shows the selected innovations, the relevant actors and the roles the
actors play in regard to this innovation: adopter (A), change agent (C), both (A / C)
or framework condition (F). Letters in brackets show a weak connection between
actor and innovation.

Table 3: Relevant Innovations and Actors

Energy  Distribution

. House- Munici- | Housing Com-
No. Innovation " Compa- System .
holds palities | Sector ' panies
nies Operators
PV with
1. Storage A A/C [A]/C C A/C
2. Smart Meter A A/C A/[C] C C A/C
Dynamic
3. Electricity A A/C C F A/C
Tariffs
4. Heat Pumps A A/C A/C C A/C
Electric
Mobility &
5. Charging A A/C A/C A/C F A/C
Infrastructure

Households are important adopters for all five innovations. Municipalities play a
dichotomous role. On the one hand, they can adopt all the innovations, for example
through installing heat pumps in public buildings or by investing in self-used electric
mobility. On the other hand, they play a role as change agents which foster the
diffusion of innovation (e.g., through municipal energy consulting). The energy
consultants explain different technologies like heat pumps to interested citizens and
support their innovation-decision process. The Aousing sector, which consists of
companies and households that manage, broker, administer or trade real estate [73]
invests into heat pumps, smart metering, PV with storage as well as electric mobility
and is, therefore, an adopter. Especially construction firms within the housing sector
are advising builders on different heat systems or on how to generate one’s own
energy. Housing companies also act as change agents, for instance for electric
mobility, if they include charging stations in their building projects. Energy
companies are characterized as typical change agents as they offer innovations or
support customers with information regarding installation and operation.
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Customers contact their energy company as the first point of contact for all energy
questions. The distribution system operator plays a central role in the smart meter
rollout. It is in the responsibility of each distribution system operator to replace old
electric meters by installing smart meters. In the case of dynamic electricity tariffs
and electric mobility, the distribution system operator sets framework conditions
through the exchange of information regarding grid load or capacity. Companies
play a twofold role. On the one hand, companies act as adopters, if they demand or
implement one of the innovations. On the other hand, they can also become active
as change agents, if they supply the innovations, for example by producing (i.e., as
the manufacturer), offering (i.e., as a retailer) or implementing (i.e., as an installer)
one of these innovations.

The results achieved show that a large number of actors are relevant for the selected
innovations. The taken roles vary strongly so that the same actor can be both an
adopter and a change agent. One aim of this section was to show the different
actors and their respective roles in the diffusion process and to determine the further
progress of the research. Instead of lumping together different groups of adopters
(e.g., companies and private households), the decision was made to focus on
households as one definable group of adopters, as they reflect the only group of
actors without an additional role. Therefore, households can be considered for a
diffusion study. The focus of the overall project on household applications and
individual user behavior supports this focus. The results also necessitate that the
other identified actors must be examined since they exert influence on households
through their role as change agents.

7.3 Research Design

As our goal with this research is to elaborate on diffusion of innovation theory as a
potent general theory, which we adapt to the specific circumstances of the five
chosen innovations, we opted for a theory-elaborating qualitative research design
[74]. This qualitative approach complements the other, mostly quantitative,
approaches shown in the following sections. To this aim, we conducted semi-
structured interviews with (potential) adopters (e.g., [75]), as well as expert
interviews (e.g., [76]), with change agents such as manufacturers, installers, energy
advisors, actors within the housing sector, energy suppliers and distribution system
operators. Interviews are particularly suitable means for identifying explanations of
key events (i.e., the “whys” and “hows”), as well as the insights reflecting
participants’ relativist perspectives [77]. Interviews are targeted and insightful
instruments. They are targeted insofar as they focus directly on the interviewer’s
topic of interests and insightful as they identify explanations as well as personal
views (e.g., perceptions, attitudes, and meanings). Data triangulation by
corroborating interview data with information from other sources is a reasonable

51

Dieses Werk steht Open Access zur Verfligung und unterliegt damit der Lizenz CC-BY 4.0



7. Diffusion and Adoption of Innovations for the Energy Transition

approach to mitigate weaknesses and support the validity of the results [77] [78]
and was therefore undertaken.

To gain a more differentiated view on how the energy transition affects the different
actors and conversely on how the different actors influence the execution of the
energy transition, we were regarding the adopters of innovation and its change
agents simultaneously. The selection of interview partners considered different
aspects. Moreover, different change agents were part of the sampling because they
play key roles in the adoption of innovations. Change agents possess valuable
knowledge through their individual experiences, as well as their cumulative
information about the adopters. Additionally, they can be identified quite certainly
compared to opinion leaders who are part of the group of adopters. Regarding the
change agents, the selection of interview partners especially targeted those actors,
that are in direct contact to the adopters, because they seemed to be capable of
providing information about for example the adopter’s behavior and motives. Since
the opinion leaders are more difficult to identify, this group was not explicitly
targeted to be part of the study. Still, some of the interviewed adopters might also
play a role as opinion leaders. In total, we conducted 46 semi-structured interviews,
20 of those with adopters, non-adopters, potential and former adopters of the
selected innovations and 26 with change agents in different positions (e.g., installers
or business representatives of companies within the housing sector). Some of them
were identified through the interviews with adopters. The interviews included the
different aspects of the four main elements after Rogers [65] and especially focused
on the individual adoption processes and the role of different change agents within
those processes. The interviews lasted 62:58 hours in total. We transcribed all of the
interviews verbatim, leading to 1,054 pages of documents. Subsequently, we
conducted various rounds of coding. Most importantly for the purposes of this
article, we used codes derived from the diffusion of innovation theory to obtain an
in-depth understanding of each of the selected innovations. Often, we
complemented this information with additional insights obtained from extant
studies on these innovations [79]. Thus, we created diffusion studies for each one of
the selected innovations as our main results.

7.4 Diffusion Profiles

This section lays out the diffusion studies for each of the selected innovations. For
each of the innovations, we start with a brief introduction to the technology, after
that follows the description of its most important attributes (i.e., its relative
advantage, trialability, compatibility, observability, and complexity), followed next
by the respective social system in which diffusion occurs, then by the
communication channels, and lastly by an overall evaluation of the diffusion over
time. We present the innovation PV with energy storage (Section7.4.1) in
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particularly much detail. The other innovations smart meter (7.4.2), dynamic electric
tariffs (7.4.3), heat pumps (7.4.4) and electric mobility and charging infrastructure
(7.4.5) were also examined in detail, but due to writing space restrictions, the results
are depicted more concisely.

7.4.1 Photovoltaic with Energy Storage

During the last years, photovoltaic systems, which consist of modules and inverters,
have become an important part of the electricity supply in Germany [80]. For private
households, the performance of photovoltaic systems lies in the range between
3 and 10kWp [81]. Larger systems are usually not suitable for the sizes of rooftops of
private houses. Moreover, they come with higher levels of complexity regarding the
existing law [81]. In order to integrate volatile supplies of renewable energies into
the electricity grids, decentralized energy storage solutions can be considered as
solutions that can be implemented within a relatively short period through different
solutions: mobile and immobile battery storage systems, heating of drinkable water,
process heat and changes in room temperature [82]. This study focusses on battery
storage systems, especially the immobile ones (for mobile storage systems, see
Section 7.4.5). Since the year 2012, the average electricity price exceeds the feed-in
compensation of smaller photovoltaic systems [83]. This development makes it more
attractive for adopters to combine their photovoltaic systems with storage solutions
in order to increase the own consumption of the produced electricity. Still, the
diffusion of photovoltaic systems and storage solutions might differ. Even though
this study mainly regarded these products combined, specifics of the individual
products are given when necessary.

Both economic and ecological considerations of the adopters can be cited as relative
advantages. The majority of the statements here went in the direction that
respondents want to achieve some kind of autarky of energy supply. This aim was
connected to different considerations, economic as well as ecological ones. Those,
who aim to do something good for nature, also wanted the adoption to be
economically reasonable. So mostly, the perceived relative economic advantage
appears to function as a necessary condition while the ecological perspective
appeared to be an attractive add-on in some cases or even the starting point for the
general interest into the topic. Some adopters made their decisions simply because
of economic reasons, while no ecological reasons were given as the main
motivation. Others did not believe that these systems generally pay off, but bought
it anyway. The economic reasons are many and varied. The decoupling from the
development of electricity prices, for which the adopters expect a further increase in
the upcoming years, was frequently mentioned. Raises in electricity prices
sometimes appear to be a starting point for thinking about a PV system. A study by
Gahrs et al. [84] underlines this result, as almost 50% of the 500 interviewed PV
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owners ranked ‘independence from the energy supplier’ as a very important reason
and the interviewed change agents also confirm the high relevance of this
argument. Adopters try to be self-sufficient in energy. Electricity costs can thus be
reduced and there is no need to change between energy suppliers. The low-interest
level is mentioned by the adopters as a further reason for the acquisition since on the
one hand loans are cheap to obtain and on the other hand existing bank deposits
are no longer getting interests rates that are perceived to be high enough. Therefore,
new opportunities for financial investments are favored and an investment into a PV
system with storage seems more profitable to many adopters or was preferred over
alternative investments. Using the photovoltaic system as an investment opportunity
is mostly the case when it is retrofitted to an existing building. For new buildings,
budget restrictions regarding the building overall appear to delay or prevent the
installation. In addition, the opportunity to use a PV system as an investment before
retirement was considered, in order to reduce costs in periods with lower incomes.
As a further financial advantage, the tax refund of expenses in the course of the
investment was mentioned. An adopter decided in favor of a system in which, in
addition to the storage unit, he also received a free budget of kilowatt hours, which
he uses to operate his heat pump, especially in winter. The manufacturers also cite
the possibility of using the manufacturer’s storage system to achieve an electricity
flat rate as one reason why adopters opt for a house storage system. However, the
economic benefits need to be considered connected to the initial costs, which in
some cases were perceived too high, in others lower than expected. Gahrs et al. [84]
support this argument, as the high investment was by far the highest ranked reason
against a storage system in their study in 2014. According to the interviews,
potential adopters principally liked the idea but appeared to be waiting for the
technological solutions regarding the photovoltaic systems or the storage system to
become more efficient, inexpensive or established. Generally, the view of PV systems
as a good investment appears to be less relevant compared to former adoptions in
the early 2000s. Today, other motives like the wish for autarky matter, too.

Adopters cite conscious support for the energy transition as ecological reasons or
more generally speak of support for the environment. An adopter who lives close to
an open pit lignite mine would like to set a conscious example against the
generation of electricity from lignite. Another adopter says that it gives him a good
feeling to have produced his own electricity and that he is happy about it because it
reduces the amount of electricity he gets from the grid. Most adopters were aware of
ecological issues regarding the production of the photovoltaic system, which in
some cases appeared to reduce their ecological motivation. Green electricity tariffs
were in some cases compared to an own system and regarded as an easier, less risky
and probably more efficient way to use renewable energies. Still, ecological motives
in some cases led to the acceptance of less economic solutions. Overall, the wish for
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a feeling of independence often positively influenced or triggered the adoption
process.

It is difficult to define the trialability of a PV system with storage. Adopters can,
however, use their mobile phones with corresponding applications to show other
interested parties the control and readout of their system. These mobile phone
applications of remote selection offer a first starting point for potential adopters to
get in touch with the overall system and gain their first experiences. However, one of
the main insecurities regarding the adoption process is the durability of the
technological system for time horizons of at least 10 years. This barrier cannot be
overcome by trialability. Even adopters, who already implemented photovoltaic
systems and therefore trust in one of the technologies, still hesitate to supplement
their system with a storage solution. Therefore, the willingness to pay in some cases
was lower than current price levels. In the past, the risk of the investment through
an uncertain life or usage period was perceived as a reason against storage systems
[84]. According to change agents, these concerns are reasonable. Especially with the
addition of a storage solution, the payback period is extended and will most likely
include more necessary repairs and exchanges of less durable parts (e.g., the
inverter), extending the payback period again. Uncertainties among change agents
reduce their motivation to influence potential adopters. Some adopters mentioned
that they would appreciate some sort of guarantee, at least for the storage system,
to reduce their uncertainty regarding the durability.

In terms of compatibility, the structural context, as well as one's own living
conditions and lifestyles, must be considered. Since this study focuses on
photovoltaic systems for consumers (<10kWp), the grid connection of the individual
system usually is unproblematic and therefore not further discussed at this point.
From the point of view of the structural context, there are arguments put forward by
the adopters who have decided in favor of a system that can be extended later,
when the prices for storage facilities have fallen. An adopter already had empty pipes
moved from the roof into the cellar during the construction of the house ten years
ago, so that the complete system including storage can be retrofitted later. Another
adopter is planning to expand his PV system if a side roof is renovated, as work is
already being carried out on the roof in this connection, thus creating synergies.
However, generally, the adopters need buildings with suitable roofs. Tenants
showed no motivation to invest higher amounts of money into systems for buildings
they rent. For new buildings, the direction of the roof can be planned according to
optimal placement of a photovoltaic system, but with existing buildings, this is not
possible. In addition, there is a need for space in the utility rooms, which are usually
planned to be quite small. In some cases, monument protection prevents the
adoption of the photovoltaic system. Compared to other innovations like heat
pumps, the retrofit of a photovoltaic system appears to be relatively simple to
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implement. However, the installation comes along with visual changes out- and
inside the building, which is not always appreciated by potential adopters. Concerns
about the security of the system were barely raised by the interviewed adopters, in
line with prior findings [84]. All this leads to strong compatibility of the system with
the structural context. The idea to combine a photovoltaic system with, for example,
a heat pump or a private charging point for an electric car supports the relevance of
compatibility. Even though such combinations are not always in place, adopters and
change agents appreciated the idea of connecting different applications within the
household. In order to achieve higher levels of compatibility between the
photovoltaic system and the energy storage solution, simultaneous adoption is
advantageous. Later additions of energy storages to existing photovoltaic systems
were perceived to be less fortunate because then some additional components are
needed. Two types of adopters can be considered from the point of view of the
compatibility of one's own living conditions with the newly acquired system. The
first group is not able or willing to change their behavior. For them, the
implementation of a photovoltaic system does not have any impact on their own
living conditions. They are willing to accept higher costs, for example through larger
and more expensive storage. The other group of adopters tries to change their
lifestyle in order to achieve high compatibility with the used PV system with or
without storage. This is done by shifting consumption such as the utilization of
washing machines and dishwashers in times when a lot of electricity is produced or
by purchasing particularly energy-efficient appliances. Through these manual
adjustments costs for automation and storage systems can be avoided and therefore
make the photovoltaic system itself more profitable. In addition, the purchase of an
electric car to use the self-generated electricity for mobility is implemented or
considered by the adopters.

The observability of this innovation plays an important role in the innovation-
decision-process at various points in time. In the run-up to the decision, the
increased visibility of PV systems on rooftops or as ground-mounted systems can
influence potential adopters, currently leading them to conclude that this
technology has been tested and recognized, even if some do not like the look of the
panels. Many adopters have reported that they have looked at systems from relatives
and friends or have inspected several of the installer's built-in systems. In only a few
cases, friends and neighbors of the interviewed adopters show an interest and
request further information after the implementation of such a system. An adopter
reported that his brother-in-law had explored the PV system with him and had then
installed such a system as well. The first adopters influence further diffusion with
their adoption decision. In addition, the possibility of controlling the PV system by
mobile phone or with a computer, possibly in combination with an energy
management system, triggered the interest of many respondents and demonstrates
the functionality of the system. Even though these applications are isolated from
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other applications regarding the housing context, the adopters appear to keep
checking them frequently.

Adopters assessed the complexity of innovation differently. It was striking that a
large share of the actual adopters had a technical background and that they usually
had no problems with the technical complexity or considered it a challenge to deal
with the matter in detail. Still, even among these adopters, there were insecurities
regarding the judgment of different storage system solutions. An adopter specifically
addressed the complexity of decision-making, thereby highlighting a need for
independent advice and assessment of offers. Bureaucratic and tax procedures were
described as complex to many adopters. In particular, the tax treatment was usually
passed on to a tax consultant. However, this results in higher costs. For some
adopters, the registration of the PV system with storage at the responsible
distribution system operator was complex. Others benefited from the preliminary
work of their installers, who had prepared the necessary documents for them so that
the complexity for the adopter was strongly reduced. Installers also facilitated the
combination of photovoltaic system and storage solution by offering these products
in bundles.

The social system is the second main analysis unit and plays a major role in the
process of adoption. Within this element, the results of the study can be separated
into insights about the adopters and information regarding the role of different
change agents.

In addition to the already stated information about the adopters’ perceptions of the
innovation attributes, also revealing details about the adopters’” motives and
contexts, some general information about the interviewed adopters can be stated.
The adopters came from very different contexts. Generally, the energy transition
appeared to be a familiar topic and therefore PV systems were known. While many
adopters were able to use private contacts to gain further information, others found
themselves in difficult environments. An adopter from a lignite mining area reports
that some understand the PV plant as a statement against lignite and one is stamped
as an opponent. Technical background of the adopters turned out to be helpful for
the adoption decision, as there was a basic understanding of technology and an
interest in dealing with specific characteristics of the system. Some adopters also
stated to be familiar with these technologies since they have work-related
knowledge regarding renewable energies or know photovoltaic systems from other
areas of application, like for example for a camping van.
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The role of the change agent is embodied through different actors from different
companies and branches. The following change agents seemed to play an important
role within the decision processes of the adopters:

¢ Installers of photovoltaic systems

e Producers of photovoltaic systems

e Politics and funding bodies, especially the German Kreditanstalt fur
Wiederaufbau (KfW)

e Energy advisors

e Different actors within the housing sector such as architects and building
companies

e Energy providers

In the decision process of an adopter, the personal conversation and the confidence-
building were important for an installer. It was mostly spoken with local companies
since these are established, other known customers have already worked with them
and in the case of a breakdown, the closeness was perceived as an advantage. An
adopter suspects that smaller installers have no opportunity to train their staff. Much
is mastered in learning-by-doing, so mistakes are more likely. An adopter
complained that the quality of the installers was poor and that he could not inspect
them in advance. Generally, installers still active on the market experienced a lot of
concurrence through less professional installers in times of high demands caused by
high subsidies. The installers have important roles in filtering the information
regarding the technological systems for the potential adopters, delivering only the
necessary details, leaving out technological details to reduce complexity, and
tailoring their offers to the adopters’ needs and support the decision process.

With regard to the producers, trust issues, especially toward certain foreign
producers became obvious from both sides, adopters and other change agents. With
regard to guarantees, there is uncertainty as to whether the in some cases long
guarantee periods can really be fulfilled in the event of an occurrence, as many
companies have already gone bankrupt. Nevertheless, an adopter has purchased
additional guarantees in order to be covered over the entire period of use. Other
adopters have made their own economic calculations and tried to take wear into
account.

As the main funding body, many adopters mentioned the KfW. Even though this
actor appears to be well known in the German institutional context where data were
collected, adopters mentioned problems to receive the offered funding. One
adopter was disappointed that he could not fall back on a KfW promotional loan for
his PV system, as no bank in his vicinity wanted to process the loan application due
to the low level of financing and the corresponding high effort. As a result, the
adopter was unable to obtain repayment subsidies. Because of the low-interest
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levels, banks offered loans for the same prices as the KfW conditions. In order to
avoid bureaucratic efforts, these offers appeared more attractive. KfW speaks of its
market incentive program "Renewable Energy Storage Systems", which was
launched in May 2013 and ended on schedule at the end of 2018, as a prime
example of a successful market-based promotional program, since it has now been
possible to achieve a self-sustaining market, established technical standards and
lower unit prices [85].

Direct subsidies for the initial investment, like subsidized loans and grants to the
costs of purchase, were barely used by the interviewed adopters. The necessary
effort for the application and possible regulations mostly scared off the adopters. In
addition, the adopters could finance their installation usually themselves or paid
these from their savings. In one case, a regional support program was not used, as
the framework conditions with a low level of own consumption did not correspond
to the ideas of the adopter. A local initiative with funding opportunities support the
installation of photovoltaic systems through consulting and advice but use their
financial support for other energy efficiency related measures. Subsidies like feed-in
tariffs or financial support for the own consumption of the produced electricity were
used frequently. One adopter addressed the feed-in tariff during the interview,
which is guaranteed over the term, but in his opinion, there is still uncertainty as to
whether this tariff will not be reduced in the future.

Energy advisors provide anyone interested with advice regarding a broad set of
areas, also including electricity consumption, heating, ventilation or insulation.
Looking at new, as well as existing houses, energy advisers often found more
efficient ways to reduce expenses for different energy carriers at lower costs.
Institutions offering consulting and subsidies have to act independently and
therefore only give advice but do not directly recommend products or companies.
Other energy advisors also include the selling of energy systems into their range of
services, as well as construction, accompanying services, aftercare operations and
the support of the adopters in their interaction with different change agents (e.g.,
building companies or installers). Moreover, they support the adopters with
information on the sizing and help with the connection of different energy-related
systems (e.g., heat pumps or charging stations for electric cars). Their possible
influence highly depends on the timing of their assignment and when they are
included in the planning and decision processes.

Concerning new buildings, architects and companies offering prefabricated houses
seemed to be important contacts in the planning process of the building and
therefore support the potential adopters with many necessary decisions. However,
photovoltaic is only one of many topics that can come up within this process. So
even if these actors seemed to be capable in advising their customers or
coordinating appointments with installers, their focus lies on the building as a whole
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and therefore does not necessarily include too much effort into photovoltaic.
Internal arguments or issues prevented these change agents from putting further
effort into this topic. For example, a company building prefabricates houses
nationwide does not tend to cooperate intensively with local installers and cannot
compete with them regarding their prices. So, even if they offer the photovoltaic
systems themselves including taking care of all organizational issues regarding the
installation, they are often asked to only include the infrastructure for a photovoltaic
system, leaving the installation to the home-builder. This option is appreciated by
the customers since a lot them are households with limited budgets and therefore
focus on more elementary aspects in the building process first, leaving the
photovoltaic system as a possible addition for a later point in time, even if it is useful
and more convenient to include it all at once into the building process. Architects
also consult customers who wish to refurbish existing buildings. However, similar to
the energy advisors’ suggestions, they have a broader view of the building, which
does not necessarily prioritize PV system. Moreover, not all architects are certified to
build specific subsidized houses and therefore need to bring in another architect,
which was perceived as an additional bureaucratic hassle by the adopters.

Adopters use a variety of communication channels to obtain information. It is
therefore studied as the third analysis unit. For many adopters, the innovation, in
general, was already known quite well. The specific research on the internet began
in order to gain a rough overview of manufacturers, products and installers. In
addition to telephone calls to the manufacturers, brochures were also ordered to
obtain further information. Important contact points for potential adopters are the
expert forums on the internet, where actors share their knowledge and experience
about implementation. One expert forum even provided an opportunity to review
the offers for the adopter. These forums appear to be a good opportunity to verify
information from producers’ websites in case of existing trust issues regarding their
information. Visits to customer installations and discussions with customers about
the installers are important information channels. However, a central part of the
communication process is the personal discussion with the installer. Many adopters
report that trust in an installer is the most important criterion, but is also the most
difficult to identify. The installers who appeared to give advice independently and
did not appear to focus simply on selling their products were positively emphasized.

Looking at the diffusion of photovoltaic systems as the fourth unit of analysis, there
were approximately 1.7 million photovoltaic systems in Germany overall in 2018,
162 thousand of them in Lower Saxony. 6,161 of the systems in Lower Saxony have
been installed in that year, almost all of them on roofs. After growth rates drastically
went down in the years before 2015, they slowly have been increasing again since

60

Dieses Werk steht Open Access zur Verfligung und unterliegt damit der Lizenz CC-BY 4.0



7. Diffusion and Adoption of Innovations for the Energy Transition

then [86]'. Meanwhile, the product itself developed further, becoming more
efficient and more cost-effective [87], thereby increasing the relative advantage, as
well as more flexible regarding the use in less optimal construction conditions. In
addition, smaller solutions, e.g., for balconies, which easily can be plugged into a
regular socket, were invented. These developments have positive effects on
compatibility.

The diffusion of photovoltaic systems in the past has been shaped through political
interventions, specifically, the feed-in tariffs regulated by the German Renewable
Energies Act? [88] or minimum requirements pertaining energy-related decisions for
new buildings regulated by the German Energy Saving Ordinance®. Lower feed-in
tariffs reduce the perceived relative advantage, while regulations for new buildings
generally support the diffusion positively, but do not concern the existing building
stock. Another important factor influencing the diffusion of photovoltaic systems are
the electricity prices, also being linked to political decisions [83].

The share of photovoltaic systems installed jointly with energy storage solutions
experienced a sudden increase in Lower Saxony only a few years ago. While in the
year 2014 only 16% of new photovoltaic (<30kWp) systems were combined with
energy storage [89], in 2015 the share was already 53% [90]. In the following years,
2016 and 2017 that share seemed to level off at 45-46% [91] [83]. The interviews
revealed that the adopters were aware of sinking prices of storage systems within
the last years and therefore perceiving the storage solutions as more attractive.
According to the change agents interviewed, market diffusion is only just beginning.
In the long term, the average expectation is that more than half of the single-family
and multi-family houses in Germany will have a PV home storage system.

However, storage systems are not only used in combination with new photovoltaic
systems but also represent a possible extension for existing systems. From 2013 until
2017, 80-90% of storage solutions were installed with new photovoltaic systems
and 10-20% with existing systems [83]. These systems are probably the ones that
were built after 2009 since their production is not completely used for feed-in but
already include a share of own consumption. These shares might change after 2021
when the photovoltaic systems installed in 2000 run out of their feed-in
compensation which is fixed for 20 years (EEG § 22) [81]. It is expected, that these
photovoltaic systems will still be productive or that their productivity can be
restored by assembling new parts [81]. This additional installation of storage
solutions for photovoltaic systems losing their feed-in compensation will probably

! Summarized and processed data from the Agentur fiir Erneuerbare Energien (www.foederal-erneuerbar.de)
who work with data from the Bundesnetzagentur fir Elektrizitdit, Gas, Telekommunikation, Post und
Eisenbahnen.

2 Erneuerbare-Energien-Gesetz (EEG)

* Energieeinsparverordnung (EnEV)
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go on until the year 2035 when the subsidies of the systems from 2015 expire when
there already were significant shares of energy storages. The reason for this is the
introduction and reduction of feed-in tariffs. With the introduction of the EEG in
2000, high feed-in tariffs were set for PV systems, which were intended to stimulate
investment in the technology and drive expansion. In the following years, the
manufacturing costs for PV modules fell sharply, so that the subsidy rates in the EEG
were adjusted. The reductions resulted in subsidy rates falling from 50.7 cents/kWh
in 2000 to 11.11 cents/kWh today [92]. With the strong reduction below the level of
electricity purchase costs, an incentive for own consumption emerged, so that more
PV systems with storage facilities are being added. Another possible application for
home storage systems goes beyond the optimization of own consumption and aims
at the use of electricity price differences within one day through dynamic electricity
tariffs. A storage facility could also be of interest without a PV system. However, this
is only feasible if storage prices fall sharply and unlikely to be attractive for private
households in general. The change agents interviewed see the potential for these
applications very differently. While energy suppliers and manufacturers see a large
market and new business models, the potential of the interviewed installers is
estimated to be much lower, as the limited capacity of the storage systems does not
lead to a high economic benefit.

To summarize, the pursuit of autarky of energy supply represents the main
motivation of the adopters. Ecological aspects play a complementary role behind the
more important economic aspects. The high costs and concerns about efficiency are
the main factors that prevent adoption. A large number of different actors play an
important role in diffusion. The personal discussion with these actors is central for
the adopters in order to build trust. Continuing price degression, technological
optimizations, and increasing public awareness are leading to the removal of barriers
and an increase in the diffusion of storage systems. The experts interviewed assume
that decentralized storage systems will be an integral part of single-family homes
and apartment buildings in the future. An investment in a home storage system will,
therefore, be of interest to a large number of households over the next 10 years. The
trend toward sector coupling, in particular, the coupling between PV storage
systems and electric mobility, suggests that synergy effects can be expected.

7.4.2 Smart Meter

A smart meter is a digital counting and measuring technology, which is to
successively replace the conventional electricity meters. It consists of a measuring
device and a communication module, the gateway [93]. In contrast, a digital meter
does not have a gateway and therefore cannot send data or receive commands.
Smart meters are electricity (or gas) meters that offer further functionalities beyond
the mere measurement of consumption, e.g., they make it possible to display
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consumption behavior over the course of a day, week or year. They can provide end
consumers, distribution system operators and producers with the necessary
consumption information, serve to transmit information for smart grids and create
appropriate incentives for end consumers to improve energy efficiency ( [94]; [95]).
Smart meters enable the introduction of dynamic electricity tariffs. As an interface to
the consumer's electric supply, they offer automation potential for controlling
shiftable loads like electric storage heaters, heat pumps, and electric vehicles as well
as decentralized generators like photovoltaic systems [96].

A smart meter offers a relative advantage as it provides feedback for the customer
about the current consumption and therefore the opportunity to save energy and
money by behavioral adjustments. The aspect of compatibility is therefore
particularly important for the devices that interact with the smart meter, e.g.,
controllable appliances. With respect to complexity, it is important that the smart
meter's control system be designed to be easily accessible to the consumer.
Otherwise, a complicated control system may frustrate users and lead them to
abandon the device. The trialability of smart meters can lead to the removal of
barriers to their use as it results in reduced uncertainties [65]. In the case of smart
meters, it is difficult to imagine that they could be tried out, as these devices are
usually not visible or cannot be installed on a trial basis. For the same reasons,
observability is also not given.

Adopters of smart meters are, according to the Metering Point Operating Law”,
those parties with high consumption or those who deal with the generation of their
own renewable energies. These can be households, municipalities, the housing
sector or companies. The distribution of smart meters is the responsibility of the
distribution system operators who therefore act as the central change agent of this
innovation. They receive support from smart meter manufacturers, installers, energy
suppliers and local authorities who can advertise the installation, offer advice and in
doing so remove barriers.

No special communication channels are recognizable since it is to be expected that
the communication will originate from the responsible distribution system operator.
The diffusion of smart meter devices is legally integrated into the Act on the
Digitization of the Energy Transition® of August 29, 2016. With this act, the Federal
Government pursues the goal of linking generation and consumption more closely
in the electricity grids. The law provides for a gradual introduction (so-called rollout)
of smart meters, starting with large-scale consumers of electricity (> 10,000kWh per
year) and larger systems subsidized under the EEG (7 to T00kW of installed capacity)
in 2017. By 2021, the mandatory installation is to be extended to include consumers

4 Messstellenbetriebsgesetz (MsbG)
® Gesetz zur Digitalisierung der Energiewende
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with at least 6,000kWh per year [97]. The vast majority of households will not reach
this limit. Only an average five-person household that lives in a single-family house
and has an electric water heating will usually reach a value of 6,300kWh. A
comparable household without electric water heating (5,000kWh) is well below this
limit. If the household consists of five persons in an apartment building, the limit is
exceeded neither with electric water heating (5,600kWh) nor without (3,600kWh)
[98]. Since the distribution system operator installs the smart meter, the respective
customer has no choice regarding the type of device. However, certification of three
different smart meter gateways is a prerequisite for the start of the rollout. At present
(April 2019), the German Federal Office for Information Security has successfully
certified only one manufacturer [99]. It can, therefore, be assumed that there will be
delays in the rollout and that the actual plan cannot be fulfilled.

The distribution system operators expressed their opinion with regard to smart
meters that the legal obligations would be fulfilled. However, not every household
will receive such a meter, as in many cases a digital meter is sufficient. The digital
meters are already being installed.

To conclude, smart meters for large consumers can provide an incentive to save
electricity by showing the current consumption of the devices used. It is important
that the devices are compatible with the smart meter so that communication and
control are possible. For many households, it will not be necessary to install a smart
meter, as digital meters will be legally sufficient.

7.4.3 Dynamic Electricity Tariffs

Dynamic electricity tariffs are supposed to play an important role regarding the
management of electricity demand by integrating volatile renewable sources and
maintaining stability within the grid. The plan is to create financial incentives for
favored user behavior through electricity tariffs. This strategy is already in place for
companies exceeding a certain electricity consumption. The legal basis for these
tariffs in Germany is § 40 paragraph 3 of the Energy Economy Law® requiring
electricity suppliers to offer such tariffs, and incentivizing a reduction or the
management of energy consumption. There is a variety of different designs for these
tariffs: time-of-use pricing, critical peak pricing, real-time pricing, direct load control,
emergency demand response, curtailable load, interruptible load, demand bidding,
and usage-bound tariffs. These different tariffs work with varied instruments,
different pricing systems or other financial incentives [100] and create diverse
reactions or consequences for the users. We focus on those tariffs that potentially
motivate users to postpone their individual electricity use to different points in time.

® Energiewirtschaftsgesetz (ENWG)
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For example, usage-bound tariffs might lead to a reduction of energy usage overall
but have no noticeable potential to postpone energy consumption since the periods
considered for pricing differ from a month to a year. A more detailed contemplation
on the individual load shifting follows in Section 9.1.1.

As mentioned above, the benefit for users is possible financial incentives. However,
any actual savings depend on the tariff’'s design and on the equipment within the
household. A thermal storage system or bigger electrical loads such as heat pumps
or electric cars in combination with a smart measurement system lead to a higher
potential for load shifting and therefore the realization of financial benefits [101]. It
also needs to be considered how the reaction to price signals takes place;
automatically, partially automatically or manually [102]. A manual reaction leads to
a loss of convenience through the need for monitoring and pressure to change
behavior, while automatic reactions are only facilitated by more expensive technical
equipment [101]. Moreover, some interviews revealed that the adopters are very
critical of higher levels of automation within their houses. Generally, the anticipated
advantage depends on the expectation regarding the development of electricity
prices. For adopters expecting increasing price levels, the dynamic tariffs appear
more disadvantageous [103]. Regarding the compatibility, there are essential
restrictions. For some tariffs that only include two different price periods and can
hardly be called dynamic the implementation of a so-called multi-rate meter is
enough. For tariffs with higher levels of flexibility, there needs to be an intelligent
metering system (see the previous section on smart meters). The perceived
complexity probably depends on the tariff’s design. A trialability does not seem to
be given without entering into a contract. The visibility is provided through the
advertisement of electricity providers offering such tariffs, but it currently does not
seem to play an important role in the adopter’s social environment or conversations
since it is not a present topic for the interviewed adopters themselves.

The electricity providers offering these tariffs are important change agents. Some of
them use online tools to simplify the search and information process of potential
adopters (e.g., [104]). Problematic, regarding the change agents’ motivation to offer
such tariffs might be, that it is the grid operators who must deal with problems
caused by the integration of volatile renewable energies and not the electricity
providers directly unless grid operator and electricity provider are combined within
one company. Moreover, electricity providers need to go through considerable
changes in their internal processes, like changing their whole balancing procedures,
in order to offer dynamic electricity tariffs [101]. Electricity providers report that they
offer or have offered tariffs with two different price periods (high and low tariff), but
that demand is very weak or so low that the product has been discontinued. Some
electricity providers, therefore, do not believe in dynamic electricity tariffs because
they doubt that the majority of customers have an interest in dealing with electricity
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prices or are willing to shift consumption. Two electricity providers reported that
they would need price signals from an upstream grid level for such an offer and thus
become dependent on it, which is not in their interest. The electricity providers that
can imagine a commitment in the area of dynamic electricity tariffs currently see few
application possibilities. They attribute this to the lack of infrastructure, as smart
meters are not available until now. Some electricity providers, who are also
distribution system operators, see the combination of smart meters, dynamic
electricity tariffs, storage, and electric mobility as a way of intelligently shifting loads
in the grid and thus enabling stable grid operation. Another change agent turned
out to be within the building sector. For example, companies offering prefabricated
houses seem to play a role in the adoption process, by directly connecting the usage
of, for instance, a heat pump to the offer of a tariff with two pricing periods and
including the necessary infrastructure (multi-rate meter) into the construction
schedule. That way the adopter can pay less for the energy the heat pump uses at
night.

Regarding the used communication channels, according to the interview partners,
there was little conversation about this topic to others. Adopters or those who did
not adopt became aware of these tariffs directly through the named change agents.

So far, the diffusion of dynamic electricity tariffs has not gone very far. Most parts of
the population have never heard of them or barely know anything about their
advantages or disadvantages [105]. Even though there appears to be a receptive
attitude, opinions regarding the personal use of such tariffs vary. There are doubts
regarding the possibility to adjust their own behavior or rejections to do so because
the expected potential for savings is not perceived to be high enough [105]. The
study by Gerpott and Paukert [103] showed that higher levels of flexibility like
shorter notice times or higher differences between the highest and lowest prices
appeared to be less desired by potential adopters. Other results did not find that this
difference is important but still confirmed that users prefer the current tariffs over
dynamic ones and if the tariff needs to be dynamic, they prefer the less dynamic
ones [106]. Looking at the change agents, especially the electricity providers, most
of them offer the already named tariffs with two pricing periods. These tariffs already
started to diffuse decades ago along with night storage heaters and only require
multi-rate meters, not necessarily smart meters. Even though more designs that are
dynamic have been tested in model regions [107], there is no significant diffusion so
far. Only 3% of the suppliers offered dynamic tariffs reflecting the spot market prices
in intervals to private households [108]. The 268 electricity providers offering tariffs
in Lower Saxony in 2017 are overall offering less than ten dynamic tariffs beyond the
ones with only two pricing periods. In some cases, these tariffs directly pass the
market prices on to the users but do not announce the upcoming price changes.
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Thus, these tariffs do not give the users a chance to adjust their behavior accordingly
(e.g., [109)).

Even though dynamic electricity tariffs potentially play a key role within the energy
transition by providing incentives for load shifting and therefore supporting the
integration of volatile renewable energy sources, they are barely known and have
hardly diffused among private households. Currently, the expected financial
advantages are not perceived to be high enough compared to the trouble of
implementation, for both, change agents and adopters.

7.4.4 Heat Pumps

Heat pumps are heating systems that mainly use the energy of the surrounding
environment. For the pump to work, there is only a minor need for electricity or gas.
A heat pump’s functional principle is based on the so-called Joule-Thomson-effect, a
physical effect that drains thermal energy outside the building and gives it off within
the building. Possible thermal energy sources are the soil, the air outside or the
exhaust air from the building. The most common heat pumps use energy from these
thermal energy sources, which is drained by using refrigerant on a low-temperature
level and then heating it up through mechanical or thermal compression until it is
suitable for heating purposes such as space and water heating. Some also facilitate
air conditioning [70]. Different studies present heat pumps as a key technology for a
transition of the heating system away from fossil energy sources [70] [110]. Even
though the focus of NEDS is on the electric energy system, heat pumps were chosen
to be considered as well because this technology contributes to an integrated
energy system based on electricity [111].

The relative advantages perceived by potential adopters are diverse, comprising
expectancy of little maintenance, effectiveness of the technology, independence
from fossil fuels such as gas or oil, resource conservation, and sustainability. The
latter aspect appears to have a lower priority to most households. Moreover, the
level of sustainability depends among other factors on the electricity mix the heat
pumps use. Change agents clarify that there are not necessarily any financial
advantages. The initial costs are not always clear to house builders, because they are
included in total prices for the new building and therefore hardly comparable to
alternative solutions. Looking at the compatibility of heat pumps there are difficulties
on the one hand, especially regarding older buildings. In order to use a heat pump,
the building must be well-isolated and equipped with extensive radiators. When
building a new house, initial costs for a chimney or a gas connection can be saved.
For existing buildings, this advantage does not apply and reduces the
competitiveness of the heat pump compared to other solutions once again. Overall,
change agents confirmed that currently, heat pumps have no significant relevance
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for existing buildings. Some developing areas are even planned without a gas
connection, which reduces the choices of possible heating systems. In others, the
buildings are planned to be proximate to each other, which may lead to insecurities
surrounding noise emissions of certain kinds of heat pumps. Apparently, the
compatibility regarding the context of building and area matters, yet it can do so in
both, a positive (i.e., adoption-fostering) or negative (i.e., adoption-obstructing)
manner. The connection to an own PV system, which allows households to use the
electricity produced by that system to fuel the heat pump, is valued by the adopters.
Change agents have to relativize the adopters’ expectations considering the fact,
that the PV system’s production is not that high in the heating period. Overall, the
compatibility heavily depends on the building context. Moreover, legal
requirements for new buildings often trigger the adoption, even for those adopters
who did not initially plan to install a heat pump. With respect to mental
compatibility, the perception of electricity appears to be shifting. In the past,
electricity was primarily perceived as a precious and slightly negatively connotated
resource, that needs to be saved. Today, consumers view electricity more positively,
according to the change agents. Given occasional electricity surpluses and the need
for integrating electricity into the heating sector, consumers are more willing to
apply electricity-intensive technologies than they used to be. Heat pumps are also
more convenient for consumers because there is hardly any need for regulating
them on a daily basis. Observability, as well as trialability, might also obstruct a
broader diffusion. A building’s heating system is usually not obvious and mainly not
seen by, for example, visitors of a building. Trying out a heating system would
require an extant installation. One aspect where trialability appeared to play a role
was by adopters listening to installed heat pumps in order to experience potential
noise emissions. The complexity in the purchasing context seems to be reduced by
parties such as building enterprises or architects supporting the building process
through suggestions, fitting the heating system to building and personal needs and
coordination of different artisans. In some cases, the building processes leave little
room for individual solutions and personal interventions by the final adopters.

Possible adopters of heat pumps are those organizations and individuals who own
or manage new and redeveloped houses, company facilities, or even entire districts
[112] [113]. Relevant change agents for the diffusion of heat pumps comprise
production and trading companies specialized on heat pumps, as well as
organizations in the building industry, specifically companies offering prefabricated
houses, and the architects of new buildings. For these new buildings, legal
requirements regarding their energy supply often appear to drive change agents
and adopter’s commitment to heat pumps [110]. Heat pumps are in some cases
seen as a comparably easy way to satisfy these regulations. Another relevant change
agent group are the energy suppliers that are active in the field of heat supply. These
players operate heat pumps in contracting in single-family and multi-family houses.
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The energy supplier, who receives a monthly fee in return for his services, usually
handles planning, financing, installation, maintenance, and operation jointly.
Instead of high initial investment, many customers find the monthly constant rate in
the contracting model more pleasant.

Regarding the relevant communication channels for attention and further
information on heat pumps the adopters listed very diverse channels: attention
through articles, further information over specific research on the internet and
brochures of suppliers. Information found on the internet often appeared to be
negative or contradictory. Some adopters tried to verify this through consulting of
change agents. Integrated offers by building companies, which included heat
pumps, appeared to be decisive for the adoption decision. In some cases, these
offers were verified by experts (e.g., a plumber).

The first heat pump in Germany was installed in 1969. Since then this technology
has been developed further, and initial technological failures and low performances
appear to be overcome [114]. In 2017, heat pumps have been used in more than
42% of new residential buildings in Germany [115]. Some building companies sell
heat pumps as a standard solution. However, new buildings only represent a small
part of the existing building stock. Most buildings are old and therefore mainly not
suitable for the installation of a heat pump without profound renovation [110]. The
fraction of buildings with heat pumps within the whole German building stock,
including residential and non-residential buildings, is only 2% [110]. For the future
diffusion of heat pumps, different factors appear to be relevant, mostly the erection
of new buildings [70], but also the development of the prices of alternative heating
technologies compared to the prices of heat pumps. Other influencing factors are
the developments in fuel costs and electricity prices. Because of the dependency of
the usefulness of the installation of heat pumps on the building context, the
diffusion of heat pumps over all existing buildings is closely linked to the
regeneration of the building stock and therefore inherently slow. Even though the
numbers of installations for new residential buildings are remarkable, new buildings
only constitute very small shares of all buildings.

Overall, heat pumps do not differentiate from other heating systems through the
direct results of their performance regarding the room temperature or wellbeing of
the inhabitants. The most relevant factors influencing the diffusion of heat pumps
are regulations in favor of this heating system and the building context the adoption
is considered in. The main challenge for a far-reaching diffusion will be the useful
implementation of heat pumps into existing buildings.
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7.4.5 Electric Mobility and Charging Infrastructure

Electric cars have been produced since the late 19th century. However, after the
invention of the electric starter for combustion engines, their production hardly
played a role in terms of numbers [64]. Electric mobility is therefore by no means a
new invention, but the technology has been "rediscovered," as it enables mobility
without the emission of CO, and harmful gases [116] if the electricity used comes
from renewable sources. In the smart home, the charging infrastructure can
influence the size of the storage facility and the PV system if adopters want to
produce the electricity for their electric car themselves. We, therefore, focus on the
diffusion of the charging infrastructure, knowing that electric cars and
corresponding infrastructure are closely intertwined.

Electric mobility can achieve a relative advantage in terms of operating costs and
social prestige compared to existing mobility. In terms of operating costs, electric
cars can sometimes be operated cheaper than conventional cars [117], for example,
if the batteries are charged via a cheap electric car tariff from the electricity provider.
Another possibility is free public charging stations, for example, the ones that some
supermarkets offer to their customers. If electricity from regenerative sources is used
to charge the electric car, the avoiding of emissions is another relative advantage. A
further relative advantage can be achieved in terms of prestige since the drivers of an
electric car opt for environmentally friendly mobility and show this by using this car.
In this way they can gain recognition for their social environment. The German
government and the automobile manufacturers subsidize electric mobility by giving
buyers of electric cars a buyer's premium of 4,000 euros and buyers of hybrid cars
3,000 euros. These subsidies are given to speed up the rate of adoption of
innovations by increasing the relative advantage of the new idea [65] as these cars
are more expensive than conventional cars. Compatibility is a critical aspect since
previous behaviors with classical mobility cannot be transferred one-to-one to
electric mobility. Electric cars do not reach the ranges of classic cars and the network
of charging stations is not yet dense enough to guarantee ubiquity of recharging
opportunities along the way. Further challenges are the various charging adapters
and billing systems, so that not every user can use every charging station.
Standardization, both in terms of charging infrastructure and billing systems, is
necessary for the further diffusion of electric mobility. We conjecture that adopters of
electric cars will largely install their own private charging station, as it is to be
expected that a large part of the charging processes will take place at home. The
purchase, installation, and maintenance of these wall boxes entail additional costs.
In connection with the currently higher costs for an electric car, the acquisition costs
of the entire system represent a high barrier for potential adopters. Residents of
multi-party houses without parking at the house are at a disadvantage, as there is no
private charging possibility for these cars. In the case of electric mobility, complexity
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plays a subordinate role, since electric mobility does not present complex difficulties
for the user, but strongly follows known patterns of classic car use. Trialability is
given in the case of electric mobility since test drives are possible at car retailers or at
mobility events. Energy suppliers partly offer the rental of electric vehicles and
participate in information events. Car sharing providers are now increasingly
offering electric cars in their fleets. These possibilities of trialability have a positive
influence on the adoption of electric mobility. The observability of electric mobility is
given, since in road traffic the cars with electric drive must have a special license
plate with the identifier "E". A further aspect of observability is the increasing
construction of charging stations, which, due to their design and exposed location,
are noticeable at important public facilities such as railway stations or car parks.

Households are typical adopters for electric mobility as well as municipalities, the
housing industry, companies, and energy suppliers if they use electric mobility
themselves. Nevertheless, due to their position, they can also be change agents.
Municipalities can promote the purchase of an electric car and designate areas for
charging infrastructure. The housing sector can include electric mobility in the
planning of new construction projects and provide space for these. Companies can
promote electric mobility by providing charging infrastructure for their customers
and employees, and energy providers can ensure that the charging infrastructure is
set up, offer attractive charging rates and get involved in car sharing. Distribution
system operators play a special role in the diffusion of electric mobility as they
determine framework conditions. Due to their activities in the distribution grid, these
players can prohibit the installation of charging stations if this could endanger the
stability of the grid. Particularly in the case of many simultaneous charging processes
in households, for example in the evening hours, the utilization of the grid
infrastructure can get into a critical area. An important future task for the distribution
grid operators will thus be to prevent overloading of the electricity grid. Increased
grid expansion and intelligent load management offer opportunities. An
amendment to the Low Voltage Connection Ordinance’ will allow the distribution
system operator a co-decision right in the construction of charging stations.
Charging stations with an output of more than 12kW may only be commissioned
with the consent of the grid operator. When new power lines are laid in new
development areas, large-scale electric mobility is not considered, as otherwise, the
costs would be prohibitively expensive. These limited grid capacities can represent a
barrier to the future diffusion of electric mobility.

With respect to relevant communication channels, many energy suppliers report on
electric mobility in their customer magazines and advertise their electric mobility
days on the internet, with advertisements in newspapers and with flyers. Personal

7 Niederspannungsanschlussordnung (NAV)
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conversations are particularly important during the show days. However, this is only
an excerpt of possible ways in which adopters can obtain relevant information on
electric mobility. For example, before a PV system is installed, a personal meeting
with the installer is often held to determine whether an electric car is available or to
be purchased. An electric car is a large consumer of electricity in a household and
therefore influences the choice of the sizes of both the PV system and the related
storage.

In recent years, virtually all automobile manufacturers have added series models in
the field of electric mobility to their portfolio. The reasons lie in a mixture of stricter
environmental legislation, public subsidies, falling prices, especially for batteries,
and at the same time higher achievable efficiency in terms of increased power and
greater range, as well as improved charging infrastructure. In addition, customers'
willingness to pay tends to grow with environmental awareness [116]. On 1 January
2018, 53,861 purely electric vehicles were registered in Germany. Measured against
the total number of approximately 46.5 million registered cars, the current diffusion
of purely electric vehicles is 0.12%. However, compared with 2017, the growth rate
stands at 58.3%. In Lower Saxony, there were less than five thousand purely electric
vehicles per 4.7 million cars, which correspond to a share of 0.10%. The growth rate
compared to the previous year is 54.6% [118]. Another characteristic of the diffusion
of electric mobility is the expansion of the charging infrastructure. According to
BDEW figures, more than 16,100 public and semi-public charging points are
available in Germany at the end of 2018, 12% of them as fast loaders. More than
three-quarters of the charging stations are operated by the energy industry [119].
The diffusion of electric cars is currently still low but is growing at a high rate. The
further, necessary expansion of the charging infrastructure can remove barriers to
compatibility and thus contribute to greater diffusion. A higher share of renewable
energies will ensure that the sustainability of electric mobility improves and that its
diffusion increases.

To summarize, electric mobility can achieve relative advantages in terms of
operating costs and emission avoidance. The charging processes, which will mainly
take place in private households and here mostly at certain peak times, will place a
heavy load on the existing distribution grid. In addition to strengthening the
distribution grids, the solution requires above all control of the charging processes at
the grid level.

7.5 Discussion

This section begins by summarizing some practical implications of our diffusion
studies. Thereafter, a critical reflection follows before we close the section in
suggestions for future research.
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7.5.1 Practical Implications

Some practically relevant insights mainly concern PV systems with energy storage
and heat pumps. Different groups of change agents share and support the opinion,
that extensive technology within buildings does not come first when following the
goal of energy efficiency. The type of building coverage and attributes like insulation
are more effective and therefore prioritized in the recommendation for the adopters.
Most single-family houses are not individually designed by architects, but sold by
building contractors and companies offering prefabricated houses. Architects come
into play when the building owners have special preferences. Different building
processes depending on the involved change agents portray different levels of
transparency. Moreover, the opportunity and encouragement to influence given
standards differ significantly. Therefore, the adopters do not necessarily participate
in all kinds of decisions during the planning and building process proactively. This
also includes decisions concerning energy-related products. PV systems in some
cases appear to be a driver or starting point for the adoption of heat pumps or
electric mobility solutions because adopters are motivated to use their self-generated
electricity.

Moreover, there are also some general conclusions for all analyzed innovations.
Looking at the relative advantage of these innovations, it stands out, that adopters
hardly perceive advantages through the direct functionality of the innovations. For
example, heat does not differ qualitatively based on its origin from a heat pump or
another heating system. In the same vein, electricity does not differ qualitatively
depending on its origin from a PV system or from other sources. Instead, adopters
tend to perceive relative advantages through other channels, namely as financial
advantages or ecological advantages. Still, both are fraught with insecurities. The
financial advantages depend on electricity price developments, as well as on the
durability of the implemented innovations. Ecological advantages are often
narrowed by impacts of the production of a certain innovation. Both advantages and
production impacts are hard to judge or compromised by the feeling that there is a
negative ecological impact no matter what decision is made, leading to some sort of
perceived helplessness for some adopters. What is left is mostly just a feeling of a
positive ecological impact, the expectation of financial advantage or a felt sense of
independence, but barely any specific or measurable advantages. Specifically, the
utility of smart meters and dynamic electricity tariffs lies within the context of a smart
grid. To date, neither change agents nor adopters see sufficient benefits for
themselves to overcome the trouble of implementation and possible disadvantages.
Because of the crucial role of these innovations in facilitating the control of load
within the grid, the support of these innovations in their early-diffusion phases
appears to reflect an important challenge.
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Another crucial aspect for all innovations seems to be their compatibility, either with
the structural context of the building or with each other. The visibility of the different
innovations appeared to differ significantly, but for most innovations, suitable digital
applications could improve their visibility. For those innovations with a generally
higher visibility, their diffusion could give potential adopters the feeling of the
technology being well established and therefore more mature. This perception helps
with another issue: One major insecurity of the different innovations exists regarding
their durability, especially because of high initial costs and the structural context of
the building. This attribute cannot be tested, so the trialability cannot support the
diffusion. The complexity of different innovations seems to be overcome by a
technological background or a technological interest of the adopters.

Moreover, change agents use their potential to reduce the perceived complexity by
consulting and through recommendations. Among the different innovations, some
relevant groups of change agents appeared to be the same (e.g., installer
businesses). Subsidies or regulations, emphasizing the relevance of governance,
influence the diffusions of all analyzed innovations. We conjecture that users should
be able to combine all analyzed innovations in a useful manner, yet today they tend
to adopt them separately. Potential adopters often cannot afford to augment the
high costs of a new building by adding the initial costs associated with the
simultaneous adoption of multiple innovations. Yet another hindering aspect for the
analyzed innovations is a lack of communication and coordination between different
change agents of these different innovations. The cooperation of different change
agents is generally needed but differs significantly in its quality. Disparate goals,
suggestions, and practices in some cases make it harder for these actors to find
common ground.

7.5.2 Reflection and Future Research

The chosen research approach was suitable for exploring the factors influencing the
diffusion of selected innovations that matter to for the energy transition in Lower
Saxony. We conducted five in-depth diffusion studies on these innovations. In doing
so, we could also identify groups of actors that play an important role in the
diffusion process. The available results on the diffusion of innovations in the context
of the energy transition show the importance of different influencing factors on
individuals” adoption decisions.

The results provide a qualitative perspective that complements the quantitative
modeling and might support the mainly theoretically based models or require
amendments in model assumptions. Overall, the derived insights sharpen the
simulation models. To this aim, the transition paths of the simulating models were
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adapted (see Section 8.3). By incorporating the empirical insights into simulation
projects, we could thus increase the realism of these models.

Even though many insights could be generated and provide a comprehensive
overview of the chosen innovations, there are certain limitations of the results. In line
with the whole project, the results relate primarily to Germany. It is not directly
possible to infer from this context to others, because Germany-specific conditions,
such as feed-in tariffs, influence the results. We also concede some weaknesses
inherent to our qualitative and primarily interview-based methodology. Bias could
occur due to poorly articulated questions, inaccuracies happen due to poor recall
and response bias [77]. Especially, social desirability bias could result from
respondents’ desire to avoid embarrassment and to project a preferred image to
others [120]. However, it is not just the interviewer’s perspective that might
influence the interviewee. The latter ones’ responses might also unknowingly
influence the line of inquiry [77]. Another weakness results from the fact that a single
interviewer was responsible for the coding of the interviews. It would have been
desirable if several authors had coded the same interview and discussed the
differences in order to reduce the degree of subjectivity and support the reliability of
the results by ensuring inter-coder agreements [78]. Even the selection of an
alternative theoretical foundation could have led to different structures within the
analysis and therefore could have provided different results.

Apart from these limitations, the results reveal different aspects that should be
focused on in future research. Certain innovations such as behavioral adaptions, and
certain actors, such as opinion leaders or other groups of adopters, received scarce
attention within this study. However, their role within the energy transition is still
crucial and should be covered in additional studies. With regard to Rogers’ element
of time, the presented results concentrate on the diffusion over all adopters, not on
the innovation-decision-processes of individual adopters, resulting from the goal to
provide information for the transition paths. However, the processes on the micro
level appear to be very diverse and deserve further consideration in future research.
Interesting for future research could be the choice of other adopters or the extension
of the existing sampling to verify the results. A longitudinal approach could
investigate and strengthen the results over time. Besides these more general starting
points, two specific topics arose from the findings that should receive substantial
attention in future research.

First, change agents play an important role in this decision-making process, as they
strongly influence the adopter's decision by producing, offering, selling, financing
or advising the respective innovations. Over the course of the research project, the
question emerged why companies offer certain innovations, even though they do
not seem to fit into the existing business model at first. Why, for example, does an
energy supplier that earns its money by selling gas offer heat pumps in a contracting
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model or is involved in the field of electric mobility? The background is increasing
pressure, especially due to the energy transition with its trends toward
decentralization, decarbonization, and digitization, which has a strong impact on
energy suppliers and erodes revenues in the classic energy business. With business
model innovations, the energy suppliers try to help shape the transition process
toward a sustainable energy supply. These change processes take place differently in
each company but are visible everywhere in the energy industry. The best-known
examples are the two largest energy suppliers in Germany, E.ON SE, and RWE AG,
which have only just split up and are now planning to merge and specialize their
business areas [121]. This development seemed unthinkable just a few years ago
when both players faced each other solely as competitors. However, the energy
transition that continued to gain momentum after the Fukushima reactor accident
has reshuffled the cards in the energy industry and swept away old thought
patterns. In the future, it will not be sufficient for many companies to make only
marginal changes or additions to the existing business model. What is needed are
deep business model innovations. The process of change is being accelerated by
innovative start-ups that are using digital technologies to build new e-business
models, or by an increasing number of new competitors, some of whom do not
come from the traditional energy sector.

In the research on these challenges and adjustments that energy suppliers undertake
over the course of business model innovations, municipal utilities are hardly
considered. These mostly small to medium-sized companies operate in a regionally
limited supply area, and local authorities hold the majority of their shares. More than
70 municipal utilities in Lower Saxony (900 in Germany, overall [122]) perform
important tasks in the provision of services of general interest. These are the supply
of electricity, gas, heat and water as well as the associated grid infrastructure, waste
and sewage disposal, and the operation of public transport, street lighting,
swimming pools, and parking garages. These companies are particularly affected by
the transformation of the energy industry, as they have to develop from locally
bound, monopolistic basic suppliers with territorial protection to energy service
providers in the free market. They have to deal with increasing competition in their
regional home market, decentralization, digitization, rising customer self-sufficiency
tendencies, and legal and regulatory requirements, while simultaneously fulfilling
tasks of general interest. However, municipal utilities are also shaping the energy
transition. The distribution grids, to which 97% of all renewable energy generation
plants are connected [122], are often operated by municipal utilities. The sale of PV
systems and storage facilities, the establishment of charging infrastructures for
electric mobility and energy services such as heat pump contracting can be regarded
as new, promising business areas for municipal utilities. The energy transition thus
offers opportunities and risks for municipal utilities. How strong the effects of both
extremes will be will depend on how well existing business models can be adapted
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to the changing framework conditions. Identifying the drivers, supporters, and
obstacles to business model innovation helps to answer the question of why
municipal utilities are adapting or failing to adapt their business model in the
context of the energy transition.

Second, the findings show that the analyzed innovations are linked through various
relationships to one another, but also to other innovations. Some innovations
appear to be in a complementary relationship, others represent a necessary
condition for the adoption of another innovation. The influence of the variety of
different relationships between innovations on the adoption process or the diffusion
of these innovations is yet to be investigated. So far, it can be expected that these
relationships might lead to higher levels of complexity and therefore increase the
likelihood of non-adoption. However, it might also push the adoption of one
innovation along with the adoption of another one. Especially the connection of
different innovations or technologies within the context of a smart home is a
relevant condition for successful integration of renewable energies. Connecting a
number of different innovations within a smart home could lead to a variety of
different kinds and degrees of relationships and therefore their impact might be even
more substantial. The question, how the relationships of different innovations are
perceived by the adopters demands further research. Moreover, it needs to be
clarified, in which cases these relationships lead to which outcome for their adoption
and diffusion of one innovation individually and a number of linked innovations.
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Figure 24: From Story to Simulation in the

PDES

The second phase of the PDES aims to
close the gap between qualitative future
scenarios on the one hand and
quantitative modeling and simulation on
the other hand (see Figure 24).

First, attributes are defined and
quantified as shown in the top of
Figure 24 (see Section 8.1). Afterward,
alternatives and external uncertainties
need to be separated, as a requirement
for the application of MCDA. This is
shown at the bottom of Figure 24 and
explained in more detail in Section 8.2.

In NEDS, not only the year 2050 is
considered, but also the transition years
up to 2050. These transition paths have
also to be quantified, which is described
in Section 8.3. To give an example of the
developed PDES in NEDS, one future
scenario was used for a detailed
simulation and evaluation. The selection
of this scenario is explained in
Section 8.4.

The inputs for this phase are the future
scenarios  developed via scenario
planning as described in Section 6 and
the sustainability criteria introduced in
Section 0.

The results of this phase are
transformation functions, the list of
attributes, the general framework

conditions, and the evaluation objects.
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8.1 Definition and Quantification of Attributes

/. 8. Schwarz

The definition and classification of attributes are depicted in the top part of
Figure 24. The result of it is a /ist of attributes. This list can be based on two inputs:
On the one hand, the qualitative future scenarios can be used to deduce and classify
the attributes, which are needed to parametrize the simulation and provide input for
the sustainability evaluation. On the other hand, the SECs defined earlier can be
used as input for the definition of transformation functions, which are then used to
derive those attributes that are required as inputs for transformation functions. The
definition of these transformation functions creates connections between future
scenarios, simulation scenarios, and sustainability evaluation. Both sides can be used
as input to find missing attributes or SECs. The information model can assist the
definition of these transformation functions as described in Section 4.2. By modeling
the list of attributes and the SECs in the information model, they can be used for
querying and finding suitable connections.

The attributes are classified in one of the categories shown in Figure 7: General
framework conditions, scenario-specific framework conditions, endogenous
attributes, and derived attributes. These types of attributes are also annotated in the
information model. The classification of attributes is depending on the goals and
system boundaries of the concrete problem.

Before the quantification of the other types of attributes is done, the scenario set
may be reduced based on the general framework conditions, e.g., targets for
reducing GHG emissions, which set boundaries for identifying valid decision
alternatives. This is necessary because the future scenarios are designed to reflect a
broad range of future projections and maybe not all will comply with the general
framework conditions. For example, a future scenario with today’s shares of
renewable energy technologies and increasing energy demand will obviously not
meet the GHG reduction targets. However, such a scenario may be used as a
reference scenario.

The attributes are quantified based on literature research of related quantitative
energy scenarios (e.g., [5]) or other studies. General framework conditions apply to
all external scenarios and alternatives and thus are quantified with a single value.
Examples could be socio-economic parameters and the lifetime of power plants. The
values of scenario-specific attributes represent the external uncertainties and vary
from scenario to scenario, but are the same for all alternatives. Examples here could
be prices for crude oil and natural gas or the economic growth rate. To capture
uncertainty for the decision field within a future scenario, intervals for the
endogenous variables are set. Naturally, the process of converting qualitative stories
to quantitative assumptions is affected by the subjective assessments of the modeler
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[123, 13]. For example, the qualitative story may imply a “good economic outlook”.
In this case, the modeler’s understanding of the term “good outlook” may have an
impact on the numerical assumption. Therefore, the assumptions should be
documented carefully.

For transparent documentation of the quantification and assumptions, a database
for the values and a document with sources and calculations is used. In addition, the
dependencies of the quantified attributes should be made transparent to ensure that
all models and calculations use the same assumptions. Thus, the information model
is used to query these dependencies. The information model is also used to generate
the scenario database. A database schema generator has been developed, which
automatically creates a schema for a relational database to store the values of
attributes and make them available to all models and project partners. A PostgreSQL
database is used, which is accessible via SQL and CSV import and export.

In the following, some examples of attributes, their quantification, and the
underlying assumptions are shown. Further attributes are described in Section 9
with the descriptions of the simulation models and a list of all attributes can be
found in Table 36.

Population (general framework condition):

The population influences the demand for energy, but it is not in the focus in the
scenarios and models in NEDS. Thus, it was defined as a general framework
condition. The uncertainty of projections for the year 2050 is high and therefore, a
medium projection should be chosen.

In the German “Bevolkerungsvorausberechnung” (translated: population prognosis)
[124, 125] different projections for the population in Germany until the year 2060
are given. In [5], the “Bevdlkerungsvorausberechnung” of the year 2009 [124] is
used and the population of Germany downscaled to Lower Saxony based on the
principle of solidarity (see also Section 3.2), which means that the proportion of area
of Lower Saxony to the area of Germany is used to calculate the number of residents
of Lower Saxony:
area Lower Saxony 4761378 ha

residents Germany - area Germany = 70904530-m= 9.452.211

The newer “Bevolkerungsvorausberechnung” of the year 2015 [125] assumes a
higher population of Germany, which would lead to a population of 9.865.998 in
Lower Saxony based on the principle of solidarity. As this would be a difference of
4.38% and the assumptions are highly uncertain, the value from [5] is used.
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Economic growth (scenario-specific framework condition):

The gross domestic product (GDP) in percent per year represents economic growth.
It measures economic activity and is a significant parameter for energy demand. It
mainly depends on the key factor economic structure (KF 7), which provides
different projections for the future scenarios. The attribute is defined as external and
not influenceable. Thus, it is a scenario-specific framework condition.

The following three studies describe projections for the GDP and were considered
for the quantification. In [5], average GDP growth of 0.7% is expected. Because also
a decrease in population is assumed, this equates a GDP per capita growth of
1.04%. The World Energy Outlook 2015 [126] contains assumptions, which are
subdivided into three periods (2013-2020, 2020-2030, and 2030-2040) with
decreasing growth over the years. For the European Union, the assumed average
GDP growth is 1.6%. The EU Reference Scenario 2016 [127] contains projections for
every country of the European Union. For Germany, the following assumptions for
the GDP growth are made [127, p. 133]: Until 2020: 1.3%; 2020-2030: 0.9%; 2030-
2040: 0.8%.

Economic growth is one dimension of KF 7. Thus, it has two different projections,
which are called slow growth and dynamic growth. As the growth in Lower Saxony
and Germany were similar in the past [128], the GDP growth for dynamic growth is
assumed in the range of the three shown studies. The GDP growth for the slow
growth scenario is chosen slightly lower.

Table 4: Quantification of attribute economic growth (growth of GDP in percent per year).

Slow growth Dynamic growth
(Scenarios 2 and 3) (Scenarios 1, 4, and 5)
2016-2020 0.6% 1.3%
2021-2030 0.5% 1.2%
2031-2040 0.4% 1.1%
2041-2050 0.3% 1.0%

Distribution of PV systems (endogenous attribute):

The distribution of PV systems is part of the energy mix and is quantified as the share
of rooftop PV systems and ground-mounted PV systems. As this attribute is defined
as endogenous, for every scenario an interval of possible values has to be defined.
The sources for these values are the two energy mixes described in [5]. The first
describes a scenario with 100% renewable energies, and the second still contains
some fossil-fueled power plants but achieves the 80% GHG emission reduction goal
of Germany. For the maximal amount of both types of PV panels [5] contains a
potential analysis, which was taken into account for the intervals.
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The attribute depends on multiple KFs from the scenario planning (see Section 6.1):

e Topology of distributed energy resources (DER) (KF 2): This KF determines
the proportion of local DER (focus on rooftop PV systems) and central large
power plants (focus on ground-mounted PV systems).

e Energy mix (KF 5): This KF determines the share of different energy sources.
Thus. It determines the proportion of PV systems in the total energy mix.

e Demand for energy (in private households) (KF 6) and economic structure
(KF 7): These KFs determine the demand for energy, which has to be met by
the energy mix.

For the intervals, the following assumptions are taken. Rooftop PV systems feed into
the grid on low voltage level and ground-mounted PV systems on medium voltage
level. As the energy mix bases upon the scenarios in [5], generation can only be
shifted between the different types of PV systems and not to other energy resources
and the potential analysis of [5] has to be taken into account for these shifts.

Table 5: Quantification of attribute distribution of PV systems (in percent of total energy
mix).

Scenario Share of rooftop  Share of ground- Comment

PV systems mounted PV
systems
1 4.43% 1.48% KF 5 defines the energy mix as the status
quo. Thus, the percentage of 2015 is used.
2 25.39 — 28.56% 24.81 —27.98% KF 5 describes a high amount of

renewable energies. Thus, the 100%
renewables scenario [5] is the base.

KF 2 defines a focus on small local energy
resources. Thus, the share of rooftop PV
systems is comparable to ground-
mounted PV systems.

3 3.36 -22.61% 20.23 - 39.48% KF 5 describes some fossil backup plants.
Thus, the 80% GHG emission reduction
scenario [5] is the base.

KF 2 defines a focus on distributed large
renewable power plants. Thus, the share
of ground-mounted PV systems is higher.
4 9.52-15.87% 37.50 — 43.85% KF 5 describes a high amount of
renewable energies. Thus, the 100%
renewables scenario [5] is the base.

KF 2 describes a focus on small distributes
energy resources. Thus, the share of
ground-mounted PV systems is higher.

5 25.39 - 28.56% 24.81 —27.98% KF 5 describes a high amount of
renewable energies. Thus, the 100%
renewables scenario [5] is the base.

KF 2 defines a focus on small local energy
resources. Thus, the share of rooftop PV
systems is comparable to ground-
mounted PV systems.
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The values for the attributes are imported to the scenario database via a CSV file as
shown in Figure 25. In this file, the columns (A-C) specify the attribute; column (D)
specifies the type of attribute. Then the value (E) and its unit (F) are specified and in
the last three columns (G-l) the scenario, alternative, and year of the value are
specified. For general framework conditions, one value for all scenarios and
alternatives is imported. For scenario-specific framework conditions, a value for every
scenario is defined. For endogenous attributes, the intervals of possible values for all
scenarios are defined. The values in the scenario database can be filtered by using
SQL to get only the needed values, e.g., for a specific scenario and alternative.

A B c D E F G I

1 domain domainobject name type value unit scenario alternative vyear

2 User Sociodemography Population GeneralFrameworkCondition 9,452,211 all all 2050
3 Market Economy EconomicGrowth  ScenarioSpecificFrameworkCondition 13 % Scenariol  all 2020
4 Market Economy EconomicGrowth  ScenarioSpecificFrameworkCondition 12 % Scenariol  all 2030
5 Market Economy EconomicGrowth  ScenarioSpecificFrameworkCondition 11 % Scenariol  all 2040
6 Market Economy EconomicGrowth  ScenarioSpecificFrameworkCondition 1% Scenariol  all 2050
7 Market Economy EconomicGrowth  ScenarioSpecificFrameworkCondition 0.6 % Scenario2  all 2020
8 Market Economy EconomicGrowth  ScenarioSpecificFrameworkCondition 0.5 % Scenario2  all 2030
9 Market Economy EconomicGrowth  ScenarioSpecificFrameworkCondition 04 % Scenario2  all 2040
10 Market Economy EconomicGrowth  ScenarioSpecificFrameworkCondition 03 % Scenario2  all 2050
11 Market Economy EconomicGrowth  ScenarioSpecificFrameworkCondition 0.6 % Scenario3  all 2020
12 Market Economy EconomicGrowth ScenarioSpecificFrameworkCondition 05 % Scenario3  all 2030
13 Market Economy EconomicGrowth  ScenarioSpecificFrameworkCondition 0.4 % Scenario3  all 2040
14 Market Economy EconomicGrowth  ScenarioSpecificFrameworkCondition 0.3 % Scenario3  all 2050
15 Energy  EnergyMix RooftopPV EndogenousDomainObjectAttribute 4.43 % Scenariol  all 2050
16 Energy  EnergyMix FreeFieldPV EndogenousDomainObjectAttribute 1.48 % Scenariol  all 2050
17 Energy  EnergyMix RooftopPV EndogenousDomainObjectAttribute 25.39 - 28.56 % Scenario2  all 2050
18 Energy  EnergyMix FreeFieldPV EndogenousDomainObjectAttribute 2481-2798 % Scenario2  all 2050
19 Energy  EnergyMix RooftopPV EndogenousDomainObjectAttribute 3.36-2261% Scenario3  all 2050
20 Energy  EnergyMix FreeFieldPV EndogenousDomainObjectAttribute 20.23-39.48 % Scenario3  all 2050
21 Energy  EnergyMix RooftopPV EndogenousDomainObjectAttribute 9.52-15.87 % Scenario4  all 2050
22 Energy EnergyMix FreeFieldPV EndogenousDomainObjectAttribute 37.50-43.85 % Scenariod  all 2050
23 Energy  EnergyMix RooftopPV EndogenousDomainObjectAttribute 25.39-28.56 % Scenario5  all 2050
24 IEnerg\r EnergyMix FreeFieldPV EndogenousDomainObjectAttribute 2481-2798 % Scenario5  all 2050

Figure 25: Quantified attributes in CSV for import in scenario database

8.2 Development of Alternatives

7. Witt

After having separated endogenous and exogenous attributes, different alternatives
capturing the uncertainty for the decision field within a future scenario (see
Section 6.1.1) need to be specified. In the case of power generation systems,
alternatives could be different system configurations. For example, a system
configuration can represent the overall installed capacity of different renewable
energy technologies (such as wind energy, solar energy, or bio-energy). Modeling
the performance of alternatives in different scenarios via energy system analysis can
then be used as input for evaluation via multi-criteria analysis.

The previously defined intervals for endogenous attributes are used in the
quantification of endogenous attributes to define concrete values for the
endogenous variables that represent, according to our definition, the alternatives.
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The consistency analysis from scenario planning (see Section 6.1.4) can help to
define concrete values in a structured way. Although this method has also been used
to define future scenarios, the difference is that, here, the endogenous attributes are
used as KFs, so that (up to four) projections are defined for the endogenous
attributes. Based on the consistency of the projections, ~means cluster analysis can
be performed to generate k alternatives, which are described with qualitative stories.
To convert these storylines into quantitative assumptions, the subjective assessments
of the system modeler again play a role, since there is no objective way to select
specific values for endogenous attributes [123, 13].

In this project, we selected the following KFs to describe the alternatives:

(1) Distribution of PV systems

(2) Distribution of wind energy power plants

(3) Share of households participating in energy management

(4) Diffusion of storage systems connected to the high and medium voltage
levels of the power grid

(5) Diffusion of storage systems connected to the low voltage level of the power
grid

(6) Diffusion of information and communication technology (ICT) standards in
the power grid.

Applying consistency and cluster analyses lead to three alternatives (see Table 6):

e Alternative 1 (A1): Local power generation with flexible energy demand,
which has a focus on onshore wind power, rooftop PV systems, and small-
scale storage systems (“decentral”)

e Alternative 2 (A2): Large-scale storage systems and power generation, which
has a focus on offshore wind power, ground-mounted PV systems, and large-
scale storage systems (“central”’)

e Alternative 3 (A3): Middle ground: a mix of all generation and storage
technologies (“middle ground”)
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Table 6: Qualitative description of alternatives for the power generation system of Lower
Saxony

Local power
generation with

Large-scale storage
systems and power

flexible energy R —

demand

Distribution of PV systems Focus on rooftop PV Focus on ground- No focus
systems mounted PV systems
Distribution of wind energy Focus on onshore wind Focus on offshore
- No focus
power plants energy wind energy
Share of households Average
participating in energy High share Low share sharg
management
Diffusion of storage systems
connected to the high and Many small storage Few large-scale Mixed
medium voltage levels of the systems storage systems diffusion
power grid
Diffusion of storage systems
Average
connected to the low voltage More storage systems Less storage systems e
- diffusion
level of the power grid
Diffusion of ICT-standards in . T N Average
the distribution grid High diffusion Low diffusion diffusion

Having defined the three alternatives in a qualitative way, the next step is to quantify
them with concrete, numerical assumptions. The intervals from the first
quantification step are the base for this quantification of the alternatives. As already
shown in the previous Section for the share of PV systems, also the share of wind
engines is based on the scenario in [5]. (If certain attributes are not specified in [5],
we used own assumptions.) Some examples of the quantified assumptions are
shown in Table 7. Further assumptions for each simulation and optimization models
are detailed in the individual models’ Sections (see Section 9). The values for the
attributes are stored in the scenario database and replace the intervals, which were
imported in the first quantification step.

Table 7: Quantified attributes of alternatives for the power generation system of Lower
Saxony

Attribute Central Medium Decentral

Share of rooftop PV systems 3.36% 12.98% 22.61%
Share of ground-mounted PV systems 39.48% 29.86% 20.23%
Share of onshore wind energy power plants 26.36% 28.34% 30.31%
Share of offshore wind energy power plants 20,17% 18,19% 16.22%
Stora.ge systems connected to the high and 12.33TWh 8.22TWh 4.11TWh
medium voltage levels

Storage systems connected to the low voltage 4.4CWh 4.9GWh 5.39GWh

level
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8.3 Transition Paths

7. Witt, . Minnemann, M. Kleinau

In this project, the future scenarios and alternatives up to now have been defined
only for the year 2050 (target state). To investigate, how the transition of Lower
Saxony’s power generation system until 2050 can be made (How can the system
evolve so that it reaches the target state?), we define one transition path per
alternative and scenario. Note that we assume strong path dependency (using the
concept of [129]), so that, if a path is entered in the year 2020, the path cannot be
left and will be followed through until 2050. The transition paths describe the
transition of Lower Saxony’s power generation system in a simplified way, inasmuch
as only the years 2015, 2050, 2030, 2040, and 2050 are considered for quantitative
modeling. This simplification is made to keep both the effort for quantification of
scenarios and alternatives as well as the overall runtime of the simulation and
optimization models in acceptable limits. Additionally, as most model assumptions
and results are subject to uncertainty, performing quantitative modeling and
simulation for each year until 2050 would suggest that the results are accurate and
reliable. However, since scenarios usually only cover a small fraction of the future
state space, only general tendencies and what-if statements can be made.

In Figure 26, a simplified illustration of the transition paths is shown as a so-called
transition graph, which is a directed graph where each vertex (circle) represents one
alternative in a specific year, and the edges represent possible transitions.' The
different colors indicate different shares of energy conversion technologies for each
alternative. Accordingly, to quantify the transition paths, all endogenous attributes,
scenario-specific parameters, and general parameters need to be defined for all
considered years. This increases the effort for quantification of assumptions,
compared to modeling only the target state in 2050. For example, in this project,
3 alternatives have been defined. Therefore, in total, 3 (alternatives) - 4 (years) -
5 (scenarios) + 1(status quo) = 61 consistent parameter combinations have to be
defined for quantitative modeling and simulation. To keep the effort for
quantification in an acceptable limit, in our first approach, we used linear
extrapolation between 2015 and 2050 to quantify the assumptions for each
transition path in each year.

' Note that other future scenarios are not depicted in Figure 26. For each future scenario, one transition graph
needs to be specified, because each scenario represents a different section of the future state space.
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Figure 26: Simplified illustration of transition paths. Pie charts depict the annual energy
production and the enerqy mix (grey: fossil fuel, green: biogas, dark blue: wind offshore
light blue: wind onshore, yellow: PV-rooftop, orange: ground-mounted PV)

This concept of transition paths implies that, in effect, alternatives and scenarios are
defined for all of the above-mentioned years, so that a multi-criteria evaluation of
these paths’ sustainability also needs to be done for each year, before the evaluation
can be aggregated for a transition path. Transition paths consist of alternatives,
which makes the concepts prone to misunderstanding. To avoid confusion and
allow for differentiation between alternatives and paths, the paths are named as
follows:

e Path 1: Path toward Alternative 1 (“decentral”)
e Path 2: Path toward Alternative 2 (“central”)
e Path 3: Path toward Alternative 3 (“middle ground”)

Having Rogers’ concept of diffusion of innovation [65] with hindering and
facilitating context factors in mind, the diffusion of technologies usually does not
proceed in a linear, but rather in a sigmoidal way. Therefore, the assumptions for
selected attributes were adjusted slightly, based on the empirical investigation
described in Section 7.

For these adjustments of the transition paths, the qualitative results of the diffusion
studies and the assumptions of the simulation models were brought together and
adapted. In detail, the assumptions of the simulation models regarding PV systems
with storage, smart meters, electric mobility, and heat pumps were empirically
embedded based on the results of the diffusion studies (see Section 7.4). As a result,
the assumed linear course in the parametrization of simulation models was adjusted.
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The sequence of such an empirical embedding of the simulation attributes will be
shown in detail by the example of the smart meter. The results of further
adjustments are then briefly summarized for Scenario 3.

The attribute measurement systems in households distinguish between an
intelligent measurement system with the gateway (smart meter) and a digital
measurement system that does not have a gateway and therefore does not send any
data (digital meter). Since the rollout of smart meters is legally formulated, this
provides the framework for its diffusion and was thus defined as an attribute.
However, since the minimum requirements for the smart meter rollout have not yet
been met (see Section 7.4.2), the assumptions of the diffusion have been slowed
down and shifted more into the future. The cost of a smart meter is higher than the
cost of a mechanical electricity meter. Distribution system operators, therefore, do
not see the need for a rollout to customers who are not covered by legal
requirements. Hence, the distribution of smart meters and digital meters have been
changed in such a way that the digital meters are implemented where the use of the
smart meter is not intended. Digital meters are already being used and have
therefore become more widespread than smart meters. The diffusion of digital
meters will also take a long time and will only gradually replace mechanical
electricity meters. The reason for this is that built-in mechanical electricity meters are
usually only replaced by distribution system operators at the end of their service life.
Beyond the year 2030, mechanical electricity meters will, therefore, continue to exist
in households and small companies. A slower diffusion of smart meters, a
comparatively stronger diffusion of digital meters and a residual stock of mechanical
electricity meters led to an adjustment of the attribute and thus to a sharpening of
the simulation assumptions through empirical embedding.

In addition to the described adjustments to the smart meter, further adjustments
have been made. The compatibility of the structural context plays a decisive role in
the diffusion of the heat pump. Because it is mainly used in new buildings, but not
in existing buildings, the diffusion process is taking place slowly. This slow course
leads to a reduction of the diffusion and thus to an adjustment of the assumptions in
the attribute. The assumptions on the diffusion of electric mobility were also reduced
based on the empirical results of the diffusion study. The main reason for this is the
expected failure to reach the target of one million electric cars on German roads by
2020, which has been announced by the Federal Government. The slow diffusion of
electric cars is reinforced by a charging infrastructure that does not yet cover the
whole country. The combination of photovoltaics and storage is characterized by
interwoven diffusion processes. The knowledge gained about the diffusion of
photovoltaics does not allow a clear prognosis. For the diffusion of storage systems,
especially the influences of the retrofitting of existing PV systems, which are going to
fall out of the feed-in tariff, were taken into account.
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8.4 Selecting Future Scenarios for Simulation
/. 8. Schwarz

After the quantification of all attributes, the next step is the simulation. Five scenarios
were developed to represent external uncertainties with the goal to find strategies in
the endogenous part of the system that would be beneficial in all external
circumstances. Finally, only one scenario was simulated with all simulation models,
due to lack of time. Therefore, the decision which scenario should be simulated first
turned out to be very important. Scenario 3 was chosen to be the first simulated
scenario mainly due to its assumed energy mix. In this scenario, the energy mix relies
mainly on renewable energies and the 80% GHG reduction goal is fulfilled as
described in [5], but some gas power plants are used as a flexible backup. This
scenario best matches the current progress of climate protection described in the
following studies. The “Klimaschutzbericht 2018“ [130] states that the climate
protection goals of the German government for the year 2020 will most likely not be
fulfilled. Also, [131] describes a benchmark scenario, which extrapolates the GHG
emission reduction between 1990 and 2015 up to the year 2050. In this benchmark
scenario, a GHG reduction of 61% would be achieved. Thus, achieving the 80%
GHG reduction goal will need more activities of the government and the 95% GHG
reduction goal even more.
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M. Nebel-Wenner, C. Reinhold, J. S. Schwarz, F. Wille

Modeling &
Simulation

Define in detail for
individual models

Derived
attributes

Model execution

Model setup &
data preparation

Figure 27: Modeling and simulation in
PDES

Modeling and simulation are used to enrich
the quantified future scenario (see Section 8)
with additional quantitative data for the
derived attributes (see Section 4.2), which
are used in the evaluation (see Section 11).
This is necessary in order to integrate aspects
in the evaluation, which are not covered by
existing studies. It also allows considering
new technologies and approaches via
integrated modeling of multiple domains
and system levels. In the PDES modeling and
simulation is only described rudimentarily
(see Figure 27). The steps model setup &
data preparation and model execution have
to be done for all simulation models, but
may have individual requirements. Thus,
they have to be defined in detail for the
individual models.

The transformation of an energy system
toward sustainability encompasses adaptions
on different levels of the system. The
objective of the modeling is an adequate
representation of the system to be
considered with regard to different sectors
and a modular and expandable structure of
the holistic simulation environment. An

energy supply system can be described on two levels:

On a micro-level, we include an analysis of possible behavioral adaptions
(Section 9.1) and technical adaptions in buildings (Section 9.2) as well as grid
control in distribution grids (Section 9.3). Section 9.4 focuses on the coupling of the
two sub-models Building and Smart Grid and the following Section 9.5 the

associated simulation scenarios and

their execution methodology. On a macro-

level, technical adaption regarding grid planning on medium and higher voltage
levels are considered (Section 9.6 and Section 9.7) as well as economic aspects of
the general economy and the energy sector (Section 9.6 and Section 9.8) are
analyzed. Additionally, a Life-Cycle Assessment (LCA) approach is presented in
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Section 9.9 in order to assess the environmental and in parts the social sustainability
of the electricity generation system. Section O describes the coupling of the models
on the macro-level.

Table 8: Overview of used Simulation Models with temporal resolution and level

Simulation Models Level Temporal resolution
Building with user behavior - eSE | Micro
Smart Grid - /SAAC Micro Minutes / Hours
Electricity Market - /INES Macro
General Economy - CGE Macro | Years
Power Grid Planning Macro | Years of transition

Quantitative and qualitative models are used, which differ considerably in terms of
the methods used, the subject of investigation, degree of detail and temporal
resolution (see Table 8 for an overview). In order to investigate and address the
questions in a holistic manner, the models are connected and integrated into a
simulation framework, which is shown in Figure 28.

Future and Simulation Scenarios

Simulation Framework

/ / mosaik \ Power Grid Planing \

Life-cycle General Economy
Assessment CGE-Model

\ k / Electricity Market /

. Micro Level
. Macro Level

Figure 28: Models ana Simulation Framework

Transition Years —>»

Sustainability Evaluation 15 min Resolution —>
Yearly Resolution =—>

The co-simulation framework mosaik allows to couple of simulation models, which
can represent different domains and can be implemented in different programming
languages and paradigms [26, 132]. This coupling allows using existing models in a
new context and avoids time-consuming implementation of new models. Because of
the different temporal resolutions of the models in NEDS and the different modes of
data exchange between them, not all simulation models are integrated into a mosaik
simulation. The building model and the smart grid model need close coupling,
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because they heavily depend on each other’s data. Therefore, these models were
coupled in mosaik (see Section 9.4 for a detailed description). Theoretically, all
models could be coupled in mosaik, but to optimize the execution time of the whole
simulation framework, the other simulation models are coupled by CSV files.

In the following Sections, the models’ structures and methodologies will be
explained, as well as the coupling between them. The boundary conditions and
datasets for the simulations will also be presented.

9.1 Theoretical and Empirical Analysis of User-Behavior

F. Wille

One key factor in the transformation of the Lower Saxony energy scenario is the
energy mix. With an increased amount of renewable energy resources, fluctuations
in energy generation increase and consequently a problem of possible divergences
between energy supply and demand arises. This assumed change in the energy
system can ensue adaptions on different levels, one of them being the behavioral
level of energy users. To model and assess the potential for mitigating the problem
of discrepancies between supply and demand by shifting user behavior, the user-
behavior model needs to describe the timing of energy use behavior as well as
factors, which influence the timing of energy use behavior, in order to be able to
deduce points of intervention and behavioral costs of shifting an energy use
behavior in time.

To deduce interventions, descriptions or models of energy use behavior should
depict factors influencing user behaviors. Frederiks, Stenner, and Hobmann [133]
differentiate in their review on factors influencing household energy behavior
individual-level and situational factors. Focusing on individual-level predictors they
find that sociodemographic variables (home ownership, household- income, family
size and composition, dwelling type and size) and intention-based variables
(normative social influence, values, beliefs, knowledge and awareness, attitudes,
goals, and motives) are associated with household energy use behavior. The pattern
of association, however, is not always clear, especially in the case of intention-based
variables [133]. This problem, as well as a neglect of contextual factors in explaining
energy use behavior, is echoed by [134].

Thus, this analysis first aims at describing energy use behavior and identifying
contextual factors, which influence the timing of energy use behavior. Theoretical
assumptions of the user-behavior model are based in behavioral theory, which states
that contextual factors influence behavior, because the context sets the
consequences, which select behavior, and delivers discriminative stimuli, which
indicate different structures of contingencies [135]. Based on this assumption
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interventions are theoretically deduced. In a second analysis step, behavioral
adaptive costs for shifting energy use behavior under the identified contextual
restrictions are empirically estimated to give information on flexibility potential in
energy demand attributable to user behavior.

9.1.1 Description of User Behavior

To arrive at a detailed description of behavior including energy use behavior and to
identify contextual factors, we analyzed data from the latest German Time Use
Survey from 2012/2013 [136]. The survey data comes from a representative quota
sampling procedure from German private households with participants from the age
of ten being eligible. For three days, including weekdays and weekend days
participants’ activities were collected in ten-minute intervals via an activity diary.
Information about 5040 private households with 11371 individuals was recorded.
The diary data were analyzed and categorized into about 165 activities [137].

Table 9: Summary of Time Use Data into 22 activities [138]

Description of activity Code number'
sleeping 11
physiological recreation like food and drink consumption and washing 12 13
oneself !
occupational activities 2
education and further education in school, college or at the university 31-34
other education-related activities like homework, studying 35, 36
preparing meals and cleaning up afterwards 41
chores at home 42
doing laundry, mending textiles 43
gardening and animal care 44
handicraft activities 45
shopping and use of services not at home 46
childcare at home 47
care and support of adult household members 48
other housekeeping and support activities for the family 49
volunteer work 5
social activities and cultural entertainment 6
hobbies, sports, game playing 7
reading 81
watching TV, DVD, etc. 82
listening to radio and music 83
using a computer or smartphone 84
travel and commute activities 9

Note ' Original code number from Time Use Survey [139]

A model which identifies and describes different behavior patterns can be built by
grouping the activities for weekdays and weekend days (Saturdays, Sundays and
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national holidays) according to their similarity in the pattern of activities over a day.
From the more than 165 hierarchical organized activities, we used 22 upper
categories (Table 9) to cluster the different behavior patterns. Since participants
filled out two weekdays or two weekend days, we randomly selected one data entry
for weekdays and one entry for weekend days. So that for weekdays we had a total
of n=10589 subjects to be clustered and n= 10654 for weekend days. The distance
between the subjects is measured using the Levenshtein Distance [140] and
clustered based on the Partitioning around Medoids method (PAM) [141] in R (PAM
package cluster version 2.0.6).

Based on the validation criterion average silhouette width with a possible range from
—1<s;>1 [141] (Figure 29), we chose a three groups cluster-solution for the
weekday data and a six group cluster solution for the weekend data (the five-cluster
solution had two clusters with comparatively very high but also low separation
values and the seven-cluster solution had two relatively small sample sizes). The
average silhouette width values are positive, but very close to zero, indicating that
within-cluster cohesion is only slightly larger than cluster separation.

Weekday data Weekend data
0,25 025

02
0,15

01

average silhouette width
average silhouette Width

0,05 - o - o

2 3 4 5 ] 7 8 9 10 1 2 3 4 5 [ 7 8 9 10
number of clusters number of clusters

Figure 29: Selection criterion average silhouette width [138]

For an overview of cluster sizes, view Table 10. As can be seen, the clusters are large
enough in order to be useful for simulation purposes.

Table 10: Cluster size for weekday and weekend

Day Type Cluster1  Cluster2 | Cluster3  Cluster4  Cluster5 | Cluster 6

Weekday 4235 1991 4363 - - -
Weekend 1278 1946 2482 1260 2738 950

The identified behavior patterns for the weekday data can be viewed in Figure 30
and Figure 31, the behavior patterns for the weekend data can be viewed in
Figure 32 through Figure 34.
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Figure 30: Behavioral activity patterns for weekday data in cluster 1 (n = 4235) and in
cluster 2 (n = 1991) [138]
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Figure 31: Behavioral activity patterns for weekday data in cluster 3 (n = 4363) [138]
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Figure 3z: Behavioral activity patterns for
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Figure 33: Behavioral activity patterns for
cluster 4 (n = 1260) [138]
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Figure 34: Behavioral activity patterns for weekend data in cluster 5 (n = 2738) and in
cluster 6 (n = 950) [138]

As can be seen in the figures above, the main difference between the clusters arises
from differences in the timely distribution of certain activities. For weekday data,
those are occupational and educational activities and their absence in weekday
cluster 3, as well as differences in slope and beginning rises and declines in the
probability of the sleeping activity. In shape, the activity sleeping curve is very
homogeneous for all weekday and weekend clusters. The main differences between
the weekend data stem from the sleeping activity, occupational activities (weekend
cluster 6), hobbies (weekend cluster 2), social activities (weekend cluster 3 and 4)
and watching TV (weekend cluster 1 and 5). Looking at the social activities and
watching TV, it becomes clear, that what mainly differentiates the clusters is not only
the overall probability of this activity within a cluster but their timely distribution
over the course of a day. This result, of just a few different clusters, three for
weekdays and six for weekend days, with main differentiating activities for many
different behavioral activities in 144 ten-minute time slots, points toward a relative
homogeneous structure of those behavioral activities. If this description has merit,
one should further analyze how those differentiating activities structure other
behavioral activities, such as energy-related behaviors in households.
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9.1.2 Interpreting Differences between Activity Patterns as Caused by Contextual
Factors

Morris [142] identifies two meanings of context. The meaning of context-as-history
and the meaning of context-as-place, as it is often employed in social, cognitive and
behavioral sciences. According to Morris [143] context-as-place may be most
usefully employed if restricted to either a formal meaning, as an initial or boundary
condition or a functional meaning, as conditions that alter functional relations
within the three-term-contingency. For this analysis, both meanings are useful.

In a formal meaning, the identified differentiating activities between clusters restrict
and structure the possible times of energy appliance use. Occupational and
educational activities, and in most cases also hobbies and social activities are
associated with absence from home. This absence renders using an electrical
appliance impossible or more unlikely since its use during absence would require
the availability and employment of a programmable timing function or internet-
based application. Thus, the first argument for interpreting the above stated
differentiating activities as contextual factors is that showing one of those behaviors
excludes the possibility of showing a behavior at home and thus limits the possible
hours within the day where a home-associated appliance use behavior can be
shown. This limitation is viewed a as restriction. This appears sufficient to fulfill the
formal meaning of a contextual factor.

In cases, where hobbies or social activities are performed at home or for the other
differentiating activities like sleeping and watching TV, one must argue in how far
those activities can function as context factors by selecting behavior and through this
arrangement restricts the variability of energy-related household behaviors. For our
argument (and building model), we assume linkages between certain activities and
use of an electrical appliance (view Section 9.2.3) and consider those activities our
energy-related household behaviors. If a hobby or social activity is performed at
home one can say, that it is performed in preference to other behaviors, as for
example energy related household behaviors. Choosing one activity over another
would alter the timely distribution of other behaviors and fulfill the criterion of
restricting the variability of behavior. Since this would hold for all cases of choice
behavior, it is not useful in defining a meaningful category of a contextual factor.
However, preference is also associated with a specific time point, which is
determined by differential consequence outcomes when operating on the context at
that point of time versus another point in time. It thus seems useful to interpret
behavioral activities as restricting contextual factors if they influence the variability of
other behaviors and if they correspond to regular occurring changes in the available
consequences. In our case, the differentiating activities between clusters seem to
correspond to regularities determined by day-and-night rhythm (sleeping,
occupational and educational activity, hobbies and social activities) and by societal
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structures (working and schooling hours, TV program, sleeping, hobbies and social
activities). If we observe regularities in the environment, which are associated with
similar changes in consequences when operated upon by a large number of
individuals or relevant subgroups, we can categorize those as contextual factors (for
a detailed version of this argument refer to [138]).

If this interpretation is justified, one has also identified points of intervention for
changing behavior. These interventions can target changing the regularities, which
set the consequences for behavior. This seems a good starting point, especially in
cases where the problem is not one of net energy supply but one of matching
supply and demand at certain time points. In practical terms, one could think of
increasing the flexibility of working and schooling hours during the weekdays. On
the one hand, those types of interventions, which aim at changing the structure of
producible consequences as determined by the regularities of a context factor, are
more difficult to implement than interventions targeting for example only a specific
consequence, like incentives. On the other hand, they broaden the perspective
beyond usually discussed interventions such as laws and regulations, commercials,
available technologies and incentives [144]. Evaluating the effect of such possible
interventions would be an interesting step, once the user model has been built, but
is not part of the current project.

In sum, what becomes evident through this analysis is, that if we want to specify a
behavior-theoretical user model (which in future work might lend itself to evaluating
effects of context interventions), we need to consider contextual factors for
energy-related user behavior. In order to evaluate the possibilities for shifting user
behavior and its potential in mitigating the problem of discrepancies between
energy supply and demand, empirical estimations of user flexibility should consider
these contextual restrictions.

9.1.3 Estimation of Behavioral Adaptive Costs

To build the user-behavior model, we described the timely distribution of
energy-related household behaviors in ten-minute intervals for three weekday
clusters and six weekend day clusters representing the main structuring context
factors. As one aim is to consider user flexibility within the user model, we
conducted a correlational study to empirically describe an indicator for user
flexibility, which we call behavioral adaptive cost (bac) as it empirically estimates the
effort for shifting the use of an electrical appliance in time.

Questions regarding the user’s role in offering flexibility within a renewable energy
system target two main aspects, the role in the demand for energy and in the supply
of energy [145]. For this analysis, we focus on the demand side and the question of
load shifting, even though in principle when it comes to realizing a sustainable
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energy system, measures toward energy-demand reduction and furthering energy
efficiency are also important. Though different definitions of demand response exist,
a common theme is, that it reflects electricity demand, which is responsive (flexible)
to economic signals [146]. According to Schuitema, Ryan and Aravena [145], studies
on shifting loads by introducing time-of-use tariffs realize an energy shift from
consumption peak times to off-peak times by approximately 8%. A qualitative study
[147] on people’s daily interactions with energy-consuming products and systems
(including shifting behavior) emphasizes a general inflexibility in respondents’
willingness to change their interactions with a wide variety of everyday energy
consumption products. In light of the assumed importance of structuring context
factors for household energy use behavior, such a limit in pricing interventions
seems coherent. Without lifting context restrictions, we assume the potential of
shifting energy use behavior in time to be limited. Nonetheless, analyzing in how far
user flexibility can be incorporated in a building model and smart-grid model to
address and evaluate such questions is relevant, because it helps to differentiate
possibilities for load shifting in the residential sector.

While it is relatively clear on a technical level, what user flexibility within a smart grid
system should achieve, namely altering electrical load patterns by means of
changing behavior of humans, it is important to look at conceptualizations in
behavioral terms to understand the theoretical idea behind the bac indicator for user
flexibility. In general, behavioral flexibility describes an organisms’ adjustment of
behavior to changing environments throughout its life [148]. In experimental
psychology and behavioral ecology, it is studied within different study designs, like
for example reversal learning, set-shifting, self-control and problem-solving, leading
to different conceptualizations of behavioral flexibility [149]. Bond, Kamil and Balda
[150] also identify at least three different, though similar connotations of the term
flexibility within the behavioral literature: In a first sense, flexible organisms modify
their behavior quickly based on limited experience in response to subtle variations in
consequences or context. Secondly, the term flexible is used to refer to exploratory,
playful and versatile behavior without changing contexts and third it refers to
behavior patterns, which can be repeatedly reversed depending on changes in
context, as it is studied within the operant procedure of reversal learning by
reversing reward contingencies. The way, user flexibility is viewed within demand
response definitions, is limited in perspective compared to a general concept of
behavioral flexibility as adjusting to changing environments. The changing
environmental aspect within a renewable energy system is the fluctuating energy
resource, which is not passed on directly to the (residential) user for example in form
of non-availability of energy at certain time points. Within our future energy
scenarios, the smart-grid and other information communication technology regulate
supply and demand in a way that a user adjusts to a fluctuating, but not a
depletable resource. Not part of our investigation, but in line with the demand
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response idea of user flexibility, this is achieved via pricing arrangements that may
differ in how directly they signal the state of the resource. This approach leaves the
main consequence or function of operants requiring electric energy unchanged.
Whatever the time of day, pressing the ON button on the TV control turns the TV on.
When integrating smart-home interfaces in an attempt to establish them as new
discriminative stimuli for operants requiring electric energy (this type of behavioral
flexibility would be probably best captured by the reversal learning paradigm as it
concerns switching between different discriminative stimuli), they signal in the
current setup of the system only changes in the consequential outcome money loss
(e.g., time-of-use tariffs), which is only a subtle change in a consequence outcome
not linked to the function of the operant. Thus, when talking about behavioral
flexibility in the context of a building / smart-grid system, mostly it addresses
questions of behavioral flexibility coming closest to the first connotation mentioned
by Bond et al. [150] of (rapid) modification of behavior due to subtle changes in
consequences.

In our building / smart-grid setup, we model on the user level the situation of a fixed
context. The question is hence not one of user flexibility as discussed in the
conceptualizations above, because we do not investigate the effects of changing
consequences (or exploratory or playful behavior). Instead, for current living
situations, we want to consider the potential to shift user behavior to off-peak times
based on the behavioral effort such timely change would require. This does belong
to evaluations of user flexibility, but as was detailed above, is not a question of
behavioral flexibility in a theoretical sense (independent of connotations), because
there is no changing environment. In our study, we describe the effort for shifting
behavior in time, which is assumed optimally adapted to the current context of a
user. As we monetarize the estimation of effort for shifting behavior in time to
describe user flexibility, we call this indicator behavioral adaptive cost (bac). We
integrate bac in the building model to account for barriers and potentials of user
flexibility under current context restrictions, as those barriers and potentials will also
affect the achievable changes in user behavior for example by setting pricing
consequences.

In short, with the previous results from the cluster analysis, which point toward the
importance of contextual factors for determining the distribution and variability of
behavior, bac are an indicator of the effort for changing the time of a beginning
behavior away from the preferred time point, which is assumed to be the optimal
time point under a given context restriction. The question is thus, how can the
functional relationship between behavioral adaptive costs and varying time
differences between the preferred time of use of an electrical appliance be described
for every hour within a day?
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As a method, we chose a correlational design, which was conducted as an online
survey from 3 April until 10 May in 2018 (a date, not sample size was employed as
criteria for ending the survey). Predictors are the behavioral activity pattern
(weekday (1 through 3) and weekend day (1 through 6)) and type of appliance
(washing machine, dryer, dishwasher, stove, coffee machine, TV and computer). To
keep the time for the survey agreeable for participants, we limited the appliance
types to those with a relatively high impact for which a direct user interaction is
assumed in the smart-home and selected from different groups of activities, like
doing laundry, cleaning, physical recreation, preparing meals, watching TV and
using the computer. Further, participants were randomly assigned to choose either a
matching weekday activity profile (which profile of activities matches your weekday
activities best?) or weekend activity profile. The chosen profile constituting the fixed
context for that participant. Criteria are the behavioral adaptive costs and the
preferred time of using an electrical appliance. Behavioral adaptive costs are asked
for in Euro on a scale from 0€ to 10€ in increments of 10 Cents for the minimal
amount necessary to shift the appliance use behavior away from the preferred time
of use for each hour within 24 hours. The preferred time of use for an electrical
appliance is asked for in full hours.

In total, 107 people participated. They assigned themselves to the activity patterns
(context restrictions) as can be seen in Figure 35. Overall, the evaluated amount of
matching seems reasonable (compare Figure 36). In contrast to the number of
persons assigned to the different behavioral activity patterns in the cluster analysis,
the distribution in this sample differs. During weekdays, most people chose the
occupational and educational activity pattern, while in the cluster analysis most
persons are sorted in the occupational cluster one and the absence of main
structuring activity cluster three. During weekend days, most people selected the
activity patterns hobbies, social activities during the day, evening and late-night
social activities and occupational activities, while the cluster sizes are largest for both
watching TV clusters and social activities during the day.
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occupational activity (weekday 1)
educational activity (weekday 2)

no occupational and educational activity (weekday 3)

watching TV (weekend 1)

watching TV (weekend 5)

social life during day (weekend 3)

evening and late-night social activity (weekend 4)
hobby (weekend 5)

occupational activity on weekend (weekend 6)

missing
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Figure 35: Number of participants per behavioral activity pattern
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Figure 36: Overall match with behavioral activity patterns
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Figure 37: Occupational status

This distribution of activity patterns might be because many of the participants were
students and employees as can be seen in the current occupational status Figure 37.
For the distribution of gender across activity patterns view Figure 38. Participants are
between 18 and 65 years old.
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Figure 38: Gender distribution in the behavioral activity patterns

The main outcome for the user-model within the building simulation is the
description of the behavioral adaptive costs differentiated for the different clusters
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and appliance types. First, we analyzed their functional relationship graphically by
plotting for each subject the bac on the y-axis for each hour difference from the
preferred time of use. As an example, view the Figure 39 for subjects VP_24 and
VP_83, who sorted themselves as belonging to weekday cluster 2 and answering the
question of effort for shifting behavior away from their respective times of preferred
use (0 on the x-axis) for the appliance washing machine.

washing machine < VP_24 (two peak)
v VP_83 (one peak steep)
no answer -
10 vVt tty <AVVVVYYVVY
b < <
8 -
< <
1 <
<
W v
e ©7 )
) |
© v
o 44 v
<
<
24 <
<
] v '444
0 A

— .
2 -5 10 -5 0 5 10 15 20
time shift in hours away from prefered use time

Figure 39: Flotted behavioral adaptive cost raw data from two particjpants as examples of
two peak versus one peak steep curve type categorization

We then identified similar shapes in the curves and summarized the information on
the functional relationship between bac and time shift by aggregating the raw bac
values of those similar curves. This meant, having for each appliance type and
cluster up to five aggregated bac curves. The curve types are categorized
qualitatively as one peak versus two peaks indicating one preferred use point versus
two preferred use points, while the “second” preference point can also be
associated with higher bac values than the chosen preference point from a
participant. An example of this differentiation is VP_24 and VP_83 in Figure 39. One
peak curves are further categorized into one peak steep (steep slope around
preferred use point, an example is VP_83), one peak fat (less steep slope), one peak
flat (several O or close to O bac values around the preferred use time) and linear. For
examples of those curve types view Figure 40 from weekday cluster 2 for the
appliance type computer. The shown curve type examples represent prototypes of
the chosen categories for summarizing the data, but many categorization decisions
were less clear and include simplifications of shape types.
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computer B VP_6 (one peak fat)
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Figure 40: Examples of curve types one peak fat and one peak flat

The raw data in the categorized curve types were then aggregated by averaging the
available bac values for each hourly time shift. To pass on this information for the
user model in the building would have been sufficient, but for future use and better
manipulation possibilities, we fitted two types of functions to the aggregated curve
types in order to be able to change parameters in the simulation. Apart from the
linear function, we performed a Multiple Peak Fit Analysis with the program
OriginPro to describe the aggregated bac curves. As can be seen in the plotted bac
curve of VP_6 in Figure 40, for some cases a quadratic function would have been an
adequate description of a bac curve, especially as it seems to represent the
development of bac values around the preferred time of use well. Interesting
features of the bac curves, such as multiple peaks indicating several differential
preferred use times and upper limits indicating possible restrictions would not have
been describable, which is why we chose to describe the bac curves with an
amplitude version of the Gaussian peak function with the following form:

_(x—xc)z

y=Yotde 2w

(9-1)

with the parameters y, denoting the offset of the curve on the y-axis, A the
amplitude, x. the center of amplitude on the x-axis and w half the width of the
amplitude.

Overall, the curve fit was acceptable with an adjusted R? = 0.89. One curve fit was
bad with an adjusted R? = 0.46 for the appliance TV in weekday cluster 4 for the
curve type one peak flat. The derived functions and parameter values describe
behavioral adaptive costs in relation to hourly differences from the preferred use
time of seven electrical household appliances. The bac values cannot be interpreted
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in terms of their absolute money values as they are just used for scaling purposes to
indicate behavioral effort for shifting electrical appliance use behavior in time. As bac
are linked, via study design, to the contextual restrictions identified for the three
weekday activity patterns and six weekend activity patterns, the behavioral adaptive
costs indicate the behavioral effort of shifting user behavior away from an optimal
adopted time point to other time points during a day. Even though an upper limit of
bac is inflicted by the question format limiting the scale to 10€ per hour or the no
answer option, we nonetheless argue, that modeling an upper limit of shifting
possibilities is warranted as there are times under the current living situations where
people have no possibility of performing a behavior (due to context restrictions). In
the open answers of the survey, this showed for example by comments stating that
during weekdays there is little flexibility in shifting chores due to work, commute
and evening volunteer work (VP_62). From a behavioral psychology point of view, it
would be necessary to analyze in future work, in how far lifting or reducing context
restrictions would increase the potential of residential user flexibility. After all, in an
energy system with substantive changes in the availability and generation of its
resource, a perspective limited to analyzing the potential of user behavior changes
within a system optimized for different resource characteristics might be too narrow
for a successful transformation.

In order to investigate the potential of user flexibility within the building and smart-
grid model, the parameter values of the bac curves of the user-behavior model are
integrated into the user database from Section 9.2.3.
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9.2 Building Model

C. Reinhold

The investigation of the time-related electrical and thermal behavior of buildings in a
power supply system requires the modeling of the relevant electrical and thermal
devices within buildings and their aggregation at the grid level. As a further
component, the user is considered with his behavior modeling. A flexible coupling
enables the holistic investigation of building structures with the interaction of user
and device.

In the following sections, the building model and the simulation environment elenia
Simulation Environment (eSE) will be presented in detail. eSE enables the holistic
investigation of scaled problems for connected electrical and thermal devices and
systems. The individual elements of eSE are organized in modules so that only a few
modules from the simulation environment were used in these investigations.
Section 9.2.1 describes the modular simulation platform eSE. The following
Sections 9.2.2-9.2.7 additionally addresses the used modules and their structure.

9.2.1 Simulation Environment

The MATLAB-based modular simulation environment eSE [151] has been developed
for the variable mapping of energy conditions in buildings. Through the dynamic
linking of electrical and thermal systems, as well as control systems, it is possible to
investigate highly scaled problems in a single environment. The simulation
environment is subdivided into a number of software modules, which can be used
individually as well as in coupled investigations. Figure 41 shows the general
structure of the simulation platform with the individual modules.

B

: > Thermal Building
User Grid Simulation Control Systems Simulation Appliances

} } ' } !

S
— = |

e ( f.u \
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Laboratory Integration Forecasting Methods Electricity Market Economic Analysis

Figure 41: General structure of simulation environment eSE
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The core of the simulation environment is the main simulator, which is represented
by a MATLAB class. It has a connection to all modules and handles their data
management. In addition, the simulator organizes the coordination of information
flows between coupled models and stores continuously all relevant information
generated during a simulation. For these questions, the modules User, Contro/
Systems, Appliances, Forecasting Methods, and Economic Analysis were used and
developed, which are described in detail in the following subsections.

9.2.2 Appliance

For computer-based modeling of electrical and thermal devices, two general
approaches can be identified in the literature. Statistical, data-analytical models are
based on a large database of measured power profiles and other physical
parameters of the respective devices. They aim at describing the behavior of devices
based on their progressions and to relate them to selected parameters such as
season, temperature, global radiation, and household size. Using time series analysis
methods such as linear regression or the autoregressive moving average (ARMA
models), statistical models can be determined to describe the time series. These
models enable data-based reproducibility of the performance profiles and
identification of the main influencing factors. Disadvantages of the statistical models
are the necessary extensive database and the lack of investigation possibilities for the
user and device behavior. [152]

For these reasons, a bottom-up approach was chosen which allows the modeling of
individual devices at any level of detail in terms of energy and information
technology in order to dynamically generate electrical power profiles depending on
the device and connect them with the behavior of users. In general, the available
bottom-up models differ in three central aspects:

e Degree of detail of user modeling and database used

e Degree of detail of the database for modeling and generation of electrical
profiles of the devices

e Stochastic approach used

The developed models in eSE improve the approaches of the literature by combining
their strengths and extending the methods used. The models in eSE have the
following basic characteristics.

e Free parameterization of the device models without using a database
consisting of measured device load profiles

¢ Dynamic dependency on the respective weekday or type days.

e Any time resolution of the individual models, as there is no direct dependency
on measured device profiles.
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e Detailed and parameterizable modeling of the user on the basis of an
empirical data set of the time use survey in combination with empirical or
stochastic synthetic profile generation

All electrical and thermal models are assigned to the Appliance module and are
listed in Table 11 below.

Table 11: Modeled Appliances and Control Systems

Appliances

washing machine photovoltaic inverter battery inverter

tumble dryer photovoltaic module storage cells

fridge charging station energy management system
freezer electric vehicle coffee machine

oven iron computer

dishwasher electric stove hairdryer

heat pump hifi system microwave

television electric kettle

As an example of the implementation of the Appliance module, the class diagram
and the example simulation for a refrigerator in Figure 42 are shown. The left side
represents the class diagram and the separation into attributes and methods. In eSE,
the extended attributes are split into two groups. The dynamic attributes, where the
values change with each simulation step, and the static attributes, which are set
before the simulation. In addition, the dynamic attributes are stored by the simulator
in an HDF5 file for subsequent analysis.

Models.fridge 120 8

Attributes
Dynamic
o P_el 100

O temp

= NNNNMANNNAVAY
o P_SOLL N

8 l'-'j_EX_PRICE 80
Static

O masse

o P_Nenn

O geraete_typ

o flaeche

O zustand_t_0

Methods

o fridge()

o step()

o reset()

@ init()
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© changeTemp()

© changeZustand()

0 0
© changeAlpha() 00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00 00:00
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Figure 4z: Class diagram (left) ana time series of physical parameters (right) of a fridge
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The model-independent methods step(), reset() and init() are equal for all models of
the module Appliance and are called by the simulator if required and are used as a
communication interface. The other methods are model-specific and are called
within the model-independent methods. The step() method executes the calculation
steps for the model. The calculated values of the dynamic attributes are queried
from the model after each simulation step and stored in the mentioned HDF5 file.
The right side additionally shows the resulting time curves of the active consumption
power P_e/and the refrigerator interior temperature femp.

9.2.3 User

This Section describes the integration of the user-behavior model from 9.1 into the
module structure of eSE and the content of the User module. In the first part, the
structure of the module is described and the methodical procedure for the technical
coupling between the user behavior and the device behavior is shown. The flexible
coupling between user and device enables the generation of activity profiles for any
user using descriptive parameters. Finally, the integration and parameterization of
the empirically determined behavioral adaptation costs from Section 9.1.3 in eSE are
described.

Structure

The module user contains several program components, algorithms and data
structures, which are described in detail in Figure 43 below. The described user-
behavior model from Section 9.1 is extended by the coupling of activity and
appliance, the determination of descriptive parameters such as duration of use,
frequency of use and the time-related probability of use, and the integration of
behavioral adaptation costs into the model. As an interface to the modeling exists
parallel to the user-behavior model a user model, which represents the behavior of
users in model form.

All information and data records from the user-behavior model are bundled in the
form of a local SQLite database with an associated frontend so that access via SQL
queries during the simulation and from other programs is guaranteed. The user
database contains the datasets from the time use study, the behavioral activity
pattern, the coupling of device and activity, descriptive parameters and the
behavioral adaptive costs and thus represents the user behavior model. The user
model, on the other hand, queries the information from the user database in order
to generate activity, device activity and appearance profiles related to the simulation
data and the parameterized user with the help of a self-developed algorithm.
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Figure 44: Exemplary view of the user database
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Coupling of activity and appliance

The user-behavior model describes activity patterns for people throughout a day.
The categorized activities include some for which an interaction with electrical
appliances is assumed. This offers the possibility to couple activities, for which an
interaction with an electrical appliance is assumed, with electrical load behavior of
appliances and arrives at a description of electrical power profiles in residential
buildings.

From all the appliances modeled within the building system, direct interaction with
a user was assumed for the following appliances: washing machine, tumble dryer,
dishwasher, oven, electric stove, iron, microwave, electric kettle, coffee machine,
hairdryer, hifi-system, computer, and television. For the other appliances control
over the time of use or energy consumption of appliances is managed by the
building control system.

The categorized activities from Table 9 are linked to user-dependent appliances.
Activities without user interaction with technical consumer appliances are set to
default value during linkage. The assignments are entered in the user database in the
form of a lookup table. A multiple assignments of consumer appliances to an activity
(activity: washing «<appliance: washing machine, tumble dryer) is also taken into
account in the database.

Table 12: Lookup table activity (upper category) — appliances [153]

APPIId C A APpplia > A
no appliance sleeping computer childcare at home

. . . care and support of
electric kettle, coffee | physiological ) PP

. . . no appliance adult household
machine, hairdryer recreation

members

computer occupational activities | no applance housekeeping
computer education no appliance volunteer work
computer other education computer social activities

oven, microwave,
coffee machine,
electric stove, dish
washer, electric kettle
no appliance chores computer reading
washing machine,
tumble dryer, iron

hobbies, sports, game

kitchen work computer .
playing

clothing care television watching TV

gardening and animal listening to radio and

no appliance hifi system .

PP care Y music

. . . using a computer or
no appliance handicraft activities computer 9 P
smartphone

no appliance shoppin electric vehicle travel and commute

PP PPINg activities
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The appliance activity coupling and the user database can then be used to
determine three descriptive parameters (time-related probability of use, duration of
use and frequency of use per day) for each appliance and each activity. These
parameters form the basis for the synthetic procedure for generating activity profiles.

Determination of descriptive parameters

Based on the data from the time use survey and the behavioral activity patterns, the
descriptive parameters of the time-related probability of use, duration of use and
frequency of use of all activities can be determined. Using the lookup table between
activity and appliances, the descriptive parameters of the appliances are calculated.
The following sections show the results of these three parameters.

Time-related probability of use

The time-related probability of use of activity or appliance reflects the probability
that an action will occur at a given point in time. It is synonymous with a probability
function that assigns a probability value p in the interval [0,1] to a random number
T, in this case, the time t. The probability value p is the time of the action.

p=fO=PT=t) (9-2)

The time-related probability of use is determined by selecting the time use survey
data by weekday and cluster. The absolute and relative frequencies of the activities
are then determined for each point in time. This results in a probability specification
per activity for each point in time. The activity/appliance lookup table was used to
define the time-related probability of use for each appliance.
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Figure 45: Time-related probability of use for appliances (left: weekday Cluster 1; right
weekend Cluster 3) [153]
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Figure 45 shows an example of the time-related probability of use of the considered
appliances for one weekday of cluster 1 (left) and one weekend of cluster 3. The
high probability (>45%) that a television set will be used in the evening hours is
striking. The time-related probability of use was calculated for all activities and
appliances depending on the day type and the cluster.

Duration of use

The duration of action indicates how long the action is executed continuously. To
calculate the duration of use, the time use survey data is filtered and the start/end
time and duration of each activity entry are determined. Each duration of the use
data point is directly linked to an activity and a time use survey data point. Using the
lookup table of activity/appliance, the data points are linked to the appliance. Thus,
activities and appliance have any number of duration of use data points. From these
data sets, suitable probability functions are calculated using an automatic MATLAB
fitting algorithm. These functions are used to calculate the stochastically distributed
duration of use values using a synthetic method. Table 13 lists the mean value,
standard deviation and probability function of weekday cluster 1.

Table 13: Duration of use for the appliances (weekday cluster 1) [153]

Mean value Standard deviation Distribution function

Appliance .. . .
in minutes in minutes in seconds
television 84.701 57.532 Gamma (a = 2.126; b = 2390.172)
Generalized Extreme Value
I i hicl 26.147 24.873
electric vehicle (k = 4.328; 0 = 34.599; 4 = 607.988)
Generalized Extreme Value
22. 16.
oven 005 6.653 (k = 4.6995; ¢ = 33.996; u = 607.23)
e Inverse Gaussian. (u=2177.9;1 =
36.298 32.713
hifi system 2959.315)
Generalized Extreme Value
computer 35.707 34.541 (k =0.6920; 0 = 684.743; u =
1082.7)
Generalized Extreme Value
electric stove 21.679 15.770 (k=4.773;0 = 51.982; u =
610.8792)
Birnbaum-Saunders
i 42.566 27.897
ron (B = 2008.421; = 0.733)
Frequency of use

In addition to the duration of use and the time-related probability of use, the decisive
factor for action is how often executed per day. This property describes the
frequency of use. Equivalent to the calculation of the duration of use can be
proceeded also with this parameter, only in this case the number of repetitions per
diary record is determined. If the activity is not performed in this data record, the
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amount of O is used in the evaluation. After linking the activity and appliances, the
probability functions for the usage frequency are also determined using the same
methodology Table 14 shows the stochastic characteristic values for the individual
devices.

Table 14: Frequency of use for the appliances (weekday cluster 1) [153]

Mean Standard

Appliance . L. Distribution function
PP value deviation

t- location-scale
i 2.659 1.118
coffee machine (1 = 2.647; 0 = 1.059%;v = 19.339)
washing machine, 0.234 0.608 Generalized Pareto (k = 7.434;0 = 0;0 = 0)
tumble dryer
Generalized Extreme Value
i .502 1.
electric kettle 3.50 593 (L= —0.113; 0 = 1.425: k = 2.831)
dishwasher 0.362 0.713 Generalized Pareto (k = 10.999;0 = 0;0 = 0)
television 1.035 0.806 Generalized Pareto (k = —0.186; 0 = 1.212;6 = 0)
Generalized Extreme Value
i i 3.246 1.745
electric vehicle (k = —0.077: 0 = 1.485; 41 = 2.5)
computer 2.130 1.896 Generalized Pareto (k = —0.137; 0 = 2.422;0 = 0)
oven 0.864 1.016 Generalized Pareto (k = 20.492;0 = 0;0 = 0)
hifi system 0.065 0.279 Generalized Pareto (k = 3.354;0 = 0; 6 = 0)
eI?ctrlc stove, 0.850 0.996 Generalized Pareto (k = 20.413;06 = 0;60 = 0)
microwave

Generation of activity profiles

Based on the data of the time use survey and the descriptive parameters, two
methods for generating user profiles are available here. Activity profiles, device
activity profiles and appearance profiles for the respective selected users are
calculated independently of the selected method. The profiles are comparable with
the standard load profiles for an unregistered load profile measurement, only that
the behavior of users is estimated at this point.

The empirical method uses the time use survey and the previous assignment to the
clusters as a data basis. The input variables are the simulation settings (start time,
end time and simulation step size), the user characteristics and connected devices.
The necessary information (day type, cluster) is determined for each day. This daily
information is used to query the associated diary entries of the time use survey from
the user database. An entry is randomly selected from the number of diary entries
and an attempt is made to add it to the list of the activity profile. Before this, the
activity of the last existing entry and the first activity of the current entry are checked
for consistency. For example, if the person is not present, but the following activity
forces an interaction with an appliance, then a mobility activity is missing to get back
home. If this happens, another diary entry will be randomly selected until a valid
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state is created. The activities of the entry are then connected to the appliance using
the lookup table between activity and appliances. In this way, the appliance activity
profile is created. Each activity simultaneously implies whether the person is at home
or on the move, resulting in an appearance profile. The sequence of diary entries
leads to the activity profile. All profiles are assigned to the user. To illustrate the
procedure, the individual steps of the process are shown in Figure 46.

days
] . ] simulation properties
time information < user properties
determination apzlia‘;ce
: weekday
cluster
cluster/weekday
. query
. diary data
- diary data
user

insert diary data

Stochastic selection l

of a diary entry

¢ Yes

consistency check ->

assignment

activity profile
appliance activity profile
appearance profile

Simulation steps

( A : simulation properties
time information ‘ ] user properties
determination L PI' P
L ) appliance
e * ~ Cluster/weekday/activity
activity determination ’\\
\ J ‘
Time-related probability of use
: [ user J
activity
appliance
assignment
cluster/weekday/activity h : — -
4 ( duration of use Sorting into _aCtMty ?r?flle )
— determination temporal sequence : appliance activity profile
L > ) appearance profile

duration of use

Figure 47: Process representation of the synthetic methoa [153]

The synthetic method creates an activity, device activity and appearance profile
based on the descriptive parameters without using the data of the time use survey
from the user database. In this way, it is possible to synthetically simulate behaviors
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of different groups of users with the help of a small amount of data. Figure 47 shows
the process representation of the synthetic method.

The input variables are identical to the empirical method, except that the iteration
loop is run through for each simulation step. Thus, for each step, the corresponding
time-related information is determined. Activity is then determined by querying the
usage probability of all activities from the user database. An activity is selected
stochastically from this distribution. The determined activity is then connected to an
appliance. After the coupling, the respective activity duration is determined. For this
purpose, the necessary data records from the user database are queried again, only
that the determined activity is filtered at this point. Finally, the activity or appliance
activity is added to the existing time series. After all simulation steps have been
completed, the user-dependent profiles are created, which are assigned to the user
model in the last process step.

Due to the improved parameterizability and the non-use of the datasets from the
time use survey, the synthetic method is used within the investigations and in the
further process.

Integration of behavioral adoption costs

The behavioral adaptation costs determined in Section 9.1.3, allocated to the
respective behavioral clusters, are stored within the user database and can be
specifically queried. During the static coupling of appliances with the users within
the dwelling units, the curves are filtered according to the cluster assignment of the
day type (weekend, weekday) and assigned to the respective appliance with the
unique identification of the user. Furthermore, the determined monetary dimensions
of the behavioral adaptation costs are scaled by a factor f of 1/100 in order to
achieve harmonization with other monetary variables within the distributed
optimization at the grid level and to avoid a dominant behavior toward the other
optimization goals. During the simulation, the assigned curves are filtered with
regard to the time shift from the preferred activity time in order to determine the
user-specific costs for a behavior change. The behavioral adaptation costs bac,_; of
the alternative schedules s, related to the reference schedule r are calculated for all
alternative schedules according to equation (9-3).

bac,_; = bac, — bacg Vs € S (9-3)

Positive values represent an incurred effort for the user. Negative values, on the
other hand, mean a time shift of the alternative schedule at a suitable time for the
user. If the values are zero, there are no improvements or deteriorations for the user.
The determination of possible time shift corridors is explained in Section 9.2.4
device-specifically.
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9.2.4 Power Flexibility

A directed influencing of the time-related electrical behavior and the modification of
stationary appliance characteristics as a reaction to an external signal with the aim of
providing a service in the energy system can be described as flexibility. In the
present investigations, the active power of the appliance is shifted in time and varied
in height. For self-learning, schedule-based and grid-side optimization strategies and
for estimating the appliance behavior for a variable time range, it is necessary to
generate any number of feasible alternative schedules in addition to the reference
schedule. The reference schedule represents the time-related active power behavior
under the influence of the building-based control system. The model technical
illustration of the alternative schedules is realized accordingly by methods of
sampling. Within the framework of the investigations, device-type-specific schedule
generation algorithms are used, which are derived from the reference schedule and
the device properties and calculate alternative schedules. Except for the storage
systems of the buildings, 30 feasible schedules are set for the sampling methods.
The algorithms developed in each case are described textually in the following
sections and their effects on schedules are shown.

User-driven appliance

A schedule generation algorithm is only available for appliances with empirically
determined behavioral adaptation costs. In this investigation, the appliances are
washing machine, dryer, dishwasher, coffee machine, television, electric stove, oven,
and computer. Accordingly, the other appliances are not made more flexible and
have only a reference schedule and no alternative schedules.

The first step is to check whether the user used the appliance during the simulation
time. If this is not the case, no shifting potential is determined and the alternative
schedules correspond to the reference schedule. Afterward, alternative start times
are determined for all switching operations of the appliance, so that there is a time
shift in the use of the appliance. The restriction for all appliances is that the start time
must lie within the simulation time. For the appliances coffee machine, television,
electric stove, oven and computer it is additionally defined that the usage time can
only take place during the appearance of the users and that the use of the appliance
must be finished before the activity sleep or the next absence phase. The washing
machine, dryer, and dishwasher can also be used without the presence of the user. If
no free shift time is determined, the start time of the reference timetable is used. For
the washing machine, the active electrical power of the reference schedule and the
next two alternative schedules with the sleep phase and the presence phase of the
user is shown below.
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Figure 48: Power flexibility for a washing machine

Activity

In this example, the washing machine is switched on once and shifted within the
valid restrictions. Each variation of the reference schedule causes a change in the
user's behavior, which in turn is reflected in the relative behavior adaptation costs
bac,_;. In the example shown here, alternative schedule 1 has a positive value of

bac, = 1.8 ct and alternative schedule 2 has a value of bac; = 0 ct.
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Figure 49: Power flexibility for a computer
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Especially user-dependent appliances with low power are switched on and off
several times during the day. Figure 49 accordingly illustrates the situation for a
computer and its temporal displacement possibilities. The relative behavioral
adaptation costs for the alternative schedule bac,_, are the sum of the shifts of all
switching operations. In this example, the activities are shifted to a suitable time
period for the user.

Charging station with electric vehicle

Electric vehicles have an integrated storage system and are charged via charging
stations in the public and private sectors. Charging at public charging stations is
excluded in this investigation. During driving, the storage system discharges
according to the underlying driving profile of the user. The electric vehicle is
electrically and communicationally connected to the charging station before the
start of the charging process and can charge the storage system until the start of the
next driving cycle. Technically, the charging power can be varied in the range
[O;PN,LS] up to the maximum power level of the charging station Py ;5. Bidirectional
charging is excluded at this point. The objective for the reference schedule and the
alternative schedules is to achieve the maximum energy capacity of the storage
system until the next driving cycle begins. The next departure time is known to the
control system at any time based on the activity profiles of the user.
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Figure 50: Power flexibility for charging station and electric vehicle
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The reference schedule represents the loading strategy of immediate loading
without considering other influencing factors. With the alternative schedules, the
start times of the charging process are gradually shifted in time to the size of the
simulation step, so that the storage system is fully charged at the end of the
charging process. In addition, the last alternative schedule implements a charging
strategy with a maximum possible limitation of the charging capacity (min_pP), so
that the minimum load on the grid system results, see Figure 50. For all alternative
schedules, the relative behavioral adaptation costs bac,_;. are assigned the value O,
since a temporal shift of the charge profile due to the restriction of the full charge
level has no direct influence on the behavior of the users.

Photovoltaic system

The inverters used for photovoltaic applications are able to flexibly vary the active
power at the output in the second’s range in relation to the current direct current
power of the photovoltaic modules. An increase of the generation power can only
be realized with an appropriate provision, i.e., with a static reduction of the
generation power, which proves to be uneconomical in current applications and
under consideration of the current regulatory conditions. A reduction of the
generation capacity is nowadays carried out for reasons of grid and system stability,
which in turn leads to a degradation of the economic efficiency from the point of
view of the owner of the device. For these reasons, the coupled analysis of building
and grid systems did not include any flexibilization of PV system:s.

Storage system

In contrast to the other devices, storage systems have the characteristic of being able
to flexibly adjust their charging and discharging power according to the current
energy capacity. Based on this, this device is assigned a higher priority than the other
devices and the schedule generation is carried out in a separate software module
outside of eSE. The detailed implementation procedure is therefore described in
Section 9.3.3.

9.2.5 Control Systems

As the control system for electrical and thermal systems within a building, an energy
management model acts in the simulation environment, which is connected to the
respective devices via specific exchange parameters. Each control system can have a
specific optimization strategy, which uses the strategy and the objectives to control
the connected devices with the required target values. The sequence structure of the
signal exchange between the control systems and the devices is shown in Figure 51.
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Figure 51: Design and Control Structure in Building Systems

The control system of the building can optionally communicate with a grid control
system to be integrated into a plant cluster. In the first step (1), the devices transmit
their measured values to the building control system, which in turn transmits
aggregated values to the grid control system. The setpoints (2) for the devices or
building systems are then calculated based on the optimization strategy and sent to
the controllable devices.
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Figure 5z: Exemplary power flows and information signals in a building system with a
photovoltaic and storage system
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The devices adapt their behavior to their technical restrictions. As an option, the
implemented setpoints (3) can be sent back to the control systems in the form of
feedback control in order to carry out a setpoint comparison. Figure 52 shows the
resulting power and information flows of a building energy management system for
a controlled photovoltaic storage system to illustrate the control process that is
described.

9.2.6 Forecasting Methods

For the implementation of schedule-based operation strategies on superior control
levels, the prediction of the time-related appliance behavior is a necessary element.
This implies in the previous step the forecast of external data sets for a variable time
range in the future, such as global radiation, outside temperature, and wind speed.
Within the models, these data sets are used together with static properties and other
data sets from other models to predict the appliance behavior and the energetic
time-related curves. For the forecasting of the values and the profiles, a number of
different methods are implemented, which are bundled in the module Forecasting
Methods. In the context of the investigations an ideal forecast with a horizon of
24 hours was used, which means 96 single values with a simulation step size of
15 minutes, in order to suppress possible influences by forecast errors and
deviations within the control and optimization algorithm.

9.2.7 Economic Analysis

For the economic evaluation and the comparison of system configurations among
each other, the economic characteristics of the devices and the associated device
operators and actors are modeled. Different evaluation methods, such as the net
present value method or the annuity method, are integrated into the models of the
devices. Thus, it is possible to investigate the technical behavior of the device and
the economic effects in a framework. Each actor can be linked to any number of
devices, which represents an assignment of ownership. As a rule, the economic
indicators are calculated for all devices of the actor and aggregated at the actor level.
In addition, it is possible to develop and integrate actor-specific calculation
algorithms. This structural structure results in close integration of the Appliance and
Economic Analysis modules.

124

Dieses Werk steht Open Access zur Verfligung und unterliegt damit der Lizenz CC-BY 4.0



9. Modeling and Simulation

9.3 Smart Grid Model

M. Nebel-Wenner

In the following section, a smart grid model is introduced, which simulates and
analyzes the potential of cooperative load scheduling of smart buildings. In
Section 9.3.1, the topic is introduced and the potential benefits of load management
for smart buildings are highlighted. Section 9.3.2 then describes the multi-agent
system ISAAC and the heuristic COHDA, which were used for several simulations. In
Section 9.3.3 we shed light on the calculation and representation of flexibility in the
model. Section 9.3.4 then describes the multiple optimization goals, which were
pursued in the model. Details regarding the coupling of the smart grid model with
the building model are given in Section 9.4, while the simulation scenarios are
described in Section 9.5. Section 10.1 will later present the results of the simulations.

9.3.1 Load Management of Smart Buildings

Flexibility in production and consumption of electrical power within smart buildings
may be a key factor in an energy system based on solar and wind energy [154]. In
this context, an intelligent and efficient operating strategy enables to optimize the
flexibility of various buildings regarding the problem of imbalance of generation and
consumption as well as regarding the power supply from the superposed grid. In
that respect, a smart grid operating strategy on the low voltage level may the need
for grid expansion in the higher voltage levels. In this project, a smart grid model
simulates and analyzes the potential of cooperative load scheduling of smart
buildings. The input for the smart grid model is received from the smart building
model, in which flexibilities of various smart buildings in a low voltage grid are
computed (see section 9.2). The results of this model constitute typical load curves
in a smart low voltage grid and serve as input for the optimized distribution grid
planning model (section 9.7). Additionally, an evaluation of the smart grid operation
strategy regarding sustainability has been performed (see section 0)

Virtual power plants (VPPs) are a concept of pooling numerous distributed and
renewable energy resources (DER), which also encompasses flexible loads of
buildings. Aggregation is necessary to overcome market barriers and for feasible risk
management. A VPP usually relies upon a software system to remotely and
automatically optimize generation or demand [155]. For optimal use of the unit’s
flexibility, the scheduling of operation times is required.

Multi-agent systems (MAS) and distributed algorithms have received increased
attention in the context of smart grid research, especially within the simulation of
VPPs [156]. Multi-agent Systems contain an environment, objects and multiple
intelligent agents that solve a common problem (see [157] for further information
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on MAS). Following the definition of fundamental agent theory in [158], an
intelligent agent is defined as a computer system that has different properties, such
as autonomy (agents operate without the intervention of humans or others), social
ability (agents interact with other agents), reactivity (agents perceive their
environment) and pro-activeness (agents exhibit goal-directed behavior).

The advantage of a distributed algorithm lies in the scalability, whereas the use of
agents allows abstracting from the specific characteristics of the single unit. MAS can
be used as distributed control including a huge number of units, e.g., for scheduling
for market optimization or grid stability.

To investigate the flexibility potential of buildings regarding different goals, various
simulations of an optimization process of flexible loads of buildings in the low
voltage grid have been executed in this project. For this, the multi-agent system
ISAAC has been used.

9.3.2 Multi-Agent System ISAAC

ISAAC" is an energy unit aggregation and planning software, based on aiomas?, a
lightweight MAS framework written in python. NielRe and Troschel present it in
[159]. The main use case of ISAAC is the aggregation of DERs for VPPs. In ISAAC,
each agent represents one energy unit, from which it has knowledge about the local
information such as the flexibilities. The different agents in the MAS are connected
through a small world overlay network. An overlay network describes the
connection of units by virtual links that are built on top of the physical connection of
the grid. A small world topology describes a graph, in which each node can be
reached from every other node in the network, but not all nodes have to be directly
connected.

Agents in ISAAC implement a modified version of the COHDA (combinatorial
optimization heuristic for distributed agents) algorithm for solving the optimization
problem of scheduling the unit’s operation times. COHDA is a fully decentralized
optimization heuristic that uses self-organizing mechanisms to optimize a common
target and is presented by Hinrichs and Sonnenschein in [160]. In COHDA, agents
cooperatively negotiate with each other in order to optimize a global objective
function. The heuristic exhibits convergence and termination is robust against single
communication faults and it shows good scalability. Fast convergence of the COHDA
heuristic depends on massively parallel communication. If applied to the real world,
long-term- evolution (LTE) standards such as 3G / 4G or DSL are thus recommended
as communication technologies [161].

! https://github.com/mtroeschel/isaac
? https://aiomas.readthedocs.io

126

Dieses Werk steht Open Access zur Verfligung und unterliegt damit der Lizenz CC-BY 4.0



9. Modeling and Simulation

In order to prevent undesired behavior, ISAAC is embedded into a
controller/observer architecture (see Figure 53). In this setting, on top of the
interconnected unit agents, an observer agent and a controller agent exist in the
MAS. The observer agent constantly monitors the self-organized outcome of the
MAS and passes information to the controller agent, if necessary. The controller
agent is responsible to set up the MAS by creating an overlay network and receiving
and communicating the objective function. It additionally performs control actions
to alter the optimization process, e.g., assuring termination of a negotiation within
the desired time. Generally, the controller/observer architecture combines the
benefits of self-organized system behavior with the possibility of avoiding unwanted
behavior [159].

ISAAC

reports
Observer EEEE— Controller

observes controls

A0 OO A0AN
A O 0O 0

Figure 53: Structure of the multi-agent system ISAAC. Adopted from [159]

9.3.3 Flexibility in ISAAC

In NEDS, flexibility is represented by a number of feasible schedules for each
building. Each schedule consists of 96 values, one power value for each of the 15-
minute intervals within one day. Within the building model, the flexibility of the
different electrical appliances is aggregated and 30 feasible schedules per building
are created (see Section 9.2), which are then used in ISAAC. However, the flexibility
of battery storage systems is computed apart from that, since the flexibility space of
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battery storages is generally significantly greater than the one of other electrical
appliances in the building.

In order to deal with the large flexibility space of battery systems, we developed a
storage agent that is responsible to compute flexibility for battery storages placed at
households with a photovoltaic system. There are certain restrictions that have been
taken into account when computing alternative schedules:

1.

2.

4.

The main use case for battery storages at the building level is the optimization
of self-consumption. Therefore, the different feasible schedules must respect
this primary use case. This implies, that all surplus power produced by the PV
system must be stored in the battery, if possible.

All schedules have to be feasible regarding the technical restrictions of the
battery (maximum capacity and maximum charging and discharging power)
Schedules have to be balance-neutral. This implies that the state of charge at
the end of the simulation of the battery is the same in all alternative
schedules, no matter if flexibility was provided or not.

Additional cycle costs have to be taken into account.

The following method was developed in order to exploit the flexibility space of
battery storages and fulfill the conditions mentioned above. Storage agents execute
the following steps when computing the flexibility for a battery storage:

1.

Get all relevant data of the battery from the building model. This includes the
state of charge, the capacity and power limits, the efficiency and the reference
schedule, which is based on optimizing self-consumption in an immediate-
charging mode.

Create numerous balance-neutral schedules. This is done by altering a default
schedule of OkW for each interval. Then this schedule is changed within two
distinct random periods. In one period, the battery is charged and in the other
one, it is discharged. The power of the charging/discharging signal is varied
depending on the technical restrictions of the battery. However, the total
amount of energy discharged equals the amount that is charged, taking into
account efficiency losses. Figure 54 shows an exemplary set of such
schedules.

Create a set of potential schedules for each battery by summing up each of
the balance neutral schedules created in step (2) with the default schedule
received in step (1).

. Test each of the potential schedules on validity regarding the technical

restriction of the battery and regarding the primary use case of optimization
of self-consumption.

. Store each of the valid schedules in the set of possible schedules. For each of

them calculate the additional cycle costs on the basis of the investment costs
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of the battery divided by the minimum number of cycles that the producers of
the battery grant for.

The parameters that have been chosen for the calculation of the schedules are
displayed in Table 15.

Table 15: Parameter setting for the computation of balance neutral battery schedules

Possible Possible durations of  Possible energy quantity | Number of
durations of the discharging charged/discharged charging/
charging period period (min) (% of total capacity) discharging
(min) periods
{60, 120} {60, 120} {10, 20, 30, 40, 50, 60, 70, 80, | 1

90}

Given this calculation of flexibility described above, each agent that represents a
building may choose among 30 possible schedules while each agent representing a
battery storage system has a set of ca. 2000 — 4000 possible schedules, each of the
schedules assigned with a cost value.
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Figure 54: Exemplary balance neutral variations for a battery storage

9.3.4 Optimization Goals

In the NEDS project, the buildings that are part of the VPP optimize their schedules
regarding multiple optimization goals. The following high-level optimization goals
for the VPP are considered:

Optimization of power consumption and power generation
Minimization of the peak grid load

Minimization of electricity costs at the electricity market
Minimization of behavioral adaptation costs

>N
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From a mathematical point of view, the set of Pareto optimal solutions constitutes
the solution to a multi-objective optimization problem. However, in this setting, one
solution must be picked. The most common approach to solve such problems is by
scalarization, which then involves formulating a single objective function. This
approach is in accordance with the design of COHDA, which only allows a
distributed optimization of one single objective function.

Generally, there are several methods to perform multi criteria optimization (see
[162] or [163]). Picking one out of the set of Pareto optimal solutions usually
involves a decision maker, which expresses preferences on the criteria. This can be
done by ordering or weighting the single criteria or by defining additional
constraints (e.g., "criteria x must exceed value y"). However, as the objective criteria
may have different magnitude, normalization of objectives is required to get a
solution that is in accordance with the weights of the decision maker [164].

In the following, the chosen optimization approach will be displayed. In [165] the
multi-objective optimization approach is explained and analyzed in further detail
with a particular focus on the multi-objective nature of the optimization problem. In
order to include the four criteria into one target function, a monetization approach
was chosen. The high-level target function describes the costs of an aggregated
schedule s of all households that are part of the VPP and consists of four elements:

f(s) =e(s) —p(s) +y(s) + a(s) (9-4)

e(s) describes the costs at the electricity market, ¢(s) depicts the payments due to
feed-in to the grid, y(s) describes the costs of the grid usage and ina(s) the
behavioral adaptation costs are computed. In the following, we will explain each of
the four sub-functions in detail.

In e(s) the costs of the aggregated power consumption schedule at the electricity
market are computed. We assume a variable electricity price scheme. The market
prices in the simulations are based on historical data from the German Federal Grid
Agency (Bundesnetzagentur)®. The day-ahead market prices for the years 2015 —
2018 were taken as a basis and aggregated in an hourly resolution for each of the
different type of days described in Section 9.5. Figure 55 shows an example of the
computed price function for a working day in summer. The computed price
functions are constant within all alternatives and simulated years.

In ¢(s), the payments due to-feed in are computed. We assume no subsidizes for
feed-in of DERs and hence the feed-in payment is based on calculations at [5]

3 see www.smard.de
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regarding the electricity generation cost for 2050 within the scenario of 80%
greenhouse gas reduction, which is assumed to be 8.3 cent/kWh.

y(s) describes the fees for the grid usage. The function is oriented on the cost
structure of the grid charge in Germany for users with power measurement. The
costs are based on two positions: the overall consumed energy within one year (in
kWh) and the maximum load within one year (in kW). The prices for each of these
positions are set based on the fees that the regional utility EWE charged in the year
2018". However, since we simulate only single days, the fees were scaled down to
one single day. In our simulations, we included the grid usage in both directions,
meaning that a feed-in peak is treated the same way that a peak of the power taken
from the grid is treated.

Finally, a(s) describes the behavioral adaptation costs. They are computed in the
building model and assigned to each building schedule (see Section 9.1.3 and
9.2.3). They are summed up for all buildings and remain unchanged within the
target function.
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Figure 35: Price function for electricity for a working day in summer computed on the basis
of historical data

By using this target function, all high-level optimization goals are included in the
optimization process. Since f(s) describes the costs for the VPP, the optimization
goal is to minimize this function. It is assumed that all households within the VPP are
cooperative and hence try to minimize the costs for the VPP.

‘see https://www.ewe-netz.de/~/media/ewe-netz/downloads/2018_04_03_ewe_netz_nne_strom_2018.pdf
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9.4 Coupling of Building and Smart Grid Model

M. Nebel-Wenner, C. Reinhold, /. S. Schwarz

The building model and the multi-agent model ISAAC are directly coupled. As input,
ISAAC receives 30 feasible schedules on a 15-minute time resolution and its
associated flexibility costs for each residential unit from the building model.
Additionally, the reference schedule and technical parameters of the storage systems
are sent from the building model to ISAAC. Within ISAAC, the scheduling of the
flexible buildings is optimized and finally, the chosen schedules are returned to the
building model. In order for each household to represent a separate unit in ISAAC,
multi-family houses were divided into several units. Thus, in a 3-family house,
3 residential units and the entire building are separately connected to ISAAC. The
entire building is nevertheless calculated in the first step with the consumption and
generation data of all appliances from all residential units for the local optimization
strategy of the control system. In order to avoid a duplication of the consideration of
the individual residential units, the information of the individual residential units was
subtracted again from the entire building after completion of the operation strategy,
so that only the real power data of the systems at building level were included.

For the coupling of both models, the co-simulation framework mosaik® is used [132,
26]. It provides a protocol for the communication between the simulation models,
which is called mosaik APl (application programming interface). This mosaik APl has
to be implemented by each simulation model. For the implementation, mosaik
provides a low-level API based on TCP/IP and several high-level APIs for the most
common programming languages.

ISAAC has an interface to mosaik, which uses the Python-APl. For the building
model, the mosaik-MATLAB-API was used. The APl was enhanced for the simulation
in NEDS to optimize the performance. As the building is modeled rich in detail and
more than 100 residential units are simulated, the performance plays an important
role in the execution of the simulation scenarios. MATLAB offers a toolbox with
features for parallelization of code. To achieve reusability for future usage with
mosaik, the parallelization was not implemented directly in the building model, but
in the mosaik-MATLAB-API. The implemented parallelization allows parametrizing
directly in mosaik, whether a connected MATLAB model should be executed in
parallel and how much MATLAB workers should be used. The parallelization shows
the most impact for simulation models with many instances because the code of the
model itself is not parallelized, but only the execution of instances of the model can
be distributed on several MATLAB workers.

* https://mosaik.offis.de
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Mosaik provides a scenario API, which allows instantiating the simulation models
and a concrete simulation scenario can be defined including data flow between the
simulation models. During the execution, mosaik handles the synchronization and
data exchange between the models.

9.5 Simulation Scenario and Execution on the Micro-Level

M. Nebel-Wenner, C. Reinhold, /. S. Schwarz

Within NEDS, five transition years (2015, 2020, 2030, 2040, 2050) and three
alternatives (decentral, middle ground, central) are considered (as described in detail
in Section 8). Each year-alternative combination includes different parameter
settings (see, e.g., Table 20 and Table 21).

The maximum grid load (positive and negative) constitutes the most relevant input
parameter for the optimized distribution grid planning model (see section 9.7).
Hence, the simulations of the smart grid and the smart building model must be
structured in a way that this parameter can be determined. However, in order to
keep simulation efforts for the coupled smart grid and smart building model within
an acceptable range, no simulations of a whole year could be executed. Therefore,
we simulated nine different type of days per year-alternative combination to account
for seasonal and daily. The different type days result from the combination of the
three typical days working day, Saturday, and Sunday with the three seasons
summer, winter, and transition. For the estimation of the days with the highest
consumption power and the highest generation power, meteorological information
was taken into account when determining the type days. It was assumed that the
highest power consumption occurs on days with the lowest temperature, especially
for the energy consumption of the thermal building supply. On the other hand, the
highest production capacity on days with the highest global radiation was assumed
for the production of decentralized PV systems. Table 16 accordingly shows the days
determined for the respective transition years divided among the type days.

Table 16: Defined data for the type days

2015 2020 2030 2040 2050

Identification code of days

Dieses Werk steht Open Access zur Verfligung und unterliegt damit der Lizenz CC-BY 4.0

Winter working day (WWT) 10.12. 24.01. 24.01. 24.01. 24.01

Winter Saturday (WSA) 05.12. 05.12. 30.11. 01.12. 10.12.
Winter Sunday (WSO) 04.01. 13.12. 15.12. 16.12. 27.11.
Summer working day (SWT) 02.09. 03.08. 18.06. 03.08. 03.08.
Summer Saturday (SSA) 29.08. 30.05. 03.08. 02.06. 27.08.
Summer Sunday (SSO) 14.06. 06.09. 02.06. 02.09. 18.06
Transition time working day UEWT) | 03.04. 24.09. 23.10. 25.09. 01.04.
Transition time Saturday (UESA) 24.10. 28.03. 21.09. 31.03. 22.10.
Transition time Sunday (UESO) 20.09. 19.04. 31.03. 22.04. 25.09.
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We considered two example grid settings; one describes a rural setting (land) and
the other one a rather urban setting (city). Within the grid sections, agricultural
farms, commercial companies, and residential buildings are placed with a
distribution in relation to the total building stock of the grid section (shown in
Table 17).

Table 17: Distribution of building types in the grid section in %

Building type Urban setting (city) Rural setting (land)
commercial companies 10 1

agricultural farms 0 9

residential buildings 90 90

The base load of the commercial companies and the agricultural farms is assigned to
a corresponding standard load profile of the groups L and G. Based on distribution
assumptions, it is also possible to assign controllability to grid control, PV systems
and storage systems to these building types. The electrical behavior of residential
buildings, on the other hand, is calculated in detail by modeling the appliances,
users and building structures from Section 9.2

The number of buildings in the grid sections is determined based on the maximum
load of a local transformer with an apparent power of 630 kVA and a safety range of
10%. This results in a number of 85 buildings for the rural grid area and 64 buildings
for the urban grid area for all transition years and alternatives within the scenarios.
To reduce the simulation effort, the grid sections were provided with a scaling factor
for the number of buildings. This causes only a part of a typical low voltage grid to
be implemented. A factor of 2.26 was assumed for the rural grid section and 1.88 for
the urban grid section.

Table 18: Percentage distribution of the number of residential units in residential buildings
n %

Number of residential units Urban setting (city) | Rural setting (land)

per residential building

1 77.9 67.3
2 19.2 12.1
3 1.16 4.84
4 0.87 3.63
5 0.58 2.42
6 0.29 1.21
7 0 3.36
8 0 2.52
9 0 1.68
10 0 0.84
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The load caused on the grid components by the individual buildings is defined by
assumed simultaneity factors of the individual appliances from practice. The number
of residential units per residential building is as follows.

For each modeled appliance from Section 9.2, the equipment inventory (number of
appliances per 100 residential units/buildings) and the static properties are given
based on available studies, data sources, and assumptions. As an example, Table 19
shows the equipment inventory for photovoltaic systems in buildings.

Table 19: Equipment inventory for PV-System in number of 100 buildings

Grid section Alternative 2015 2020 2030 2040 2050

land middle ground 8.62 13.07 20.49 27.9 35.32
city 2.62 7.07 14.49 21.9 29.32
land decentral 8.62 17.07 31.16 45.24 59.33
city 2.62 11.07 25.16 39.24 53.33
land central 8.62 9.055 9.78 10.51 11.23
city 2.62 3.055 3.78 4.51 5.23

Regarding the number of controllable buildings, we assumed that a smart meter
including a communication interface is required as described by the attribute
diffusion of ICT standards in the power grid (see Section 8.2). Since the penetration
of such devices varies among the scenarios and simulation years, only a fraction of
all buildings at the low voltage grid is part of the VPP. Additionally, it is assumed that
not all of those buildings with a smart meter are willing to be part of a VPP. This
fraction varies among the three alternatives based on the attributes share of
households participating in demand side management (see Section 8.2). Table 20
and Table 21 show the setting regarding these two parameters within the different
scenarios and alternatives.

Table 20: Share of residential units with a smart meter including a communication interface
n %

Scenario 2015 2020 2030 2040 2050
Scenario 1 0,0 5.0 33.9 48.3 61.0
Scenario 2 0.0 2.8 17.5 28.5 32.6
Scenario 3 0.0 2.8 17.5 28.5 32.6
Scenario 4 0.0 5.0 33.9 48.3 61.0
Scenario 5 0.0 5.0 33.9 48.3 61.0

Table 21: Fraction of residential units with a smart meter that is part of the optimization in %

Alternative 2015 2020 2030 2040 2050

decentral 70 70 70 70 70

middle Ground 50 50 50 50 50

central 30 30 30 30 30
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Overall, 270 simulations of one day have been executed. From these simulations, the
maximum load and the peak feed-in is extracted for each year-alternative-grid
combination and passed on to the grid planning model (see Section 9.7).
Additionally, the aggregated yearly behavioral adaptation costs for each year-
alternative-grid combination are used within the sustainability evaluation.

As described in the previous Section, the models were coupled with the co-
simulation framework mosaik, which was also used to define the simulation scenario
based on the previously shown parameters. For the execution of the simulation
scenario, the infrastructure of the OFFIS institute was used. The simulation was
executed in a virtual machine on a server architecture with 12 processor cores and
48 GB RAM. The execution of the 270 simulations took about 2 weeks without
parallelization of the building model. The parallelization enables the simulation to
use all 12 processor cores and the simulation time decreased to 5 days.
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9.6 The Integrated Grid and Market Model

C. Blauful3

The Integrated Grid and Market Model are developed for a realistic simulation of the
continental transmission grid to emulate the European power market and the
electric power flow. To enable the goals of the research project NEDS the model is
modified to fulfill specific tasks. The following section describes the modifications,
the degrees of freedom and the method used for the Integrated Grid and Market
Model.

9.6.1 Grid Topology, Power System Delimitation, Interfaces and Degree of Freedom

The transmission and distribution grids represent the electrical power system and
form the backbone of the economy and industry as well as the basis for economic
wealth in Europe. Figure 56 shows an overview of the electrical power system with
the nominal system voltages and the specific system boundaries in Germany.

e
o |
= ' I T380kV

L~

o

0,4kV

Figure 56: Overview of the electrical power system

The transmission grid is spanned over continental Europe and transports electrical
energy over long distances from power plants to areas with high demand. The
transmission grid consists of different control zones, which are operated by different
independent companies, well known as transmission system operators (TSO). An
exchange of power between these zones over interconnectors is possible and
depends on feed-in, load condition, and available transmission capacities as well as
the power trading price. To minimize the power losses and enable the transport

137

Dieses Werk steht Open Access zur Verfligung und unterliegt damit der Lizenz CC-BY 4.0



9. Modeling and Simulation

over long distances, the system voltage of the German transmission grid amounts to
380 kV or 220 kV. Large-scale power plants, which are usually thermal power plants,
are connected to these voltage levels and provide system services for safe system
operation. These services include the provision of active and reactive power for the
frequency and the voltage control. The topology of the transmission grid is
constructed as a meshed grid. Furthermore, the maximal thermal rating of the
transmission elements as well as the voltage bands U,;, < U < U,,x and the short-
circuit currents I . < Iy < Iy have to adhere to before and after a failure of one
equipment in the grid. A failure of any equipment may not lead to a shutdown of
the entire grid. If these conditions are satisfied, the (n-1)-criterion is fulfilled. The
nodes of the transmission grid represent the interface to the distribution grids, which
consists of the high-, medium and low-voltage grids as well as the respective
transformer level. These have different tasks, topologies, and characteristics, which
are explained in section 9.7.1.

For the purpose of the project, the model of the existing power transmission system
for continental Europe was reduced to the area of the State of Lower Saxony and its
neighbors. The transmission lines to grid nodes outside of Lower Saxony are defined
as interconnector lines and serves as points for possible power exchange. Figure 57
shows the reduction of the transmission grid and represents the map of Lower
Saxony with the transmission lines, power plants and grid nodes used in the
reduced transmission system model.
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Figure 57: Reduction of the Lower Saxony transmission grid

Red or green lines, representing the 380kV and the 220kV overhead lines, connect
the grid nodes. The number of parallel systems is deposited in the database.
Furthermore, the colored points show the position, the installed capacity and the
type of electrical plants in the map, respectively, in Lower Saxony. Thereby power
plants must have a minimum installed capacity to be visible on the map. Power
plants can usually be allocated to a specific grid node but in special cases distributed
generators, e.g., wind power has to be distributed to different nodes, e.g., the high
influence of wind parks in regions. Conventional power plants are able to feed in
depending on their marginal costs. Renewable power plants feed in as a priority and
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their marginal costs are assumed zero. The operation plan of power plants is set for
each time step, according to the selectable power plants and their marginal costs. In
this connection, the electrical boundary conditions of the grid must be observed,
acting as limiting factors for the operating plan. The electrical boundaries consist of
the voltage band and the maximal thermal rating. The limit of the voltage
maintenance amounts £10%. Furthermore, the load capacity of the devices depends
on their respective type. The visible attributes on the map are a part of the database
of the model, which serves as a base for the simulation.

9.6.2 Method of the Integrated Grid and Market Model

The Integrated Grid and Market Model is a compound of two major modules, which
are running in a series process. The process starts with the module of the market
simulation, receiving the necessary information for the simulation from the database.
Another information for the module is provided by the calculation of the energy
demand shown in Figure 58. The results of the market simulation contain among
other power plant and storage operation plan for every time step in one year.
Additionally, to the information contained in the database, this solution also serves
as input data for the grid simulation module. The evaluation of a power flow
calculation with the operation plan assures that the grid boundaries are adhered to.

Resulting energy — Database

demand

Market simulation

v

Grid Simulation

v

Analysis of the Solution

Figure 58: Overview of the integrated Grid and Market Model [166]

In order to generate the necessary criterion for the evaluation of the transition path,
an analysis function is required, which is called at the end of the program. A more
detail description of the entire algorithm is shown in [166].

9.6.3 Structure and Content of the Used Database

Figure 59 shows an overview of the database of the Integrated Grid and Marked
Model, which consists of six major categories. In addition to the above-mentioned
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information, the power plant data include the rated time series of wind and
photovoltaic energy feed-in. The rated time series are required to calculate power
the feed-in in every time step. Unlike conventional power plants, renewable plants
feed in their power unregulated and do not act on market laws. The category of
energy storage almost consists of the same data as the power plant data.
Additionally, the attributes of storage capacity and the efficiency factor are added.
Since there are only two available forecasted energy storage plants in Lower Saxony,
the location and design of future systems represent a degree of freedom. The
assumption for the design and the size of storages are based on the studies of the
potential of power storage ability in Lower Saxony [5].

~
Regional data Energy storeage data

(0]
\ %)
Load data Grid data > %
-
a

Power plants data Market data

— ‘/"

Figure 59: Overview of the database [166]

The load data consist of rated time series for every hour of a year. The loads are
scaled with the information from regional data, which include the economic data of
the region like population figure, population density and the parts of industry, craft,
trade, and households of the consumption. Furthermore, the gross domestic
product is used to estimate the electrical consumption, respective, the electric load
in the grid for every time step and for every region in Lower Saxony. The load can be
allocated to the corresponding nodes. The process of the gross domestic product is
emulated by the CEG-model and is shown in Section 9.2.4. Additionally, a more
detail description of the database is given by [166].

The grid data is used to describe the transmission grid of Lower Saxony and consists
of the selected types of transmission elements as well as the information about the
grid topology. Additionally, the interconnectors with limited capacity are included
and make a power exchange with neighbored grids possible.

The market data includes economic information like inflation, interest rates, costs of
primary fuel and CO; certificates as well as the gross domestic product. Especially
the data of coast of primary fuel and gross domestic product are difficult to calculate
in course of their dependency on world economies. This information is given by the
CGE-Model and are updated for every initial year. A more detail disaggregation is
described by [166].

140

Dieses Werk steht Open Access zur Verfligung und unterliegt damit der Lizenz CC-BY 4.0



9. Modeling and Simulation

9.6.4 Market Simulation

The market model emulates the electricity market and is based on the calculation of
the marginal costs of the conventional power plants and energy storages in the
defined area, to cover the energy demand. Part of the important input data for the
market model is represented by the load time series. This data is calculated by the
sum of feed-in power of the renewable energy sources and the consumption of the
loads for every time step. Furthermore, the value could be positive or negative.

Presidual = Proad T+ Prenew (9'5)

The value of the residual power Pregiqual, resulting from the assumption of priority
feed-in of the renewable power plants has to be equalized by the conventional
power plants, the power storages, and the imported power as well as the exported
power.

Presidual T Pstor + Pprants + l:)Exp =0 (9-6)
On the one hand, it is possible to balance a positive value of Presiqual by every

element of the equation (9-6). On the other hand, a negative value of Presiuqar Can
only be covered by the storage systems or a power export.

Optimized operation planning of the storage
systems

|
Optimized operation planning of the power plants

v

Verify the limited storage und transmission
capacity of storages respectivly transmission lines

v

Verify minimum stasis time of the power plants

v

Verify minimum power output of the power plants

Market Model

ﬁ \ p ,

Figure 60: Overview of the market model [166]

Thereby, the constraints of the energy capacity of storages and transmission capacity
of the interconnector as well as the minimum output and stasis time of the power
plants, have to be observed. Figure 60 shows a more detailed sequence of the
market model. Both operation planning functions calculate their solution by solving

141

Dieses Werk steht Open Access zur Verfligung und unterliegt damit der Lizenz CC-BY 4.0



9. Modeling and Simulation

an integer linear optimization problem (ILP) with a commercial solver while
obtaining the boundary conditions, as shown in Figure 60.

A more detailed description of the applied optimization functions is shown in [166],
[167]. The output of the described module delivers an optimized operation plan of
the connected power plants and energy storage systems. An example of an
optimized operation plan is shown in Figure 61.
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Figure 61: Example of an optimized operation plan

Additionally, the model generates market-based solutions to provide other particular
projects with information or to evaluate the system condition.

9.6.5 Grid Simulation

The following grid simulation model mainly consists of a power flow calculation,
based on the load assumption and the operation plan. The calculations are applied
for every time step of the considered year. The node voltages, the load of the
transmission elements are used to detect the requirements of grid reinforcements. A
detailed explanation is shown in [166].

9.6.6 Application of the Integrated Grid and Market Model to NEDS

The aim of the calculation is to represent different alternatives of the future
transmission grid in Lower Saxony and their transition path with respect to coping
with the future load and feed-in assumptions as well as a changing power plant and
storage system park. The different alternatives of the scenario can be read in
Section 8. The results of the target states and transition paths are used to grade the
alternatives of the scenario in Section 11. The starting point for every simulation is
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given by the configuration of the Lower Saxony transmission grid in the year 2015
(Figure 62) and is additionally used to compare the future development of the grid.

The Integrated Grid and Market Model are used to calculate the target states and the
transition paths into different ways.

detection and detection and detection and
execution of network execution of network execution of network
reinforcements reinforcements reinforcements
Transition state Transition state Transition state Target state
. . central central central central
Starting point  —9» . —> . —P . —p .
gp medium medium medium medium
distributed distributed distributed distributed
2015 2020 2030 2040 2050 timeina
Update: Update: Update: Update:
L Load behaviour ~ @ Load behaviour L Load behaviour ® | oad behaviour
® List of power plant @ List of power plant @ List of power plant ~ ®  List of power plant
and storeages and storeages and storeages and storeages
L Economic data L Economic data L Economic data ®  Economic data

Figure 6z: Approach to determine the target state and transition path

In the first step, the target states are modeled and calculated for three different
alternatives to the chosen scenario. The required data for the calculations are
obtained by the developed scenarios, respectively, the alternatives of them, as well
as the information, exchanged with the CGE-model.

In the second step, the calculation of the transition paths occurred for the year 2020
2030 and 2040. Therefore, a separate transition path is calculated for every
alternative of target states. Before the simulation executes for the specific year, the
required data is updated (Figure 62). The power flow calculation contained in the
Integrated Grid and Market Model checks congestion problems in the grid.
Additionally, possible congestions are compensated by reinforcement measures and
are executed before the simulation of the next time step starts.

The calculated criteria, e.g. energy mix, grid efficient and CO, —emission are used to
evaluate the transition path or serve as input data for the Computable General
Equilibrium Model (section 9.8). Furthermore, the results of the calculation are
shown in Section 10.2.

9.7 Optimized Distribution Grid Planning
C. Blauful8

In NEDS, a grid-planning algorithm developed by the Institute of Electrical Power
Systems of the Leibniz Universitait Hannover emulates the distribution grid. The
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program plans optimized grids, observing future load and supply behavior as well
as a boundary condition.

9.7.1 Grid Topology, Power System Delimitation, Interfaces and Degree of Freedom

The distribution grid consists of the high-voltage grid, the medium-voltage grid and
the low-voltage grid as well as the respective transformer levels. An overview of the
distribution grid and it is connection with the transmission grid is shown in
Figure 56.

The high-voltage grid transports energy in local consumption areas and function as
a connecting point for large loads (steel plants) and power plants (wind parks) as
well as an interface to the medium voltage grid. The system voltage mainly in
Germany amounts to 110kV. The high-voltage-level also has to fulfill the (n-1)
criterion resulting in a soft intermeshed grid topology.

Medium-voltage-grids are connected to the high-voltage-grid by transformers. They
supply low-voltage-grids, loads with high consumption, single wind turbines and
large photovoltaic power plants. The voltages range from eg. 10 kV, 20 kV to 30 kV
in Germany. Generally, the normal system voltage of rural MV grids amounts to
20 kV. Furthermore, urban grids operate with a normal voltage of 10 kV. A 30 kV
voltage level represents a special case, serving to connect industrial parks. These
grids use the higher voltage level to limit the current, caused by the requirement of a
high amount of power.

In contrast to the higher voltage levels, the medium-voltage grid only has to hold
the attenuated form of the (n-1)-criterion. A failure of a transmission element can
lead to a shut down in a line of a medium-voltage-grid. However, after clarifying the
fault, the operator has to repower the affected line by switch operation. Therefore,
the medium-voltage grids are designed as a ring or soft meshed grids, operating
with open separation points. Furthermore, the (n-1)-criterion has only hold on be
fulfilled for loads. Power plants have no claim to feed in case of a failure.

The low-voltage (LV) grid is connected to the medium-voltage grid by local
substations. It supplies households and small industries. A change appears in this
area, due to a new load behavior as well as feed-in behavior. New loads are
integrated, e.g., heat pumps and charging stations for electrical vehicles.
Additionally, the number of photovoltaic systems mounted on rooftops move on.
The low-voltage-grid has a radial layout and does not fulfil the (n-1)-criterion. An
exception is represented by urban LV grids, which are constructed as a soft meshed
grid.

The grid-planning algorithm generates optimized grid designs for the high- and
medium-voltage-level. Furthermore, both grid levels are optimized contiguously in
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an iterative algorithm and include the HV/MV transformer levels. The transmission
grid and the lower-voltage grid represent the system delimitations for the planning
algorithm, which is shown in Figure 63.

Transmission Grid

System Delimitation

Transformer Level
Transmission Grid and High-Voltage Grid

¢

High-Voltage Grid

@ Grid planning program
Transformer Level
High-Voltage and Medium-Voltage Grid

&

Medium-Voltage Grid

System Delimitation

Transformer Level
Medium-Voltage and Low-Voltage Grid

Low-Voltage Grid

Figure 63: System delimitations for the planning algorithm

The interface to the transmission grid is determined by its node voltage. Additionally,
the interfaces to the low-voltage grids are emulated by load and feed-in behavior.
The behavior is provided by subprojects 3, 4 and 5 and is combined to layout
scenarios. The fixed position of the grid nodes is an assumption of the developed
program, which is justified by a constant location of cities, villages and companies.
However, a change in the number of grid nodes over the years is possible,
considering the building of new wind parks or districts. Table 22 shows the
boundary conditions for the planning and optimization of high- and the medium-
voltage grids. Different boundary conditions have to be complied with, depending
on the voltage level.
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Table 22: Boundary condlitions for the high- and the medium-voltage grid

category High-voltage grid Medium-voltage grid

(n-1)-criterion Yes Yes (switch)
Voltage bands 110 % +10 % or
+5 %

Short-circuit current

Min. short-circuit current depends on primary equipment | depends on primary equipment
(max. Impedance) (max. Impedance)

Max. short-circuit current depends on primary equipment | depends on primary equipment
(min. Impedance) (min. Impedance)

Max thermal rating depends on the relative depends on the relative

transmission element transmission element

The voltage drop in the high-voltage level is not firmly defined and assuming various
voltage values depending on the specifications of the consumer or subordinated
grids. Therefore, the assumption of boundaries of 0.9 per unit (p.u.) and 1.1 p.u. is
implemented that the voltage drop on every single point must not be over,
respectively, under 10 % of the rated voltage. This specification represents a degree

of freedom in grid planning.

The medium-voltage and low-voltage levels have a common MV/LV-range, defined
from 0.9 p.u. to 1.1 p.u. without using a voltage control of the transformers. The
voltage boundaries for the medium-voltage grid approximately add up to £5% as a
result. Furthermore, the voltage drop amounts up to *2% for the MV/LV
transformer level. Finally, 3 % of the voltage drop is earmarked the low-voltage grid.
When using voltage controlled transformers, the grid levels can be decoupled. As a
result, both grid levels are able to use the full voltage range of +10 % [168], [169].

The categories of short circuit current and transmission element overload depend on
the specific grid protection devices and the overload behavior of the used types of
transmission elements. Therefore, no general statement is possible and must be
checked for every single event [170].

9.7.2 Method of the Grid-Planning Algorithm

The grid-planning algorithm acts in an iterative process and consists of two main
modules with different optimization goals. The operation chart of the planning
program is shown in Figure 64. The first module is realized by a heuristic algorithm,
optimizing the topology of the grid and represents the main construct of the
program. The second module, named Grid Reinforcement Module, is integrated into
the heuristic algorithm. The position of the module is shown in Figure 64 (red). It
configures the transmission elements of the medium-voltage grid by solving an
integer linear optimization problem (ILP).

146

Dieses Werk steht Open Access zur Verfligung und unterliegt damit der Lizenz CC-BY 4.0



9. Modeling and Simulation

Furthermore, the high- and the medium-voltage grid, as well as the transformer
level, are planned overarchingly. The combined planning of the levels enables more
degrees of freedom and extends the feasible space. The consideration of existing
grid structures represents another feature of the planning program and is essential
to calculate the transition paths of the considered grid.

Database

v

Initialization and
parameterization

Start iteration

Calculation of fithess |«

v

Yes

cancelation?

Selection,
recombination,
mutation

v

Structure analysis and
grid calculations

v

v Grid Reinforcement
Edition solution Module (GEM)

v v

< End of Program > grid coupling

Next iteration

Figure 64: Operation chart of the planning program

9.7.3 Structure and Content of the Used Database

The required database consists of electrical data as well as geographic and economic
data. The composition of the database is shown in Figure 65.

Electricity Data geoc?ar?aphlc Economic data

4

Database

Figure 65: Composition of the database
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The electric data includes the maximum load and feed-in assumptions for different
states as well as the equipment data of the possible selectable transmission
elements. Furthermore, the electric data contains information about the
characteristic of the respective equipment. The geographical data includes the
position of the substations within the regarding the area and their distances to each
other. Any kind of costs is located in the economic data, representing, e.g., the costs
of equipment, power losses and the cost of properties for substations.

9.7.4 Mathematical Description of the Grid Topology

The connection within the grids and their transformer levels are described
mathematically using matrices. Therefore, an example of a grid and a transformer
topology is shown in Figure 66. The matrix At represents a general description of
the transformer level. The first column At describes the station number, which
connects the grid to the higher voltage level using a transformer. The digit in the
second column contains information about the used transformer type. Furthermore,
the third element shows the number of parallel transformers. The last column
displays the position of the transformers tab.

2 6

31 2 +2

AT:L 2 2 }

4 +2
3 - -
002000

001100

210000

5 A=l0100102

— Single line E Transformer station 001100
000200

—— Doubleline X Wind farm - -

@® Substation

Figure 66: Mathematical description of a grid and a transformer topology

The matrix Ag, well known as the adjacency matrix, contains information about the
particular connections between the single stations in the grid. The matrix has an X n
dimension with a symmetric structure. Furthermore, the numbers of rows,
respective, columns of the matrix represent the number of stations in the grid. The
matrix is weighted with positive integer values. Additionally, the value represents,
which transmission elements are used. Zero stands for no connection. Furthermore,
a value unlike zero is dedicated to different types of transmission elements. In
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conclusion, the matrixes Ag and Ar are used to describe every individual grid
design.

9.7.5 Topology Optimization Module

The topology optimization module is based on a heuristic and combines a genetic
algorithm with a local search and a simulated annealing algorithm. The main
heuristic is represented by a genetic algorithm and consists of the functions
selection, recombination, mutation and fitness calculation. The algorithm uses
evolutionary strategies to find an optimized topology to adapt with load and feed-in
assumptions. This improvement is accomplished by applying laws of nature.
Therefore, individual grid designs are combined in a pool, well known as
population, consisting of a defined number of grid designs.

The individuals of the population are evaluated by the value of the objective
function and favored to survive for small corresponding values. The decision about
the survival of the particular individuals of populations is given in the function
mating pool. The populations are divided into groups consisting of four individuals.
In result, the best of the four individuals survive and take part in the new mating
pool. Subsequently, the individuals of the mating pool represent the parents,
creating the children of the new population, which are the input parameter for a
possible next iteration step. This progress occurs in the function recombination and
consists of a combination of cross over and local search features. Figure 67 shows an
example of a crossover feature and Figure 68 represents an instance of the local
search function.

The crossover feature randomly selects two individuals of the population, called
parents and divides them at the same column into two parts. Furthermore, the first
part of parent one and the second part of parent two are paired with each other,
forming the child one of the next population. The other remaining parts of the
parents form child two. The algorithm uses several crossover features differs in the
number of cuts. The selection of cutting positions occurs always randomly. The local
search feature uses information from the structure analysis function to improve grid
design. Two examples are shown in Figure 68. The first example is given by
parent 1. The stations two and five of parent 1 are doubly connected to each other.
The first connection occurs directly and the second connection is indirectly realized
over stations three and four. The used feature of the local search deletes the direct
connection and realizes only the indirect connection. Additionally, the second
example is explained with parent 2. In case of a crossing of two transmission lines,
the function changes the topology, causing the crossing to disappear. The result of
the topology change is represented in the modified topology of child 2. Both
variants of the local search are aimed at improving the topology. Furthermore, an
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improvement in the topology does not always lead to the improvement of the entire
grid design due to the possible change in the transmission elements types [171].

Parent 1 Parent 2
(011 10 1] [0 1 0 0 0 1]
01000 01000
0 00O 0100
APa1= APa1:
010 010
0 1 0 1
- 0_ . 0_
1 1
6 6
5 5
4 4
2 2
3 3 ——  Single line
Child 1 Child 2
- Double line
(011 0 0 1] 01 0 10 1] [@] Transformer station
01000 01000 [ ] Substation
0100 0O 00O
A = A =
ent 010%™ 010
0 1 0 1
- O_ . 0_
1 1
6 6
5 5
4 4
2 2
3 3

Figure 67: Example of cross-over function
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Parent 1 Parent 2
1 1
6 6
5 5
4 4
2 2
3 3
Child 1 Child 2

1 1
6 6
5 5
4 4
2
3

Figure 65: Example of the topology change

N

In the further course, the mutation function is applied, which manipulates the grid
designs and creates a certain rate on deviation in the population.

The child 2 in Figure 67 shows that the recombination may lead to impermissible
grid topologies and is visible in the single line connection of station two and three.
The recombination can be led to the disintegration of the grid into several parts. An
analysis of the topology checks the grid design against such failures. A special and
difficult problem is represented by the connection of grid parts with a single
transmission line. A failure of the single line may lead to a shutdown of a part of the
grid that cannot be repowered by switching operations. This problem is well known
as Konigsberg Bridge Problem and cannot be solved analytically. The problem is
solved by an algorithm, which reduced the adjacency matrix in an iterative process.
The reduction combines stations with only two connections into stations with more
than two connections, shown in Figure 69.
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Grid Design Reduced Grid Design
1 1

Figure 69: Reduction of the adjacency matrix

In result, bridges are shown in the reduced adjacency matrix as a line with only one
connection. Finally, the necessary separation points and the input data for the grid
reinforcement module are determined by power flow calculations.

The functions of the mating pool, recombination, and mutation, as well as fitness
calculations, build the heuristic algorithm, optimizing the topology of the grid
designs. Additionally, the simulated annealing is applied, preventing a premature
convergence in local optima by tolerating the worsening of the solution [171].

9.7.6 The Grid Reinforcement Module

The choice of transmission element types occurs in a different way depending on the
voltage level. The choice of the transmission element types of the high voltage level
is optimized by switching and changing the numbers in the adjacency matrix by the
heuristic algorithm, due to the nonlinear relationship between the impedance and
power flows. The impact and the evaluation of the change of transmission element
types are observed by grid calculations and serve at ones to hold on the grid
boundaries.

The optimized planning process of the transmission elements in the medium voltage
grid is different from the planning process in the high voltage grid. The topology of
the medium-voltage grid is planned as a ring or intermeshed grid and operates with
opened separation points. Additionally, the medium-voltage also operates as a radial
grid in case of a disturbed condition. The affected transmission element is switched
off and the line is repowered by closing the respective separation point. The length
of the line increases and represents one of the possible worst grid conditions.

The grid reinforcement module optimizes the choice of the transmission element
types for these conditions and applies two important load and feed-in scenarios to
reinforce the grid. The first scenario represents the maximum amount of load while
decentralized plants are inactive. The second scenario switches the behavior of load
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and feed-in. It consists of maximum feed-in of decentralized plants and the minimal
load’s acceptance. Figure 70 shows the applications of the scenarios to the
respective grid conditions.

Undisturbed Grid conditions Disturbed Grid conditions
Scenario | Scenario |l Scenario | Scenano |
7 5 4 4 5 7 7 5 4 4 7
oGl feh
HV/IMV HV/IMV HV/IMV 4 4 '_*'1 HV/MV
Station 1 6 3 2 2736 Station 1|  [Station 1 e|3 i i T T2 3 s Station 1

Figure 70. Usea gria scenarios ana grid conditions for the layout of the transmission
element

The first grid scenario is applied to the undisturbed and disturbed grid conditions,
observing the security of the power supply. The second scenario is only applied to
undisturbed grid conditions. In case of a disturbed grid condition, decentralized
power plans are fully limited in their power supply and do not feed-in their power to
the grid. Under consideration of the specified scenarios and grid conditions, all
electric boundaries must be satisfied.

The possible choice of transmission element types can be described as a linear
optimization problem calculated by a commercial solver due to the radial layout of
the MV grid in case of the undisturbed and disturbed grid condition. Figure 71
shows the operation chart of the Grid Reinforcement Module and it is embedding in
the grid planning algorithm.
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Figure 71: Overview of the grid reinforcement module

The approach to use an integer linear optimization problem (ILP) for the layout of
transmission element types in a grid extension algorithm for the low voltage grid is
described in [172]. The ILP functions as the foundation of the grid reinforcement
module (GEM). The GEM provides an optimal choice of transmission element types
regarding the undisturbed and disturbed grid condition. Additionally, load and feed-
in scenarios are considered. The aim of the GEM is to find a solution in compliance
with the electrical criteria (section 9.7.1) while minimizing the costs. The application
of the grid reinforcement module is described by an example shown in Figure 72.
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Starting Point: Possible Grid Reinforcements:

36Q [1,8Q L5Q []0,75Q
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K2,ref K2,is

Figure 7z: Example for the grid reinforcement module

The example consists of four secondary substations connected to the HV/MV
substation. The voltage drop on station K3 exceeds the given criterion of 10 % and
makes grid reinforcements necessary. Only the undisturbed operation is considered,
using the scenario I, to keep the example simple.

The ILP represents a subtopic of mathematics and deals with the optimization of
linear objective functions. The feasible set is limited by linear equations and
inequality conditions. Furthermore, the solution vector must partially provide a
binary vector and represents a special field, the Integer Linear Optimization (ILP).
The formulation of the optimization problem is represented by equation (9-7).

x (intcon) are integers
Aineq XS bineq
A, x=b,

Ib< x<ub

min ' - x subject to (9-7)

The length of the solution vector x is given by the numbers of parallel transmission
elements (single lines or double lines) and the number of connection in the grid.
Therefore, the solution vector provides a binary solution (x; =1 equipment i is
installed; x; =0 equipment i is not installed). Additionally, the costs of the
transmission elements for each connection are represented within f. Both vectors, x;
and f form the objective function and is shown by equation (9-8).

minf’ - x (9-8)

An example of the objective function is given by equation (9-9), corresponding to
Figure 72.
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minf’-x =
BK1<—>K3
Bt
[0 Okioks  Ohooka  Ozes] -
Bz
BK3<—>K5 (9-9)

with:
OcheKy = I:K€, Kx<>Kx, 1 t K€, Kx<>Kx, n—1 K€, Kx<>Kx, n:l

BKx<—>Ky = I:XKx<—>Kx, 107 XKx<—>Kx, n-1 XKx<—>Kx, n}

n:number of parallel transmission elements

The solution of the optimization problem represents the configuration of
transmission elements with minimal costs while maintaining the grid restrictions. A
solution of the ILP, hence a design of the transmission elements is including the
entire grid design. Therefore, the solution vector x must provide a result for each
planed transmission line, which is ensured by the equation of the ILP. The general
form of the equation is represented by equation (9-10).

number of planed tranmission elements

d 0

(9-10)
number of transmission types
withd= [1 -+ 1 n]

n:number of parallel transmission elements

The equation of the ILP is shown by equation (9-11), regarding to the example of
Figure 72.

K1 <> K3 Kl K4 K2 <> K4 K3 < K5

1 0 0 O

1
1 i
b, - (9-11)
1

1

S O = O
oS —- O O
o = O O

0 1
0 0
0 0

- O O

0
0
1

The vector b, of the equation is set to ones to guarantee that each planned
connection is realized with one of the possible transmission elements.

156

Dieses Werk steht Open Access zur Verfligung und unterliegt damit der Lizenz CC-BY 4.0



9. Modeling and Simulation

Generally, the voltage range and minimal short-circuit current criteria are the most
relevant restrictions, due to high distances in case of fault occurrence. However, the
transmission elements are checked for overloads by a single row of the inequality
condition of the ILP. All values are initialized with zero at the beginning of the
module. In the case of undesirable current values above the allowed thermal limit of
the equipment, the respective element is set to a positive value. The vector bj,eq is
set to zero preventing the transmission element to be chosen. As a result, only
transmission elements observing the thermal limit are selectable. In conclusion, the
inequality condition ensures compliance with the voltage boundaries and the
minimum short-circuit currents. The inequality condition is shown by the following
equation.

Aineq X< bineq (9-1 2)

The matrices Ajp.q and A.q have an equal number of columns and are defined
analogously to (9-12) differing in the number of rows. The number of rows of the
matrix Ajeq is €qual to the sum of the number of a single line of the radial layout
grid and the number of their applied scenarios. The elements of the matrix Aj,eq
represent the impedance values of individual transmission elements of the realized

connections. The general form of the matrix according to the example of Figure 72 is
shown by equation (9-13).

Aineq =
_6K1(—)K3 6K1HK4 6K2<—>K4 8|<3<—>|<5 loverload
Xaoks O 0 Xk3oks String| AUKS
XK1HK3 O O XK3<—>KS Strlng I /k’,min,KS
0 Xkioks  Xkaoka 0 String I AU|<2
_O Xcioks  Xzoksa O ] String Il /|:,min,|<2 (9-13)
with: )
XKX(—)K)’ = |:Z|<X<->Kyr1 o ZKX(—)K}/'n_1 ZKX(—)K)/’”]
SKXHK)/ = |:Z9KX<—>K,V'] o KxHKyrn71 19.Kx<—>Ky ,n}
=0 |5

n:number of parallel transmission elements

The product of the matrix Aj,.q and the solution vector x represent the total
impedance of the respective line. Furthermore, the lines must be observed a
particular impedance value, depending on the voltage range and the minimal short-
circuit current. The maximum impedance value is determined by the method of
angular momentum, to maintain the voltage restrictions. The node voltages result
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from a power flow calculation. The maximum impedance value depending on the
node voltages is calculated in equation (9-14).

al,

ZAU — Ky, ref . Z . )
KxesKy, max AUKy'iS ( Kx(—)Ky,|s) (9 14)

The maximum impedance value depending on the short current criterion is shown
by equation (9-15).

Z/k"min = Zline, max (Z + ZZTran) - (Z10rid + ZZGrid) (9-1 5)

Kx<>Ky, max 1Tran

The maximal impedance value is calculated for the lines with and without violations
of the voltage criterion. The possibility of improvement exists in healthy lines. The
limiting factor of the impedance is represented either by the voltage range or by the
short-circuit limit. Hence, the ILP is also enabled to selects transmission elements that
increase the line impedance. Both criteria must be implemented. The entire
inequality condition is shown in equation (9-16).

- - 0
Suioks  Okioks  Okzoks  Oseks U
Xkioks O 0 Xk3eks KIOKS, max
Himin
Xxioks 0 0 Xizoks | X< ZHHKSVW (9-1 6)
0 Xkioka  Xkzoka O 7V
K1eK2, max
_0 Xkioka  Xkzoka O i [
Zk,mm
L Klok2, max |

The solver takes part in the grid reinforcement module. The commercial solver
Gurobi is used.

9.7.7 Application of the Grid-Planning Algorithm to NEDS

The goal of the calculation constitutes the planning of future grids and their
transition path with respect to coping with the future load and feed-in assumptions.
As a result, the grid-planning program calculates optimized grid designs. The
sequence of calculation is shown in Figure 73.
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existing grid structures existing grid structures
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Transition state Transition state Transition state
. . central central central
Starting point  —p» medium |—Pp medium —> medium —ppt  Target state
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2015 2020 2030 2040 2050 timeina

Figure 73: Approach to determind the target state and transition path

The grid of the target state is planned without the consideration of existing grid
structures and grid elements, justified by the long term and thereby the depreciation
of all equipment. The specific transition path takes into account the existing
infrastructure of the grid. An update of the load and feed-in behavior occurs
between the relative time steps receiving from the other subprojects. Furthermore,
the power infeed’s of wind farms are integrated.
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9.8 Computable General Equilibrium Model

H. Krause, M. Hiibler

As a contribution to the literature, the new forward calibration process described by
Pothen & Hubler [173] enables the adjustment of the region- and sector-specific
productivities within a new quantitative trade theory model, particularly a Ricardian
Eaton and Kortum model [174]. This allows the modeler to replace the standard
Armington approach to modeling international trade in a recursive-dynamic long-
term simulation framework [175] by an advanced approach with micro-foundations
[176]. The main advantage of the forward calibration process is that researchers can
impose various constraints on economic growth and on structural change at the
same time [173]. This saves time and is more accurate and transparent as compared
to standard approaches, where combinations of constraints have to be imposed
manually; further, the model can be calibrated to a variety of different scenarios,
once the forward calibration process is implemented [173].

One of the key factors of the future scenarios is climate and energy policy plans
describing national and international developments (see Section 6). Climate and
energy policies are established at the regional, national and international level. In a
globalizing world with international trade in the energy sector, energy policies and
trade policies at different levels influence each other and thus should be analyzed
jointly. Most climate and energy policies target climate protection through CO;
reductions, particularly the European Union’s emissions trading system (EU ETS).

For the analysis of energy policies affecting Lower Saxony’s (LSX) (or alternatively
Northwest Germany’s (NWG)) economy, in the project, we have constructed a static
Ricardian general equilibrium model described by Pothen & Hubler [176] following
(174, 177, 178, 179] with one representative consumer per region and
representative firms in all regions and sectors. The development of LSX’s or NWG'’s
economies is compared to the rest of Germany, because they are closely linked via
national energy policies. We combine the EK approach with nested constant
elasticity of substitution (CES) functions and a disaggregated electricity sector to
analyze climate policies with the goal of substantially increasing the renewable
energy shares in the electricity sector [180, 181, 182, 183]. We further assume
constant returns to scale, perfect competition (zero profits) and clearance of all
markets.

Our model allows the analysis of Northern German, German and European climate
and energy policy in a globalizing world with intense international connections via
international trade. The analysis is divided into two steps: in a first step, we study the
influence of climate policy, trade policy and their interconnections on the energy
sector and the economy of LSX for the benchmark year 2011. In a second step, we
translate the future scenarios (FS), as described in Section 6.2, to our economic
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framework and implement them in the model to capture macroeconomic
developments and political conditions of NWG and the other model regions from
2011 until 2050.

In the first step, we simulate two global trade liberalization scenarios and two
climate policy scenarios and additionally combine the two trade policy scenarios
with the first climate policy scenario [176]. (These scenarios describe the status quo
at the baseline (2011) and are not related to the scenarios described in Section 6.2.)
For this analysis, we define the two regions Lower Saxony (LSX) and the rest of
Germany (ROGy), which comprises all other states in Germany except LSX. Energy
policies at the European Union (EU), Germany and Lower Saxony level are taken into
consideration.

The model uses the same input-output data for the structural estimation procedure
of the Eaton and Kortum (EK) module as for the general equilibrium model
calibration. The EK trade module is calibrated by extending the structural estimation
procedure [184, 185] by introducing a market clearing condition and iceberg trade
costs in the gravity model. Further, our model overcomes the assumption that the
service sector and the electricity sector produce non-tradeable goods, and we can
calculate explicit estimates of productivities and iceberg trade costs. Those estimates
are needed for the trade policy simulations and are an improvement as to the
current state of CGE models in this field [177]. An elaborated sensitivity analysis
evaluates the robustness of the results. See Pothen & Hibler [176] for a detailed
discussion of the model and the appendix of the article for a robustness check and a
sensitivity analysis.

In the trade policy scenarios, we investigate the effect of global trade costs on
welfare, CO, emissions and the electricity mix in LSX and ROG;. Two trade policy
scenarios are created [176]: The noT7arrifs scenario and the /ess/ceberg scenario. In
the noTarrifs scenario, we abolish all import tariffs and export subsidies in all regions
and sectors, to imitate the effect of a multilateral trade agreement under the
auspices of the World Trade Organization (WTO). In the /ess/ceberg scenario, we
reduce non-tariff trade barriers that occur because of different regulations on
products in all countries. To calculate productivities and iceberg trade costs on a
disaggregated regional and sectoral level, we introduce a log-multiplicative
specification of the gravity model [186, 187].

The major difference between tariffs and iceberg costs is that iceberg costs are mere
inefficiencies in trade, whereas tariffs generate revenues that are transferred to the
respective consumer [176]. Thus, the reduction of tariffs may lead to smaller welfare
gains than the reduction of iceberg costs. To make the two scenarios comparable,
iceberg costs are reduced to the extent that the reduction on overall trade costs is
the same as in the noT7arrifscenario.
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For the climate policy scenarios, we assess (i) the effect of a tighter CO, emissions
cap and renewable energy support on welfare and (ii) CO, emissions and the
electricity mix in LSX and ROG; [176]. The two policies are in line with the official
targets of the European Commission. The CO; emission cap is currently
implemented with the European Union’s emissions trading system (EU ETS), whose
target is a 13% reduction of CO, emissions vis-a-vis the emissions in the year 2011.
This corresponds to a 21% reduction vis-a-vis 2005 via the EU ETS as envisaged by
the European Commission [188] for the year 2020.

The EU ETS basically generates a market for allowances to emit CO,. Those
allowances can be traded by actors in the sectors covered by the scheme, e.g., the
power sector. Sectors that are not covered by the EU ETS and end-customers are not
affected by the scheme. In the first climate policy scenario (scenario ETS), climate
policy is implemented as the EU ETS only. The second climate policy scenario
implements the EU ETS and adds support for renewable energies (RES) for wind
power, solar power, geothermal energy, and biomass. The National Renewable
Energy Action Plans (NREAP) [189] guides in the targets for shares of renewable
energy in the power generation mix.

Table 23: Parameters used to define future scenarios (FS)

Parameter Scenario Implementation
dependent form

The growth rate of GDP Yes Directly
Change in the share of agriculture in value added Yes By restrictions
Change in the share of services in value added Yes By restrictions
Capital stocks Yes Directly
Prices of primary energy carriers Yes Directly
Autonomous energy efficiency improvements Yes Directly
Share of technology g in electricity generation (NWG only) Yes Directly
European emissions reduction goals No By restrictions
Share of freely allocated allowances in the EU ETS No By restrictions
Implicit CO, price in sectors outside the EU ETS No Directly
Labor endowments No Directly
Productivity change in generation technologies No Directly

In the second step of our analysis, we define future scenarios (FS) as described in
Section 6.2 and implement them in the model [173]. The focus region in this step is
expanded to Northwest Germany (NWG) including Lower Saxony, Hamburg, and
Bremen, based on the results of the discussion at “Roundtable Energy Transition”
(Runder Tisch Energiewende). The rest of Germany (ROG,) comprises all other states
of Germany. Overall, there are five future scenarios (FS) (see Section 6.2) based on
twelve parameters. These parameters are either implemented directly or enforced by
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restrictions (s. Table 23). The investigated time frame reaches from 2011 until 2050.
Details on the data used to calculate the different parameters can be found in [173].

In this article, we focus on the results of FS3 (competitive conventional power plants
and untapped renewable potential) and FS4/5° (energy transition without the
support of the population/cross-sectoral energy transition). The FS3 is characterized
by low economic growth and low growth of the capital stock as well as no structural
change in the agriculture and service sectors. Further, we assume historical
autonomous energy efficiency improvements (AEEl) rates, constant primary energy
prices, and an 80% reduction of CO, emissions in NWG. In FS4/5, we assume high
economic growth and high growth of the capital stock as well as structural change
in the agriculture and service sectors. Further, we define optimistic AEEI rates, rising
primary energy prices and 100% renewables in NWG’s electricity sector.

For both FS, we investigate the influence of three different policy strategies related to
renewable energy promotion in North-West Germany (NWG). These so-called
alternatives (see Section 8.2) can be influenced by regional governments. The
interdisciplinary NEDS consortium has identified three alternatives by distinguishing
seven fields where the federal states' governments can influence climate and energy
policy. Because most of those fields are highly specific and cannot be captured by a
CGE model, we focus on the different technologies used for power generation in
NWG and the related costs among the following three alternatives [173]:

e Al: Local power generation with flexible management; focus on onshore
wind power and rooftop PVs (more decentralized)

e A2: Large-scale storage and power generation; focus on offshore wind power
and ground-mounted PV systems (more centralized)

e A3:Baseline

® FS4 and FS5 are equivalent in the economic model implementation.
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9.9 Life-Cycle Assessment for the Derivation of Environmental and
Social Preference Scores

M. Dumeier

To assess the environmental and in parts the social sustainability of the electricity
generation system introduced above, a Life-Cycle assessment (LCA) approach was
applied. An LCA is a systematic analysis of the potential-environmental impacts of
products or systems throughout their entire life cycle according to the ISO Norm
14040, which defines a framework for the execution and documentation of an LCA
[190, 191, 192].

a I
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Figure 74: The Life-Cycle Assessment framework and its steps in the project [193]

In accordance with the ISO 14040, there are four stages to conduct an LCA (cf.
Figure 74). First, the goal and scope definition provides an explanation of the
intended application of the LCA. The main goal of the LCA in this case, is to measure
the ecological and social impacts of different expansions of the renewable power
generation systems in Lower-Saxony. Second, in the inventory analysis phase, the
mass relations of all input- and output flows of the power generation system are
collected and impact categories are defined. Third, the impact assessment phase
aims to estimate the environmental impacts of the power generation systems
concerning specific impact categories. The ReCiPe [194] model is used to calculate
performance scores for impact categories of the power system. Lastly, the
interpretation phase is used to combine the results of the impact assessment and
inventory analysis phases and to compare the different configurations of the power
system. In the following section, a more detailed explanation of the individual
phases as executed in the project is presented.
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The goal and scope of the LCA are largely derived from the overall targets of the
project as described in Section 3.1. The overall goal is to compare multiple
expansion pathways of a renewable power system regarding multiple criteria until
2050. Therefore, the goal of the LCA method is to identify and quantify ecological
and social impacts of different configurations of the power system.

The product system in our study is the power generation system in Lower-Saxony
encompassing the following power producers:

e Rooftop photovoltaic systems

e Ground-mounted photovoltaic systems
e Offshore wind turbines

e Onshore wind turbines

e Biogas power plants

e Hydropower power plants

e Lignite coal power plants

e Nuclear power plants

e Bituminous coal power plants

e Natural gas power plants

e Other (smaller cogeneration plants, waste and oil-fired power stations)

The product system also includes the required infrastructure for the transformation
and transport of electricity, the high- and medium-voltage grid measured in km as
calculated in Section 9.7 are incorporated accordingly. The functional unit is the
reference to which all factors are normalized. It is based on the electrical energy
(MW h,,;) required to meet the demand of the end customers in the state of Lower
Saxony in each of the reference years (2020, 2030, 2040, 2050).

System boundary
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Figure 75: System Model of the considered electricity generation system
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The technical system boundary is illustrated in Figure 75. The calculated emissions
include both downstream activities, such as the construction of the power plants
and upstream activities such as the transmission of this electricity. The geographic
system boundary is derived from the location of the power producers and the
purpose of the product system. Only power plants and transmission grid erected in
the state of Lower Saxony are considered. The impact categories were selected in
accordance with the results concerning the definition of sustainability described in
Section 5.1 and by considering indicators used in related studies [195, 196].

Table 24: Description of impact indicators [197]

Impact
Indicator

Social/

Environmental
Sustainability

. Non Methane Also referred to as “summer smog”. Social
photochemical . . . L
oxidant Volatile Organic | Can have a variety of negative impacts
formation Compounds on human health, ranging from
(NVMOC) respiratory symptoms to death.
1,4- The toxicity potential expressed in (1,4 | Social
- dichlorobenzene- | DCB-eq). The assessments of the
human toxicity . o
equivalents toxicity are based on the tolerable
(1,4 DC-Eq) intake for humans.
particulate PM,,-Eq Long—t.erm‘ exposure may lead to Social
matter reduction in life expectancy due to
. cardio-pulmonary and lung cancer.
formation

[198]

metal depletion

Iron equivalents
Fe-Eq

Measures the extraction and
consumption of metals that may thus
not be available for future generations.

Environmental

fossil depletion

Oil equivalents
oil-Eq

Measures the extraction and
consumption of fossil fuels that may
thus not be available for future
generations.

Environmental

Carbon dioxide

Emissions of greenhouse gas emissions

Environmental

climate change | equivalents lead to increased global temperatures
C0,-Eq by increasing radiative forcing capacity
Sulfur dioxide Measures substances that cause a Environmental
terrestrial equivalents change in the level of acidity in the sail,
acidification 50,-Eq which can cause a shift in species
occurrence
Phosphorus Measures increase in nutrient levels in Environmental
freshwater : . . .
I equivalents water bodies, which can ultimately lead
eutrophication .
P-Eq to loss of species.
. 1,4- Measures the degree to which Environmental
terrestrial .
ecotoxicit Dichlorobenzene | pollutants have an effect on land-
y 1,4- DCB -Eq dependent organisms. [199]
agricultural square meters Measures the amount of agricultural Environmental
land per annum land occupied.
occupation m?a

In an LCA, midpoint and endpoint indicators can be used to measure impacts.
Midpoint indicators are located between the stressor and endpoint. The endpoint
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indicators measure directly the factors valued by society. Midpoint indicators include
factors such as human toxicity and particulate matter formation. Both of these
factors can also have an effect on the endpoint indicator of human health. The
drawback of the increased aggregation required by endpoint indicators is that
additional information and uncertainty is introduced for instance through uncertain
weights. In this study, midpoint indicators are used instead of endpoint indicators.
These indicators are assigned to social and ecological sustainability dimensions, as
described in Section 5.2. Table 24 provides an overview of the different impact
indicators and the impacts that they model. The results for the midpoint indicators
are discussed in detail in Section 10.5. An overview of all midpoint indicators is
presented in the decision table of the multi-criteria decision problem (Table 35).
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9.10 Coupling of Models on Macro-Level

C. BlaufulB, M. Dumeier, M. Hiibler, H. Krause

On the macro-level, there are three major links. Between the model INES (Integrated
Grid and Market Model) and the computable general equilibrium model, between
the INES model and life cycle assessment, and between the optimized distribution
grid planning model and life cycle assessment. Furthermore, a link exists between
the optimized distribution grid planning model and the mosaik-connected models
described in Section 9.4.

Between the INES [166] and the economic computable general equilibrium (CGE)
model calibrated in the forward calibration process [173], we have established a soft
link for exchanging relevant results. INES provides the electricity mix for the model
years 2020, 2030, 2040 and 2050 and marginal electricity generation costs for
conventional energy carriers. This information is used as an input in the CGE model.
The CGE model is then solved for the CO; prices of the corresponding years given
these electricity mixes, the CO, emissions targets and the other parameter settings of
the scenarios (see Table 23 in Section 9.8). The CO, prices are then shared with
INES. Furthermore, INES obtains the scenario-specific prices for primary energy
carriers from the CGE forward calibration.

Between the life cycle assessment and the INES, a soft link exists. As is the case with
the CGE model, INES provides the electricity mix for the model years 2020, 2030,
2040 and 2050. Along with the length of the high- and medium-voltage grid
measured in km obtained from the optimized distribution grid planning model,
these values are used to calculate the impact indicators as described in Section 9.9.

Finally, a link exists between the optimized distribution grid planning and with the
mosaik-connected models from Section 9.4. The mosaik-connected models calculate
the load and feed-in profiles for the MV/LV-interface. In this connection, the
maximum value of the load and the feed-in serves as input data for the optimized
distribution grid planning model and forms the important layout data. These data
are received for every year of calculation.
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10. Results of the Energy System Models
C. Blauful3, M. Dumeier, M. Hiibler, H. Krause, M. Nebel-Wenner

In this Section, the results for the scenario “Competitive conventional power plants
and untapped renewable potential” and the three alternatives (see Section 8.2) are
presented. The following sections describe in detail the results of the developed and
applied models, as well as the life-cycle assessment (see Section 9). The results are
evaluated with regard to the achievement of the objectives of the investigation.

10.1 Smart Grid Model

M. Nebel-Wenner

In this Section, the simulation results of the smart grid model ISAAC will be
presented and discussed. A detailed analysis of the results regarding the multi-
objective approach can be found in [165]. As described in Section 9.3, the model
simulates a distributed optimization process for the scheduling of partly flexible
domestic loads. Different simulations have been executed including varying
parameter settings (see Section 9.5 for a description of the scenarios). In particular,
the number of households that take part in the optimization varies between
transition years and alternatives. As we assume an increasing number of smart meter
over time, the strongest effects of the optimization can be seen in the transition year
2050. In the alternative ‘decentral’” we assume the highest willingness to take part in
the optimization and hence, in the alternative-year combination ‘decentral’-2050’
the optimization effect is most prominent.

Figure 76 and Figure 77 show the simulation results regarding the development of
the load of the interconnected buildings before and after optimization for the
different simulated days and for the two grids for the alternative ‘decentral’ and the
transition year 2050. It becomes apparent that the maximum grid usage can be
significantly decreased due to the optimization process. This works specifically well
when there is a peak of load after 8 pm. The time and load structure of the
households indicate that such peaks stem from charging processes of electrical
vehicles. If there is a high simultaneously in charging the electric vehicles, this can be
smoothed out by shifting part of the charging processes toward later times.
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Figure 76: Simulation results for the VPP in the rural gird for the transition year 2050. 32
units were part of the optimization. Source: [165].

Table 25: Optimization effects for the VPP in the rural grid in the transition year 2050. The

values describe the difference between simulation results before and after optimization.
Source: [165].

Simulation Day Peak load Market costs Behavioral
reduction reduction in € adaptation costs
Working day Winter 56.8kW (39.4%) 9.3€ (3.7%) 0.86€
Working day Transition 56kW (43.5%) 5.6€ (3.6%) 1.90€
Working day Summer 5.36kW (4.4%) 7.11€ (11.2%) 1.26€
Saturday Winter 41.72kW (30.5%) 4.24€ (1.9%) 1.00€
Saturday Transition 92.42kW (54%) 4.94€ (2.9%) 1.55€
Saturday Summer 26.19kW (18.6%) 4.22€ (7%) 1.22€
Sunday Winter 5.47kW (5.9%) 4.51€ (1.8%) 1.42€
Sunday Transition 7.75kW (9.8%) 5.37€ (3.8%) 1.85€
Sunday Summer 32.21kW (29.9%) 5.78€ (4.6%) 1.84€
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Figure 77: Simulation results for the VPP in the urban grid for the transition year 2050. 30
units were part of the optimization. Source: [165].

Table 26: Optimization effects for the VPP in the urban grid in the transition year 2050. The
values describe the difference between simulation results before and after optimization.
Source: [165].

Simulation Day Peak load Market costs Behavioral
reduction reduction in € adaptation costs

Working day Winter 8.86kW (7.2%) 5.54€ (1.5%)

Working day Transition | 55.84kW (47.4%) | 5.33€ (2.8%) 1.22€
Working day Summer 6.87kW (7.8%) 6.53€ (11.6%) 0.85€
Saturday Winter 47.88kW (44.3%) 3.37€ (2%) 0.76€
Saturday Transition 57.96kW (49.5%) 3.83€ (2.9%) 1.70€
Saturday Summer 16.94kW (17.2%) | 4.54€ (8.4%) 1.24€
Sunday Winter 1.15kW (1.3%) 2.83€ (1.6%) 0.75€
Sunday Transition 5.77kW (9.4%) 1.48€ (1.5%) 1.23€
Sunday Summer 8.76kW (9%) 2.54€ (2.2%) 2.24€
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The figures additionally indicate that electricity costs are reduced. In all simulations,
a significant amount of load is shifted toward the times with low electricity costs
(between 0:00 and 5:00). Table 25 and Table 26 show that this indication is true, as
in all simulations the electricity costs decrease after optimization.

However, the underlying flexibilities of the households are not sufficient to
successfully match generation and consumption of electricity. That becomes
apparent in simulations, in which a negative peak appears due to excessive feed-in
of PV-systems. The feed-in peak in such simulations is hardly reduced after
optimization. The reason for that is that there is not enough flexibility to shift a
significant amount load to such periods. This is due to the fact, that most electric
vehicles are not present during the day (and hence they cannot be charged) and that
the user-driven flexibilities are of a rather small amount and costly to shift.

In the smart grid model, a specific emphasis has been put on the exploitation of the
flexibility space of battery storages. However, Figure 78 indicates, that storages do
not have a great impact on the optimization result. The main reason for that is that
the battery storages fulfill a primary use case (optimization of self-consumption)
including an ‘immediate charging’ strategy, which does not leave enough flexibility
to significantly influence the optimization result. This is especially true for days with
a high amount of feed-in of PV-systems, such it is the case in the simulated summer
days in 2050. In Figure 78, it becomes apparent, that if the storages did not charge
immediately, when there is excessive feed-in, but would charge during periods of
maximum feed-in, the feed-in peak could be reduced without affecting the primary
use-case of the battery storages. The same holds for the periods of discharging: if the
batteries discharged mainly during periods of high demand and not as soon as
demand exceeds the supply, the peak load would be reduced without affecting the
goal of optimizing self-consumption.

Overall, the results show that a distributed multi-criteria optimization process can be
successfully implemented at the household level. We showed that the given
flexibilities of smart buildings can be used to pursue different targets. In order to
integrate the different objectives into one target function, we chose a
monetarization approach. This seems justifiable, given that the use case under
investigation describes a rather bottom-up approach, in which interconnected smart
buildings optimize their electricity consumption in order to get a monetary benefit.
However, converting any criteria to a monetary scale is not without limitations. In
our case, we faced the challenge to convert behavioral efforts into a cost value. The
approach that was used in this project is presented in Section 9.1.3. However, the
given approach generates data that should not be interpreted in terms of their
absolute money values as they are just used for scaling purposes.
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Regarding the simulated load curves, it becomes apparent that, if the number of
electric vehicles increases massively, the corresponding charging processes play an
important role in a future electricity grid. Our simulations confirm that the
concurrent charging of electrical vehicles produces high load peaks, if uncontrolled.

We simulated nine different days including different weekdays and seasons.
However, simulations remained in a 24 hours frame, which leads to limited
representation of flexibility. This can be seen when looking at the flexibility of
electrical heat pumps. Such peaks can be observed in some winter days in the
morning (e.g., the working day in winter in Figure 78 In reality, heat pumps have
certain flexibility to shift part of their needed electricity consumption toward earlier
times. However, as all our simulations start at 6:00, this flexibility is not provided in
the simulations. In future work, simulations of longer periods must be executed to
see, if load peaks can be reduced further by using the flexibility that is beyond the
24 hours frame with the starting point of 06:00, which is used in this setting.
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Figure 78: Simulation results for the storage systems. Simulation day: Saturday Transition
2050. Grid type: rural. The large plot displays the overall optimization effect with and
without storages. In the small plots, schedules of four of the storage systems within the VPP
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10.2 Results of the Integrated Grid and Market Model

C. Blauful3

The results of the Integrated Grid and Market Model for the target states and the
transition paths are used to assess the respective grid state. The target states and
their transmission paths are formed by different alternatives, denote by Central,
Medium and Local. Furthermore, the alternatives consist of different load
assumption and alternating storage capacities, which are shown in section 6 and 8.
The criteria, described in section 0, are used to assess the sustainability of the target
conditions as well as their transmission paths consisting of the grid efficiency, the
electricity mix and the CO;-emission reduction. An example of the Energy mix of the
target state in the year 2050 is given in Figure 79. The electrical mix is dominated by
wind and solar energy in all different alternatives of the scenario. Furthermore,
conventional, gas-fueled power plants have a percentage of five percent and
operating while wind and solar plants can not to feed-in in the cause of wind and
sun lacks.

Energy Mix 2050

50%
45%
40%
35%
30%
250% m Central
20% Middle Ground
15% m Decentral
10%

5%

0% = B _

Wind Solar Bio-Mass  Water and
other

Figure 79: Example of the electricity mix of the year 2050

Additionally, the trends of the CO2-emission reduction and the grid efficiency are
represented in Figure 81 and Figure 82 to benchmark the specific transmission
paths.

The comparison of the results in Figure 80 shows in a similar trend of the grid
efficiencies in the variations of Central and Middle Ground. Only the trend in the
Decentral variation exhibits a deviating behaviour. The application of local storages
with small capacities shows an improvement of the grid efficiency in the first years.
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Grid Efficiency
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Figure 80: Trends of the grid efficiency

This deviation can be traced by the high number of remaining conventional power
plants in the grid. The conventional power plants compensate inactive times of
renewable power plants causing by lacks of wind and sun. In result, the need for the
storing of electrical energy is reduced and only storages are required to intercept
feed-in peaks of renewable power plants. Afterward the grid efficiency of the
Decentral variation decreases and shows the worst state of the alternatives at the
year 2050. This trend can be explained by the influence of renewable power plants,
the missing of conventional power plants and the requirement of large storage
systems.

CO2-Emission Reduction
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Figure 81: Trends of the COs-emission reduction
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Figure 81 shows a similar trend of the CO,-emission reduction over all variations due
to the equal high integration of renewable power plants. The worst variation is
represented by the local variation. This result can be traced back to the inactive times
of renewable power plants causing by lacks of wind and sun, which cannot
adequately compensated by the stored electrical energy. In result, gas-fired plants
compensate for the lack of energy in the grid and produce CO; as a by-product.
Furthermore, an interesting effect is visible and is shown in a regressive behaviour of
the CO,-emission reduction in the year 2030, due to the exit of nuclear energy in
previous years.

10.3 Results of the Grid Planning Algorithm

C. Blauful3

The necessity of grid expansions is representative by calculated for one exemplary
high- and one medium-voltage grid. Furthermore, the simulations are executed for
the target states as well as the states of the transition paths. Figure 82 shows an
example of the grid extension of a medium-voltage grid, starting from the year 2015
and ending with the target state of the year 2050.

Medium-Voltage Grid 2015
5 km
r . . 5 km
Medium-Voltage Grid 2050
5 km
R
. HV/MV Substation D Single line 5km
. MV/LV Substation G Double line

Figure 8z: Example of the grid extension of the MV Gria
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The load and feed-in assumptions as well as grid connection points for the
accommodation of the additional loads and feed-ins increase and resulting in a need
of grid extensions.

As a result, the number of MV-nodes builds up from 280 to 307 with progress to the
year 2050. It copes with the additional stress, on the one hand, by the
reconstruction of the grid topology, shown in the bottom part of the grid at the year
2050. On the other hand, by executing grid reinforcements, shown by the red
connection lines in Figure 82.

Other results are shown in Figure 83 and Figure 84 and represent a comparison of
system lengths in the HV and MV Grid for the target state and the transition path. It
shows an increase of the system length in both levels, regarding the system length
of the year 2015. The system length accomplished their maximum at the year 2040
in two alternatives of the scenario (decentral and central). The increase of the system
length can be explained by the additional stress for the grid due to the increased
load and feed-in assumption as well as the building of new grid connection points.
Furthermore, it is difficult to give a statement about the system lengths development
of the respective transmission path because they are additionally dependent on the
age of the existing grid and the loads in the respective years.

System Length HV-Grid

30%
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m Central
[0)

15% Middle Ground
10% m Decentral
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0%
2015 2020 2030 2040 2050

Figure 83: System length of the HV Gria
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System Length MV-Grid
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Figure 84: System length of the MV Gria

Additionally, the annual costs are considered as a second criterion for evaluation.
This comparison refers to the annual grid cost of the starting state and is shown in
Figure 85 for the high-voltage grid as well as in Figure 85 for the medium-voltage
grid. No costs or maybe negative costs can be interpreted as a low or none-existing
grid extension, due to the depreciation of the transmission elements and lose their
worth. These effects can be recognized in the high-voltage grid costs of the
year 2020 and 2040, caused by the low gradient of the load and feed-in values.

Annual Cost of the HV-Grid
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-5%

Figure 85: Annual cost of the HV Grid
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Annual Cost of the MV-Grid
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Figure 86: Annual cost of the MV Gria
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10.4 Macroeconomic Developments under Different Energy Policies

H. Krause, M. Hiibler

In this Section, we discuss the results of the simulations developed in this project to
analyze the influence of energy policies on Lower Saxony’s (LSX) or alternatively
Northwest Germany’s (NWG) economies (see Section 9.8 for model details). To
compare the results, the following simulations are reviewed: (i) baseline scenario for
Lower Saxony (LSX) under the existing European Union Emissions Trading System
(EU ETS) and (ii) future scenarios (FS) that describe the most likely economic
developments between the years 2011 and 2050. To evaluate the effects of different
policies under the different scenarios, we subsequently introduce three alternatives
(A1, A2, and A3) that are introduced into the future scenarios. This allows us to
compare the effects of the policies under different economic development
conditions.

The results of the analysis of the baseline scenario for 2011 show that under the
European Union emissions trading system (EU ETS), LSX can reduce CO, emissions
by 26.5% [176] with climate policy compared to no policy, which is about three
times as much as the percentage changes in the rest of Germany (ROG;) and almost
five times as much as in the rest of the European Union member states. The main
reason for this is that LSX has a large capacity to expand wind power, which is a
relatively cheap renewable energy source [176]. This lowers the CO, reduction costs
of this region.

If policy-makers add additional renewable energy support to the EU ETS (ETS/RES),
renewable energies will expand significantly in LSX such that particularly wind
energy will be used abundantly (see Figure 87 and Figure 88). The use of
hydropower and geothermal energy, on the opposite, will be lower than under the
EU ETS alone or under the baseline situation. Because of the higher usage of
electricity under renewable energy support, the CO; reduction in LSX is lower than
under the EU ETS alone, but the renewable electricity share reaches 94% in 2011.
Because of the additional subsidies, the welfare loss and thus the social cost of the
energy transition in LSX are higher under the combination of the EU ETS and
renewable energy support (-0.27% of total consumption) than under the EU ETS
alone (-0.04%).

In summary, LSX’s CO, emission reductions are larger while the welfare losses are
smaller than in the rest of Germany. One reason is that LSX has a comparative
advantage in terms of CO, abatement costs due to its large wind power potential.
Renewable energy support in other European countries, however, reduces this
comparative advantage [176]. The results also show that it is relevant to
disaggregate the electricity sector for a meaningful analysis of climate policies.
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Figure 87: Policy-induced change of conventional enerqy carriers in the electricity mix of
Lower Saxony compared to no policy. Notes: ETS = European Union’s emissions trading
system; ETS/RES = EU ETS plus renewable enerqy support by Lower Saxony (Source: [176],
Appendix M, Figure M1, p. 23)
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Figure 88: Policy-induced change of renewable enerqgy carriers in the electricity mix of
Lower Saxony compared to no policy. Notes: ETS = European Union’s emissions trading
system,; ETS/RES = EU ETS plus renewable energy support by Lower Saxony (Source: [176],
Appendix M, Figure M1, p. 23)

Next to the effect of climate policies on the baseline scenario, we investigate the
effect of two different trade policies and the interaction between trade policies and
climate policies (see [176] and Section 9.8). The results show that both LSX and
ROG:; profit from a reduction in trade costs (see Table 27 and Table 28). The overall
welfare measured as real consumption increases by 0.42% in LSX [176], if all tariffs
are abolished. Reducing the iceberg trade costs yields even twice this welfare gain. In
ROG;, the percentage increase in real consumption is smaller than in LSX, indicating
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stronger importance of trade for LSX’s economy as compared to the aggregated rest
of Germany.

The reduction of trade costs decreases total CO, emissions slightly in both regions,
LSX and ROG;, mainly dedicated to the slight decrease in gross output in both free
trade scenarios. The share of renewable energies in LSX’s and ROG1’s electricity mix
increases slightly through the reduction of trade costs and the CO; price increases by
around 35% in both regions [176].

Table 27: Results of trade scenarios and interactions with EU ETS for LSX

Indictator noTarrifs noTarrifs/ETS lessiceberg lesslceberg/ETS
Real consumption 0.42 0.40 0.85 0.83

Gross output -0.06 -0.40 -0.41 -0.75

Total CO, -7.41 -29.65 -6.94 -29.25
emissions

Share of 2.40 23.51 0.69 21.83
renewables

CO; price 35.13 190.12 33.71 186.99

Note: All indicators are expressed as percentage changes compared to the baseline
scenario with none of the investigated policies; Source: [176], Table 6, p. 19 and
Table 8, p. 23.

If we consider the interaction effects between free trade and the European Union’s
emissions trading scheme (EU ETS), we can see a strong increase of the CO; price to
about 190% as compared to a scenario with neither of the two policies (see Table 27
and Table 28). This leads to a rather strong increase of the renewable energy share in
electricity generation in LSX and ROG; of more than 20% accompanied by a
decrease in CO; emissions, which is much stronger as under the free trade scenario
alone. While the increase in renewable energy share is similar in LSX and ROG;, LSX
is able to reduce its CO, emissions more effectively by substituting fossil energy
carriers by renewable energy. One reason for this is the already discussed low
abatement costs in LSX thanks to the potential for wind energy in this region.

Table 28: Results of trade scenarios and interactions with EU ETS for ROG;

Indictator

noTarrifs noTarrifs/ETS lessiceberg  lesslceberg/ETS

Real consumption 0.23 0.18 0.66 0.61

Gross output -0.51 -0.63 -0.78 -0.9

Total CO, -2.77 -12.35 -2.66 -12.18

emissions

Share of 3.73 24.47 2.6 23.19

renewables

CO; price 35.13 190.12 33.71 186.99
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Note: All indicators are expressed as percentage changes compared to the baseline
scenario with none of the investigated policies; Source: [176], Table 6, p. 19 and
Table 8, p. 23.

Interestingly, the high CO, price in the combined scenarios does not cause a
substantial decline in gross output and does not decrease the welfare gains observed
in the scenarios with free trade only either. This shows that it is important to
consider both, trade policy and climate policy, together. Well-implemented trade
policies have the potential to complement the CO, reduction effects of climate
policies and help to mitigate short-term negative economic effects, especially in an
economy like LSX with the capacity to reduce CO, at relatively low costs in the
electricity sector.

Conclusively, the welfare gains of removing non-tariff trade barriers are much higher
than the equivalent removal of tariffs [176]. This outcome corresponds with recent
regional trade agreements that go beyond the removal of tariffs. Both measures
slightly increase CO, emissions on a global scale because of an increased trade
volume and thus increase in production. In LSX, however, both trade measures
reduce CO, emissions, which renders the fulfillment of the EU emissions targets less
costly. Thus, wise integrated and internationally coordinated climate and trade
policy design can create additional benefits for climate protection and regional
welfare [176]. These results contradict recent US policies fostering a renaissance of
protectionism and ignorance of climate change.

While the EU ETS induces a moderate reduction of conventional energies in
electricity generation and a moderate expansion of renewable energies, additional
renewable energy support induces a strong expansion of wind power in LSX [176].
This renewable energy support policy, however, comes at an additional social cost.
Furthermore, the effectiveness of Lower Saxony’s renewable energy support based
on Lower Saxony’s comparative advantage in deploying wind power is mitigated by
corresponding renewable energy support abroad [176].

In the second step of our analysis, we implement future scenarios and analyze the
effect of different policy alternatives on different economic indicators [173]. The
spotlight is on the region of Northwest Germany (NWG), which comprises the
federal states Lower Saxony, Hamburg and Bremen and the time frame of the model
is until 2050.

Under the realistic medium scenario FS3, the NWG economy experiences a slight
increase in per capita GDP and capital stocks until 2050 (see Table 29). The
productivity stagnates until 2020 and then increases by a bit more than 10% relative
to 2011 until 2050. The increase of per capita GDP is related to the trade linkages
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between NWG, the rest of Germany (ROG;) and the European Union in addition to
own productivity gains.

Table 29: Results FS3 and F54/5 for NWG

Indicator FDS 2011 2020 2030 2040 2050
GDP per capita in 1000 € FDS3 33.03 34.98 37.27 39.79 42.54

FDS4/5 33.03 37.23 42.53 48.67 55.77
Weighted average import share | FDS3 18.66 12.20 12.96 9.17 3.87
of primary energy carriersin % | Fps4/5 | 18.66 13.36 12.77 3.51 0.00
Expenditure share of electricity FDS3 1.07 1.12 1.05 0.97 0.98
in final consumption in % FDS4/5 | 1.07 1.03 0.97 0.89 0.84
Wage-to-capital income ratio FDS3 1.01 0.99 0.99 0.99 1.00

FDS4/5 1.01 0.99 0.98 0.97 0.97
Total CO, emissions relative to FDS3 100.00 77.63 59.83 44.09 27.23
2011in % FDS4/5 | 100.00 84.35 61.38 44.69 28.43

Source: [173], Table 3, p. 26 and Table 4, p. 31 and further results of [173].

In FS3, total CO, emissions decline substantially until 2050 with -72.7% compared
to 2011 in NWG and -76.5% in ROG; (see Table 29 and Table 30). For entire
Germany, CO, emissions in the electricity sector decline to about 162 Mt, equivalent
to 13.5% of the CO, emissions in 1990 [173]. Thus the goal of the German
government to produce only 20% of the CO; emissions in 1990 by 2050 is reached.
The reductions are higher in NWG until 2040 compared to ROG,, suggesting lower
CO, abatement costs in this region. This goes along with the results of the base
model for 2011 described above.

The share of renewable energy in electricity generation reaches around 90% in both
regions by 2050 and is larger in LSX than in ROG,. Because of the increasing share of
renewable energies in electricity generation, the import share of primary energy
carriers declines in both regions, NWG and ROG2, to a fourth and a fifth of 2020
values, respectively. Thus, the EU ETS helps to reduce the dependency of NWG and
ROG2 on external energy supply in the form of coal, gas, and oil.

Until 2040, the prices for CO, emission allowances under the ETS increase only
slightly as compared to 2011. This shows that with moderate economic growth and
current levels of autonomous energy efficiency improvements the EU ETS goals can
be fulfilled without substantially increasing the price for CO, emission allowances
[173]. Towards 2050, when almost 90% of the energy stems from renewable
resources, the price for CO; allowances increases strongly. This is also visible in the
reduction of real consumption in NWG and ROG,, which stays relatively small until
2040 and increases substantially in 2050. Thus, the marginal cost of converting
conventional energy into renewable energy increases strongly when renewable
energy share reaches more than 80% or even 100%. In reality, converting only a
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fraction of the energy production towards renewable production can be reached by
changing the energy supply as such, but shifting the entire system to renewable
energy requires changes in the grid and storage infrastructure and the phase-out of
gas power as a backup for renewables. This increases the CO, abatement cost more
than proportionately to the CO; reduction.

Under FS4/5, per capita GDP and capital stock growth are much higher than under
FS3, mainly because the absolute productivity increase is larger (see Table 30). CO,
emissions decline to about the same extent as in FS3 and the share of renewable
energies in electricity generation is slightly higher. It reaches almost 100% in NWG
by 2050, thus reducing the import of primary energy carriers to zero.

Table 30: Results FS 3 and FS 4/5 for ROG

Indicator FDS 2011 2020 2030 2040 2050

GDP per capita in 1000 € FDS3 32.30 34.20 36.45 38.91 41.59
FDS4/5 32.30 36.40 41.58 47.59 54.53
Weighted average import share | FDS3 27.46 31.78 25.24 16.99 5.58
of primary energy carriersin % | Fps4/5 | 27.46 33.13 23.78 1415 | 4.29

Expenditure share of electricity FDS3 1.07 1.06 1.05 0.99 1.00
in final consumption in % FDS4/5 | 1.07 1.02 1.00 0.93 0.91
Wage-to-capital income ratio FDS3 1.09 1.07 1.07 1.07 1.07
FDS4/5 1.09 1.08 1.07 1.09 1.11
Total CO, emissions relative to FDS3 100.00 99.49 68.89 46.32 23.45
2011in % FDS4/5 | 100.00 96.72 62.51 41.88 22.09

Source: [173], Table 3, p. 26 and Table 4, p. 31.

In all years, the prices for CO, emission allowances are higher in FS4/5 as compared
to FS3. This is mainly due to the high economic growth rates in this scenario, which
translates to higher CO, emissions. However, the assumed greater autonomous
energy efficiency improvements, structural changes toward the service sector in
Germany and a high share of renewable energies in electricity generation in this
scenario partially compensate for this effect.

Despite the higher CO; prices, the negative welfare effects of the EU ETS are smaller
in FS4/5 as they are in FS3. This surprising result can be explained by the high levels
of productivity and energy efficiency in FS4/5 in the European economies, making
them less dependent on energy usage. Furthermore, generating 100% of electricity
from renewable energies in NWG makes the electricity sector and depending
industries resilient towards the introduction of stringent climate policies.

For the two future scenarios FS3 and FS4/5, we calculated the effects of two policy
alternatives (A1 and A2) and compare them to the baseline alternative (A3) [173]. In
the first alternative (A1), the electricity generation is shifted toward higher shares of
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onshore wind power and rooftop photovoltaics (PVs) compared to the baseline,
while in the second alternative (A2), the electricity generation changes toward
higher shares of offshore wind energy and ground-mounted PVs.

Rooftop PVs are more expensive per MW than ground-mounted PVs, whereas
onshore wind power is cheaper than offshore wind power. While the overall effects
of the two alternatives on GDP are small, the results show a slightly negative effect
of A1 and a slightly positive of A2 [173]. The negative effect in AT suggests that the
relatively higher price for rooftop PVs is not offset by the relatively lower price for on-
shore wind power (see Table 31).

Productivity effects of the two alternatives are only visible in NWG in individual
years. However, since the economy-wide productivity is first rising and later falling,
the overall effect of both alternatives on NWG’s productivity is ambiguous.

Table 31: Results of the alternatives for F53

. Al A2
Indicator
2020 2030 2040 2050 2020 2030 2040 2050
. NWG 0 - 0 + + +
GDP per capita ROG | © 0 0 0 0 0 0 0
Regional absolute NWG + + - - + + - -
productivity ROG + + + + + + -
o NWG - + - - - + - -
CO2 emissions ROG N ) + N + i + +
NWG + + + + + +
Share of renewables ROG i i i i i i
Import share of NWG - - - - - - -
primary energy ROG 0 - - + 0 - - +
carriers
Share of electricity in | NWG + + + + + + - -
consumption ROG . + 0 0 0 + - -
expenditures
Wage-to-capital NWG + + + + + + 0 0
income ratio ROG 0 0 0 0 0 0 0 0
Change in EU ETS - + - - - + - -
price

Notes: All results indicated as qualitative changes from the baseline (A3); + increase,
- decrease, o constant. Source: [173], Appendix E, Table E3, p. 56.

Under both alternatives, the share of renewables increases significantly in NWG as
compared to the baseline. In reality, larger storage capacities for electricity are
available in A1 and A2 and thus less gas power plants are needed to stabilize the
power in the electricity grids compared to the baseline scenario [166].

187

Dieses Werk steht Open Access zur Verfligung und unterliegt damit der Lizenz CC-BY 4.0



10. Results of the Energy System Models

With higher shares of renewables in power generation, imports of primary energy
carriers decrease in both scenarios, reducing NWG’s dependency on those
resources. This reduces the CO, emissions for NWG. The price for CO, emission
allowances of the EU ETS decreases slightly by AT and A2.

While the influence of the two alternatives on NWG’s and ROG,’s GDP is the same in
FS3 and FS4/5, the influence on productivity is stronger in FS4/5 than in FS3 (see
Table 32). Especially in 2050, productivity increases to almost 3% above baseline
scenario levels in A1 and almost 2% in A2, respectively.

The share of renewables is positively influenced by the alternatives under FS4/5, but
the effect is weaker than under FS3. The alternatives favoring renewable energies
have less influence in FS4/5, because there are already higher autonomous energy
efficiency improvements and higher primary energy prices, leading to 100%
renewable energy in NWG’s electricity generation. Like under FS3, we can see a
decrease in imports of primary energy carriers and a slight decrease in the CO, price
under A1 and A2 for FS4/5.

Table 32: Results of the alternatives for F54/5

. Al A2
Indicator
2020 2030 ‘ 2040 2050 2020 2030 2040 2050
. NWG 0 - - - 0 + + +
GDP per capita ROG | 0 0 o o0 0 0 0 0
Regional absolute NWG - - + + - - i +
productivity ROG 0 + + + 0 + - -
o NWG - - - 0 - - + +
CO2 emissions ROG + N ) N N . )
NWG + + + 0 - + - 0
Share of renewables ROG ) . + N } ) _ .
Import share of NWG - - - - - +
primary energy ROG 0 - - - + - + +
carriers
Share of electricity in | NWG - + + + - + - -
consumption ROG - - + + - - - +
expenditures
Wage-to-capital NWG - + + - - + - -
income ratio ROG 0 - - + 0 -
Change in EU ETS - - - + - - + +
price

Notes: All results indicated as qualitative changes from the baseline (A3); + increase,
- decrease, o constant. Source: [173], Appendix E, Table E4, p. 57.

Conclusively, the future scenario analysis indicates that in small open economies like
Northwest Germany, international trade enhances economic growth, but domestic
technological progress is required to achieve higher growth rates [173]. While
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economic growth creates additional CO, emissions, higher autonomous energy
efficiency improvements and structural change toward less emissions-intensive
sectors such as services can compensate this increase in CO, emissions.

The EU ETS effectively reduces CO, emissions in Europe at relatively low prices for
CO; emission allowances across the sectors covered by the scheme. The overall costs
in terms of GDP and consumption losses are small (far below 1%) for NWG and ROG
unless emissions reductions of 80% are imposed. However, if NWG’s energy
transition fails, costs for climate policy will increase drastically when the reduction
target approaches 80% towards 2050 [173].

The CO, abatement costs in sectors not covered by the EU ETS, however, are (from
2030 on threefold) higher [173]. Hence, a uniform CO, price covering all sectors
including agriculture, transportation, etc. could significantly reduce the CO,
abatement costs. Currently, only power plants, energy-intensive industries, and
inner-European civil aviation are included in the ETS with a uniform CO, price. The
rest of the sectors with about 60% of the EU’s greenhouse gas emissions are
currently not covered by the scheme [200].

The analysis of the policy alternatives shows that regional support for specific wind
and solar power technologies increases the share of renewable energy carriers and
decreases the import share of primary energy carriers [173]. Regional support for
large-scale storage and large-scale renewable power generation with a focus on
offshore wind power and ground-mounted PVs creates slightly positive effects on
GDP and households consumption in Northwest Germany [173].

However, we need to keep in mind that the future scenarios are based on a set of
assumptions about economic growth, structural and technological change, and
climate policy. Crucial model parameters, particularly elasticities of substitution, are
subject to uncertainty, see the robustness check and sensitivity analysis in [176].
Thus, the results need to be interpreted with caution and under the reflection of
these assumptions and uncertainties.
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10.5 Life-Cycle Assessment
M. Dumeier

To identify and quantify the environmental impacts of electricity generation in Lower
Saxony until 2050 selected LCA impact categories have been calculated for the three
alternatives previously defined:

e Al: Local power generation with flexible energy demand; focus on
onshore wind power and rooftop PV (“decentral”)

e A2: Large-scale storage and power generation; focus on offshore wind
power and ground-mounted PV (“central”)

e A3: Middle ground: a mix of all generation and storage technologies
(“medium”)

Table 33 shows the life cycle inventories for the three alternatives in the individual
assessment periods. The energy production is expressed in TWh of electricity
generated through different energy sources in the considered alternative and
assessment year. The inventory of the grid is converted to the functional unit,
described in Section 9.9. The total grid kilometers are consequently divided by the
delivered electricity over the entire grid lifetime, assumed to be 40 years. The overall
decrease in km per TWh can be attributed to the increased power production and
only a minor increase in required grid kilometers. While the overall production
increases up to the year 2050 by 56.4% [A1] — 59.9% [A3] in comparison to 2020
the total grid kilometers increase by 11.2% [A1] — 16.1% [A3] in the same timeframe.

Table 33: Life cycle inventories for the different enerqy sources and the transmission grid

2020 2030 2040 2050
S3A1 S3A2 S3A2

Rooftop [TWh] | 7.692 6569  7.131 |16.595 11.182 13.887 | 23.227 10.359 16.790 | 26.903 4.100 15.838

2 Ground-
mounted 2306 3429 2867 | 7495 12.908 10.203 | 14955 27.823 21.392 | 24.071 48.174 36.436
[TWh]

- ?T“VS\;L‘]” 16.807 16407 16.609 | 25476 24.135 24.808 |32.198 29.383 30.792 | 36.057 32.157 34.570

E

= ?Tf‘f;;l‘q‘;re 2220 2.625 2422 | 6132 7.474 6801 |11.987 14.799 13.389 |19.295 24.606 22.189
Biogas [TWh] | 8478 8598 8560 | 4715 8577 8476 | 6533 6728 7.103 | 5.045 3916 4.250
FTYV‘?;SPOW” 0935 0935 0935 | 0.756 0935 0935 | 0.936 0936 0935 | 0.913 0936 0.936
Bituminous 19611 19.675 19.598 |16.822 19.563 19.622 | 1.865 1472 1339 | 0.310 0281 0.254
coal [TWh]

"

5 '[‘%%‘\}‘ht]”"al 0.000  0.000  0.000 | 0.000 0.000 0.000 | 0.000 0.000 0.000 | 0.000 0.000 0.000

g

[}

5 FT“VC\}E?WOW” 16327 16551 16551 | 0.000 0.000 0.000 | 0.000 0.000 0.000 | 0.000 0.000 0.000

z

=z I["Ta‘f\‘,‘;]algas 2910 2769 2843 | 9748 5369 5316 |13.895 13.313 13.137 | 8175 6.612 6538
Waste [TWh] | 0.000 0.000  0.000 | 0.194 0.00 0.000 | 0.070 0.065 0.052 | 0.045 0.038 0.037
Medium

_ voltage 50.233 50.375 49.821 |49.186 45728 49.081 | 42.644 44216 41903 |35.131 36.643 37.146

Z [km /TWh]
High voltage

13319 13.344 12.255 |12.309 11.692 11.718 | 11.057 10.906 10.048 | 8928 9.050 8.982

[km /TWh]
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To illustrate the changes in the power system, we show selected results in more
detail for the first (2020) and last (2050) assessment periods for the climate change
impact factor. For a comprehensive overview of all considered impact factors for all
of the assessment years, see Table 35.

Figure 89 shows the climate change related emissions for the year 2020. The results
are shown for three sources for each alternative, which in together represent the
total emissions. The electricity produced from fossil sources (50.3% of the total
electricity production) creates approximately 88% of the climate change emissions.
For renewable energy sources, electricity produced by biogas causes 59% of
emissions (6% of total emissions). Around 0.7% (2.48-2.57kg CO;-eq/MWh) of the
total climate change emissions can be attributed to the transmission grid.
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Figure 89: Climate Change Emissions in the year 2020 by source and alternative
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In the year 2020, the energy mix, i.e., the contribution of the energy sources to the
total electricity production is very similar among the three alternatives. This is also
reflected by the emissions calculated for these alternatives. However, among the
impact indicators, the contribution of the different energy sources varies. The
transmission grid is responsible for 29% of the metal depletion in every alternative.
This is the highest contribution by the transmission grid to any impact indicator. The
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second highest contribution of the transmission grid is to the agricultural land
occupation indicator (6.12% [A3] — 6.21% [A1] of total land occupation). It is lowest
for the climate change indicator where it contributes 0.70% in alternative 3 and
0.72% in alternative 1 of total climate change emissions. Fossil energy sources have
the highest contribution to the freshwater eutrophication impact indicator (91.18%
[A3] — 91.2% [A2]). The lowest contribution of this energy source is to the terrestrial
ecotoxicity indicator (5.75% [A3] — 5.78% [AT1]). For this indicator, the emissions are
largely caused by the technologies utilizing renewable energy sources (91.5% [A3] —
91.21% [A1]). The majority of the terrestrial ecotoxicity can be attributed to biogas
(61.65% [A1] — 62.3% [A2]). The contribution of renewable energy sources is also
high for the particulate matter formation indicator (62.3% [A1] — 62.72% [A2]). For
this indicator, biogas causes approximately 49% in every alternative. For the metal
depletion indicator, Wind Onshore and rooftop PV systems have a minimum
contribution of 39.2% for alternative A2 and a maximum contribution of 42.97% for
alternative al. For this indicator, the contribution of the transmission grid is highest
(29.20% [A3] - 29.69% [A2])
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Figure 90: Climate Change Emissions in the year 2050 by source and alternative

E Fossil energy sources
B Fossil energy sources

Figure 90 shows climate change emissions for the year 2050. Overall, the emissions
are reduced by 74.42% [A1] - 76.10% [A3], compared to the values in 2020. Power
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plants relying on fossil fuels are still responsible for 30.09% in alternative A3. The
contribution of technologies relying on these energy sources to the over-all power
production is lowest. Accordingly, the contribution is highest in alternative Al
(34.90%) which is also the alternative with the highest energy production by non-
renewable power plants. In comparison to 2020, the highest reduction over all
impact categories is in the freshwater eutrophication, which is reduced by 90.90%
[A1] - 91.96% [A2]. Agricultural land occupation shows the smallest reduction
(29.70% [A1] - 36.51% [AZ2]). There are also two impact categories that are increased
compared to 2020, metal depletion by 37.79% [A2] - 46.74% [A1] and terrestrial
ecotoxicity by 17.78% [A2] - 22.05% [A1].
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Paths

One of the central goals in the project is to
develop and evaluate paths toward a
sustainable energy supply system. To
recapitulate the basis for such an evaluation:
In Section O, multiple sustainability criteria
are defined for the evaluation of transition
paths of Lower Saxony’s power supply
system. Given the future scenarios and
transition paths (described in Sections 6
and 8), each transition path has been
quantitatively modeled and simulated (see
Section 9). Finally, selected results of this
quantitative  modeling, the so-called
performance  scores  x;;,, i.e., the
performances of all alternatives j on all
sustainability evaluation criteria i in all years
of the transition paths t, are forwarded to the
evaluation via transformation functions (see
Figure 91). To aggregate the performance
scores of the 18 criteria obtained from the
simulation and optimization models, we use
a Multi-Criteria Decision Analysis (MCDA)
method, namely a modified PROMETHEE
approach [201].

The aim of applying Multi-Criteria Decision
Analysis (MCDA) methods is to support the
decisions of one or more decision makers in
evaluating different alternatives regarding
multiple often conflicting criteria given in
different units of measurement [54]. The
method also structures the decision problem
and therefore allows for more informed and
transparent decisions. The evaluation of
transition paths reaching over decades is a

highly complex decision problem with multiple conflicting criteria.
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Textbook examples for MCDA describe the choice of a car or a supermarket location,
with tangible alternatives and specific decision makers. In this case, the decision
problem is not as [202] well defined. The method is applied to make explicit which
factors drive the choice for a certain energy system configuration. In particular, we
evaluate the transition paths consisting of alternative configurations of the power
generation system in the state of Lower Saxony (alternatives) as defined in
Section 8.3. The overall aim of the decision support process is to assess the
sustainability of the transition paths according to the decision criteria defined in
Section 5.2. We follow related publications and execute the MCDA method in three
basic steps [203, 54].

e Problem structuring
e Evaluation of options
e Reviewing the decision structure

Multiple MCDA methods have been developed and we use an outranking method.
In contrast to approaches such as the analytical hierarchy process (AHP), the
Preference Ranking Organization METHod for Enrichment Evaluation (PROMETHEE)
is based on a pairwise comparison of the performance scores of different alternatives
[204, 162]. If the performance of alternatives on criteria is measured on different
scales or using different units of measurement (e.g., kg/MWh and €/capita), an
assessment is possible without defining uniform units of measurements and scales
for all criteria. Additionally, outranking methods elicit preferences during the
decision support process. This is especially helpful for decision problems with many
relevant criteria, as it is the case in this project. However, a single decision maker
cannot be identified, because many stakeholders take part in the related public
discussions about the energy transition, none having the authority over all necessary
resources to implement the alternatives [61]. Nonetheless, the method can provide
additional support in structuring the decision problem.

At first, a more detailed description of PROMETHEE is presented. The method has
been designed for the application and evaluation in a single period. While there have
been attempts to incorporate future information in the evaluation [202, 205], the
method needs to be further extended to incorporate multiple periods. The
developed Multi-Period PROMETHEE approach and its application to the project’s
decision problem are presented in the subsequent subsections.

11.1 PROMETHEE

Developed by Brans [204, 162] in the 1980s, the outranking method PROMETHEE
(Preference Ranking Organization METHod for Enrichment Evaluations) is an
established decision support method, that has been applied and further refined in
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many studies [206]. The first step is the calculation of the difference d; between the
performance scores x;; of two alternatives a and b on each criterion i (d; = x;, —
xip). Depending on the criterion, the performance scores can be minimized or
maximized. For example, a maximization is assumed for the criterion percentage of
plants utilizing renewable energies. An increase in the share of electricity production
by renewable plants is therefore assumed to be positive. Contrary to this, a
minimization of the criterion CO, — Eq means that less emissions contributing to the
Global Warming Potential are positive. In PROMTHEE, six different preference
functions can be used to express the preference structure of a decision maker. For
instance, in the V-shape preference function (see Figure 92), any deviation between
alternatives d; smaller or equal to zero results in no preference (i.e., P = 0) regarding
this criterion. A deviation greater than the preference threshold of p results in a strict
preference (i.e., P = 1) regarding this criterion. For all preference functions, the value
of P is greater or equal to 0 and smaller or equal to 1.

P A
1F =

v
(o}

0O p
Figure 9z: V-shape preference function

Using criteria weights, the resulting preferences are aggregated over all criteria. This
yields outranking relations, which show the preference between all pairs of
alternatives. These outranking relations are then aggregated over all alternatives,
which yields positive outranking flows ¢* and negative outranking flows ¢~,
representing how much an alternative dominates all the other alternatives, and how
much it is dominated by all the other alternatives, respectively. In PROMETHEE |,
these positive and negative outranking flows can be used to create a partial ranking
of alternatives, where two alternatives can be considered incomparable.
Aggregating ¢* and ¢~ to the net outranking flow ¢™¢¢, also called PROMETHEE I,
yields a complete ranking. According to this, an alternative a is preferred to an
alternative b if p™¢t(a) > ¢p™¢t(b).

11.2 Multi-Period PROMETHEE (MP-PROMETHEE)

Up to now, no suitable approach for multi-criteria evaluation of long-term transition
paths has been published. Therefore, a multi-period PROMETHEE has been
developed for NEDS [201] and is described in the following. The objective of MP-
PROMETHEE is the evaluation of transitions paths. A path consists of several
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alternatives, i.e., different configurations of the power system within the periods
(2020, 2030, 2040, and 2050). In the transition paths as defined in Section 8.3, there
are three alternatives per period, which are evaluated using the same evaluation
criteria and preference thresholds in each of these periods. The performance scores
change over time (see Table 35). If changing stakeholder preferences among the
criteria need to be modeled, the weights of the criteria can be varied in-between the
individual periods.

For the evaluation of the paths and for identifying the best path from today’s
perspective, the MP-PROMETHEE method is structured into three steps. The first step
falls into the problem structuring phase of the MCDA process, while the second and
third steps are part of the evaluation of options phase.

Step 1: Multi-Period problem formulation

In contrast to a single-period problem formulation, the alternatives are defined for
several periods. Selected results of the simulation and optimization models
described in Section 10 are performance scores for the sustainability criteria. The
preference thresholds depend on the analyzed alternatives. In a single-period
evaluation, following [207], preference and indifference thresholds can be estimated
as a percentage of the maximum difference between the performance scores for all
alternatives max{x;;,} — min{x;;,} for each criterion i and in each period ¢. For
example, the indifference thresholds g; can be estimated as 5-15% and the
preference thresholds p; as 10 — 30% of this difference. In a mul/ti-period evaluation,
to account for possible outliers or large deviations of the performance scores in-
between the different periods, it is suggested to consider all alternatives in all
periods for the calculation of the preference thresholds, using the maximum
difference between the performance scores on all alternatives over all periods
max{max{x;;.} — min{x;;,}}." The decision table such as given in Table 35 for
Scenario 3 can be compiled using these values. Next to the performance scores for

' The following simplified decision problem illustrates this necessity: Consider a
decision problem where one of the criteria are costs, which are to be minimized.
There are two decision periods and the costs are distributed very unevenly. For
example, the maximum differences between the performance scores are 10,000€ in
the first period and 1,000€ in the second period. Using a single-period evaluation to
calculate the p;, there is no relation between the performance scores of the
alternatives of the first period and those of the second period. For the preference
threshold, this means that a difference of at least 300€ (following the 30%
recommendation by [210]) in the performance scores of two alternatives would be
sufficient for strict preference in the second period. In the first period, this difference
would have to be 3,000€. Therefore, we suggest a difference of 3,000€ in both the
first and the second period as the preference threshold for strict preference.
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the individual criteria, Table 35 also includes the thresholds p;, calculated as 20% of
the maximum difference between the performance scores for all alternatives within a
period and the weights for each sustainability dimension. The weights are equal for
each of the four sustainability dimensions (see Section O for a derivation of these
values).

Step 2: Assessment of alternatives in each time-step

The alternatives are evaluated separately for each period with PROMETHEE [162,
204], resulting in ¢*, ¢~ and ¢™ for each alternative. For a more detailed
evaluation, the single criterion ¢*, ¢~ and ¢™° flows are also calculated. These
single criterion flows represent how strongly one alternative dominates another
when only one criterion is considered [162]. For example, the ¢* single criterion
flow of the criterion percentage of plants utilizing renewable energies in the year
2020 for alternative 1 is 0.005. For the criterion grid efficiency, the single criterion
flow is 0.026. Together, these scores are aggregated to the score attributed to the
technical sustainability dimension, which is 0.031 for ¢* in the year 2020 for
alternative 1. By comparing this with the total ¢* score of other criteria and
alternatives, very detailed assessments can be made.

To provide a more compact overview of the decision problem we aggregate the
single criterion results, for the ¢*, ¢, ¢™°t- flows for each of the four sustainability
dimensions (e.g., see Table 34 for the ¢* flows).

Table 34: Result of the ¢ flows for the individual sustainability dimensions for each period
and the three paths.

2020 2030 2040 2050

Technical 0.031 0.009 0.000 0.000

Social 0.030 0.143 0.023 0.018

(a1) Environmental 0.011 0.179 0.052 0.000
Economic 0.042 0.000 0.000 0.000
Technical 0.059 0.066 0.188 0.065

(a2) Social 0.024 0.063 0.124 0.188
Environmental 0.025 0.067 0.107 0.158
Economic 0.000 0.206 0.166 0.154
Technical 0.000 0.072 0.099 0.098

Social 0.072 0.066 0.025 0.096

(@3) Environmental 0.048 0.037 0.017 0.104
Economic 0.084 0.113 0.109 0.103

Step 3: Aggregation of evaluations and sensitivity analysis

In the final step, the evaluations of the alternatives are aggregated along the

transition

paths V.

In

a transition
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11. Evaluation of Transition Paths

Y = (a;4,aj2, -..,a;7) is a sequence of alternatives, which are connected with edges
over all periods t € {1,...,T}. We put up for discussion two aggregation variants,
which we illustrate for the ¢™¢* values. The variants allow investigating the decision
problem from two different perspectives. Both variants lead to a normalized
evaluation ¢™¢*(¥) € [—1, 1], so that the flows can be interpreted in the same way as
the original ¢™¢* flows of the alternatives: the higher the net flow, the better the
evaluation of a path.

Variant | is the arithmetic mean of the ¢™¢* flows of all alternatives in a path. This
implies equal weights of alternatives from different periods. For example, if the
objective were to identify the transition toward a sustainable power generation
system, it would be reasonable to demand that the assessments of sustainability in
the individual years are equally considered.

1
Bibrage (W) =7+ ) " (@) (a1-1)

Variant Il is the average of discounted ¢"¢* flows, where r is a discount factor. An
open question, however, is, what discount factors are suitable. In finance, the Net
Present Value (NPV) incorporates the time value of money, which states that earlier
cash flows are preferred to later cash flows [208]. For instance, it is used to calculate
the net present value of long-term investments such as the construction and
operation of wind turbines, with a projected lifetime and investment horizon of up
to 20 years. Variant Il can be used in a decision problem with a long planning
horizon, where the internal uncertainty of the energy system model results is
considerably high.

1 (pnet (a)
Paveragenis(P)1) = = - AT

ae

11-2)

The net present value method has also been applied to non-financial values, e.g., to
discount future CO,-emissions [209]. We apply a similar reasoning: Assuming a fixed
assessment horizon, positive evaluations (i.e., higher ¢™¢¢ values) occurring in earlier
periods will prevail for a longer time. This is based on the assumption that a time
value is attributed to non-monetary gains as well. Additionally, this takes into
account that the performance scores of later periods, and the assessments of them,
are more uncertain than those of earlier periods are.

After the aggregation with one of the variants presented above, a sensitivity analysis
should be conducted to gain further insight into the decision problem. For variant Il,
if a value of r cannot be determined, a sensitivity analysis can be conducted to
analyze different degrees of uncertainty associated with future assessments.
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11. Evaluation of Transition Paths

11.3 Results

In the following section, MP-PROMETHEE is exemplarily applied to evaluate the
sustainability of the transition paths in scenario 3, which were defined in Section 8.3.
The decision table (Table 34) comprises decision relevant results from modeling and
simulation.

2015 2020 : 2030 ' 2040 ' 2050

|
[

| ™. 1 . | /-
: ?729TWh\—I—> 88.07TWh —I—D- 105. ?QTWh

123. 93T\|’\.|'l’1'I
\-/ ~ -/ /
I —_—

¢net( 040) I ¢,net(ﬂ2050)

I ¢ne£(a§l)20) I ¢m.'t( l:l3l])
=-0027 : =-0.169 : =-0.703 : =-0.729
@ - 77.56TWh _Ip. ; I 105.0TWh/‘—|p 120.9TWh _ L]J2
f | I
| ¢mt(a2020) | ¢mr(a2030) | ¢net(a§040) ¢net(a§050)
=-0.062 , =0.90 | =0.453 =0.534
o
1 4 4 ‘

\_! : f\

o 77.52TWh ——> [ %0. OSTWh -1 105 02Twh® '_!_’ 121.13TWh_
Pnet(q2020) Pnet (a2030) Pnet (a2040) ¢net(a§050)
=0.089 =-0.021 =0.250 =0.195

Figure 93: PROMETHEE Il results for the individual periods for the three alternatives in
scenario 3. For reference, the pie chart depicts the annual energy production and the
enerqy mix (gray: fossil fuel, green: biogas, dark blue: wind offshore light blue: wind
onshore, yellow: PV-rooftop, orange: ground-mounted PV)

Figure 93 shows the PROMETHEE Il results for the four evaluation periods and the
alternatives:

e Al: Local power generation with flexible energy demand; focus on
onshore wind power and rooftop PVs (“decentral”)

e A2: Large-scale storage and power generation; focus on offshore wind
power and ground-mounted PVs (“central”)

e A3: Middle ground: a mix of all generation and storage technologies
(“medium”)

In the first period (2020, see Figure 94), A3 has the highest ¢™¢* flow. A detailed
analysis (with stacked bar charts, following the method in [210, 211]) shows that A1l
outperforms the other two alternatives on each sustainability dimension but the
technical one, where it is outperformed by both A3 and A2. A1 shows the second-
best performance. It outperforms A2 in the technical, social and especially in the
economic dimensions.
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Figure 94: PROMETHEE | & Il Results for 2020 split according to sustainability dimensions

In the second period (2030, see Figure 95), A2 outperforms A3 and Al and is the
only alternative with a positive ¢™¢ flow. A2 and A3 outperform A1 on the criterion
costs of electricity production and grid expansion in this period, which has a positive
effect on the ¢™¢* flow. While A1 is outperformed on the social and environmental
dimension, it still slightly outperforms the other two alternatives on the economic
and technical dimensions.

dnet

¢ 05
04
S m -
: B E_ = B
0 % N A
0.1 Technical— \ - -
o Sodial——— \ — .
-0.3 Environmental
0.4 Economic—
-0.5
08 d+ ¢- dnet b+ - dnet b+ - bnet
Al A2 A3

Figure 95: PROMETHEE | & Il Results for 2030 split according to sustainability dimensions

In the third period (2040, see Figure 96), the performance of A2 and A3 is very
similar. A2 outperforms A3 and both outperform A1 on every sustainability
dimension. A1 does no longer outperform the other two alternatives on the social
and environmental dimension and therefore its overall performance is reduced.
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Figure 96: PROMETHEE | & Il Results for 2040 split according to sustainability dimensions

In the last period (2050, see Figure 97), the result is similar to that of the previous
period (2040): A2>A3>A1 on all sustainability dimensions, except the technical
dimension, where A3>A2>A1. Under consideration of all sustainability dimensions
and the criteria weights, alternative A2 outperforms both other alternatives.
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Figure 97: PROMETHEE | & Il Results for 2050 split according to sustainability dimensions

Figure 98 shows the aggregated results for the transition paths using aggregation
variant | (arithmetic mean). When applying this aggregation method, Y2
outperforms the other two paths in every sustainability dimension. At the same time,
Y3 outperforms W1 in every dimension. When applying this aggregation method, a
sensitivity analysis of the criteria weights consequently does not cause a change in
the ranking among the three alternatives.
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Figure 95: PROMETHEE | & Il Results using the aggregation variant | (arithmetic mean)

In Figure 99 an illustration for both presented variants is shown. The figure presents
an overview of the assessment of the alternatives in each of the periods as well as the
full path evaluation. This figure also offers a more compact view of the performance

of the alternatives throughout their paths.

Variant I: Arithmetic mean

0.6 0.453 0.534
0.4 0.089 0.190 0.250 0.195 ] 0279  0.128
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5_.0,2 -0.027 A3 -0.021 lU2 l.IJS
o4 -0.062 -0.169
0.6 -0.407
0.8 -0.703 -0.729
Variant ll: Discounting  discount factor: 9.018%
0.1
0.0576
0.0521 0.0523
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s L] L L]
o1 -0.0173 -0.0058
' -0.0403 -0.0463 -0.0355 -0.045
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2020 2030 2040 2050 Path Evaluation

Figure 99: Summarized illustration of the individual evaluations for the alternatives (A1-A3)
and paths W1 — ¥3)

A time-based sensitivity analysis is possible when applying variant I, the weighted
average discount method, where the discount factor r is varied. Figure 100 shows
the ¢™¢* values for an increasing discount factor. The rank of W1 remains unchanged
for different values of r. For the other ¥2 and W3 however, an increased value of r
impacts their ranking. The intersection point between W2 and W3 is at 9.018%. If the
value of r is further increased, ¥3 becomes more favorable than ¥2.
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Figure 100: Variation of the discount factor r with an enlarged view (lower right corner) of
the intersection point at r = 9,018%

11.4 Discussion

The application of MP-PROMETHEE for an exemplary scenario illustrates how MCDA
can be used to integrate the results of energy system models. The advantage of the
application of the multi-criteria evaluation method is the formulation of the decision
problem in a way that enhances the knowledge about the decision problem. The
method achieves this by reducing the problem to a set of alternatives and criteria.
The stacked bar charts show the contribution of the sustainability dimensions to the
¢* and ¢~ flows and allow for a more condensed view of the decision problem.

The example also shows that breaking down the decision problem into multiple
periods can have an impact on the evaluation and can uncover that certain
alternatives perform better in early periods while being worse of in later periods, or
vice versa. This aggregation variant also allows considering the quality and
likelihood of the information by quantifying the confidence associated with the
assumed developments of the future. Regarding temporal preferences, there are
several open questions, which should be put up in the political debate: What is the
temporal preference, concerning the depreciation of future performance scores, i.e.,
are earlier emission reductions at higher costs preferred to later emission reductions
at lower costs? Who are the relevant stakeholders?
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11. Evaluation of Transition Paths

Concerning the application of MCDA methods to the transition of Lower Saxony’s
power supply system, the results show that the energy mix is a critical factor for the
evaluation of the energy system. For instance, those system configurations that
require the largest number of fossil fuel plants as backup always come off worst. In
this decision problem, other considered factors such as the length of the
transmission grid only played a minor role in the evaluation.

While, in general, the results obtained from the integration of scenario planning,
energy system analysis, and MCDA can provide the basis for these kinds of decisions,
the results obtained from the exemplary application presented above were obtained
for only one scenario and three selected alternatives. For a more comprehensive
evaluation and decision support, the method needs to be applied to evaluate
alternatives in more scenarios, e.g., the other four scenarios defined in Section 6.2.
Furthermore, in accordance with the system boundaries defined in Section 3.2, the
different energy system models in this study only represent selected parts of the
energy supply system and, consequently, the criteria hierarchy and performance
scores used for the evaluation can only support decisions concerning the
corresponding parts of the system.

Decisions in energy policy and the energy sector can be supported with MP-
PROMETHEE. The long-term view brings important criteria into focus that otherwise
would have been overlooked. The results can be used to question why some
alternatives come off better than others do. If decentralized solutions are desired in
the political debate, one has to consider whether and how one can mitigate their
weaknesses or further develop their strengths in comparison to other alternatives.
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The main result of the project NEDS is the Process for Integrated Development and
Evaluation of Energy Scenarios (PDES). This process aims to support decisions in
energy policy and the energy sector on the way to fulfilling the climate change goals
set by the Paris Agreement and the targets of the Energy Sources Act (EEG). These
goals demand increasing amounts of electricity coming from renewable energy
sources, which leads to many changes in the energy system affecting the economy,
environment, policy, technology, and society. Thus, interdisciplinarity plays an
important role in the PDES.

The PDES relies on scenario planning, energy system analysis, and multi-criteria
analysis. Scenario planning provides a structured process for thinking about possible
future developments and developing qualitative future scenarios. A fundamental
step for the integration of the three methods in the PDES is the quantification of the
assumptions made in the future scenarios to enable a quantitative examination with
energy system analysis, which allows looking in more detail into the functionality
and characteristics of the energy system. To take account of the interdisciplinarity
needed in the PDES, simulation models from different disciplines are coupled to
examine the energy system. Multi-criteria decision analysis (MCDA) is used to help
structure the decision problem, evaluate the results, and support decision-making.

The PDES is subdivided into four subsequent phases (see Section4.1):
(1) Preparatory Steps; (2) From Story to Simulation; (3) Modeling and Simulation;
(4) Sustainability Evaluation. In (7) Preparatory Steps, the concept of sustainability as
well as concrete, measurable sustainability evaluation criteria (SEC) are defined for a
particular problem. In addition, qualitative future scenarios describing future
developments are further developed for this problem. In (2) From Story to
Simulation, the future scenarios are quantified in such a way that quantitative results
can be gained for the SEC directly or via subsequent energy system analysis. To that
end, quantitative assumptions for alternatives and external scenarios need to be
defined for each considered year. These quantified assumptions represent the
transition paths. The assumptions are used in (3) Modeling and Simulation to obtain
performance scores for the transition paths. Finally, in (4) Sustainability Evaluation,
the performance scores are aggregated in a multi-criteria evaluation, which allows
for an aggregated evaluation of transition paths.

For the application of the PDES, an information model has been developed, which
allows the modeling of evaluation goals, data flows, and dependencies in the PDES
(see Section 4.2). Future scenarios, quantification, simulation, and evaluation are
integrated into the information model. The information model is integrated with
Semantic Web technologies to support the following use cases. Firstly, to make its
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content available via queries, which allows handling complex scenarios with many
dependencies and data flows. Secondly, it can assist in the planning of the
simulation in the PDES. Thirdly, based on the information model, a scenario
database is generated, which stores the quantified attributes and simulation results
and makes them available for other models and the evaluation.

To evaluate future energy scenarios, criteria, according to which they should be
evaluated, have to be specified. In the NEDS project, our goal was to develop a
sustainable future energy system for Lower Saxony. The chosen sustainability
concept builds on four dimensions: environmental, social, economic and technical
(see Section 5). SEC can be selected based on existing literature or based on
approaches, which allow integrating evaluation patterns of groups of interest. Since
enabling public participation within PDES was an important aim, we developed SEC
and weighting factors for the sustainability dimensions within the MCDA from a
qualitative analysis of materials from a public symposium and follow-up interviews
with interested citizens (see Section 5.1). The final selection of evaluation criteria is
based on integrating both approaches and is limited by the availability of
quantifiable attributes and simulation results (see Section 5.2) for the investigated
future energy scenario.

Scenario planning is used in the PDES for the structured development of
interdisciplinary future scenarios (see Section 6). In NEDS, the scenario planning
process was applied, and the most relevant key factors for the development of
Lower Saxony’s energy supply system identified. For each of them, future
projections were defined. Based on these projections, consistent scenarios were
defined and five qualitative future scenarios with a textual storyline were created.

For the analysis of the diffusion and adoption of innovations for the energy
transition, in Section 7, five innovations relevant for the energy transition in Lower
Saxony were derived from the future scenarios and a literature review. These
innovations are heat pumps, photovoltaic systems with storage, electric mobility
and charging infrastructure, smart meters and dynamic electricity tariffs. Through
the evaluation of current studies and an analysis process, in which further actors
were derived from qualitative interviews, it was possible to identify relevant adopters
and change agents for these innovations. Depending on the innovation, actors of
the different groups like private households or distribution system operators took on
different roles. Based on these different roles, the elements of diffusion were
examined with the help of 46 guided interviews with (potential) adopters and
change agents of the innovations. The interviews were conducted and analyzed with
a focus on the individual adoption process of private households and the role of
change agents in order to cover different perspectives within the diffusion process.
As a result, decisive qualitative findings concerning the diffusion of the selected
innovations have been brought together in diffusion studies, which in particular
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provide information about the diffusion-relevant attributes of innovation, central
actors of the social system as well as the past and expected future development of
diffusion (see Section 7.4). This empirical foundation complements the simulation
with valuable qualitative insights of selected components. The results of the
diffusion studies of the innovations electric mobility and charging infrastructure,
photovoltaics with storage, heat pumps and smart meters were used to shape the
transition paths of these innovations in the simulation (see Section 8.3).

The PDES includes a process to quantify the qualitative future scenarios (see
Section 8). During this process, attributes, which describe the system under
investigation, are defined and classified in endogenous or exogenous. Based on the
projections of the future scenarios, the attributes are substantiated for the transition
paths with values based on literature research. The endogenous attributes are used
to define alternatives, which represent possible courses of action for the
stakeholders. From the five defined future scenarios, one scenario, which would
fulfill an 80% greenhouse gas emission reduction in reference to 1990, was chosen
to be examined in detail with a simulation of different alternatives.

In the simulation, models from different disciplines are coupled in a modular
simulation framework (see Section 9). Two of the models are closely coupled in the
co-simulation framework mosaik, while the others use CSV files as an interface.
Based on the previously quantified attributes, the simulation models calculate the
derived attributes, which are necessary for the evaluation of the future scenarios.
With this additional quantitative data, aspects can be integrated into the evaluation,
which is not covered by existing studies.

The modular simulation environment eSE was developed for the investigation as
well as the technical and economic evaluation of building systems in the low-voltage
level. This enables devices, control systems and the behavior of users to be
represented model-based with the possibility of generating and investigating flexible
simulation scenarios. In particular, the environment enables the detailed
representation of data- and physics-based models and their coupling via defined
exchange parameters. The user behavior simulation in eSE builds on a theoretical
and empirical analysis of user behavior, which emphasizes the importance of
contextual factors for timely variation of user behavior and the importance of
behavioral effort of shifting user behavior for analyzing flexibilities for residential
buildings. With regard to Lower Saxony, a typical rural and suburban grid region
was modeled and simulated in the form of its element’s buildings, residential units,
users and appliances in order to examine the technical, economic and social effects
of a Lower Saxony sustainable energy transformation. Interventions aiming at
changing user behavior to influence electrical loads should consider such
influencing factors.
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The electrification and integration of new technologies, such as heat pumps,
charging stations, electric vehicles and storage systems into the existing building
structures, will result in a change in the active electrical power at the grid
connection point, an increase in the temporal loading of the grid assets and lower
plannability in the design of low-voltage grids.

In order to investigate the potential benefits of cooperative load scheduling of smart
buildings, a smart grid optimization technology at the level of a low-voltage grid
was simulated. A distributed optimization process was implemented using the mu/ti-
agent system ISAAC. In the optimization process, multiple optimization goals were
included, such as reducing the peak load, reducing electricity prices, cost
optimization in terms of own consumption or minimization of behavioral adaptation
efforts for the consumer. As a data basis, feasible schedules of buildings were used,
which have been calculated in the building model. Simulation results show that the
flexibilities of smart buildings can be used to pursue different targets. One important
result was that, if uncontrolled, the concurrent charging of electrical vehicles
produces high load peaks. This can be significantly reduced by a control mechanism,
which spreads the charging processes throughout a longer time span. Additionally,
it was shown that massive feed-in of photovoltaic systems at the low voltage level
may play a prominent role in a future energy system. Battery storages may be
applied to reduce this problem. However, it was shown, that if battery storages run
in a grid-unaware mode solely based on the optimization of own-consumption, they
have not enough flexibility to significantly reduce feed-in peaks of photovoltaic
systems.

On the macro-level, a modified /ntegrated Grid and Market Mode/ (based on [166])
and Grid-Planning Algorithm are able to emulate future target states and their
transition paths for the grids in Lower Saxony. With the Integrated Grid and Market
Model, the impact of high integration of distributed generators in the transmission
grid was investigated. Generally, the need of storage system capacities increases in
order to integrate of the rising number of distributed generators in the grid, shown
by the results of the simulation. The variation of the capacities increase of the
installed storage systems forms the difference between the three alternatives and
affects the criteria used to evaluate the alternatives of the scenario. The alternative
with the highest amount of storage system capacity in the target state represents the
best result with regard to the grid efficiency criterion. Furthermore, the renewable
energies in this alternative have the largest share of gross electricity production
comparing with the other alternatives. However, the results of all alternatives are
very close to each other and in all alternatives, CO, emissions are reduced by at least
80%. The grid-planning algorithm is used to investigate the development of grid
expansion in the high voltage (HV) and medium voltage (MV) grids. Generally, the
simulation shows a need for grid expansion in the HV and MV grids for all
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alternatives due to the increase of load and feed-in assumptions. Furthermore, the
demand for conventional grid reinforcements can be reduced by the modification of
the grid topology. In this regard, the coaction of the topology optimization and the
optimization of choices of transmission elements is shown. Furthermore, a
comparison of the annual costs of the HV and MV grids for the target state and the
transition path of the alternatives is given. The annual costs of the transmission paths
show a fluctuating behavior depending on each development of load and feed-in
assumptions.

To evaluate macroeconomic effects of energy transition policies, a computable
general equilibrium (CGE) model was applied on a global scale, with Lower Saxony
(LSX) and Northwest Germany (NWG), respectively as focus regions. In a first step,
interactions between climate policy, particularly the European Union Emissions
Trading System (EU ETS), and trade policy were investigated. In a second step, the
development of the energy system and economic performance within the future
scenarios (FS) and policy alternatives was investigated. The analysis of policy
interactions showed that the reduction of tariffs and trade barriers eases LSX’s and
ROG’s CO, emissions reductions. The analysis of the FS shows, that the EU ETS can
effectively reduce CO, emissions in Europe at relatively low costs for NWG and ROG
until the emission reduction approaches 80% in 2050. However, if NWG’s energy
transition fails, costs for climate policy will increase drastically. Results further
suggest that a uniform CO, price on all sectors would significantly increase welfare
and reduce the cost of CO, reduction in NWG and ROG.

The Life-Cycle Assessment is based on the results of the grid planning and market
model and calculates impact indicators for the identified SEC. The report outlined
how the data of energy system models can be used to quantify these impact
indicators. The results of this model largely contribute to the social and
environmental SEC. The results of the Life-Cycle Assessment showed that the energy
mix plays a decisive role in determining the emissions of the energy system. In
contrast, the transmission grid has a minor impact on most impact indicators. In the
exemplary application, the calculated emissions CO,-Emissions can be reduced by
up to 76%. Almost all other indicators decrease through the conversion to a
renewable energy supply. Lastly, the method also shows the tradeoffs between the
emissions of renewable electricity generation technologies.

The developed paths were evaluated using a newly developed Multi-criteria
Decision Analysis method, MP-PROMETHEE, which is a modified PROMETHEE
approach. With the exemplary evaluation of three alternatives in one selected
scenario, the analysis provides a more detailed view of the alternatives’ strengths
and weaknesses in the individual periods and makes an aggregated evaluation of
transition paths possible. By applying the method to the performance scores
obtained from the energy system models, the strengths and weaknesses of different

211

Dieses Werk steht Open Access zur Verfligung und unterliegt damit der Lizenz CC-BY 4.0



12. Conclusion

energy system configurations can be quantified in relation to the defined
sustainability dimensions.

A few limitations need to be taken into consideration, especially regarding the
exemplary application of the methodology, analyzing the energy transition of Lower
Saxony. First, the involvement of stakeholders, e.g., the “general public”, experts
from the energy sector, associations, and energy policy was only possible to a
limited extent. The PDES in its construction, however, allows for such an integration.
Second, the scope of the scenarios and models was limited to Lower Saxony and
interdependencies with other states and countries need to be considered. Third, the
consistency of all assumptions was only addressed on the level of the key factors but
not for all 231 attributes. This is also important to keep in mind for the interpretation
of the project results since it is wrong to assume, that because a development results
from a simulation, it is also a possible development [212]. For this to be true, all
model and scenario assumptions would have to be consistent in themselves and
with current scientific knowledge, which is an unrealistic assumption due to
necessary simplifications during model specifications. Fourth, the PDES was only
executed exemplary for one selected future scenario. To guard against the “cherry
picking fallacy” [213], we want to emphasize, that the results cannot be employed
to reason for a certain political action recommendation. Finally, the developed
system models and quantifiable SEC only represent selected parts of the energy
system. This also means that the system analysis and multi-criteria evaluation only
pertain to these parts of the energy system.

Some opportunities are definitely present for future research and discussion. The
other four developed scenarios should be simulated and evaluated to achieve a
more comprehensive assessment. Using these results, it would be interesting to
identify strategies in the alternatives, which would work best under different
circumstances (external scenarios). This would help to recommend actions for the
development of a sustainable energy system. Having developed a generic process
description for the integrated development and evaluation of energy scenarios, with
an application with more or other models, more aspects could be examined in
detail. For example, environmental models, models for the demand of energy in the
industry and service sector, or simulation models for social behavior could broaden
the scope. In addition, a new execution of the PDES for the energy transition in
Lower Saxony would be beneficial, if new framework conditions arise. For example,
new climate politics could change assumptions and necessitate new calculations.
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Figure 101: Process diagram of the process for integrated development and evaluation of

enerqy scenarios (PDES) (based on Sustainability Evaluation Process in [17]).
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Table 36: List of attributes modeled in PDES (GFC = General Framework Conditions,

Scenario = Scenario-Specific)

Domain

Domain Object

18. Appendix

Name of attribute

Energy GeneratingUnits StartUpCosts Derived
Energy GeneratingUnits FaultRate Derived
Energy GeneratingUnits OperatingCosts Derived
Energy GeneratingUnits GridConnectionPoint GFC
Energy GeneratingUnits ShareOfControllableUnits Scenario
Energy GeneratingUnits PeriodOfUse Derived
Energy GeneratingUnits DistanceToHousingAreas-Biomass GFC
Energy GeneratingUnits DistanceToHousingAreas-Lignite GFC
Energy GeneratingUnits DistanceToHousingAreas-NaturalGas GFC
Energy GeneratingUnits DistanceToHousingAreas-Coal GFC
Energy GeneratingUnits DistanceToHousingAreas-WindTurbines GFC
Energy GeneratingUnits GeneratingCapacity Derived
Energy GeneratingUnits DemandForLand-fossilPlants GFC
Energy GeneratingUnits DemandForLand-GasAndSteamTurbines GFC
Energy GeneratingUnits DemandForLand-PV GFC
Energy GeneratingUnits DemandForLand-WindTurbines GFC
Energy GeneratingUnits Footprint GFC
Energy GeneratingUnits Height-NaturalGas GFC
Energy GeneratingUnits Height-Coal GFC
Energy GeneratingUnits Height-WindTurbines GFC
Energy GeneratingUnits Investment-NaturalGas GFC
Energy GeneratingUnits Investment-PVLarge GFC
Energy GeneratingUnits Investment-PVSmall GFC
Energy GeneratingUnits Investment-WindOffshore GFC
Energy GeneratingUnits Investment-WindOnshore GFC
Energy GeneratingUnits DisasterRisk Derived
Energy GeneratingUnits PowerPlantSchedules Derived
Energy GeneratingUnits Lifetime-CHP GFC
Energy GeneratingUnits Lifetime-Biogas GFC
Energy GeneratingUnits Lifetime-Biomass GFC
Energy GeneratingUnits Lifetime-NaturalGas GFC
Energy GeneratingUnits Lifetime-GeothermalEnergy GFC
Energy GeneratingUnits Lifetime-GasAndSteamTurbines GFC
Energy GeneratingUnits Lifetime-WaterPowerPlant GFC
Energy GeneratingUnits Lifetime-PVSystem GFC
Energy GeneratingUnits Lifetime-WindTurbines GFC
Energy GeneratingUnits PowerFactor Derived
Energy GeneratingUnits AirEmissions-AmmoniacNH3 GFC
Energy GeneratingUnits AirEmissions-ArsenicAs GFC
Energy GeneratingUnits AirEmissions-Benzopyrene GFC
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Energy GeneratingUnits AirEmissions-BenzolC6H6 GFC
Energy GeneratingUnits | AirEmissions-CadmiumCd GFC
Energy GeneratingUnits AirEmissions-HydrogenChlorideHCL GFC
Energy GeneratingUnits AirEmissions-CO2Equivalent GFC
Energy GeneratingUnits AirEmissions-HydrogenFluorideHF GFC
Energy GeneratingUnits AirEmissions-MercuryHg GFC
Energy GeneratingUnits AirEmissions-lodine129 GFC
Energy GeneratingUnits AirEmissions-CarbonMonoxideCO-BioEnergy GFC
Energy GeneratingUnits | AirEmissions-CarbonMonoxideCO-WindOffShore | GFC
Energy GeneratingUnits AirEmissions-CarbonMonoxideCO-WindOnShore | GFC
Energy GeneratingUnits AirEmissions-CarbonDioxideCO2- GFC
BioEnergyanlage
Energy GeneratingUnits AirEmissions-CarbonDioxideCO2-WindOffShore GFC
Energy GeneratingUnits AirEmissions-CarbonDioxideCO2-WindOnShore GFC
Energy GeneratingUnits | AirEmissions-MethaneCH4-BioEnergy GFC
Energy GeneratingUnits AirEmissions-MethaneCH4-WindOffShore GFC
Energy GeneratingUnits AirEmissions-MethaneCH4-WindOnShore GFC
Energy GeneratingUnits AirEmissions-NitrousOxideN20O GFC
Energy GeneratingUnits AirEmissions-NickelNi GFC
Energy GeneratingUnits AirEmissions-NMVOC-BioEnergy GFC
Energy GeneratingUnits AirEmissions-NMVOC-WindOnShore GFC
Energy GeneratingUnits AirEmissions-PAH GFC
Energy GeneratingUnits | AirEmissions-LeadPb GFC
Energy GeneratingUnits AirEmissions-ParticulateMatterPM10 GFC
Energy GeneratingUnits AirEmissions-ParticulateMatterPM25 GFC
Energy GeneratingUnits AirEmissions-SulphurDioxideSO2 GFC
Energy GeneratingUnits AirEmissions-HydrogenSulfideH2S GFC
Energy GeneratingUnits AirEmissions-SulphurDioxideSO2Equivalent GFC
Energy GeneratingUnits AirEmissions-Dust GFC
Energy GeneratingUnits AirEmissions-NitrogenOxidesNOxBioEnergy GFC
Energy GeneratingUnits AirEmissions-NitrogenOxidesNOxWindOffShore GFC
Energy GeneratingUnits AirEmissions-NitrogenOxidesNOxWindOnShore GFC
Energy GeneratingUnits PlanningAreaRequirement-Biomass GFC
Energy GeneratingUnits PlanningAreaRequirement-RooftopPV GFC
Energy GeneratingUnits PlanningAreaRequirement-FossilePlants GFC
Energy GeneratingUnits PlanningAreaRequirement-FreeFieldPV GFC
Energy GeneratingUnits PlanningAreaRequirement-WindTurbines GFC
Energy GeneratingUnits ApparentPower GFC
Energy GeneratingUnits SpecificCO2Emissions-Biomass GFC
Energy GeneratingUnits SpecificCO2Emissions-Lignite GFC
Energy GeneratingUnits SpecificCO2Emissions-GasAndSteamTurbine GFC
Energy GeneratingUnits SpecificCO2Emissions-NuclearEnergy GFC
Energy GeneratingUnits SpecificCO2Emissions-PV GFC
Energy GeneratingUnits SpecificCO2Emissions-Coal GFC
Energy GeneratingUnits SpecificCO2Emissions-WaterPowerPlant GFC
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Energy GeneratingUnits SpecificCO2Emissions-WindTurbines GFC

Energy GeneratingUnits Type GFC

Energy GeneratingUnits Efficiency-Biomass GFC

Energy GeneratingUnits Efficiency-Lignite GFC

Energy GeneratingUnits Efficiency-NaturalGas GFC

Energy GeneratingUnits Efficiency-GasAndSteamTurbine GFC

Energy GeneratingUnits Efficiency-NuclearEnergy GFC

Energy GeneratingUnits Efficiency-PV GFC

Energy GeneratingUnits Efficiency-Coal GFC

Energy GeneratingUnits Efficiency-WaterPowerPlant GFC

Energy GeneratingUnits Efficiency-WindTurbines GFC

Energy Energymix Biomass Endogenous

Energy Energymix NaturalGas Endogenous

Energy Energymix WaterPowerPlant Endogenous

Energy Energymix RooftopPV Endogenous

Energy Energymix FreeFieldPV Endogenous

Energy Energymix GeothermalEnergy Endogenous

Energy Energymix WindOffshore Endogenous

Energy Energymix WindOnshore Endogenous

Energy Intelligent FaultRate Derived
Equipment

Energy Intelligent DemandForLand Derived
Equipment

Energy Intelligent Investment Derived
Equipment

Energy Intelligent Efficiency Derived
Equipment

Energy PowerLines FailureProbability Derived

Energy PowerLines ExpectedDowntime Derived

Energy PowerLines OperatingCosts Derived

Energy PowerLines Investment Derived

Energy PowerLines Lines-DemandForLand Derived

Energy PowerlLines ShortInterruptionFrequency Derived

Energy PowerlLines ConductingMaterial AICu GFC

Energy PowerLines RepairDuration Derived

Energy PowerLines HeightOfPowerLinesMaximumVoltage GFC

Energy PowerLines HeightOfPowerLinesHighVoltage GFC

Energy PowerLines ShareOfCablesMaximumVoltage Endogenous

Energy PowerlLines ShareOfCablesHighVoltage Endogenous

Energy PowerlLines ShareOfCablesMediumVoltage Endogenous

Energy PowerlLines ShareOfCablesLowVoltage Endogenous

Energy PowerLines DepthOfCablesMaximumVoltage GFC

Energy PowerlLines DepthOfCablesHighVoltage GFC

Energy PowerLines DepthOfCablesMediumVoltage GFC

Energy PowerLines DepthOfCablesLowVoltage GFC

Energy Loads ShareControllable-Oven Scenario
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Energy Loads ShareControllable-Computer Scenario
Energy Loads ShareControllable-ElectricCar Scenario
Energy Loads ShareControllable-Stove Scenario
Energy Loads ShareControllable-TV Scenario
Energy Loads ShareControllable-DishWasher Scenario
Energy Loads ShareControllable-CoffeeMachine Scenario
Energy Loads ShareControllable-FridgeAndFreeezer Scenario
Energy Loads ShareControllable-Storage Scenario
Energy Loads ShareControllable-Dryer Scenario
Energy Loads ShareControllable-Heatpump Scenario
Energy Loads ShareControllable-WashingMachine Scenario
Energy Loads OperatingTime Derived
Energy Loads EnergyEfficiency-Heating- GFC
ServiceAndIndustrySector
Energy Loads EnergyEfficiency-Heating-Households GFC
Energy Loads EnergyEfficiency-LightICTAndCooling- GFC
ServiceSector
Energy Loads EnergyEfficiency-LightICTAndCooling-Households | GFC
Energy Loads EnergyEfficiency-LightiICTAndCooling- GFC
IndustrySector
Energy Loads EnergyEfficiency-Mobility GFC
Energy Loads EnergyEfficiency-ProcessHeat-Households GFC
Energy Loads EnergyEfficiency-ProcessHeat- GFC
ServiceAndIndustrySector
Energy Loads Investment GFC
Energy Loads EfficiencyFactor Derived
Energy Loads GridConnectionPoint GFC
Energy Loads ApparentPower Derived
Energy Loads Type GFC
Energy Loads Power GFC
Energy GridExpansion ExpansionCosts Derived
Energy GridExpansion DemandForLand Derived
Energy GridExpansion GridEfficiency Derived
Energy Storage Aging GFC
Energy Storage ShareControllableStorages-Households GFC
Energy Storage ShareControllableStorages-Mobile GFC
Energy Storage ShareControllableStorages-Grid GFC
Energy Storage CapacityShortTermStorage Endogenous
Energy Storage CapacityLongTermStorage Endogenous
Energy Storage GridConnectionPoint Derived
Energy Storage FailureRate Derived
Energy Storage DemandForLand Derived
Energy Storage StateOfCharge Derived
Energy Storage Investment Derived
Energy Storage EfficiencyFactorCompressedAirStorage GFC
Energy Storage EfficiencyFactorElectrochemicalStorage GFC
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Energy Storage EfficiencyFactorPumpStorage GFC
Energy Storage EfficiencyFactorHydrogenStorage GFC
Energy SubGrid BoundsOfVoltagelevel GFC
Energy Transformers FailureRate Derived
Energy Transformers DemandForLand Derived
Energy Transformers Investment Derived
ICT Diffusion NumberOfBuildings GFC
ICT Diffusion NumberOfSmartMeters Scenario
ICT Diffusion NumberOfElectricalConnections Scenario
ICT Diffusion ShareEnergymanagementHouseholds Scenario
ICT Diffusion ShareEnergymanagementindustry Scenario
ICT BEMS Schedule Derived
ICT BEMS Flexibility Derived
ICT BEMS IndicatorForFossilEnergyUsage Derived
ICT ICT-Infrastructure | DistributionStandardsProtocolsAndServices Endogenous
ICT SmartMeters Resolution GFC
ICT SmartMeters Accuracy GFC
ICT SmartMeters Costs GFC
ICT SmartMeters Type GFC
ICT SmartMeters Measurement GFC
ICT SmartMeters DistributionSmartMeter GFC
ICT Controller Schedule Derived
ICT Controller PlanningStrategy GFC
Market JobMarket Salary Derived
Market JobMarket ReallncomeLowerSaxony Derived
Market JobMarket ReallncomeRestOfGermany Derived
Market JobMarket EmploymentinSectors Derived
Market CO2-Emissions Economy Derived
Market CO2-Emissions Industry Derived
Market CO2-Emissions ElectricalPowerPlants Derived
Market CO2-Intensity Economy Derived
Market CO2-Intensity Industry Derived
Market CO-Certificates Price Derived
Market Ecology EnergyFootprint Derived
Market Ecology UsageOfRawMaterials Derived
Market Prices GasPrice Scenario
Market Prices CoalPrice Scenario
Market Prices OilPrice Scenario
Market Sectors ShareOfServiceSectorinGrossValue Scenario
Market Sectors ShareOfAgriculturelnGrossValue Scenario
Market Sectors ShareOfManifcaturinglndustrylnGrossValue Scenario
Market EnergyDemand EnergyDemand-Households Derived
Market EnergyDemand EnergyDemand- Derived
IndustryServiceSectorAndAgriculture
Market EnergyPrices BasicPrice Derived
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Market EnergyPrices EEXPrice Derived
Market EnergyPrices CustomerPrice Derived
Market EnergyPrices LevelisedCostsOfElectricity Derived
Market Economy ChangesInEnergylntensity Scenario
Market Economy GrowthOfEconomy Scenario
Market Economy ImportQuota Derived
Market Economy RealGDP Derived
User Behaviour Equipmentinventory Scenario
User Behaviour OperatingTimeOfEquipment Scenario
User Behaviour FrequencyOfEquipmentUsage Scenario
User Behaviour BehaviouralAdaptationCosts Derived
User Sociodemography | AverageSizeOfHousehold GFC

User Sociodemography | Inhabitants GFC

User Changes OwnConsumption Derived
User Changes SavingsThroughChangesinBehaviour Derived
User Changes SavingsThroughBetterEfficiency Derived
User Changes ChangesInProfileThroughExternalControl Derived
User Changes ChangesinProfileThroughChangesinBehaviour Derived
Politics Subsidies FeedInRemuneration GFC
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Table 37: Detailed overview of the data used from the Ecoinvent database (version 3.5,
2018); LCIA Method: ReCiPe Midpoint

Power Plant Type Activity Name (Ecoinvent) Reference Product

Photovoltaic Rooftop

electricity production, photovoltaic,
3kWp slanted-roof installation, multi-Si,
panel, mounted

electricity, low voltage

[kWh]

Photovoltaic open
ground

electricity production, photovoltaic,
570kWp ground-mounted installation,
multi-Si

electricity, low voltage
[kWh]

Wind Onshore

electricity production, wind, 1-3MW
turbine, onshore

electricity, high voltage
[kWh]

Wind Offshore

electricity production, wind, 1-3MW
turbine, offshore

electricity, high voltage
[kWh]

river

Biogas heat and power co generation, biogas, | electricity, high voltage
gas engine [kWh]
Hydropower electricity production, hydro, run-of electricity, high voltage

[KWh]

Bituminous Coal

heat and power co-generation, lignite

electricity, high voltage
[kWh]

Brown Coal

heat and power co-generation, hard
coal

electricity, high voltage
[kWh]

Nuclear Power

electricity production, nuclear, boiling
water reactor

electricity, high voltage
[kWh]

incineration to generic market for
electricity, medium voltage

Natural Gas electricity production, natural gas, electricity, high voltage
combined cycle power plant [kWh]
Waste electricity, from municipal waste electricity, high voltage

[kWh]

Transmission grid
medium voltage

transmission grid construction,
electricity, medium voltage

transmission grid,
electricity, medium
voltage [km]

Transmission grid
high voltage

transmission grid construction,
electricity, high voltage

transmission grid,
electricity, high voltage
[km]
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