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Abstract: The European Union and the Austrian government have set ambitious plans to expand
renewable energy sources and lower carbon dioxide emissions. However, the expansion of volatile
renewable energy sources may affect today’s energy system. To investigate future challenges in Aus-
tria’s energy system, a suitable simulation methodology, temporal and spatially resolved generation
and consumption data and energy grid depiction, is necessary. In this paper, we introduce a flexible
multi-energy simulation framework with optimization capabilities that can be applied to a broad
range of use cases. Furthermore, it is shown how a spatially and temporally resolved multi-energy
system model can be set up on a national scale. To consider actual infrastructure properties, a detailed
energy grid depiction is considered. Three scenarios assess the potential future energy system of
Austria, focusing on the power grid, based on the government’s renewable energy sources expansion
targets in the year 2030. Results show that the overwhelming majority of line overloads accrue in
Austria’s power distribution grid. Furthermore, the mode of operation of flexible consumer and
generation also affects the number of line overloads as well.

Keywords: 100% renewable energy sources (RESs); multi-energy system (MES) modelling;
multi-energy system (MES) simulation; hybrid grid; national multi-energy system (MES)

1. Introduction

Climate change is seen as a serious problem by ninety-three per cent of Europeans.
According to the European Commission, the same number of Europeans have taken at least
one action to tackle climate change. By setting up the ambitious “European Green Deal”
program in December 2019, the European Commission aims to achieve a climate-neutral
European Union by 2050 [1,2]. Concretizing the path towards achieving “European Green
Deal” targets, the European Commission set up the “Fit for 55” program as an interim goal
in July 2021. This program aims to reduce the European Union’s carbon dioxide emissions
by fifty-five per cent by the year 1990 [3].

As a member of the European Union, the Austrian government has set even more
ambitious targets, aiming to achieve net CO2 neutrality by 2040 [4]. Furthermore, the
Austrian #mission2030 aims to achieve a hundred per cent renewable power generation net-
balanced over one year until the year 2030. To achieve this target, renewable energy sources
(RES), mainly volatile wind and photovoltaics, have to be expanded significantly [5].

The enhanced usage of RESs presents challenges for both the energy system and its
operators since RESs are decentralized, hardly predictable, and introduce volatility into
energy grids [6]. Achieving a hundred per cent RES might require:

• A spatial and timely compensation of energy;
• An increase in flexibility for both demand and generation in an energy system;
• The ability to cope with high instantaneous penetration of RES;
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• Curtailment of RES as ultima-ratio.

In order to integrate a high share of RESs into existing energy systems and to avoid
previously described issues, new approaches are necessary. In recent years, research focused
on a cross-sectoral approach to consider the energy carriers’ individual advantages in an
energy system. This approach allows for the implementation of power, natural gas, district
heating, hydrogen, and carbon dioxide grids, combined with storage and sector coupling
(SC) options [7].

A need to address previously described challenges can be derived by looking at the
distribution of RES in Austria. Sejkora et al. [8] provide a comprehensive overview of
Austria’s spatial distribution of technical exergy potentials of RES, which can be directly
converted into RES energy potential [8]. Referring to Figure 1, it can be seen that renewable
potentials are widely spread all over Austria, fluctuating in both the type of RES and
the quantity in each district. However, it can be seen that wind potentials are mainly to
be found in eastern Austria, whereas hydropower potentials are located in the western
parts of Austria. Biomass and photovoltaics can be considered as more evenly distributed
across Austria.

Figure 1. Technical energy potentials of RES per Austrian district, derived from [8,9].

Integrating further RES into the current energy system might lead to issues as previ-
ously disclosed. To address them, we introduce an updated multi-energy-system (MES)
simulation framework, HyFlow, and discuss simulation results based on potential scenarios
of the Austrian energy system in the year 2030.

1.1. Literature Overview and Research Need

As there are numerous publications on the topic of MES models, this section aims
to display the current state of research regarding MES simulation and optimization ap-
proaches. Furthermore, we introduce research focusing on Austria’s national multi-energy
system models.

1.1.1. MES Simulation and Optimization Approaches

According to Klemm and Vennemann [10], energy system models can be methodologi-
cally categorized in optimization, forecasting/simulation, and back-casting. Depending on
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the defined objective function, optimization is capable of determining an optimal solution
or scenario. Forecasting or Simulation models show the system’s behavior according to the
selected input parameter. This scenario-based approach likely doesn’t represent an optimal
solution with regard to the selected boundary conditions. In back-casting models, an
envisioned future state or properties are defined. Based on the future state, the back-casting
model develops paths to these future conditions. Further categorization criteria could
be assessment criteria, as well as analytical or mathematical approaches and challenges.
The structural and technological details of MES models can include geographic coverage,
spatial and temporal resolution, time horizon, sectoral coverage, and demand sectors [10].

Several pieces of research provide a comprehensive overview and comparison of exist-
ing MES assessment approaches, such as [10–14]. As can be seen in the before-mentioned
sources, the predominant modelling approach for MES is optimization followed by sim-
ulation. Since the methodology described in this paper can be categorized as an MES
simulation model, the following section focuses on MES simulation models. Still, it will
also display differences compared to optimization models.

Bottechia et al. [12] introduce the modular, multi-energy carrier, and multi-nodal multi-
energy system simulator (MESS). The framework is designed for urban areas; however,
wider spatial coverage is also possible. The authors compare and investigate the cause
of differences of MESS results with Calliope (MES optimization framework), based on a
simple MES. The outcome of both methods tends to be similar yet different due to the
individual model’s target function and mode of operation. One further advantage of MESS
over Calliope is a much faster computation time. A main disadvantage of MESS might be
that only one grid level can be depicted [12].

A combination of Pandapower [15] and Pandapipes [13] is proposed by Lohmeier
et al. [13] to create a multi-energy grid simulation framework with a focus on detailed
energy grid depiction. The so-called multi-energy controller, similar to the energy hub
concept, allows for the implementation of sector coupling or energy storage options. The
authors demonstrate the capabilities of the MES simulation framework based on two use
cases. Since detailed energy grid calculations, as well as multi-energy controllers, are
computation time intensive tasks, one disadvantage of the proposed model is extensive
computation time, when simulating a full year in 15 min time steps [13].

Böckl et al. [16] introduces a previous version of the MES simulation framework
HyFlow, which is utilized for various research questions, such as [17–19]. By applying
HyFlow, potential fields of improvements became visible, since the previous HyFlow
version is not capable of addressing issues, such as:

• More than two individual network levels;
• No energy transfers across various network levels, since only step-by-step energy

transfer via each network level is possible (energy must always flow via each network
level without skipping network levels);

• A lack of selectable control strategies for both sector coupling and energy storage
options;

• Implementation of further components of an energy system is only possible with high
programming effort.

In [20,21], an MES optimization framework is proposed, consisting of individual
energy hubs, interconnected with individual energy grids. Both models provide a two-
stage optimization for the energy hub and the whole system. In dependence of the target
function, individual research questions are addressed.

1.1.2. MES Investigations on National Level

This section aims to provide an overview of existing research on national MESs to
demonstrate current research approaches.

Sejkora et al. [22] display how Austria’s future energy system could be composed if
exergy efficiency is defined as optimization criteria in a fully decarbonized energy system,
where RES are expanded according to #mission2030 targets [5,22]. The research shows that
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with restricted RES expansion in Austria, significant imports of sustainable methane and
hydrogen will be necessary in the future. This research can provide guidelines for future
technologies in MES, but cannot address any spatial problems [22]. In comparison, the
project ONE100 from Austrian Gas Grid Management shows an energy system where RES
are expanded until their maximum potential. In this case, import demand is significantly
reduced to four per cent of total energy consumption. This research aims to achieve an
economically optimized energy system. The model contains a rough spatial resolution of
Austria, dividing Austria into 19 interconnected regions [23].

In [24], a comprehensive overview of research in the field of optimizing national
energy system models is provided. However, the spatial resolution of each model shown
is quite low. A lack of subnational data availability is seen as the main reason for the low
spatial resolution [24].

1.1.3. Research Need

Flexible MES simulation frameworks to cover a wide range of individual problems are
not available yet. Furthermore, to the best of our knowledge, it has never been attempted
before to set up a national MES simulation model with detailed spatial resolution and
detailed infrastructure depiction.

In this paper, we aim to close previously described scientific gaps by presenting a new
version of our self-developed MES simulation framework HyFlow and demonstrate its
capabilities based on Austria’s energy system in 2030. The following research questions are
to be investigated in this paper:

• Based on the scientific gap, how should an MES simulation framework be designed to
cope with a national MES and various other research questions with a high degree of
both spatial and temporal resolution?

• What steps have to be taken to model Austria’s national energy system with detailed
spatial and temporal resolution?

• What are the effects on power infrastructure based on #mission2030 renewable energy
sources expansion, considering different modes of flexibility operation and power
load flow optimization?

To answer the research questions this paper is structured as follows. The following
subchapter describes considered challenges modelling the Austrian energy system. In
Section 2, the methodology to set up an MES simulation framework and national MES
model is described. Investigated scenarios and their corresponding results are disclosed in
Sections 3 and 4, respectively. Simulation results are discussed in Section 5, followed by a
conclusion and an outlook for potential further research in Section 6.

1.2. Problem Description

To address previously mentioned research questions, various obstacles need to be
addressed beforehand. As demonstrated in the literature research, MES simulation frame-
works that are currently available can be significantly improved to address a wide and
flexible range of research questions, especially in the following fields:

• The flexible depiction of various network levels of all energy carriers (power, gas,
heat), independent of spatial resolution. This should enable a large range of spa-
tial resolution to be able to depict various areas, from single consumers up to the
state level.

• The possibility to assign various flexibility options, such as sector coupling technolo-
gies, storage options, demand-side management (DSM), and operation-flexible power
plants. This should include the possibility of flexibly adding any further compo-
nents to expand the MES framework’s functionality. Flexibilities may operate, e.g., as
load following units or with various optimization-based operation strategies, such as
maximizing profits or maximizing the degree of self-sufficiency in a specified area.
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• State of art load flow consideration via adequate load flow calculation for all consid-
ered energy carriers. Depending on the user’s selection, power flow simulation or
optimal power flow load flow calculations should be selectable for the power grid.

The updated HyFlow MES simulation framework can address the previously men-
tioned points to develop a generic and flexible MES simulation framework.

As outlined in [24], a lack of subnational data is a major challenge when modelling a
national MES. This challenge is addressed twice in this paper:

• Suitable approaches and data to be found to achieve a detailed spatial resolution.
This includes consumption and generation data for all energy carriers. If data are not
available in low spatial resolution, a suitable approach must be found to distribute
general data towards smaller entities.

• Currently, no models of Austria’s power, natural gas, and district heating energy
infrastructure are openly available. To allow for the consideration of real grid proper-
ties, an energy grid model must be developed, based on available data to depict the
Austrian energy infrastructure.

To demonstrate the capabilities of HyFlow, three scenarios of the Austrian energy
system in the year 2030 are simulated to show the effects of RES expansion and various
modes of operation of flexibilities, such as heat pumps, electric vehicles, power storage,
and gas-fired power plants.

2. Methodology

This section is split into two main parts to provide a methodological overview of the
HyFlow MES simulation framework and all the necessary steps to create an MES model of
Austria, to be assessed with HyFlow.

2.1. HyFlow

To provide a comprehensive overview of the HyFlow MES simulation framework, the
general modelling structure, the input data, the calculation procedure, and the implementa-
tion of flexibility options are discussed in the following sub-chapters.

2.1.1. General Modelling Structure

In HyFlow, the examined area can be divided into several cells. In this work, so-
called substation districts are used (refer to Section 2.2.5. Spatial Data Distribution). This
approach is called the cellular approach; further details can be found in [16]. All entities
within one cell are aggregated into its corresponding cell. Therefore, a cell represents the
smallest spatially resolved area, resulting in a node. In Figure 2, an example of a single
node is displayed. To implement consumption and generation in one single term, the term
“residual load” (RL) is used and defined as per Equation (1).

PRL[t] = Pdemand[t]− PGeneration[t] (1)
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Figure 2. Example of a single node.

In Table 1, an overview of the node parameters is provided. Further parameters such
as maximum and minimum voltage, pressure, and temperature can also be defined.

Table 1. Overview node class parameters.

Parameter Type Description

Node ID scalar One unique number is assigned to each node.

Power ID 1 by 2
vector

Vector at [1 1] is currently a spare parameter.
Vector at [1 2] indicates the node’s position in the power grid.

Gas ID 1 by 3
vector

Vector at [1 1] indicates the node’s pressure level (e.g., 2 = 70 bar).
Vector at [1 2] indicates the node’s subgroup.
Vector at [1 3] indicates the node’s number within the subgroup.

Heat ID 1 by 3
vector Please refer to Gas ID.

RL collection array

This array contains all objects, and their behavior can be expressed
in active and reactive power, gas, or heat RL. Power RL is defined
as per Equation (1), valid for all other energy carriers too. The RL
collection in Figure 2 includes wind energy, electrolysis, electric car,
photovoltaics, gas to heat (GtH), and an industrial consumer.

Nodes can be interconnected with other nodes. Depending on the availability of
energy grids, a node-edge depiction is established. An example of several nodes with
various connections of energy carriers (edges) is shown in Figure 3. It can be seen that
all nodes are connected to the power grid. Nodes 12, 13, 14, and 327 represent one gas
sub-grid. Node number 14 supplies gas to a lower pressure network (since the first vector
position of gas ID is higher), consisting of nodes 26 and 27. As an example of RL collection
objects, further implementable objects that can be added to a node’s RL collection, such as
consumer, producer, sector coupling technology, storage options, and electric vehicles, are
shown adjacent to their corresponding node.
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Figure 3. Energy infrastructure depiction.

To ensure that only the objects that are represented by an RL (refer to all classes
hierarchically below “RL” in Figure 4) are addable to a RL collection, the programming
principle of inheritance is used. A basic class “RL” is defined with simple properties (refer
to Table 2 and functions. Based on the “RL” class, any derivative object can be developed
and implemented by the user, with additional parameters to accommodate each object’s
individual need. Figure 4 displays available derivatives of the “RL” class. In each class,
individual operating strategies can be implemented, depending on the user’s need and
addressed research question.

Figure 4. RL class and inherited derivatives.
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Table 2. Overview of RL class properties.

Parameter Description

type

Defines the type of underlying object.
Residual load or Power station
1: Pre-defined residual load profile or power station with predefined
temporally resolved profiles (e.g., residual load, water flowrate).
Sector coupling
2: Power to gas and heat (PtGH).
3: Power to heat (PtH).
4: Heat to power (HtP).
5: Gas to heat (GtH).
6: Gas to power and heat (GtPH).
Energy storage
7: Power storage.
8: Gas storage.
9: Heat storage.
DSM
10: Electric vehicle.
11: Demand-side management.

RLgas This vector contains the object’s pre-set or calculated gas RL. The calculated
gas RL depends on the object’s operating strategy.

RLheat Refer to RLgas.

RLpower Like RLgas, except that active and reactive power RLs are considered.

RLgasFlex These parameters contain the object’s RL flexibility. The usage of these
parameters depends on the object’s operating strategy. The implementation
of flexibility is explained in Section 2.1.4.

RLheatFlex

RLpowerFlex

2.1.2. Input Data

Before a simulation can be carried out in HyFlow, various input data need to be
defined and read in for further processing. The input data are stored in individual objects,
according to Table 2 and Figure 4. Node data must be defined, including parameters
described in Table 1. Temporally resolved gas, heat, active, and reactive power RL data,
including their associated node, can be defined. Properties for sector coupling options,
storage, electric vehicle/DSM, and power stations (including their corresponding operating
strategy) must be defined. Additionally, temporally resolved data for storage (e.g., water
inflow in (pumped)-storage hydropower plant) are necessary. Properties include rated
power, conversion or in-/output efficiencies, storage capacities, operating strategy, and
further technology-specific properties.

Since the open-source power flow framework MATPOWER is used for power flow
(PF) or optimal power flow (OPF) calculations, input data must reflect MATPOWER
framework requirements. Therefore, tables for branch (=edge), bus (=node), generator,
and generator cost data must be defined. The structure can be found in the MATPOWER
documentation [25,26].

Gas and heat network properties follow the same principle scheme. For gas and
heat, two tables need to be created. In the first sheet, connections between nodes at the
same pressure level can be defined (e.g., between nodes 13 and 14 in Figure 3). The sheet
number two contains connections between nodes at different pressure levels (e.g., between
nodes 14 and 26 in Figure 3). Parameters are the gas or heat IDs of the connected nodes,
length, diameter, roughness, and—in the case of heat—thermal conductivity of grid sections
(edges).

2.1.3. Calculation Procedure and Grid Simulation

The calculation process of HyFlow is shown in Figure 5. The process of each dashed
box will be explained further.



Energies 2022, 15, 3581 9 of 33

Figure 5. Overview of the calculation process.

Determination of RL

All objects in the RL collection of each specific node are assessed. Each object in the
RL collection must provide an RL or flexibility based on the operating strategy of the
object. The calculated summarized RLs and flexibilities of each node are transferred to the
subsequent load flow calculations. The implementation and usage of flexibility are further
explained in Section 2.1.4.

Power Grid PF or OPF

Depending on the users’ selection MATPOWER PF or OPF, calculations can be per-
formed for the power grid. Depending on the usage of PF or OPF, input data must be
determined differently. In the case of PF simulation, all node residual loads and gener-
ator in-/outputs must be determined before a PF simulation can be performed. The PF
simulation determines power load flows “as they physically are”, without considering
line restrictions or generation costs, for example. OPF mathematically optimizes load
flows and generator dispatch, considering generation costs, line restrictions, and maxi-
mum/minimum generator power, based on the target function of minimum generation
costs in the total power system [26]. Optimization restrictions, such as transmission line
capacities or insufficient generation capacities, might cause an OPF to be incapable to
converge. The advanced capabilities of OPF, compared to PF, come at the cost of higher
complexity and increased likelihood of calculation failures. Further details regarding
MATPOWER are provided in [26].

Before performing a PF or OPF calculation, bus (active and reactive power RL) and
generator data (generation) must be updated in the MATPOWER data structure, based on
the previous step’s results (Determination of RL).
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Gas and Heat Load Flow Calculation

Rüdiger adopts the node potential analysis for power grids in combination with
Darcy’s equation (refer to Equation (2)) to determine gas load flows [27].

∆p = λ·8·ρ·l·
.

V
2

d5·π2 (2)

For heat load flows, Rüdiger’s approach is extended by a second iteration loop to
determine node temperatures and heat losses (refer to Equation (3) [28]) in both forward
and return flow recursively.

Tendnode = (Tstartnode − Tambient)·e
−2·π·k·l
cp ·ρ·

·
V + Tambient (3)

Both gas and heat load flow calculations can be characterized as steady-state load flow
calculation approaches.

Process and Storage of Results

In the case of power OPF, MATPOWER determines each generator’s generation
based on minimum system generation costs. Therefore, the determined generation must
be transferred to the corresponding object in the RL collection. The same procedure is
necessary in case flexibilities are used. Depending on the energy carrier, further load flow
calculation results such as load flows, voltage, angle, pressure, and temperature levels
are stored.

2.1.4. Implementation and Usage of Flexibility Options

Power flexibility might generally accrue from sector coupling options, energy storage,
or DSM, displayed by the yellow circles in Figure 6. Figure 6 also shows the general
representation of each MES node, which is automatically adapted, depending on the
properties of the node. A node optimization, similar to Chen et al. [29], is used to determine
the node’s flexibility band (green box in Figure 7) and usage of objects to provide flexibility
(yellow box in Figure 7). Generally, node optimization aims to increase the profit of an MES
(equal to minimizing costs), considering RL coverage, energy prices, technical properties
of SC, and storage options [29]. This approach and its optimization target is adapted to
determine the maximum/minimum power flexibility and the usage of objects providing
flexibility, as explained further shortly.
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Figure 6. Generic node optimization representation.
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Figure 6. Generic node optimization representation.

Figure 7. Process for optimized operating strategy, providing flexibility.

To consider flexibility in the HyFlow calculation process, the calculation process
displayed in Figure 5 must be adapted. This adaption affects the upper three dashed boxes
in Figure 5. The additional calculations to be performed are depicted in Figure 7.

If an object provides flexibility according to its operating strategy, it is considered for
the following calculation procedure. If no flexibility is provided by the object, the RL is de-
termined based on the objects operating strategy. To determine the total available flexibility
per node, two optimizations are performed, aiming to determine the maximum possible
positive and negative power RL (green box in Figure 7, target functions in Equations (A4)
and (A5) in Appendix A), resulting in a flexibility band between both maximum and
minimum power. For these optimizations, no energy prices are considered. The previously
described calculation is carried out in the “Determine RL” section outlined in Figure 5.

Figure 7. Process for optimized operating strategy, providing flexibility.

To consider flexibility in the HyFlow calculation process, the calculation process
displayed in Figure 5 must be adapted. This adaption affects the upper three dashed boxes
in Figure 5. The additional calculations to be performed are depicted in Figure 7.

If an object provides flexibility according to its operating strategy, it is considered for
the following calculation procedure. If no flexibility is provided by the object, the RL is de-
termined based on the objects operating strategy. To determine the total available flexibility
per node, two optimizations are performed, aiming to determine the maximum possible
positive and negative power RL (green box in Figure 7, target functions in Equations (A4)
and (A5) in Appendix A), resulting in a flexibility band between both maximum and
minimum power. For these optimizations, no energy prices are considered. The previously
described calculation is carried out in the “Determine RL” section outlined in Figure 5.
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Once a node’s maximum positive and negative power flexibility is determined, it can be
implemented in the MATPOWER framework as a generator at the corresponding node.
The OPF, considering the whole depicted power system, determines the actual need for
flexibility, ranging between the minimum and maximum possible flexibility of each node
providing flexibility. So far, the need for flexibility at each node is determined; however, it is
yet unknown which objects are used to what extent to provide the determined flexibility. To
address this question, another node optimization is carried out (yellow box in Figure 7) to
determine the actual usage of each object providing flexibility (target function in Equation
(A1) in Appendix B). This optimization is carried out considering energy prices; therefore,
the usage of the object is optimized economically. The determined optimal usage of each
object providing flexibility is transferred to each corresponding object.

Yalmip [30] and Gurobi [31] are used to solve the optimization problems. Refer to
“Appendix A. Node Optimization” for further mathematical details.

2.2. Austrian MES Modelling

The following modelling approaches are applied to develop an Austrian MES model.
This includes an infrastructural depiction of power, natural gas, and heat grids, as well as
timely and spatially resolved consumption and generation profiles.

2.2.1. Power Grid

The basis for the power grid model is a transmission grid plan. It shows the name
of a substation’s location and the transmission capacity of each line between substations
for 110, 220, and 380 kV. However, the transmission grid plan only shows a past grid
status. To determine a potential future power grid in 2030, potential grid expansion projects
have to be included. The 220 and 380 kV transmission grid is operated by the Austrian
Power Grid (APG), providing a grid development plan annually [32–37]. The 110 kV
distribution grid is mainly owned and operated by nine local utilities in each federal state.
Particularly for Upper Austria and Carinthia, detailed 110 kV grid expansion information
is available [38,39]. Since the location of current and future substations and lines is roughly
known, the geographic information system software QGIS [40], satellite images [41], and
Open Street Map [42] are used to determine the exact location of substations and the
course of power lines. MATPOWER requires line resistance, reactance, total line charging
susceptance, and the maximum allowed apparent power flow [26]. APG provides detailed
technical data for the transmission grid, which are used to parametrize the 220 and 380 kV
grid [43]. The 110 kV grid is parametrized with literature values for resistance, reactance,
and total line charging susceptance, as well as other already published projects [17,18,44,45],
based on the maximum transmission current in the transmission grid plan.

2.2.2. Natural Gas Grid

To spatially depict Austria’s natural gas infrastructure, we apply a similar approach
compared to the power grid. Length and diameter for transnational pipelines and primary
distribution system pipelines are available at Austrian Gas Grid Management (AGGM) [46].
The pipeline routing and length of national network level one (national transmission
grid) and two (national distribution grid) can be derived from [47,48]. The diameter and
pressure level are determined using statistical data [49], as well as information from utilities
provided by request and previous projects [17]. Wall roughness is parameterized with the
wall roughness of welded and seamless steel tubes [50].

2.2.3. Heat Grid

Currently, heat grids in Austria cover regional heat demand. Since the spatial resolution
for an Austrian MES model is inadequate to depict regional heat grids, technical properties
are assumed for interconnected regions, especially in urban areas. As a guideline, results
from [51,52] are used to determine which areas of Austria are supplied with district heat.
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2.2.4. Model of Austrian Natural Gas and Power Grid

Figure 8 displays the created model of Austria’s power and natural gas infrastructure.
It can be seen that the availability of Austria’s energy infrastructure is much denser in
urban and suburban areas in comparison to rural areas. Based on the infrastructure
depiction in Figure 8 and Voronoi diagram methodology (refer to Section 2.2.5. Spatial Data
Distribution), a corresponding node-edge model can be derived.

Figure 8. Model of Austria’s power and natural gas infrastructure [9].

2.2.5. Spatial Data Distribution

To achieve a spatial resolution of Austria, a suitable methodology has to be selected
to determine a spatial division of Austria. This is necessary to aggregate all objects (e.g.,
storage, power stations, RLs) within a spatial division into one node. A Voronoi diagram
creates polygons starting from central points, dividing a layer into areas of equal nearest
neighbors [53]. This approach is used with substations of the power grid as central points
to determine single areas. The area covered by one substation is further referred to as
a substation district (SSD). An example of the created SSDs within a selected area of
Austria can be seen in Figure 13. In [8], the RES potentials of each Austrian community are
determined. The RES potential data of each community are summed up to determine the
SSD RES potential if a community is located within the boundaries of an SSD. Furthermore,
power and natural gas (for both process and heating use) final energy consumption data
from industrial, private, agricultural, and public and private service sectors are provided
at a district level in [8]. To distribute final energy consumption data at the district level to
a single community, the share of employees or households per community from Statistik
Austria, in comparison to the district, is used [54]. Heat demand is modelled using the
Austrian Heat Map [52]. Heat demand data are from 2012 but are quite stable till now [55].
Since heat demand data are available on a district level, and the same approach as for
power and gas is used to distribute district demand to municipalities and then to SSDs.
The useful energy analysis from Statistik Austria also provides information at the federal
state level regarding the energy carrier used to provide heat [55].
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2.2.6. Temporally Resolved Consumption Data

Annual energy consumption data of each SSD must be combined with temporally
resolved load profiles to determine a temporally resolved RL profile for each SSD. For
industrial power and gas demand, subsector specific load profiles are derived from [56]. For
household, agriculture, and public and private service power consumption standardized
load profiles (SLP) H0, L0, and G0 are used [57]. The reactive power is considered using
literature and empiric values [58–60]. A cos(ϕ) of 0,98 is used. The temporal resolution of
natural gas for non-heating purposes for households, agriculture, and service is determined
based on the relatively steady cooking gas SigLinDe function [61]. The annual heating
RL of each SSD is determined using the sectors corresponding SigLinDe function [61].
The temperature used as input data for the SigLinDe function is obtained for each SSDs
substation from [62,63].

2.2.7. Temporally Resolved Generation Data

Oesterreichs Energie published a map of all power generation facilities in Austria with
a power generation capacity greater than 10 MW [64,65]. In the following, we explain how
each category of power station has been implemented into Austria’s MES model.

Hydro Run-Off and Storage Power Station

The basic model of hydro run-off and storage power stations can be seen in Figure 9.
Power generation is calculated using Equation (4) [66].

P = η·ρ·QTurbine·g·∆h (4)

Figure 9. Hydro run-off and storage power plant model.

Each run-off and storage power station with a generation capacity greater than 10 MW
is implemented into Austria’s MES model in its corresponding SSD. Power station data
are sourced from [67–79]. The temporally resolved generation is determined using run-off
water measurements [80]. If the measurement point is different to the power station’s
location, interpolation is conducted between two measurement points. For hydropower
stations with less than 10 MW, a different approach had to be used. Kleinwasserkraft
Österreich [81] provides power and annual generation data for small-scale hydropower
stations. These data are used together with hydropower potentials from [8] to determine
small-scale hydropower in each SSD. Since no sufficient run-off measurements are available
for small rivers, a standardized load profile based on measured data from small rivers
(refer to Appendix B for measurement points) [80] is created, presented in Figure 10. A
polynomial trend curve is used to smoothen the curve.
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Figure 10. SLP small river, for small-scale hydro run-off power plants.

To cope with an additional 5 TWh of power, based on the government’s RES expansion
target [4], an increase in generation is carried out according to hydropower potentials
from [82]. The small river SLP is used as a temporally resolved generation profile for these
power stations.

(Pumped)-Storage Hydropower Plant

(Pumped)-storage hydropower plants are modelled as a simplified, flexible cascade of
reservoirs, interconnected with pumps and turbines (refer to Figure 11).

Figure 11. (Pumped)-storage hydropower plant model.

Technical properties such as storage capacity (Volume), annual inflow from natural
sources (Qin), and pump and turbine power (PTurbine, PPump) are sourced from [68–70,73–
76,79,82–84]. Furthermore, future projects such as [85,86] are considered as well. The pump
(ηPump) and turbine (ηTurbine) efficiency is set to 0.88 [87]. Reservoirs are naturally fed by
water from glacier or snow melt. To determine a temporally resolved water inflow, suitable
measurement data from [80] are used to derive an annual water inflow characteristic,
displayed in Figure 12 (refer to Appendix C for measurement points). It can be seen that
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the majority of natural inflow occurs during the summer months; in contrast, hardly any
inflow can be expected in the winter months.

Figure 12. Annual (pumped)-storage hydropower plant natural inflow distribution.

The scenario-dependent generation and consumption profile for (pumped)-storage
hydropower plants is described in the following chapter.

Biomass Combined Heat and Power (CHP) and Biogas Power Plants

Biomass CHP and biogas power plants are sourced from [88,89] and temporally
resolved via SLP (E0) [57].

Photovoltaics

The installed photovoltaic power for each federal state is sourced from [90] and evenly
distributed to each SSD via PV potentials from [8]. To reach the national goal of 11 TWh
photovoltaics [4], photovoltaics are expanded, according to potentials in [8], by applying
a split between rooftop and open area potentials of nine to one. Temporally resolved
generation profiles are considered for each SSD, sourced from [62,63,91].

Wind

The locations of each wind park and their corresponding power levels are sourced
from [92] and aggregated to the installed wind power of each SSD. To reach the national
goal of 10 TWh wind power addition [4], the power at each SSD is evenly expanded
according to potentials in [8]. Temporally resolved generation profiles are considered for
each SSD, sourced from [62,63,93].

Thermal Generation

Technical data, such as power and efficiencies, of Austria’s (combined cycle) gas turbine
and large-scale CHP power plants are based on operators’ publications [67,72,94–97]. If no
efficiency data are available, an estimation based on comparable power plants is applied.
The scenario-depended generation profile is described in the following chapter.

2.2.8. Power Exchange with Neighboring Countries

Power exchange with neighboring countries of Austria is considered based on data
from ENTSO-E’s transparency platform for the year 2019 [98].
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2.2.9. Example of Energy Infrastructure Depiction

An example of Austria’s energy infrastructure and power plants can be seen in
Figure 13. Exemplarily, an SSD is highlighted in yellow. The highlighted SSD contains
several biogas plants and is connected to the power and natural gas grid. It can be seen
that substations are concentrated in urban areas, whereas the substation density is lower in
rural areas. More substations, compared to assignable municipalities, may especially occur
in urban areas. In this case, suitable substations are manually selected and merged to create
the Voronoi diagram. Hydropower plants are concentrated along large rivers, whereas
wind, biomass CHP, and biogas are spread all over the area.

Figure 13. Example of Austria’s energy infrastructure and power plants [9].

3. Scenarios

In this chapter, potential developments of the Austrian energy system are investigated
based on three scenarios for the year 2030. Therefore, we apply the methodologies shown
in Section 2. The following points are considered for each scenario:

• Since power, gas, and heat consumption are based on past data, sufficient studies need
to be found to estimate the energy consumption in 2030. Austria’s Umweltbundesamt
(UBA) [99] estimates energy consumption in the years 2020, 2030, and 2050, based on
the year 2015. Power demand is expected to remain stable between 2015 and 2020 and
then increase between seven and thirty per cent, depending on the scenario. Electric
vehicles, heat pumps, and electrolysis are seen as major drivers of power consumption
growth. Since these consumers are additionally considered in each following scenario,
we assume that the power demand will stay constant without. Depending on the
scenario, a slight increase or decrease in natural gas consumption is assumed by UBA;
therefore, we assume constant consumption [99]. Based on #mission2030 targets,
thermal renovation of existing buildings should be doubled to two per cent per year,
from current levels of around one per cent [5]. If a 50% heat demand reduction
through a thermal renovation is assumed, heat demand might drop by thirteen per
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cent, until 2030. The assumption of 50% heat demand reduction seems reasonable since
subsidiaries are granted if more than 40% heat demand reduction is achieved [100].
The 13% heat reduction is between both UBA scenarios (WAM, WEM) for the final
energy consumption of buildings [99].

• The number of electric vehicles in each SSD is determined based on vehicle registration
data and trends in each federal state [101]. The share of electric vehicles in 2030 is
expected to be 20%, based on scenarios in [102]. In Austria, a car is used for an average
of 13,700 km per year. Based on the average consumption of 20 kWh/100 km, an
annual electric energy demand per car of about 2750 kWh can be expected [103,104].
The temporal charging characteristic is scenario-dependent and can be explained in
the following subchapters. All electric vehicles account for approximately 3 TWh of
additional power consumption.

• The share of heat pumps for each SSD is determined based on the share of ambient
heat usage for heating purpose divided by an assumed coefficient of performance of
three [55]. Heat pump usage might increase by six-fold until 2030 based on [105]. The
mode of operation depends on the scenario. All heat pumps account for approximately
1.9 TWh of additional power consumption.

• For every fourth household, battery energy storage with a storage capacity of 8 kWh,
charging–discharging power of 2 kW, and an input–output efficiency of 90% [106] is
implemented with a scenario-dependent mode of operation.

• Renewable energy sources are expanded according to plans of the federal government,
shown in Table 3.

Table 3. Expansion of RES until 2030 [4,107].

RES Generation 2018 Expansion Until 2030

Hydro 37.6 TWh +5 TWh

Wind 6.0 TWh +10 TWh

Photovoltaics 1.5 TWh +11 TWh

Biomass 4.9 TWh +1 TWh

Total 50 TWh +27 TWh

Table 4 below provides an overview of the differences between each scenario. The
modes of operation are explained in each scenario description.

Table 4. Scenario parameters.

Scenario 1 Scenario 2 Scenario 3

Thermal generation and
(pumped)-storage hydro ENTSO-E ENTSO-E Flexibility

Electric vehicle SLP Optimized Optimized

Battery storage Greedy Optimized Optimized

Heat pump Load following Optimized with
storage

Optimized with
storage

Power grid calculation PF PF OPF

3.1. Scenario 1—BAU

In this scenario, certain elements of the energy system are operated in the business-as-
usual (BAU) mode. Electric vehicles are charged according to the SLP, derived from [108],
with 3.7 kW charging power. Since the number of electric vehicles is above 1000 for the
vast majority of substation districts, a low coincidence factor can be applied [108,109]. Heat
pumps are operated as heat demand occurs, without a storage option. Temporal battery
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storage behavior is determined as follows. The energy demand of an average household
per SSD is coupled with an SLP (H0 [57]) and a 5 kW photovoltaic generation capacity,
considering the SSDs’ individual PV generation profile. One-quarter of households are
equipped with battery storage. The battery storages operate according to the greedy
algorithm to minimize the household energy demand from the power grid. Examples
of the application of the greedy algorithm can be found in [110,111]. (Pumped)-storage
hydropower and thermal power plants are operated according to ENTSO-E generation
data from 2019 [98]. The resulting power RLs are added to each SSDs RL.

3.2. Scenario 2—Demand Optimization

Demand optimization is applied in this scenario to operate certain elements economi-
cally. An optimization concept similar to energy hubs is used to determine an economically
optimized mode of operation of energy storage, heat pumps, and electric vehicles [29]. To
enable a flexible operation of heat pumps, each heat pump is equipped with a thermal
storage capacity of 50 kWh and a charging–discharging capacity of 10 kW. Electric vehicles
charge their average daily consumption of about 7.5 kWh with 3.7 kW charging power.
Peak demand times (6:00–9:00 and 17:00–20:00) are excluded from charging. The optimiza-
tion is carried out, using power price data from 2019 [112] and each node’s RL. As a result,
price-optimal RLs of heat pumps, power storage, and electric vehicles are determined and
added to each node’s RLs.

3.3. Scenario 3—Demand Optimization and Flexibility

Heat pumps, electric vehicles, and battery power storage are operated, like in Scenario
2. Thermal power plants and (pumped)-storage hydropower plants are operated as addi-
tional flexibility (refer to Section 2.1.4). Since generation costs are considered in OPF for
generator dispatch, the generation costs of each power source are set as follows:

• Subsidized forms of power generation, such as biogas, biomass CHP, wind, photo-
voltaics, and small-scale hydropower with 10 EUR/MWh;

• Large-scale hydropower 50 EUR/MWh;
• Flexibilities (gas turbine and CHP and (pumped)-storage hydropower) and import/

export with 100 EUR/MWh.

4. Results

In all three discussed MES scenarios, natural gas and district heat grids show no critical
overloads. Therefore, power grid results are discussed in detail. In Table 5, a comparison
of overloaded distribution power grid (DG) and transmission power grid (TG) lines are
displayed. Scenario 2 shows that the number of time steps, as well as affected power grid
lines, increases compared to Scenario 1. This can be explained by the price-optimized mode
of operation, since demand increases disproportionately in time steps with cheaper power,
leading to RL peaks.

Table 5. Comparison of scenario results.

Scenario 1 Scenario 2 Scenario 3

Overload time DG 182,205 time steps 206,592 time steps 81,991 time steps

Average DG line overload 38.8% 42.5% 35.5%

Count of overloaded DG lines 39/480 57/480 40/480

Overload time TG 3904 time steps 8131 time steps 144 time steps

Average TG line overload 16.0% 16.3 30.1%

Count of overloaded TG lines 5/104 7/104 6/104



Energies 2022, 15, 3581 20 of 33

To evaluate the degree of power line overloads, two different overloads are evaluated.
As displayed in Figure 14, the average line overload and the top five per cent (based on the
number of overloaded time steps) of line overloads are determined for each power grid line.

Figure 14. General determination of line overloads (an average and the top five per cent).

Subsequently, the worst (Scenario 2) and best (Scenario 3) case scenarios in terms of
line overloads are displayed. In Figure 15, the average line loadings of Austria’s power
grid are displayed for Scenario 2. The thickness of each line qualitatively indicates the
maximum transmission capacity of each line. Green lines indicate grid sections that are not
affected by overloads. Orange to red lines indicate the average degree of overloads of the
affected line section. Exemplarily, some grid sections are marked with a purple circle or
ellipse-shaped indicators, allowing for the differentiation of the following overloads types:

• Continuous purple line—sections with low transmission capacity, e.g., single three-
wire system;

• Dotted purple line—overloaded lines in urban areas;
• Dashed purple line—branch line with low transmission capacity in combination with

either high potential of RES generation or demand;
• Dashed-dotted purple line—high potential of RES expansion.

Figure 15. Average line overloads of Austria’s power grid—Scenario 2.
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In Figure 16, the top five per cent overloads of Austria’s electricity grid are displayed
for Scenario 2. It can be seen that most overloaded transmission and distribution grid lines
are overloaded by a rather small degree.

Figure 16. The top 5% line overloads of Austria’s power grid—Scenario 2.

In following Figure 17 the annual load curve for a highly overloaded power branch
line is displayed. It can be seen that the maximum transmission capacity is exceeded in both
positive as well as negative direction. A positive and negative sign is related to the direction
of power flow. This means that branch line overloads are caused by both consumptions at
the end of the branch line and excess generation flowing from the end of the branch line
towards the distribution grid.

Figure 17. Annual load curve of a power branch line (ranked from min to max).

In Figure 18, the average power grid line overloads are displayed for Scenario 3. In
comparison to Figure 15, the magnitude of the average overloads is significantly lower
(refer to the scale magnitude). This observation is supported by line overload data dis-
played in Table 5, where line overloads in Scenario 3 are approximately halved in terms of
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count, compared to Scenarios 1 and 2. A similar context can be observed by comparing
Figures 16 and 19 where the magnitude of the top five per cent of overloads are significantly
lower in Scenario 3, compared to Scenario 2.

Figure 18. The average line overloads of Austria’s power grid—Scenario 3.

Figure 19. The top 5% line overloads of Austria’s power grid—Scenario 3.

In Table 6, the power generation from each source is displayed for each scenario. It
can be seen that the results for Scenarios 1 and 2 are identical, except for a small difference
in imported and exported power. However, in Scenario 3, the generation from gas turbine
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and CHP and (pumped)-storage hydropower is reduced by about fifty per cent compared
to generations from Scenarios 1 and 2. The lower generation from both before-mentioned
sources reduces power exports by about one third compared to Scenarios 1 and 2. The
curtailment of generation occurs in Scenario 3 only, since OPF is used instead of PF for
power load flow calculation to avoid line overloads. Imports and exports are calculated
based on power line load flows connecting Austria with neighboring countries; therefore,
the calculated power energy imports and exports do not consider loop flows.

Table 6. Comparison of power generation for each scenario.

Scenario 1 Scenario 2 Scenario 3

Biomass 6.0 TWh 6.0 TWh 6.0 TWh

Photovoltaics 12.1 TWh 12.1 TWh 12.1 TWh

Wind 15.5 TWh 15.5 TWh 15.5 TWh

Gas turbine and CHP 10.8 TWh 10.8 TWh
Consumption: 0.83 TWh

Generation: 8.2 TWh(Pumped)-storage hydropower Consumption: 1.5 TWh
Generation: 8.5 TWh

Hydropower >10 MW 27.9 TWh 27.9 TWh 27.9 TWh

Hydropower ≤10 MW 11.6 TWh 11.6 TWh 11.6 TWh

Import 8.1 TWh 10.5 TWh 3.7 TWh

Export 36.0 TWh 37.5 TWh 23.0 TWh

5. Discussion

In this section, we discuss the temporally and spatially resolved MES model of Austria,
as well as the simulation results.

5.1. MES Model of Austria

Although Austria’s #mission2030 aims for a net-balanced RES power supply over one
year, depending on the applied scenario, significant power exports compared to imports
are visible in Table 6 [5]. This gap can be explained exemplarily for Scenario 3 as follows.
In Austria’s MES model, power generation from company-owned CHP and power plants
is not considered, since power is generated behind the meter and, therefore, company
internally used. The internal generation reduces a company’s power demand from the grid,
as considered in the consumption data source [8]. This internal generation accounts for
a total power generation of approximately 8 TWh [107]. The 7.5 TWh generation of the
gas turbine and CHP has to be considered as well, since it is not a RES and therefore is
not considered in the #mission2030 power generation target [5]. The remaining 3.8 TWh
contain power grid losses, self-consumption of power plants, pumped-storage hydropower
losses, variations of input data from [8], and others. This is in accordance with Austria’s
#mission2030.

The lack of subnational data available is seen as a main reason for a low spatial
resolution in MES optimization projects [24]. These issues also present a main challenge
within this work; however, based on experiences in [8], proven strategies are used to
distribute aggregated data to more detailed granularity.

The Voronoi diagram is used because a more detailed approach may require further
infrastructure data (e.g., roads) [113]. The Voronoi diagram does not take any local and
geographical properties into account. Therefore, a community might be assigned to an SSD
located across a mountain chain, for example. This case of misallocation is investigated
manually since a small number of municipalities are affected. However, in this case, the
municipalities are rather small in terms of energy consumption; therefore, the error of
misallocation is considered to be negligible.
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The usage of SLPs is valid if a number of several 100 consumers is aggregated [114].
This number is achieved for residential and to a smaller degree, for agricultural as well as
public and private services consumers. The number of industrial consumers is significantly
lower compared to the residential and service sectors. The quality of temporal consumption
data can be further improved in the industrial sector, provided that more accurate industrial
load profiles are available.

A temporal resolution of minutes to hours and days is common for MES frameworks
which cover local levels up to regional and national levels [115]. This is important since
the availability of data defines the achievable temporal resolution. For example, SLPs are
available for 15 min (residential, agricultural, public, and private services) or, in the case
of industrial SLPs, one-hour intervals. In comparison, wind and photovoltaic generation
profiles are temporally resolved over one hour, whereas water flow rates, used to calculate
hydropower plants generation, are available as daily averages. Although the simulation
is carried out in 15 min interval time steps, a one-hour time step might be considered in
the future to decrease computation time. Generally, simulating an MES system of the dis-
played size for a full year in 15 min’s interval time steps takes approximately 2 days of
calculation time. If node optimization is used additionally (Scenario 3), the computation time
increases further.

5.2. Simulation Results

As displayed in Table 5, line overloads can be significantly reduced by more than fifty
per cent in Scenario 3 compared to Scenarios 1 and 2, showing a positive effect of OPF and
flexibility usage. Transmission line capacities represent a constraint using OPF applied
in Scenario 3, therefore a number of zero line overloads should be expected. However,
based on simulation results from Scenarios 1 and 2, the capacity of overloaded power
grid sections is increased to enable the OPF to converge, since any unsolvable violation of
transmission capacity would result in a termination of an OPF calculation. The count of the
overload time for Scenario 3 is carried out using the original transmission capacity used in
Scenario 1 and 2, considering the load flow occurring with increased line capacity.

Depending on the scenario, more than ninety-five per cent of line overloads occur
in the distribution grid. Overloads can be caused by various reasons such as high RES
potentials, low transmission capacity or in urban areas. No clear reason could be identified
for overloads in urban areas. Potential issues might arise from the data source (consumption
data) or loss of precision due to the need for grid simplification in urban areas.

In Scenario 3, the export of power is reduced significantly in comparison to Scenarios
1 and 2, since the power generation from natural gas CHP, gas turbine and especially
(pumped)-storage hydropower plants is reduced. This is achieved by operating gas turbine
and CHP, and (pumped)-storage hydropower plants as dispatchable flexibility. Since
(pumped)-storage hydropower plants are located in western Austria and gas CHP and
turbine are close to cities (=high power consumption), natural gas CHP and turbine are
more likely to be activated due to lower transmission losses. This point can be further
addressed through different flexibility pricing to favour (pumped)-storage hydropower
usage over natural gas turbine and CHP power plants. However, this might have effects on
the west–east power transmission in Austria’s power grid.

6. Conclusions and Future Outlook

Within this work, we introduce a unique MES simulation framework and investigate
the effects of the expansion of renewable energy sources on Austria’s energy infrastructure
based on a created MES model within this work.

The literature review has shown that current available multi-energy system simulation
and optimization frameworks are not capable of depicting a national MES with a high
degree of both high spatial and timely resolution. To overcome this scientific gap, the
updated MES simulation framework HyFlow is introduced. The proposed MES simulation
framework is capable of implementing the energy carrier power, natural gas and district
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heat (and their corresponding energy grid infrastructure), a broad range of individual
consumers and producers, as well as storage and sector coupling options. Due to the
flexible MES depiction approach, a wide range of research questions can be addressed. We
believe that the HyFlow framework is unique in both existing and potential expansion
capabilities and should be used to address various further research questions. This may
include the addition of further capabilities to be added to the existing MES framework,
such as further modes of operation, new objects, or improved gas and heat load flow
calculations.

To depict a national MES, three main points must be addressed. First, detailed energy
infrastructure models must be available. Due to the unavailability of Austria’s energy
grid infrastructure models, sufficient available sources and data from existing research
are used to create a detailed model of Austria’s energy infrastructure. Second and third,
the examined area must be fed with both spatial and time-resolved consumption and
generation data. To spatially resolute Austria, Voronoi diagrams based on power grid
substations are used to divide Austria into so-called substation districts. To time-resolve the
energy demands and generations of each substation district, a combination of SLPs and real-
measured data is used. The created MES model of Austria may serve as a foundation for
any further assessments of the Austrian MES. Potential fields could be the implementation
of further flexibilities (e.g., storage and sector coupling) or assessment of other energy
grids (gas, heat). If detailed RES expansion plans are available, the spatial distribution of
RES expansion can be updated and its effects on energy grid infrastructure can be further
investigated. New energy grid projects can be added to increase the transmission capacity
between SSDs. We believe that this demonstrated approach can be a useful guideline to
create a spatially and temporally resolved model of any national or regional MES.

Based on the created MES model of Austria and the presented MES simulation frame-
work HyFlow, three scenarios are examined. The scenarios investigate the effects of Aus-
trian government targets to achieve a one hundred per cent renewable power generation,
net-balanced over one year. Renewable generation is expanded (mainly volatile wind and
photovoltaics) by the aimed amount of the Austrian government. Additionally, electric
vehicles, battery storage, and heat pumps are implemented into the MES simulation to an
expectable future degree. Each scenario considers the same renewable expansion but differ-
entiates between modes of flexibilities operation, such as (pumped)-storage hydropower,
gas-fired power plants, heat pumps, electric vehicles, and battery storage. Results show
that the mode of operation of flexibilities and the power load flow calculation methodology
(PF and OPF) can lead to significantly different results, in terms of power line overload
counts. By optimizing the consumption and generation of electric vehicles, battery storage
and heat pumps based on the power price timeline (=market oriented), short demand peaks
can occur, leading to the highest count of power grid overloads of all three investigated
scenarios. In contrast, using OPF in combination with the flexible dispatch of natural
gas-fired and (pumped)-storage hydropower plants line overloads are reduced by more
than fifty per cent. The usage of OPF is therefore advantageous in contrast to PF, in terms
of flexibility usage. It can be concluded that a solely price-optimized operation (market
oriented) leads to grid overloads due to the neglectance of the power grids’ transmission
capacities. Therefore, both market and energy grid transmission capacity should be consid-
ered. A high degree of flexibilities, in a grid-supporting operation, are favorable to mitigate
power grid overloads. Potentially, the addition of further flexibilities might have further
positive impacts on the power grid.
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APG Austrian Power Grid
CHP combined heat and power
DG distribution grid
EC energy carrier
GtH gas to heat
GtPH gas to power and heat
HtP heat to power
MES multi-energy system
MESS multi-energy system simulator
OPF optimal power flow
PF power flow
PtGH power to gas and heat
PtH power to heat
RES renewable energy source
RL residual load
SC sector coupling
SLP standardized Load Profile
SSD sub-station district
TG transmission grid
UBA Umweltbundesamt (Federal Environment Agency)

Appendix A. Node Optimization

The node optimization and flexibility determination can be depicted in a four-stage
process, displayed in Figure A1. Main parameters are explained in the following subchapters.
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Appendix A.1. Input Data

In Table A1, the input data for node optimization and flexibility determination are
explained. Depending on the optimization problem, different input data are required. The
optimization is adapted based on [29].
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Table A1. Optimization input data.

Parameter Type Description

P_RL_Set scalar Residual load setting for the current time step.

t scalar Duration of one time step [h].

Converter matrix

Defines properties of each converter. Each row represents
one converter.
[FP, FH, FG, TP, TH, TG, MinP, MaxP, Ramp, PPrevPeriod]
FP—convert from power (1 or 0).
FH—convert from heat (1 or 0).
FG—convert from gas (1 or 0).
TP—convert to power (η in [1]).
TH—convert to heat (η in [1]).
TG—convert to gas (η in [1]).
MinP—minimum power [W].
MaxP—maximum power [W].
Ramp—ramp rate based on MaxP.
PPrevPeriod—power of previous period [W].

P_Storage
H_Storage
G_Storage

matrix

Defines properties of each storage. Each row represents one
storage. For power, heat, and gas, individual matrices have
to be set up with the following structure.
[LP, MinSL, MaxSL, ISL, ηIn, MinIn, MaxIn, ηOut, MinOut,
MaxOut]
LP—storage loss per period [1/h].
MinSL—minimum allowed storage level [Wh].
MaxSL—maximum allowed storage level [Wh].
ISL—initial storage level [Wh].
ηIn—input efficiency [1].
MinIn—minimum input power [W].
MaxIn—maximum input power [W].
ηOut—output efficiency [1].
MinOut—minimum output power [W].
MaxOut—maximum output power [W].

P_DSM
H_DSM
G_DSM

matrix

Defines properties of each DSM. Each row represents one
DSM. For power, heat, and gas, individual matrices have to
be set up with the following structure.
[MinP, MaxP]
MinP—minimum feed-in (demand) or maximum feed-out
(generation) power.
MaxP—maximum feed-in (demand) or minimum feed-out
(generation) power.

eVehicle vector

Defines parameters for electric vehicles.
[EC, CP, NoP, SB_1, EB_1, SB_2, EB_2]
EC—energy to be charged within NoP [Wh].
CP—charging power [W].
NoP—number of time steps before charging of EC must be
finished (e.g., one day).
SB_1, SB_2—the start of the charging break period.
EB_1, EB_2—the end of the charging break period.

P_Price
H_Price
G_Price

vector
The number of rows is equivalent to the forecasting period.
A separate vector must be defined for each energy carrier’s
price.

P_RL
H_RL
G_RL

vector
The number of rows is equivalent to the forecasting period.
A separate vector must be defined for each energy carrier’s
residual load [W].

G_Connect
H_Connect scalar Indicates if the node is connected (variable = 1) to gas/heat

grid or not (variable = 0).

ops vector Contains settings for the Gurobi optimizer.
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Appendix A.2. Node Optimization Target Function (TF)

TF = min(
P,H,G

∑
EC

((
PEC − P€

EC

)
·EPEC·t

)
) (A1)

PEC—consumed power for each energy carrier (EC).
P€

EC—feed-in (sold) power for each EC.
EPEC—price of EC.

Appendix A.3. Flexibility Determination Target Function

Positive and negative flexibility is determined according to (A2) and (A3).

TFFlex, neg = max(PC,out) (A2)

PC,out—power converter power output.

TFFlex, pos = max(PC,in) (A3)

PC,in—power converter power input.
To determine the total positive (A4) and negative flexibility (A5), storage and DSM

options also have to be considered.

Flexpos = TFFlex, pos + min
(

MaxIn,
MaxSL − ISL

t·η IN

)
+ DSMMaxP (A4)

Flexneg = TFFlex, neg + min
(

MaxOut,
ISL·ηOut

t

)
+ DSMMinP (A5)

Appendix A.4. Results

The main optimization outputs are time-resolved RLs for each converter, storage, and
DSM, as well as specific results such as storage level. Furthermore, an additional parameter
indicates if the optimization problem can be solved successfully.

Appendix B. Measurement Points for Small Hydropower Plant SLP

For each federal state, a random small river measurement point from [80] is used to
create an SLP for small-scale hydropower plants, as displayed in Table A2.

Table A2. Measurement points used for small hydropower plant SLP [80].

Federal State Measurement Point # Name

Vorarlberg 200105 Garsella

Tyrol 230706 In der Au

Salzburg 203265 Schweighofbrücke

Carinthia 213389 Kaunz

Styria 211029 Anger

Upper Austria 204784 Riedau

Lower Austria 208041 Hollenstein

Burgenland 210039 Piringsdorf (Pfarrbrücke)

Vienna None None
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Appendix C. Measurement Points for Natural Inflow Curve for (Pumped)-Storage
Hydropower Plants

Natural water inflow into (pumped)-storage hydropower plants originates from water
sources at high altitudes, such as snow and glacier melt. Therefore, measurement points
from [80] at high elevation are selected to determine an annual inflow characteristic for
(pumped)-storage hydropower plants, as displayed in Table A3.

Table A3. Measurement points used for annual (pumped)-storage hydropower plant inflow SLP [80].

Measurement Point Name Measurement Point # Elevation [m]

Gepatschalm 230300 1895

Vent (oberhalb Niedertalbach) 201350 1891

Obergurgl 201376 1879

Neukaser 201996 1786

Innergschlöß 212068 1686

Kees 203893 2040
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