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Abstract: The intermittent energy supply from distributed resources and the coupling of different
energy and application sectors play an important role for future energy systems. Novel operational
concepts require the use of widespread and reliable Information and Communication Technology (ICT). This paper presents the approach of a research project that focuses on the development
of an innovative operational concept for a Smart Integrated Energy System (SIES), which consists
of a physical architecture, ICT and energy management strategies. The cellular approach provides
the architecture of the physical system in combination with Transactive Control (TC) as the system’s
energy management framework. Independent dynamic models for each component, the physical
and digital system, operational management and market are suggested and combined in a newly
introduced co-simulation platform to create a holistic model of the integrated energy system. To verify the effectiveness of the operational concept, energy system scenarios are derived and evaluation
criteria are suggested which can be employed to evaluate the future system operations.
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1. Introduction
In order to reach the climate goals of the Paris Agreement, to which a large part
of the world’s community are committed, it is necessary to achieve a high degree of
decarbonization across the energy sectors [1]. In Germany, the changes to the Federal
Climate Protection Act in August 2021 reaffirmed these efforts, made them more concrete,
and set higher goals [2]. The strategy for achieving these goals is the installation of
renewable energy sources, consisting mainly of wind turbines and solar power plants [1] in
the electrical energy system. Such intermittent renewable sources are highly dependent on
the weather conditions, mainly solar radiation and wind speed. Therefore, they cannot be
operated like conventional fossil power plants, but require high degrees of flexibility while
balancing generation and consumption within the energy system [3]. Furthermore, these
flexibilities depend upon the new operational strategies, digitization and cooperation of the
sector coupled energy system, e.g., making full use of the flexibility within production and
consumption, named “prosumption”, in the coupled heat, gas and electric grids. In other
words, a cyber physical system for the sector coupled energy system or, as it is referred to
in this paper, an Smart Integrated Energy System (SIES), is required to generate and make
use of these flexibilities. Figure 1 illustrates the basic connection of the three energy sectors.
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Figure 1. Physical and ICT coupling of energy sectors.

In current research, there are a lot of different approaches trying to define such an
SIES architecture. One promising approach for the architecture of SIES is the Cellular
Approach (CA) conducted by the German VDE [4]. In the CA, the conventional energy
system is split into cells of different levels. Every cell in the CA has its own form of
cell management in the form of a cell manager that monitors and orchestrates the local
generation and consumption. This decentral and hierarchical operation allows for the
acquisition of the required flexibility to locally maintain the balance of load and operate
resilience strategies in the case of failures. Since flexibility is mainly a product of the enduser, e.g., companies or households, which are flexible in the use of their appliances, a smart
market system is needed to collaborate with the SIES. One of the commonly discussed
methods for this purpose is the use of smart local markets on the basis of Transactive
Control (TC) [5,6].
These architectural specifications are intensely discussed in the literature. Relevant
projects in this research field are, for example, the SINTEG project C/SELLS [7], the research
project ZellNetz2050 [8] from the university of Wuppertal, which is a holistic approach
for designing, modeling and evaluating these future SIES, and a concept for holistically
evaluating an SIES in terms of sustainability, resilience and economic efficiency, which
represent gaps in research. Therefore, the goal of this work is to contribute with:
•
•
•

An innovative operational concept for SIES;
A framework for the holistic simulation of SIES;
Scenarios and evaluation criteria for the optimization of the operation of an SIES.

2. State of the Art
Future energy systems will be more strongly interconnected in different domains.
Sector coupling connects different energy sectors to make use of spatio-temporal distributed
energy resources and to combine the intermittent energy supply with controllable loads and
storages, referred to as flexibility (Section 2.1). In the context of operational management,
the energy system is monitored on the one hand, and setpoints for active elements, e.g.,
storages, electric vehicles or heat pumps, are calculated for the optimal exploitation of
flexibilities on the other hand (Section 2.2). This requires detailed dynamic models and a
wide availability of data (Section 2.3). While physical coupling can lead to an enhanced
system stability, digital interconnection with the usage of information and communication
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technology (Section 2.4) as a prerequisite for innovative operational concepts can endanger
the stability due to vulnerability to cyber attacks, dependency on stable energy supply
for digital infrastructure and a higher risk of failure. Therefore, a detailed modeling
is necessary to investigate advantages and restrictions through the utilization of ICT
coupling technologies. This transformation and innovation also takes place in the design
of new integrated market mechanisms (Section 2.5) and physical topologies in the energy
system (Section 2.6). Regional and supra-regional marketplaces can also be used for the
procurement of ancillary services and thus be linked to the physical structure (Section 2.7).
2.1. Sector Coupled Energy Systems
Decarbonization is one of the main targets of the energy economy in order to reach
global climate targets. In this regard, fossil energy carriers are to be substituted increasingly
by distributed energy resources (DERs), which mainly provide energy in the form of
electricity, e.g., by photovoltaics (PVs), wind energy, and hydro power. There are inherent
economic reasons for a constantly rising share of electricity to about 65% in 2050, mainly
versatility and energy efficiency compared to fossil fuels [9]. Nevertheless, energy carriers
will still be important in mostly all energy sectors. These include, for example, hydrogen
and methane as energy storage, fuel for transportation and other energy carriers for
the industry.
As conventional power plants are placed in areas with high electricity demand, DERs
will emerge in areas with high solar irradiation and much wind, which will be mostly at
other locations due to economic reasons. Moreover, DERs rely on intermittent primary
energy. Consequently, there is a greater need for flexibility on the consumption side. These
two aspects together with a still diverse energy demand lead to spatial and temporal
challenges in energy provision, where sector coupling (SC) will play a promising role
in the future [10]. In this context, in SC, one can distinguish between the main three
energy sectors electricity, heat and gas on the one hand and between the application and
demand of transportation, households, services and industry on the other hand. The major
reason for SC is the reduction in greenhouse gas emissions [11]. Moreover, the strong
interconnection of formerly individual sectors creates a wide range of possibilities for the
application of complex energy conversion chains in order to optimize the operation of such
energy systems.
2.2. Operational Optimization of Sector Coupled Energy Systems
The operation of sector coupled energy systems allows to make use of a variety of
possible energy conversion chains in order to reach formerly defined setpoints of energyproducing units while optimizing criteria based on energy-political targets, namely sustainability, supply safety and economic efficiency.
Many operational optimization approaches mainly consider operational costs. In
research, a vast amount of different models and optimization tools exist with different
tasks and spatio-temporal resolutions in focus [12]. In electrical power systems, Optimal
Power Flow (OPF) is one established procedure to define optimal setpoints of power plants
to fulfill a defined energy demand [13]. This procedure is also known for gas and heating
networks with the goal of minimizing energy costs, since the mathematical formulation
of the underlying load flow calculation is similar [14]. Ref. [15] suggests a method for the
optimal operation of intersectoral loads and electrical energy storages in an energy hub
system considering stochastic uncertainties in the DER feed-in. Energy hubs as an interface
between the producer and consumer and a multi-vector system [15], in which energy
flows between different entities such as from power to gas and storages are not predefined,
are optimized regarding their structural compositions in a similar way in [16]. Multicarrier microgrids, compared to traditional microgrids extended by conversion facilities,
are optimized in [17] regarding operating costs using transactive energy mechanisms.
Even if the goal of cost reduction inherently takes the goal of sustainability into account,
a stronger focus must be specifically placed on aspects of sustainability and resilience.
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Security constrained economic dispatch is one established procedure, which considers line
loads during OPF [18]. Additionally, OPF can be extended by aspects of sustainability
using a multi-objective optimal power flow [19].
2.3. Dynamic Modeling of Physical Energy Systems
For the purpose of operational optimization, suitable models are required. In the
modeling of power systems, steady-state and dynamic modeling is widely established.
Steady-state models are well-suited for system analyses for a long time span, e.g., for one
year. It is assumed that processes in every simulated time step are in a state of equilibrium,
which reduces the computational effort significantly. The use cases are, for example, the
long-term optimization of the composition of energy-producing units with constraints
defined by sustainability and the subsequent solving of unit commitment and economic
dispatch problems, as it is achieved in the project REMod-D [20]. Typical time slice lengths
for the temporal data input range from years to weeks dependent on the time scope. The
finer the temporal resolution, the higher the modeling accuracy, especially for systems with
high shares of renewable energies [21]. Ref. [12] gives a broad review of current energy
system modeling tools.
When it comes to short-term operational energy planning, the occurring error by
modeling physical processes in the quasi-stationary state is high. Influences from systems
which are not balanced cannot be tackled in this way, resulting in an overestimation of the
baseload and an underestimation of needs for flexibility [21]. Taking into account the dynamic process requires mathematical modeling using differential algebraic systems (DAEs)
for physical processes and proceeds over a much shorter time scale, below one hour [22]. In
order to design operational management functions with respect to the system’s resilience
and analysis of interactions, the dynamic modeling of the physical components becomes
inevitable [23,24]. Moreover, dynamic modeling is required in order to design coordinated
control strategies and analyze the system stability with effects acting in the same time scope
across all relevant sectors. At TUHH, the TransiEnt-Library [25] was developed, which is
still under active development. The library comprises a wide field of physical models for
the energy system, mainly in the three energy sectors, power, heat and gas, and is written
in the open object-oriented acausal modeling language Modelica [26]. Another tool for
modeling and optimizing energy systems dynamically is PyPSA, developed in Python at
the Karlsruhe Institute of Technology [27].
2.4. Modeling of ICT
The simulation of the ICT addresses the new challenges in future energy systems.
These range from the increasing the load on the power grids to the diversity and intermittency of the production structure [28]. Through methods such as the management
and analysis of power grids, the simulation of ICT aims to contribute to resilience and
digitization in order to meet the expectations of new energy systems and to ensure their
protection against external and internal threats to cyber security [29]. Ref. [30] shows how
ICT-relevant data affect the operational management, e.g., state estimation, in SCADA
applications. For the aspect of resilience, ref. [31] presents a list of fields of action in regard
to the identified security problems and elaborates on corresponding measures. A similar
approach has been conducted by Appelrath et al. in order to identify the action points
needed en route to the aspired digitization of ICT systems [28].
In the decoupling of hardware and software in digital systems in the subject of variability regarding the development of new functionality, possibility to react to cyber attacks
and adaption to new environments, virtualization presents an important opportunity.
Ref. [32] emphasizes Grid Function Virtualization (GFV) as one possibility to make use
of virtualization technology in the power system. Ref. [33] specifically investigates the
contribution of virtualization to adapt grid services during disruptive events to enhance
reliability and resilience.
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The simulation of these aspects requires the integration of the ICT layer in the modeling of future energy systems. Ref. [34] identifies six possibilities for the simulation of
communication within energy systems. Determining the performance of the communication structure directly using individual network simulators is the simplest method to
achieve this [34]. However, this method cannot fully mirror the impact of coupled communication on the the energy system dynamics [35,36]. Another option is to develop a
new simulator that combines physical dynamics and communication networks [34]. This
approach is expensive and time-consuming [34]. Another fundamental approach is cosimulation, as it integrates the perspectives of the physical system and communication in a
cross-disciplinary way with less time and cost. To co-simulate both the physical system
and the communication networks, ref. [34] presents two main methods, the extension of a
particular simulator and the co-simulation of individual simulators.
The first method of co-simulation considers the extension of a simulator in order
to integrate the dynamic characteristics of the physical system and the communication
networks. This method is divided into two categories: approaches for extending communication network simulators and approaches for extending energy system simulators.
The extension of OPNET by Tong et al. is an example of the extension of communication
network simulators, where the dynamic simulation of the physical system is an individual
module within OPNET that is called whenever a calculation of the dynamics of the physical
system is required [37]. Other communication simulators allowing the emulation principle
such as OMNeT++ can also be used to realize this co-simulation approach. This method is
only used for the simulation of short and simple scenarios because it cannot effectively cope
with high levels of complexity in the physical system or the communication networks [38].
The second method co-simulation introduced in [34] consists in the integration of
existing simulators for a specific domain through one tool. This allows one to use the
advantages of the different simulators. However, time-based physical system simulators and event-based communication network simulators require the development of
synchronization and data exchange modules within the co-simulation tool in order to
guarantee communication between simulators. Several co-simulation platforms are listed
and compared in [34]. In [39], two different co-simulation methods, namely Mosaik and
High-Level Architecture (HLA), are compared. Co-simulation enables the integration of
further simulators such as a market simulation.
2.5. Market Mechanisms
The integration of market models within energy system simulations allows a more
realistic and sophisticated modeling of the involved actors’ behaviors [40]. Especially in
future energy systems, within the increasing importance of DERs and thus a shift from
mostly passive consumers to a large number of active market participants, the design of
adequate market mechanisms plays a crucial role in realizing the potential of such complex
systems [41]. The challenge of employing flexibility in generation, consumption and
storage depends on the widespread acceptance of market structures that create incentives
to participate in and contribute to the system [42]. In view of the conflicting overall
objectives of sustainability, resilience and economic efficiency, a holistic energy system
simulation including a market model enables sophisticated solutions to be found with
consideration of these interdependencies. However, adequate market mechanisms do
not only pertain to economic factors. Other factors and objectives of related parties are
reflected in the market behavior and can be further facilitated through monetization [43],
as was carried out, for example, with the trading of CO2 certificates. An important notion
regarding future energy markets is the transition from energy suppliers to aggregators
with a higher flexibility potential [44]. The existing literature presents different approaches
for modeling energy markets. These include optimization models from a central planner’s
perspective, agent-based simulation models and game theoretic models, each with different
implications for the model’s scope and purpose [45,46].
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2.6. The Cellular Approach
The CA is a novel concept for the hierarchical structuring of SIES in a Cellular Energy
System (CES) consisting of Energy Cells (ECs). Research related to the CA has been
conducted for over a decade. The first major milestone in the history of the CA was reached
by the German VDE in 2015 [47] with the goal to investigate and provide a concept for
sustainable energy supply systems in a long-term perspective with high-density renewable
energies. The CA is still under investigation and research in this area is still under way.
The structural concept referred to in this publication is mainly based on the newest
research contributed by the German VDE [4]. As mentioned before, the CES is built as a
mesh of EC. “Energy Cells consist of the infrastructure for different forms of energy in which,
through management of the energy cell in possible coordination with neighboring cells, generation
and consumption across all available forms of energy is organized” [4]. These EC are non-equally
distributed over the whole SIES landscape.
In the German VDE approach, there are five different levels of EC, which in the
following will be referred to as EC level 1 to EC level 5. EC levels 1 and 2 consist of
high-voltage and high-pressure transmission grids and contributing appliances. EC levels
4 and 5 contain low-voltage and high-pressure grids as well as single households or small
companies. Each EC of level N consists of multiple EC of level N + 1. Other definitions by
Flatter et al. divide the cells into the levels A to C by merging cell levels 1 and 2 as well as
4 and 5 together [8].
In this regard, Figure 2 shows two levels of the CES. The wider EC is a level 3 EC and
consists of six ECs of level 4. The physical coupling technologies, including the electric,
gas and heat grids, are indicated by the background color of the cells and are not shown in
more detail in the figure for reasons of clarity. It can be seen too that the digitization in this
architectural concept is assumed to be fully completed in the low voltage grid and each
asset has the possibility to communicate with their local cell manager. The cell managers
can communicate with the cell managers of their respective upper and lower EC levels.

Figure 2. Cellular energy system.
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One important aspect which has to be named alongside the CA is the subsidiarity
principle. This principle is one of the key aspects of the CA and means that every cell
management strategy in general has to to balance the mismatch of production and consumption inside their own EC as a priority. Therefore, cell management needs to have
access to flexibilities in order to achieve this requirement.
2.7. Transactive Control
In addition to a concept for the architectural design of energy systems, a concept
regarding the system’s energy management is required. In the context of digitized smart
grids with a high number of DERs, TC is a concept that provides the means for employing
decentralized flexibility with the aim of improving the system’s efficiency and reliability [5,6]. In accordance with the widely adopted definition by the GridWise Architecture
Council of Transactive Energy, “a system of economic and control mechanisms that allows
the dynamic balance of supply and demand across the entire electrical infrastructure using value as a key operational parameter” [48], this is achieved by implementing control
mechanisms that operate on the basis of markets. Transactions between large numbers
of decentralized actors are coordinated through frequent exchanges of information and
thereby finding equilibriums [49]. By defining the boundaries, rules and pricing schemes in
which the market participants’ negotiations are set, the market or grid operator influences
the individual objectives in favor of system objectives [5]. Accordingly, the application of
transactive energy systems can achieve objectives such as frequency regulation and control,
congestion and voltage management or grid balancing without exerting any centralized
control actions [49]. An important method in this regard is the distribution locational
marginal pricing scheme, which means that energy prices are dependent on local resilience
and reliability issues [50].
In line with the subsidiarity principle, such TC markets are suitable in the form of
local energy markets in addition to larger wholesale markets in order to manage and
control the grid using local flexibility offers [44,51]. There are two basic implementing
methods in regard to the information exchange process for finding equilibriums. The
iterative information exchange-based method comprises a number of iterations of market
bids and responsive price signals and is thus used in the day-ahead scheduling phase. In
the intraday or real-time control phase, the one-time information exchange-based method
is more suitable, given the short-term nature and the lower number of bidding options [49].
3. Concept for Optimal Operation by Holistic Modeling of Smart Integrated
Energy Systems
In this section, the concept for the optimization of the operation shall be introduced.
The following approach is based on holistic modeling, meaning that physical and ICT
coupling technologies are modeled for investigation and the optimization of the operation, as well as market mechanisms and their effects. In order to optimize the system’s
operations, a methodological process is given in Section 3.1. Section 3.2 presents the basic
operational concept. Section 3.3 concludes this chapter by going into detail with respect to
the simulation concept, which is a central part of the process.
3.1. Methodology
This paper’s approach for optimizing the operation of SIES is based on four key
components, which are scenarios, simulation models, evaluation and optimization steps.
In order to model future SIES, one needs to define the technical, political and structural
conditions. Therefore, the development of corresponding scenarios is a requirement in
order to build realistic models. In this work, the scenarios are conducted for the reference
year 2050. In accordance with Figure 3, the scenarios are the basis for the modeling process
and define a framework for the subsequent simulation. In order to define and distinguish
scenarios, a set of key aspects, referred to as features of the SIES, is needed. These features
represent the technical, economical and political situations.
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For each scenario, the simulation is designed under the consideration of an adequate
set of operational concepts for the grid architecture, respectively. Since holistic modeling is
the goal of this work, the co-simulation of the physical system, ICT and market models is
required. A more detailed insight into the simulation structure is presented in Section 3.3.
The next step is the application of evaluation criteria from the perspective of resilience,
economic efficiency and sustainability. These criteria are needed to analyze the simulation
outputs for a representative simulation period of four weeks and thus provide a guide for
optimizing the operational concept with respect to current political objectives. In order
to employ the evaluation in an objective and structured way, a systematic approach for
merging a variety of different indicators into an overall system evaluation is implemented.
The final component is the identification and implementation of adequate optimization
measures on the basis of the system evaluation. The possible subjects of optimization
are predefined system parameters and processes, such as, for example, state estimation
algorithms. Such adaptations only take place within the operational concept or the ICT
structure, since topology alterations in regard to the physical coupling model are not in
the scope of this work. After the implementation, another iteration of the process follows
with the aim of assessing the effectiveness of the applied measure and possibly identifying
further optimization steps.

Scenarios 2050

Modeling/Simulation

Properties:
• Technical aspects
• Political aspects
• Market aspects
• …
Properties:
• Dynamic modeling
• Operational concept
• Co-Simulation
• …

Evaluation

Properties:
• Resilience, economical and
sustainability metrics
• Weight of metrics
• …

Optimization

Properties:
• Parameters for optimization
• Challenge identification
• Model reduction
• …

Figure 3. Cyclic method for scenario-based holistic modeling and the evaluation-based optimization
of operational concepts.

3.2. Operational Concept
The methodological process described in the previous section revolves around the
operation of an SIES. In order to simulate and further optimize the operation, a basic
operational concept is required. This concept specifies the system processes and the roles of
the involved actors. Two different stages of operation are distinguishable with respect to the
underlying processes. The day-ahead operation regulates the planning process at a fixed
point in time each day for the upcoming day from 00:00 to 24:00. The intraday operation
consists of continuous processes to consider real-time and short-term developments and
to efficiently manage the forecast deviations of the day-ahead planning. The operational
concepts are presented in Figures 4 and 5, respectively.
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Generation of
feed-in and load
forecasts

Wholesale
market bids

Identification and
submission of
flexibility offers

Flexibility
purchase

Analyze local
impact of bids

Price forecast for
local electricity
market

Market clearing
and pricing
(multi-criterial)

Local energy
bids

Local energy
bids

15:00

Figure 4. Operational concept for the day-ahead process.

Cell Manager

Analyze network
state

Imbalance?

Flexibility

Analyze local
impact of bids

Reserve power

Update network
state and forecast

Market clearing
and pricing (multicriterial)

Market
Aggregator

Network-oriented
measures

Generation of
feed-in and load
forecasts [t, t+24h]

Local energy bids

Update of energy
schedules

Figure 5. Operational concept for the intraday processes.

These concepts assign roles and functions to three major types of actors in EC levels 3
and 4: cell managers, market operators and aggregators. Aggregators act as free agents of
minor actors in EC level 4 in order to perform the complex task of efficient and effective
energy management for a multitude of households. This includes energy market participation on behalf of their clients. In addition to the wholesale day-ahead market, local energy
markets are implemented in accordance with TC. These local markets are linked to the cell
control in the sense that the market mechanisms and the inherent pricing schemes take
input resulting from the respective cell managers’ network analyses into account. Consequently, under consideration of the current technical circumstances, the cell managers
create incentives to employ the flexibility of DERs in line with local system objectives.
The day-ahead concept consists of three different phases. In the first phase, a wholesale
energy trade is conducted in which the aggregators from all ECs of level 4 take part. After
the wholesale market clearing, cell managers from EC level 3 have the opportunity to
purchase flexibility from local aggregators. An iterative energy market in EC level 3
constitutes the third phase in which the market clearing mechanisms consider multicriteria inputs from the respective cell managers and thus reward bids that support the
resilience of the local grid or contribute to sustainability. The intraday operational concept
consists of a similar local energy market. However, only one iteration of the bidding and
market clearing process is used for the respective trading intervals.
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3.3. Simulation
In order to create a simulation setup, the architecture of the SIES needs to be defined
initially. The concept of CES is determined to be appropriate for this work’s purpose.
Therefore, the topology in the dynamic physical energy system model shall be modeled in
four different levels of cells (ECL 1–ECL 4). Additionally, the relevant ICT infrastructure
is to be modeled in order to enable the operation of the cellular energy system in terms
of cell management and market coordination. To achieve this and to make full use of the
advantages of dynamic simulations, a co-simulation between the dynamic physical and
ICT model with a high temporal resolution is to be designed. The holistic simulation also
integrates the cell management model as well as the market model. However, the temporal
resolution prerequisites differ within the different subsystems, since market operations in
the scope of this work do not occur in the range of seconds or microseconds.
In Figure 6, the relation between the different models is given in relation to the cosimulation platform. A general distinction can be made between dynamic models on
the left side and the operational processes and their respective models on the right side.
The dynamic models are mainly characterized by the architecture and the input given
by scenarios. The operational models contain complex algorithms and consider possible
structural designs for markets and regulations. Thus, the operational models and the ICT
topology are subject to the optimization of the operational concept.
Dynamic Modeling of Smart
Integrated Energy Systems

Operational Modeling of Smart
Integrated Energy Systems

Physical Coupling
Model for SIES

Cell Management Model

Co-Simulation Platform

ICT Coupling Model for
SIES

Market Model

Figure 6. Simulation concept.

4. Findings
In this chapter, the first steps towards the validation of the concept are presented. Since
energy system scenarios as well as the criteria for evaluation form the basis for the concept,
these were developed first and are presented in this chapter. In addition, Section 4.2 deals
first with the concepts of co-simulation of the models forming the SIES, but also with the
realization of a proof of concept.
4.1. Energy System Scenarios 2050
With the aim of modeling future energy systems, profound assumptions for technical,
economical and political features have to be made. The influence of the three aspects
on the operational concept for the SIES is crucial, while the prediction of future energy
system architectures is difficult at the same time. Expert statements and studies from
different parties build the basis for these assumptions. To handle uncertainties, it is
common to derive scenarios which cover the different possible future developments.
Two basic scenarios (scenarios A and B) are compiled in the following. For this, three
different sources (1 to 3) are employed, which all point out different possible pathways
for the development of the energy system under different assumptions and objects of
consideration. A progressed energy transition, digitization in distribution grids and a fully
regenerative energy supply are prerequisites for the choice of studies and scenarios, as
these aspects are the core of the system to be studied.
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ENTSO-E and ENTSOG set up expert questionnaires in order to show up two major
possible pathways for utilizing infrastructure for electricity and gas [52]. Two scenarios
were built, each having the Paris Agreement and greenhouse gas (GHG) reduction targets
as their aims. The first one, Global Ambition (1.A), assumes a wide distribution of different,
mostly centralized technologies with global energy flows. Imported derived fuels such
as methane and liquid e-fuels and technologies such as nuclear and CCS support the
decarbonization progress. For this, a fast and global transition to green technologies is
required. The second one, Distributed Energy (1.B), requires a high approval of the society
for renewable energies and energy efficiency, leading to a higher local energy autonomy.
Decentralized technologies, e.g., heat pumps, PV and wind, are widely in place [52].
The use of sustainable technologies is decisive for climate targets. In order to obtain a
second view, scenarios from a study conducted in Germany [53] are combined with the
scenarios from ENTSO-E and ENTSOG. Scenarios were derived on the basis of opinions
from experts and evaluated using the story-to-simulation approach. Hereby, the qualitative
opinions and assumptions were transformed into quantitative decision alternatives. Two
scenarios, both reaching climate targets, are compatible with our projects goals. The main
difference regards the acceptance and support of the population. In scenario one (2.A),
the population resists, leading to more centralized technologies. Industry benefits from
digitized distribution grids, but consumers are more inflexible in demand and supply. In
scenario two (2.B), energy transition is supported widely. The efficient utilization of DERs
leads to a lower energy intensity and local cross-sectoral energy flows [53].
Digitization assumes a central function within the SIES and is the basis for reaching
the climate targets efficiently. A study conducted by the German Academy of Science and
Technology (acatech) explores the possible scenarios within the energy system by 2030
depending on the degree of established digitization [28]. The scenarios “Complexity trap”
(3.A) and “sustainable and economic” (3.B) achieve the climate objectives and are thus
combined with the ENTSO-E and NEDS scenarios, in order to analyze the digitization
aspect within the SIES. Scenarios 3.A and 3.B differ on two points, the homogenization of
the ICT infrastructure and the standardization of IT solutions. Scenario 3.A is characterized
by the establishment of a heterogeneous ICT infrastructure due to an inconsistency of
economic and political actors. This leads to a low affluence of consumer flexibility solutions,
resulting in a low acceptance among the population. In scenario 3.B, a homogeneous ICT
infrastructure named as plug and play leads to a standardization of IT solutions but also
to a spread of consumer flexibility techniques, resulting in a high acceptance among the
population [28].
The scenarios and corresponding key factors are merged in order to obtain a more
comprehensive view and to build a framework for technology assumptions. Many key
factors coincide, mainly the support of the population for the energy transition, the application of local technologies for energy supply and the flexibility of energy consumption.
Scenarios 1.A, 2.A and 3.A are in line, as well as scenarios 1.B, 2.B and 3.B. Based on the
sources, a list of key factors for scenario definition was compiled, which can be found in
the appendix in Table 1. In coherence with these basic scenarios, additional aspects have
been included regarding market structures. Accordingly, a scenario that is characterized
by the widespread acceptance of the system and its technologies (scenario B), features a
higher cost advantage for renewable energy sources due to a more efficient use in contrast
to a centralized system, which relies more on different energy carriers and thus has a
higher cost efficiency for reserve power plants (scenario A) [54]. In line with the respective
degree of acceptance, scenario B is characterized by a stronger focus on sustainability
and the local energy supply in both, market behavior and in the objectives of the market
mechanisms and pricing schemes, than scenario A, which prioritizes cost efficiency and
profit maximization. A comprehensive overview of the scenarios is presented in Table 1.
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Table 1. Technical, economical and political features for scenario generation.
Features

Characteristics
1.

Market Features

ICT Features

Technical Features

Power generation structure

2.

Scenario A

Scenario B

Local small-scale production
(private)
Distributed renewable generation
(commercial)

1: Low
2: High

1: High
2: High

Heat supply

1.
2.
3.

Electric heat pumps
Hybrid heat pumps
District heating

1: Medium (∼45%)
2: Low (∼20%)
3: Medium (∼35%)

1: High (∼70%)
2: Low (∼10%)
3: Low (∼20%)

Energy management

1.
2.

Centralized energy management
Dezentralized energy management

1: High
2: Low

1: Low
2: High

Energy mix/primary energy
sources

1.
2.
3.

PV
Wind
Bio-energy

1: High
2: High
3: Low

1: High
2: Medium
3: Low

Reserve power plant

1.
2.
3.

CHP
Gas turbines (methane, hydrogen)
Battery storages

1: Medium
2: Medium
3: Low

1: Medium
2: Low
3: Medium

Focus of consumption

1.
2.

Convenience
Sustainable consumption

1: High
2: Low

1: Medium
2: High

Acceptance

1.
2.

Resistance
Support

1: High
2: Low

1: Low
2: High

Grid digitization

1. Complete digitization

1

1

Technical requirements for the CA

1. Full compliance

1

1

Mobility (private, public
transportation)

1.
2.
3.

Battery electric cars
Fuel cell cars
Combustion cars

1: High (∼75%)
2: Low (∼15%)
3: Low (∼10%)

1: High (∼90%)
2: Low (∼5%)
3: Low (∼5%)

Mobility (freight traffic)

1.
2.
3.

Electric
Fuel cell
Combustion

1: Low (∼10%)
2: Medium (∼30%)
3: High (∼60%)

1: Medium (∼20%)
2: Medium (∼25%)
3: High (∼55%)

Flexibility options

1.
2.
3.

Batteries (home-/quarter storage)
Price control
Electrolyzers (hydrogen)

1: Low to medium
2: Low
3: High

1: High
2: Medium
3: Low to medium

Interoperability/standardization
of ICT

1.
2.

Stand-alone solution
Plug and play infrastructure

1

2

New services and products

1.
2.

Basic services
Killer apps

1

2

1.

1

2

2.

B-PLC (last mile) + LTE/FO (cell
manager)
5G/450 MHz/FO

Local market participation

1.
2.

Private
Commercial

1: No
2: Yes

1: Yes
2: Yes

Objective priorities

1.
2.

Economic efficiency
Ecological sustainability

1: High
2: Low

1: Medium
2: Medium

Pricing scheme

1.
2.

Economic merit-order principle
Multi-criteria pricing algorithms

1: Yes
2: No

1: No
2: Yes

Power generating costs

1.
2.

Renewable sources
Reserve power plants

1: Medium
2: Medium

1: Low
2: High

Communication technology

4.2. Simulation
In order to examine the expected future architecture of the energy system, a concept
of the SIES model has been prepared, which includes the physical system model, the ICT
model, the market model and the cell management model. The physical system is modeled
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with the Modelica programming language due to the TransiEnt library, an open source
software for coupled energy networks. OMNeT++ has been chosen for the modeling of the
ICT System because it has ready-to-use components for many application areas such as the
INET library. The market and cell management model are implemented with Python due
to its high-level tools and easy to use syntax. To link these four models, a co-simulation is
necessary to ensure the exchange of information and the time synchronization. For this
purpose, two co-simulation methods are presented.
The first method consists in using Mosaik as a co-simulation platform implemented
in Python. Equipped with its own simulation clock, Mosaik allows the synchronization of
the different models. Its direct connections with the different models enable it to ensure
the exchange of information. Since data exchange with the physical model on Modelica
requires the use of Functional Mock-up Units (FMU), FMI (Functional Mock-up Interface)
is chosen to allow data exchange between the Mosaik co-simulation platform and the
physical model due to its simplicity of integration, but also for the speed of communication
it provides. Since the market model and the cell management model are implemented in
Python, their integration with Mosaik is easy to achieve. To connect the ICT model to the
co-simulation platform, a socket-based connection is established. Given the presence of a
simulation clock in OMNeT++, a synchronization mechanism is needed to coordinate the
two simulation clocks, one on Mosaik and the other one on OMNeT++. Since the ICT model
is responsible for the data transfer, synchronization is necessary at each communication
between the two models, which makes this approach costly and time-consuming.
Since the data transfer between the different models and communication modeling
are two interdependent tasks, in the second approach, OMNeT++ is proposed as an ICT
model simulator in the C++ programming language, but also as a co-simulation platform.
The presence of a C-implementation of the FMI-Client allows an easy integration of the
physical model on Modelica within OMNeT++. Unlike the first approach, the presence of
an ICT model within the co-simulation platform does not require the implementation of a
synchronization mechanism. The integration of the market and cell management models
implemented on Python into OMNeT++ through a communication socket allows for data
exchange between both instances. In this case, both instances are not time-synchronized
due to the presence of the two models in two different processes. An alternative to this
is the use of Omnetpy, an extension allowing one to write OMNeT++ modules in Python.
This allows the merging of the market and cell management models on one side and
the co-simulation platform on the other side into a single process without an additional
synchronization mechanism.
The second method has been chosen to realize a proof of concept of the SIES model.
The connection between OMNeT++ and the physical model on Modelica has been implemented. The architecture presented in Figure 7 allows the regulation and control of solar
power plant models implemented on Modelica from OMNeT++. The control unit regulates
the physical model by sending global radiation values to the proxy module which, in turn,
encapsulates the message in an FMI-client compliant message format. The Proxy is an
application-specific module and thus enables a clear separation from the FMI-client. In
turn, the FMI-client sends the required radiation variable to the physical model, lets the
FMU simulate for a specified time period and then reads other variables such as active
power, grid voltage and grid frequency.
Modelica
FMUModel

OMNeT++
FMIClient

ProxyInterface

ControlUnit

Figure 7. Architecture for co-simulation of OMNeT++ and Modelica.
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4.3. Evaluation Criteria
In order to assess the simulated system’s compliance with the overall objectives
of ecological sustainability, resilience and economic efficiency, evaluation criteria were
defined a priori. Table 2 provides an overview of the criteria, which were chosen on the
basis of [43,53,55,56].
Table 2. Evaluation criteria.
Ecological Sustainability

Resilience

•

•

•
•
•
•
•

Greenhouse gas
emissions
Organic and non-organic
compounds
Total grid efficiency
Share of renewable
energies
Utilization rate of
renewable plants
Total greenhouse gas
emissions

•

•

•

Cumulative hours lost
for customers
Cumulative hours lost
for critical infrastructure
services
Resilience index for
energy supply to
customers
Resilience index for
energy supply to critical
infrastructure services

Economic Efficiency
•
•
•
•

•

Energy price for
consumers
Energy price for
producers
Flexibility costs for cell
managers
Operating costs for
energy transport and
conversion
Levelized cost of energy

Performing a multi-criteria energy system evaluation requires a systematic method to
develop an overall indicator on the basis of a variety of specific indicators with different
units and complex interdependencies [55]. The weighted sum method [57] is an easily
applicable and widely used approach and will be employed to aggregate the multiple
evaluation criteria into individual indicators for sustainability, resilience and economic
efficiency, respectively. In contrast to a single composite indicator, this enables a more
differentiated consideration of the associated overall objectives of systems within the
respective scenarios. Hence, it can be deduced to which degree the system objectives are
already fulfilled and which (if any) of the objectives still need to be improved. Based on the
evaluation results, adequate adaptations of system processes or parameters are carried out
iteratively to achieve an overall improvement of the system. Sensitivity analyses regarding
such adaptations and their impacts on the three target indicators will provide the means
for defining adequate improvement measures [58].
5. Conclusions and Outlook
In this section, the main findings and contributions of this work are summarized and
put into perspective, taking into account current research gaps and future research.
5.1. Conclusions
In this work, we present a concept regarding the holistic simulation and operational
optimization of an SIES. Upon extracting key features and characteristics of future energy
systems for the reference year 2050, two defined scenarios provide the necessary specifications for the respective simulation architecture. An iterative methodological process
of performing the simulation, evaluating the results with regard to a range of predefined
criteria covering the overall system objectives of resilience, ecological sustainability and
economic efficiency, and implementing system adjustments in line with the evaluation results facilitates the operational optimization in a structured manner. The focal point of this
process is the holistic simulation, which integrates the dynamic physical energy system and
ICT models with the operational cell management and market models by co-simulation.
First steps towards the realization of the concept are conducted by specifying the scenarios
and evaluation criteria and implementing the co-simulation architecture.
5.2. Outlook
Future work in this project will deal with the implementation of the simulation and
the application of the methodology. Different parts of the simulated SIES are in the scope
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of possible optimization measures. The topology of the physical coupling model is not
subject to optimization and is defined by two basic scenarios. Accordingly, the focus of
this project’s future work lies upon identifying insights into the optimal structure and
operation of SIES’s ICT, cell management and markets. The impact of the underlying
processes, algorithms and parameters on the evaluation criteria will be analyzed within
the scope of the design possibilities given by the respective scenarios. Ultimately, this
work aims to pave the road towards creating digitized and renewable energy systems by
presenting an approach for optimizing SIES and, additionally, drawing first conclusions
and thereby verifying the approach. By implementing such a holistic and multi-objective
SIES, a research gap is filled and further research, building upon this approach, is enabled.
A validation will be conducted by implementation in lab environments in order to assess
the applicability of the models to realistic use cases.
Author Contributions: Conceptualization, all; methodology, K.H., T.S., B.W., A.Y.; investigation, all;
resources, K.H., T.S., B.W., A.Y., D.B., M.V.; writing—original draft preparation, K.H., T.S., B.W., A.Y.;
writing—review and editing & supervision, D.B., M.V., C.B., K.F., V.T.; visualization, K.H., T.S., B.W.,
A.Y.; project administration & funding acquisition, C.B., K.F., V.T. All authors have read and agreed
to the published version of the manuscript.
Funding: This project is financed within the I3 programme of the TUHH and the Hamburg Ministry
for Science, Research, Equality and Districts (BWFGB).
Conflicts of Interest: The authors declare no conflict of interest.

References
1.

2.

3.
4.
5.
6.
7.
8.

9.

10.
11.

12.
13.
14.

Bruendlinger, T.; Koenig, J.E.; Frank, O.; Gründig, D.; Jugel, C.; Kraft, P.; Krieger, O.; Mischinger, S.; Prein, P.; Seidl, H.;
et al. Dena-Leitstudie Integrierte Energiewende: Impulse für die Gestaltung des Energiesystems bis 2050; Technical Report; Deutsche
Energie-Agentur GmbH (Dena): Berlin, Germany, 2018.
Bundes-Klimaschutzgesetz vom 12. Dezember 2019 (BGBl. I S. 2513), das durch Artikel 1 des Gesetzes vom 18. August 2021
(BGBl. I S. 3905) geändert worden ist, 2021. Available online: https://www.gesetze-im-internet.de/ksg/BJNR251310019.html
(accessed on 28 September 2021).
Rasti, S.J.; Schegner, P. A Novel Approach to Describe and Aggregate Multi-Energy Flexibility in Cellular Energy Systems Using Affine
Arithmetic; VDE-Verlag: Frankfurt am Main, Germany, 2021.
VDE Verband der Elektrotechnik Elektronik Informationstechnik e.V. Der Zellulare Ansatz: Ein Beitrag zur Konkretisierung des
zellularen Ansatzes mit Handlungsempfehlungen; Energietechnische Gesellschaft im VDE (ETG): Frankfurt am Main, Germany, 2019.
Abrishambaf, O.; Lezama, F.; Faria, P.; Vale, Z. Towards transactive energy systems: An analysis on current trends. Energy
Strategy Rev. 2019, 26, 100418. [CrossRef]
Liu, Z.; Wu, Q.; Huang, S.; Zhao, H. Transactive energy: A review of state of the art and implementation. In Proceedings of the
2017 IEEE Manchester PowerTech, Manchester, UK, 18–22 June 2017; pp. 1–6.
Haller, B.; Langniß, O.; Reuter, A.; Spengler, N. 1,5° Csellsius–Energiewende Zellulaer–Partizipativ–Vielfaeltig Umgesetzt; C/Sells
Selbstverlag: Stuttgart, Germany, 2020.
Flatter, F.; Mohammadi, S.; Wellssow, W.; Schinke-Nendza, A.; Blumberg, G.; Weber, C.; Rasti, S.; Schegner, P.; Uhlemeyer, B.;
Zdrallek, M.; et al. ZellNetz2050—Structure, Planning and Operation of a Cellular Energy System in 2050. In Proceedings of the
ETG Kongress 2021, Online, 18–19 March 2021.
Munster, M.; Moller Sneum, D.; Bramstoft, R.; Buhler, F.; Elmegaard, B.; Giannelos, S.; Strbac, G.; Berger, M.; Radu, D.; Elsaesser,
D.; et al. Sector Coupling: Concepts, State-of-the-Art and Perspectives; Whitepaper; Technical Report; European Technology and
Innovation Platform (ETIP), 2020. Available online: https://www.etip-snet.eu/etip_publ/sector-coupling-concepts-state-artperspectives/ (accessed on 28 September 2021).
Fridgen, G.; Keller, R.; Körner, M.F.; Schöpf, M. A holistic view on sector coupling. Energy Policy 2020, 147, 111913. [CrossRef]
Wietschel, M.; Plötz, P.; Pfluger, B.; Klobasa, M.; Eßer, A.; Haendel, M.; Müller-Kirchenbauer, J.; Kochems, J.; Hermann, L.; Grosse,
B.; et al. Sektorkopplung: Definition, Chancen und Herausforderungen; Working Paper Sustainability and Innovation S01/2018;
Fraunhofer ISI: Karlsruhe, Germany, 2018.
Ringkjøb, H.K.; Haugan, P.M.; Solbrekke, I.M. A review of modelling tools for energy and electricity systems with large shares of
variable renewables. Renew. Sustain. Energy Rev. 2018, 96, 440–459. [CrossRef]
Heuck, K.; Dettmann, K.D.; Schulz, D. Elektrische Energieversorgung; Springer Fachmedien Wiesbaden: Wiesbaden, Germany, 2013.
[CrossRef]
Ni, L.; Feng, C.; Wen, F.; Salam, A. Optimal power flow of multiple energy carriers with multiple kinds of energy storage. In
Proceedings of the 2016 IEEE Power and Energy Society General Meeting (PESGM), Boston, MA, USA, 17–21 July 2016. [CrossRef]

Infrastructures 2021, 6, 150

15.
16.
17.
18.
19.
20.

21.

22.

23.
24.
25.
26.

27.
28.
29.
30.

31.

32.
33.

34.
35.

36.
37.
38.
39.
40.

16 of 17

Zhu, F.; Fu, J.; Zhao, P.; Xie, D. Robust energy hub optimization with cross-vector demand response. Int. Trans. Electr. Energy Syst.
2020, 30, e12559. [CrossRef]
Ha, T.; Zhang, Y.; Hao, J.; Thang, V.; Li, C.; Cai, Z. Energy Hub’s Structural and Operational Optimization for Minimal Energy
Usage Costs in Energy Systems. Energies 2018, 11, 707. [CrossRef]
Oskouei, M.Z.; Baboli, P.T.; Babazadeh, D. Robust Stochastic Optimization for Energy Sharing between Multi-Carrier Microgrids
using Transactive Energy Management System. In Proceedings of the ETG Congress 2021, Online, 18–19 March 2021; pp. 1–6.
Zhu, J. Optimization of Power System Operation; John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2015. [CrossRef]
Khunkitti, S.; Siritaratiwat, A.; Premrudeepreechacharn, S. Multi-Objective Optimal Power Flow Problems Based on Slime Mould
Algorithm. Sustainability 2021, 13, 7448. [CrossRef]
Erlach, B.; Henning, H.M.; Kost, C.; Palzer, A.; Stephanos, C. Optimierungsmodell REMod-D. Materialien des Akademienprojekts
“Energiesysteme der Zukunft”; Technical Report; acatech—Deutsche Akademie der Technikwissenschaften e.V.: München, Germany,
2018.
Collins, S.; Deane, J.P.; Poncelet, K.; Panos, E.; Pietzcker, R.C.; Delarue, E.; Gallachóir, B.P.O. Integrating short term variations of
the power system into integrated energy system models: A methodological review. Renew. Sustain. Energy Rev. 2017, 76, 839–856.
[CrossRef]
van Beuzekom, I.; Gibescu, M.; Slootweg, J.G. A review of multi-energy system planning and optimization tools for sustainable
urban development. In Proceedings of the 2015 IEEE Eindhoven PowerTech, Eindhoven, The Netherlands, 29 June–2 July 2015.
[CrossRef]
Senkel, A.; Bode, C.; Schmitz, G. Quantification of the resilience of integrated energy systems using dynamic simulation. Reliab.
Eng. Syst. Saf. 2021, 209, 107447. [CrossRef]
Heckel, J.P.; Becker, C. Investigation of the Voltage Stability in the Integrated Energy System of Northern Germany. In Proceedings
of the NEIS Conference 2020, Hamburg, Germany, 14–15 September 2020.
TransiEnt Library. Available online: https://www.tuhh.de/transient-ee/ (accessed on 30 September 2021).
Dubucq, P.; Schmitz, G.; Andresen, L.; Kather, A.; Ackermann, G.; Peniche Garcia, R. Transientes Verhalten gekoppelter Energienetze
mit hohem Anteil Erneuerbarer Energien; Abschlussbericht des Verbundvorhabens; TUHH Technische Universität HamburgHarburg: Hamburg, Germany, 2017. [CrossRef]
Sharma, R.; Dhillon, J. PyPSA: Open Source Python Tool for Load Flow Study. J. Phys. Conf. Ser. 2021, 1854, 012036. [CrossRef]
Appelrath, H.J.; Kagermann, H.; Mayer, C. Future Energy Grid: Migration to the Internet of Energy; acatech Study; EIT ICT Labs
IVZW: Brussels, Belgium, 2012.
Accenture Utilities; Fraunhofer ESK. Smart Grid = Connected Grid, Kommunikationstechnologien als Grundlage des Smart Grid;
Technical Report; Accenture Consulting: Munich, Germany, 2017.
Brand, M.; Ansari, S.; Castro, F.; Chakra, R.; Hassan, B.H.; Krüger, C.; Babazadeh, D.; Lehnhof, S. A framework for the integration
of ict-relevant data in power system applications. In Proceedings of the 2019 IEEE Milan PowerTech, Milan, Italy, 23–27 June
2019; pp. 1–6. [CrossRef]
acatech/Leopoldina/Akademienunion. Resilienz Digitalisierter Energiesysteme: Wie können Blackout-Risiken Begrenzt Werden?;
Schriftenreihe zur wissenschaftsbasierten Politikberatung; Deutsche Akademie der Naturforscher Leopoldina e. V.–Nationale
Akademie der Wissenschaften: Munich, Germany; 2021.
Attarha, S.; Narayan, A.; Hage Hassan, B.; Krüger, C.; Castro, F.; Babazadeh, D.; Lehnhoff, S. Virtualization management concept
for flexible and fault-tolerant smart grid service provision. Energies 2020, 13, 2196. [CrossRef]
Krüger, C.; Narayan, A.; Castro, F.; Hassan, B.H.; Attarha, S.; Babazadeh, D.; Lehnhoff, S. Real-time Test Platform for Enabling
Grid Service Virtualisation in Cyber Physical Energy System. In Proceedings of the 2020 25th IEEE International Conference
on Emerging Technologies and Factory Automation (ETFA), Vienna, Austria, 8–11 September 2020; Volume 1, pp. 109–116.
[CrossRef]
Li, W.; Zhang, X. Simulation of the smart grid communications: Challenges, techniques, and future trends. Comput. Electr. Eng.
2014, 40, 270–288. [CrossRef]
Garlapati, S.; Volos, H.I.; Kuruganti, T.; Buehrer, M.R.; Reed, J.H. PHY and MAC layer design of hybrid spread spectrum
based smart meter network. In Proceedings of the 2012 IEEE 31st International Performance Computing and Communications
Conference (IPCCC), Austin, TX, USA, 1–3 December 2012; pp. 183–184.
Dong, Y.; Cai, Z.; Yu, M.; Sturer, M. Modeling and simulation of the communication networks in smart grid. In Proceedings of the
2011 IEEE International Conference on Systems, Man, and Cybernetics, Anchorage, AK, USA, 9–12 October 2011; pp. 2658–2663.
Tong, X. The co-simulation extending for wide-area communication networks in power system. In Proceedings of the 2010
Asia-Pacific Power and Energy Engineering Conference, Chengdu, China, 28–31 March 2010; pp. 1–4.
Ponci, F.; Monti, A.; Benigni, A. Simulation for the design of smart grid controls. In Proceedings of the 2011 IEEE First
International Workshop on Smart Grid Modeling and Simulation (SGMS), Brussels, Belgium, 17 October 2011; pp. 73–78.
Steinbrink, C.; van der Meer, A.A.; Cvetkovic, M.; Babazadeh, D.; Rohjans, S.; Palensky, P.; Lehnhoff, S. Smart grid co-simulation
with MOSAIK and HLA: A comparison study. Comput.-Sci.-Res. Dev. 2018, 33, 135–143. [CrossRef]
Lopion, P.; Markewitz, P.; Robinius, M.; Stolten, D. A review of current challenges and trends in energy systems modeling. Renew.
Sustain. Energy Rev. 2018, 96, 156–166. [CrossRef]

Infrastructures 2021, 6, 150

41.
42.
43.

44.
45.
46.
47.

48.
49.
50.
51.
52.
53.
54.
55.

56.
57.
58.

17 of 17

Zhang, Y.; Wang, J.; Li, Z. Uncertainty Modeling of Distributed Energy Resources: Techniques and Challenges. Curr. Sustain.
Renew. Energy Rep. 2019, 6, 42–51. [CrossRef]
Pfenninger, S.; Hawkes, A.; Keirstead, J. Energy systems modeling for twenty-first century energy challenges. Renew. Sustain.
Energy Rev. 2014, 33, 74–86. [CrossRef]
Pramangioulis, D.; Atsonios, K.; Nikolopoulos, N.; Rakopoulos, D.; Grammelis, P.; Kakaras, E. A Methodology for Determination
and Definition of Key Performance Indicators for Smart Grids Development in Island Energy Systems. Energies 2019, 12, 242.
[CrossRef]
Siano, P.; De Marco, G.; Rolán, A.; Loia, V. A Survey and Evaluation of the Potentials of Distributed Ledger Technology for
Peer-to-Peer Transactive Energy Exchanges in Local Energy Markets. IEEE Syst. J. 2019, 13, 3454–3466. [CrossRef]
Keles, D.; Jochem, P.; McKenna, R.; Ruppert, M.; Fichtner, W. Meeting the Modeling Needs of Future Energy Systems. Energy
Technol. 2017, 5, 1007–1025. [CrossRef]
Subramanian, A.S.R.; Gundersen, T.; Adams, T.A. Modeling and Simulation of Energy Systems: A Review. Processes 2018, 6, 238.
[CrossRef]
Benz, T.; Dickert, J.; Erbert, M.; Erdmann, N.; Johae, C.; Katzenbach, W.; Mueller, H.; Schegner, P.; Schwarz, J.; Speh, R.; et al.
Der Zellulare Ansatz: Grundlage Einer Erfolgreichen, Regionenübergreifenden Energiewende; Technical Report; Energietechnische
Gesellschaft im VDE (ETG): Frankfurt am Main, Germany, 2015.
GridWise Architecture Council. GridWise Transactive Energy Framework Version 1.1; PNNL-22946; GridWise Architecture Council:
Richland, WA, USA, 2019; pp. 1–80.
Hu, J.; Yang, G.; Kok, K.; Xue, Y.; Bindner, H. Transactive control: A framework for operating power systems characterized by
high penetration of distributed energy resources. J. Mod. Power Syst. Clean Energy 2017, 5, 451–464. [CrossRef]
Alsaleh, I.; Fan, L. Distribution Locational Marginal Pricing (DLMP) for Multiphase Systems. In Proceedings of the 2018 North
American Power Symposium (NAPS), Fargo, ND, USA, 9–11 September 2018; pp. 1–6.
Lezama, F.; Soares, J.; Hernandez-Leal, P.; Kaisers, M.; Pinto, T.; Vale, Z. Local Energy Markets: Paving the Path Toward Fully
Transactive Energy Systems. IEEE Trans. Power Syst. 2018, 34, 4081–4088. [CrossRef]
ENTSO-E. Ten Year Network Development Report 2022: Scenarios Final Storyline Report; Technical Report; ENTSO-E: Brussels,
Belgium, 2021.
Engel, B. Development of a Process for Integrated Development and Evaluation of Energy Scenarios for Lower Saxony. Final Report of the
Research Project NEDS—Nachhaltige Energieversorgung Niedersachsen; Cuvillier: Göttingen, Germany, 2019.
Kost, C.; Shammugam, S.; Fluri, V.; Pieper, D.; Memar, A.D.; Schlegl, T. Stromgestehungskosten Erneuerbare Energien; Technical
Report; Fraunhofer-Institut für Solare Energiesysteme—ISE: Freiburg, Germany, 2021.
Martín-Gamboa, M.; Iribarren, D.; García-Gusano, D.; Dufour, J. A review of life-cycle approaches coupled with data envelopment
analysis within multi-criteria decision analysis for sustainability assessment of energy systems. J. Clean. Prod. 2017, 150, 164–174.
[CrossRef]
Rösch, C.; Bräutigam, K.R.; Kopfmüller, J.; Stelzer, V.; Lichtner, P. Indicator system for the sustainability assessment of the German
energy system and its transition. Energy Sustain. Soc. 2017, 7, 1. [CrossRef]
Fishburn, P.C. Letter to the Editor—Additive Utilities with Incomplete Product Sets: Application to Priorities and Assignments.
Oper. Res. 1967, 15, 537–542. [CrossRef]
Pichery, C. Sensitivity Analysis. In Encyclopedia of Toxicology, 3rd ed.; Wexler, P., Ed.; Academic Press: Oxford, UK, 2014;
pp. 236–237. [CrossRef]

