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ANNOTATION

Mariia Forkaliuk. Integration of modelling tools from electricity, mobility
and heating sectors into an event-driven energy-flow monitoring framework.
Master’s qualification paper of specialty 174 — Automation, computer-integrated
technologies and robotics, curricula — Intelligent computer systems. Vinnytsia:
VNTU, 2025. 157 pages.

In English language. Bibliography: 50 titles; fig.: 58; tabl.: 16.

The purpose of the work is to link existing state-of-the-art simulation tools
from different sectors, in particular electricity, heating and cooling, and mobility,
by an event-driven simulation core into a co-simulation framework that covers
the inter-relations of the systems from different sectors. This shall enable experts
and engineers to test novel approaches toward micro-balancing and volatility
mitigation by partially adjusting the demand to the volatile and distributed energy
supply from sun and wind. Of particular interest 1s identifying issues related to
usability, impact, side-effects and correlations, as well as revealing conflicting and
counteracting approaches and practices. The intended scenarios shall extend from
buildings with shared electricity generation and storage, as well as shared heating
and cooling, to neighbourhoods connected by a shared heat-distribution system
and jointly managed EV charging points.

Key words: Event-Based Co-Simulation, Cross-Sector Integration, Energy-
Flow Management, Electricity-Demand Coordination, Micro-Balancing, Smart

Grid.



ABBREVIATIONS, UNITS AND VARIABLES

Abbreviations

AC — alternating current

ASHP — air source heat pump

BEMS — building energy management systrem
BEV — battery electric vehicle

CAPEX — capital expenditure

CCDF — complementary cumulative distribution function

CDH — cold district heating

CHP — combined heat and power system
CP — charging point

CS — charging site

DC — direct current

DSF — demand side flexibility

EFM — energy flow management

EH — energy hub

EMS — energy management system
EMT — energy modelling tool

ESS — energy storage system

EV — electric vehicle

EVSE — electric vehicle supply equipment
FMI — functional mock-up interface

FO — flexibility offer

HEMS home energy management system
HIL — hardware-in-the-loop (testing)

HP — heat pump

HPC — high-performance computing

HV — high voltage (grid level)



HVAC — heating, ventilation and air conditioning
[oT — Internet of things

LNN — liquid neural network

LV — low voltage (grid level)

MES — multi-energy system

MV — medium voltage (grid level)

OPEX — operating expense

PI — proportional-integral (control)

PID — proportional-integral-derivative (control)
PV — photovoltaic (electricity generation system)
RC — resistance/capacitance module

REC — renewable energy community

RED — renewable energy directive

RGB — red green blue

RNN — recurrent neural network

SoC — state-of-charge

TLS — traffic light system

V2G — vehicle to grid discharging

Units

°C,K — grad Celsius, Kelvin (temperature)

h — hour (time)

Q/km — Ohm per kilometre cable length (resistance)
V, kV — Volt, kilo-Volt (power potential)

W, Wh, — Watt (power), Watt-hour (energy)
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INTRODUCTION

Relevance of the Work. The transition to renewable energy sources,
enforced to reduce fossil CO, emissions [1] and dependency on imports from
unreliable countries [2], introduces huge amounts of volatile energy generation
from sunlight and wind [3]. Maintaining a reliable energy supply from volatile
sources requires either massive over-provisioning of generation capacities or huge
energy storage capacities to compensate the intermittency and volatility of energy
generation from sunlight and wind [3,4]. Over-provisioning and energy buffering
are costly and shall be minimised in whatever combination they become realised.
The best way to reduce the demand for volatility compensation, is to reduce the
energy consumption when renewable supply is scarce [5]. Cross-sector energy
management can support that with marginal impact on customer comfort [6].

Purpose of the work. Compose, extend and apply a simulation framework,
a collection of linked software tools, to analyse local cross-sector energy balancing
strategies. The resultant tool shall be able to model integrated provisioning of
electricity, heating and cooling, and mobility (EV charging). It shall speed up the
evaluation of control algorithms by possibly 50 % and save the related personnel
costs. If iterating through the tools used stand-alone costs 10 kKUAH, than using
the developed cross-sector simulation framework saves 5 kKUAH.

Object of study. Novel cross-sector energy management that supports the
energy transition toward 100 % renewable energy sources shall be evaluated, in
particular strategies for local energy balancing among heating, EV charging and
PV production. The intended scenario shall extend from buildings with electricity
generation and storage as well as heating and cooling, to neighbourhoods connected
by a shared heat-distribution system and jointly managed EV charging points, as
enabled in renewable energy communities (REC [7]).

Subject of study. The developed simulation framework shall as far as
possible integrate existing tools to analyse:

— Electric load management,

— EV charging management,



— Heating and cooling management system,

— Cross sector energy demand adjustment signalling.

The following problems should be solved to achieve a goal. (Research
tasks.) The interfaces and the interoperation of the above listed sector specific
tools shall be identified, designed and integrated to connect the different tools.
The interoperation performance will be evaluated and documented. To achieve
both, the following task shall be performed:

1. Find candidates for integration by literature survey and tool trials
. Analyse possibilities to link different tools, integration feasibility
Select fitting tools and develop the simulation framework architecture
Design APIs, message parsers, and wrappers needed for the integration
Model assets and appliances as well as user behaviours stochastically
Define, monitor, log, and save key parameters for stochastic analysis
Processed monitored parameters for appealing visualisation and saving

Analyse the simulation performance identify and fix shortcomings

R I I I

Approve scalability and adaptability of the developed simulation tool

The overarching research task is to evaluate the implications of integrating
tools that were developed independently and intended to be used on their own.
In addition thereto, but not the prime task, is exemplary analysing of the gained
energy management and shifting options across the connected sectors.

The practical tasks cover system-of-systems modelling, simulation envi-
ronment design and integration, fixing interoperation issues, and the interpretation
and analysis of exemplary simulation results.

Research methods. The research methods applied in the course of this
master work include: literature survey, tool comparison and selection, software
tools integration, design of energy management and distributed control schemes,
stochastic modelling and system behaviour evaluation, fragmentation and simpli-
fication of complex systems-of-systems, model based simulation experiments,
conclusive interpretation and summarising of simulation results.

Scientific novelty. For the first time, an event-driven cross-sector modelling

of smart energy flow management related to systems from different sectors has



been developed. It integrates power-flow calculation, electric vehicle charging
demand, photovoltaic power generation, as well as heating, ventilation and air
conditioning needs. This is for example needed to coordinate for example the
demands of a complex of residential and office buildings, or across a renewable
energy community (REC [7]).

Applying smart algorithms ensures a reduction in the dynamic deviation
from normal voltage at the local electricity supply connection point. How effective,
depends on the scenario. The performed experimental simulation study of three
automation objects presented in Section4.2.3, being three buildings connected
by the local feeder network, each with smart controlled PV system, EV charging,
and heating and cooling, showed an absolute reduction in deviation from normal
voltage from 2.15 to 6.1 % for the winter period, from 1.54 to 7.12 % for spring,
and from 2.64 to 7.97 % for summer. The largest improvements achieves the
building at the far end of the feeder line.

Cross-sector integration on the energy management level is today rather
non-existent or in an infant state [8]. The energy efficiency focus [9] has improved
the efficiency of individual appliances within their domain. However, a top down
view on efficiency reveals the need for bottom up system operation flexibility [10].

Scientific and technical result of the work. Aside from the lessons learned
(a) on designing and implementing a simulation architecture integrating several
tools, (b) on the use of distributions to model stochastic real world processes,
and (c) on proper visualisation of statistical results in publishable quality with
scientific rigour, the results of the conducted research work are:

1. A simulation framework to evaluate cross-sector energy management.

2. Cross-sector simulation addressing multi-dimensional opportunities.

3. Insights into the dynamic behaviour of interlinked processes.

4. Examples that reveal potential pitfalls and saving opportunities.

5. A framework that may be reused and extended for future studies.

Practical value of the work. The developed simulation framework will
be used in a living lab, the Austrian public funded R&D project Reallabor

Waldviertel [11], to encourage clients and rural municipalities to invest in regional,



sustainable, sector overarching energy sharing systems. The developed simulation
framework shall indirectly proof the value of healthy flexibility over extreme
efficiency for controlable energy appliances, in particular: electric room heating
and heat pumps in general, ventilation and air conditioning, hot water and steam
provisioning, and EV charging.

Approbation and publications. The main objectives of the simulation
environment was first published in spring 2025, in the LIV All-Ukrainian Scientific
and Technical Conference of the Faculty of Intelligent Information Technologies
and Automation [12], after the tools to be integrated had been preliminary selected.
Simulation results obtained using the developed simulation framework will be
submitted for publication in international conferences, and maybe an international
scientific journal, once the framework is operational.

Meanwhile, results gained using the simulation developed in the bachelor
work [13] were published at international conferences. First the 16" EAI Internati-
onal Conference on Simulation Tools and Techniques (EAI SIMUTools 2024),
December 9-10, 2024, in Bratislava, Slovakia [14], second the 30" IEEE Internati-
onal Conference on Emerging Technologies and Factory Automation (IEEE ETFA
2025), September 9-12, 2025, in Porto, Portugal [15], where I presented the paper
Modelling and Simulation of Smart Electric Vehicle Charging Sites.

A conference paper that addresses the likelihood of flexibility offer fulfi-
Iment is presented at the IEEE PES ISGT EUROPE 2025 (Innovative Smart
Grid Technologies conference), October 20-23, 2025, in Valletta, Malta [16].
A conference paper that resulted from learning to use pandapower has been
accepted for publication at the /7 International Conference on Applied Energy
(ICAE2025), December 8-12, 2025, at the United Nations Conference Centre in
Bangkok, Thailand [17].



I STATE OF PROBLEM AND REVIEW OF ANALOGOUS WORK

The energy transition has been discussed and investigated for decades, and
is now overdue. As a consequence, the European Commission lastly enabled
the customers to become active and independent of the established energy
business [7, 18]. Organised in so called Energy Communities, customers are now
allowed to share and trade self-produced renewable energy independent of the
energy market. In the case of Renewable Energy Communities (RECs) specified
in [7], this freedom covers not only electricity but any form of renewable energy.

Existing and newly developed software tools shall be joined into a simulation
framework to enable the evaluation of the interdependent operation of energy
systems from different sectors, here electricity, heat and mobility, for this novel
option to combine electricity and heat sharing within RECs.

Being one of the steepest growing source for increased electricity demand,
the charging of battery electric vehicles (BEVs) is considered as demand side
flexibility (DSF) for the joint energy management. Accordingly, simulating Smart
Charging options in a holistic energy flow management (EFM) constitute a core
part of the developed simulation framework.

The simulation framework shall enable the clients using it to show that
smart assets from different sectors can overcome their efficiency disadvantage if

wisely operated across sector boundaries.

1.1 Review of existing tools

First, tools that might be integrated into the simulation framework are
outlined in the following subsections. Than, solutions that address joint energy
management across sectors are discussed. Finally, the selection of tools intended

for the simulation framework is sketched.
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1.1.1  pandapower — a popular open source electricity grid analyser

The pandapower tool [19] is based on the data analysis library pandas [20],
which enables efficient processing of large datasets. It supports the widely used
MATPOWER / PYPOWER case format [21, Appendix B] and [22] respectively,
which serves as a standard for many existing grid models. In addition, it allows
the use of different solvers: by default an improved Newton-Raphson power
flow implementation, all PYPOWER solvers, the C++ library solvers for fast
steady-state distribution power system analysis of the PowerGridModel [23], the
Newton-Raphson power flow solvers in the C++ library lightsim2grid [24], and
the PowerModels.jl library [25].

Basically, pandapower provides the means to do power flow analysis for
arbitrary grid topologies, power demands, and power generation assets connected
to the evaluated grid section. Complex electricity flow evaluation calculates also
the power angle variation along buses (lines) and how the insertion of reactive
power mitigates local voltage issues.

Figure 1.1 illustrates a network topology example, a simple linear feeder line,
which is used to present the essential features of pandapower for analysing power
distribution on the low-voltage level. The red node represents the external high-
voltage (HV) grid, which supplies power through the medium-voltage (MV) bus
to the low-voltage (LV) transformer, which feeds the evaluated power distribution

with U; =230V per electric phase.

U; U, Uj Uy Us Usg Uy
& o ° . ° TS TS ° °

HV MV LV 100m Pl 100m P2 100m P3 100m P4 100m P5 100m P6

0.80kW  030kW  0.50kW 0.70kW  0.40kW  0.30kW
-1.25kW -1.25kW

Figure 1.1 — Low-voltage feeder line example with six customers connected in

line, where two (green) insert locally generated power


https://pypi.python.org/pypi/PYPOWER
https://github.com/PowerGridModel/power-grid-model
https://github.com/BDonnot/lightsim2grid/
https://github.com/lanl-ansi/PowerModels.jl/
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Blue and green nodes depict customer connection points (P;) at node
voltages U, to Uy. Each customer is characterized by a different level of power
consumption. Green nodes (P2 and P4) indicate customers with generators that
insert power at line voltages Uz and Us into the feeder line, adding to the power
drawn from the public grid at the HV level.

Figure 1.2 depicts the voltage profile that results from the load and insertion

distribution and consequential power flow along the feeder line.

Voltage Profile Along the Line (Maximum Voltage = 240 V)

230.0 A

229.9

with load and generation

229.8

229.7 A

Voltage (V)

229.6

229.5 A

Ull UI2 Us U‘4 UI5 UI6 UI':’
Nodes (Buses)
Figure 1.2 — Power flow analysis results for the low-voltage feeder line example

with six customers connected in line as sketched in Figure 1.1

Starting from the low-voltage (LV) transformer, the voltage decreases
gradually as the electrical power travels through the feeder lines due to the cable
resistance, which is assumed to be 0.642 Q/km. In consequence of the clients
that locally generate and insert power, the power flow can be reversed, meaning a
power flow toward the transformer can occur, as between U, and Us, causing a
voltage increases down the feeder line from node P2 to node P3.

The overall shape of the voltage distribution along lines reflects the dynamic
balance between power consumption and local power generation, and reveals

whether the voltage remains within operational limits.
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1.1.2 Active energy management tools for RECs

In [26] the authors analyse twelve energy modelling tools (EMTs) applicable
for RECs and conclude that the socio-economic, environmental, and spatial
evaluations criteria required for a comprehensive renewable energy assessment,
are not satisfied jointly by any of the evaluated tools. Some tools were found to
be quite complete options for REC design, but we need a tool to simulate the
energy management that intends to best utilise the REC assets. EMTs that do
not consider any demand adjustments toward optimised self-consumption cannot
entirely predict the potential benefits of RECs.

Sunshine is the evident signal to improve the self-consumption within a REC
that 1s dominated by PV production: If energy hungry appliance are preferably
switched on when the sun is shining, more community produced energy becomes
shared instead of sold to some aggregator. However, the response is stochastic. No
system can precisely predict when which appliance is switch on. In that respect,
demand-supply balancing within RECs is comparable to price driven demand
response schemes. Looking for tools to model demand response instead of REC
modelling, yields better fitting tools to analyse the dynamics of actively managed

RECs by adequate stochastic modelling.

1.1.3  General systems integration and smart home control tools

Two popular tools to actually implement energy management and other
systems integration needs are Home Assistant and OpenRemote. OpenRemote [27]
is an open source Internet-of-Things (IoT) platform commonly used for professi-
onal automation of many devices. Therefore, it is particularly popular for systems
integration. The platform supports many communication protocols and includes
visualization features. OpenRemote is open source licensed under the Affero

General Public License version 3.
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Home Assistant [28] is a free and open-source home automation software.
It serves as integration platform for smart homes, and enables smart control of
smart home devices. The software emphasizes privacy by perfectly local control,
1.e., 1s not cloud based, and requires no specific Internet-of-Things environment.
It can be accessed through a web-based user interface from companion apps for
Android and 10S, by voice commands via supported virtual assistants, e.g., Google
Assistant, Apple Siri, Amazon Alexa, or using the built-in voice assistant Assist.

However, these nice software tools seem not applicable for simulation

studies with modelled assets, and therefore, are no further considered henceforth.

1.1.4 Modelica — dynamic heating systems modelling

Open-source modelling has become popular in the scientific community and
lead to a variety of openly available modelling languages and libraries. Many
scientific works make use of the modelling language Modelica, which proves
quality and wide applicability. It is an object-oriented, equation-based language
developed to model complex systems that are described by coupled differential,
algebraic, and discrete equations [29]. Building energy systems are such systems,
and therefore, Modelica is perfectly suited to model these. It allows the engineer to
model a complex system by constructing a virtual representation that is composed
of individual components, e.g., pipes, pumps, vents, and heat exchange. The non-
linear behaviour of each component can be defined using textbook equations. A
comprehensive introduction to modelling building energy systems using Modelica
is provided in [30]. A vast collection of modelling examples for a variety of
dynamic systems is presented in [31].

The Institute for Energy Efficient Buildings and Indoor Climate at RWTH
Aachen University has developed and published on GitHub [https://github.c
om/RWTH-EBC/AixLib] the AixLib Modelica library, which contains, among others,
dynamic models for the built environment, i.e., rooms and heating systems [32]. It is

based on the IBPSA (International Building Performance Simulation Association)


https://github.com/RWTH-EBC/AixLib
https://github.com/RWTH-EBC/AixLib
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Modelica library [33], which provides basic models for the implementation of
building and community energy control systems.

To simulate a system that is modelled using the Modelica language, a
simulation environment is needed to solve the underlying equation system and
run the simulation of the dynamic behaviour that results. Dymola (Dynamic
Modelling Laboratory) [34] has been developed alongside the Modelica language
and offers the best solver capabilities [35]. It enables multi-domain modelling,
1s open, customizable, and interoperable, supporting FMI (Functional Mock-up
Interface), Python scripting, and Simulink integration. It is capable to perform real-
time hardware-in-the-loop (HIL) simulation studies. The simulation environment
became a commercial product and requires a license, but there is a free trial
version with limited capacity to evaluate the usability of the product prior
purchase [36]. Open source alternative are JModelica, a seemingly discontinued
software platform to model, simulate, and analyse complex dynamic systems [37],
and OpenModelica [38], which is still maintained and further developed, and can
be downloaded from [https://openmodelica.org/].

1.1.5 Bi-level framework to analyse regional EV charging impact

Grigorev and colleagues explore in [39] how EVs influence regional traffic
congestion and energy consumption. They apply an integrated modelling approach,
as shown in Figure 1.3, to reveal potential shifts in urban mobility patterns. Arrivals
are distributed according to an empiric histogram determined from measured
traffic data, and normal distributed charging demand, which here peaks at 50 %
of the EV’s SoC. The other histograms, as well as the daily queue-length and
power consumption, result from the simulation of the such defined distributed
multi-server queueing system.

The tool they developed is a comprehensive simulation framework designed
to assess the interconnected impacts of EV adoption on local traffic congestion

and the regional energy infrastructure. It integrates a dynamic micro-scale traffic


https://openmodelica.org/
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Figure 1.3 — EV charging representation as outlined in [39, Fig. 3]

simulation with a detailed queue modelling system for EV charging stations. The
framework operates on two levels: traffic and queueing behaviour modelling
(upper level) and energy consumption analysis (lower level), providing a holistic
view of the challenges posed by increasing EV penetration.

The framework integrates real-time feedback loops between traffic congesti-
on and energy consumption, enabling a dynamic representation of how one system
influences the other. This capability is particularly valuable for identifying critical
thresholds where small changes in one system (e.g., a surge in EV users during
peak hours) can lead to cascading effects across the electricity grid.

Through its detailed and adaptable design, this tool serves as a powerful
instrument for regional planning, helping stakeholders anticipate challenges, opti-
mize resource allocation, and design strategies (policies) to support a sustainable

EV integration in urban areas.

1.1.6 smartDCsim — fast and smart EV charging sites simulation

Most tools for EV charging assume charging at maximum speed. In the

case of individual AC charging points this is reasonable up to 90 % SoC. Also
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reasonable 1s a temporal charging management across a region to prevent electricity
grid overloads due to many charging events that occur at the same time, as for
example proposed in [39].

For an individual site that operates many charging points in behind a single
electricity grid access point, for example at a public charging site as shown
in Figure 1.4, dynamic limiting of the charging power is beneficial to prevent
excessive peak power demands. The tool developed in the course of the bachelor
work [40] is predestined to serve latter scenario. In addition, it also considers the

dynamic charging power decline of DC charging, in case that is relevant.

Parking space Charging points
[ ]\
(@) (@)
[ |
{11
OhO®m . e On=20
Arriving EVs Departure EVs
[ 1
(0 (®)
[
~folHon oL
Waiting EVs Charging EVs

Figure 1.4 — Parallel charging at (virtual) charging site [40]

If the EV charging points owned and operated by a renewable energy
community (REC) are virtually grouped and assumed to be behind a virtual
community access point, the tool can be used likewise to optimise the usage
of self-produced energy. In that case, the allowed power PS needs to become

max

dynamically adjusted to the currently available self-provided community power
PS%FfC(t).With this adjustment, this tool serves the aim of the simulation framework
to integrate the energy demand from the mobility sector into dynamic energy

sector coupling.
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1.1.7 Tools to model and analyse cross-sector integration

The Open Energy Modelling Framework (oemof) [41], provides a novel
approach to energy system modelling, representation and analysis. The oemof
project aims to be a loose organisational frame for tools in the wide field of
(energy) system modelling. It offers an open-source toolbox to construct energy
system models and is free to use.

The toolbox supports integrating various energy systems like renewable
energy sources, storage, heat, and gas with electrical grids to simulate and analyse
the interaction between sectors, for example how the heating demand impacts the
electricity demand depending on the used heating technology. In addition, it is
compatible with pandapower for electricity grid modelling.

Based on a generic graph-based description of energy systems, it is suited
to model complex cross-sectoral systems and to incorporate various modelling
approaches. This flexibility yields a multi-purpose modelling environment capable
to analyse linked energy systems at scales ranging from urban to transnational. It
can be used to optimise energy system configurations that balance electricity and
heat generation in combination with renewable energy sources and storages.

Calliope 1s an open-source energy systems modelling framework that scales
from local to international energy systems [42]. It provides high temporal and
spatial resolution and clearly separates the framework (tools) from the models
(data). The focus is on energy system planning. In an optional operation mode
it enables the evaluation of a pre-defined energy system in varying operational
and environmental conditions. Preliminary simulation results can be explored
interactively while the simulation is in progress.

An energy system model for Calliope consists of several text files in YAML
and CSV format. These files define different technologies, locations and asset
specifications. From these input files, an optimisation problem is derived and
solved. The results are provided as xarray datasets and converted into Pandas’
data structures, which can be analysed with built-in tools or using Python data

analysis libraries designed to handle Pandas.


https://oemof.org/
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Key features of Calliope are:

— State-of-the-art Python toolchain based on Pyomo, xarray, and Pandas
— Generic definition of production, storage and consumption units

— Definition of locations with different assets and loads

— Time series definition with arbitrary resolution

— Human and machine readable model specification in YAML format

— Support of high-performance computing (HPC) clusters

— Apache 2.0 open-source license (free to use)

The publications listed on www.callio.pe show that Calliope can effectively

cover different energy sectors and their coupling.

1.1.8  General purpose tools utile for sector independent modelling

Julia is a dynamic, general-purpose, high-level programming language,
designed to be fast and powerful. It is commonly used for machine learning,
artificial intelligence, modelling and simulation, numerical analysis and data
science in general. It links with other programming languages such as Python, Java,
C, C++, R and Matlab/Simulink integration. A distinctive feature is its parametric
polymorphism and that it relies on structs with generic methods/functions that are
not tied to them, which enables versatile coding. By default, Julia programs are
executed using a just-in-time compiler with support for ahead-of-time compilation
and efficient garbage collection.

JuliaSim is a high-performance programming environment designed to
merge traditional modelling and simulation with machine learning. JuliaSim
can build accelerated surrogates from component-based models, such as those
conforming to the FMI (Functional Mock-up Interface) standard, using Continuous-
Time Echo State Networks (CTESN). The foundation is an acausal modelling
language that can compose the trained surrogates as components within its staged
compilation process. A complementary model library with differential-algebraic

equations and pre-trained surrogates can be used to compose modelling systems


https://www.callio.pe/research/#publications/
http://modellingtoolkit.jl/

19

for design, optimization, and control applications. See "Composing modelling and
Simulation with Machine Learning in Julia", arXiv:2105.05946.

MATLAB, literally MATrix LABoratory, and it’s open source siblings GNU
Octave and scilab, offer a powerful multi-paradigm programming language
and a numeric computing environment that provides effective interfacing with
programs/modules in other languages. The additional Simulink package adds
graphical multi-domain simulation and model-based design for dynamic and
embedded systems, but only for MATLAB developed by MathWorks, and not for
the open access siblings. A particular strength of either are the powerful matrix
manipulation functions and the integrated visualisation features, which produce

high quality graphical results (vector graphics).

1.1.9 Comparison and selection of modelling and analysis tools

To identify the best candidates that fit to the tasks ahead in research projects
on joint optimisation of collaborative cross-sector energy systems, the tools
outlined above need to be compared.

The relevant features are:

— power-/heat-flow analysis (effective/dynamic)

— managed energy-flow/-sharing

— stochastic demand modelling (electricity/heat/mobility)

— dynamic response to external signals (in-the-loop)

— controlled EV charging (peak-/cost-minimisation)

— transient analysis of energy efficiency/losses

— cross-sector balancing (demand optimisation)

— runtime data in-port and ex-port

Table 1.1 summarises the expected support of the required features by the
different tools preliminary evaluated.

Comparison: Only principal support of common requirements is compared

independent of the different energy sectors the tools are developed for. Every


https://arxiv.org/abs/2105.05946
https://arxiv.org/abs/2105.05946
https://en.wikipedia.org/wiki/MATLAB
https://en.wikipedia.org/wiki/GNU_Octave
https://en.wikipedia.org/wiki/GNU_Octave
https://en.wikipedia.org/wiki/Scilab
https://mathworks.com/
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Table 1.1 — Features supported by tools in the respective energy sector

feature —» power energy demand  ext. contr.  trans. demand  data in-
1 tool flow flow  model signals charge analysis opt. export
pandapower + - - - - + - +
Modelica + - + - - + - +
AixLib - + + + - + - +
openModelica + + + + - + + +
bi-levelEVsim - + + - + - - -
smartDCsim + + + - + - + -
oemof - - - + - - + +
Calliope - + + - - - - -

Note: The rating is based on the primary aims. Most tools can be extended by custom modules or external tools.

tool has it’s unique strengths and some weaknesses are relevant only when put to
actual use in a specific scenario. Thus, the best tools for a specific job are not
necessarily the ones that serve the most features in Table 1.1.

That pandapower is a feasible and good choice to analyse electricity flows
is evident. In its core, it is a power-flow solver with some software environment
that prepares the in-put pandas the solver needs. Any software that can provide
these in-put pandas and can use the power-flow result pandas that are returned,
can integrate pandapower to analyse both, effective and complex electric power
flows at any scale and on every grid level.

Modelica is in its core a programming language to specify meshes of
complex dynamic behaviours, each describe by textbook equations, and linked
together by the used variables. Dedicated solvers can solve the resultant dynamic
system of equations. OpenModelica provides the software environment required
to design modules, model demands, and do simulation studies. First, modules
that model different systems need to be designed. Such modules are provided
by the AixLib library for thermic systems, from simple heat distribution pipes,
pumps and heat exchangers to complex heat demand models for different types of
households and buildings.

The bi-level EV simulation used to model the impact of the electrification

of individual mobility on the traffic and the electricity grid within a region
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shows an interesting result but seems infeasible to be integrated with other tools.
Possibly anything may be added, but it is not clear how. The same applies for the
smartDCsim tool developed in the bachelor work. However, this source code we
know line-by-line and thus, can adapt it to serve any other tool.

The oemof platform is an umbrella specification for energy system models
and tools. Different teams develop models and tools for different energy sectors.
The aim of the umbrella specification are exchangeable modules and a common
ontology. To which extent modules can cooperate in a cross-sector optimisation
approach is unclear.

Selection: Choosing pandapower to perform power-flow analysis and
pandas for the data exchange appears logical. For heating system and demand
modelling and analysis the 4ixLibs promise to be versatile, and OpenModelica
should provide the necessary environment to design and evaluate heating systems.
To model and analyse modern EV charging, the smartDCsim source code will
be used to create a module that can be integrated in an overarching event based
simulation environment, yet to be developed based on the smartDCsim simulation

core. If a new tool is developed from scratch, Julia should be considered.

1.2 Analogous cross-sector simulation frameworks

Having compared and selected tools from different sectors to design a
cross-sector simulation framework based on sector specific co-simulation, we
finally compare this approach with existing frameworks that provide cross-sector
capability by themselves. Table 1.2 summarises the assessment attempt.

The features considered for the cross-sector simulation assessment are:

— The potential sectors (electricity / heat / mobility / H, and e-fuels),

— self-optimisation, variable demand, distributed coordination support,

— and if the tool is open source and free to use for scientific work.

Calliope 1s primarily a tool for the design and dimensioning of energy

grids considering cross-sector energy conversion options. Being based on a priori
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Table 1.2 — Analogous simulation environment comparison

feature — .. - 2 var. distr. self open
1 tool electricity heat mobility o-fucls demand coord. optim. source
Calliope + + + + - - - +
OpenModelica + + + + + + - +
JuliaSim + + + + + + + +
MATLAB + + + + + + + )
pandapower + - - - - - - +

Note: The rating is based on what can be integrated assumedly without major changes to the core of the tool.

assumed supply and demand predictions and the optimisation of a single parameter,
commonly energy cost or CO, emissions, the information gained from simulation
results is global only and difficult to relate to individual components, assumptions,
or control strategies. Many simulation runs with changed parameters are required
to identify the source of meagre optimisation results.

Modelica can in principle be used to model any dynamic system, including
electric systems, and is in principle capable to model cross-sector integration.
However, the existing libraries are focused on a specific sector each, and thus,
coupling modules across sectors can be cumbersome due to the different modelli-
ng approaches, paradigms, and ontologies of different libraries. Thus, mixing
models from different sectors to design and analyse cross-sector integration using
OpenModelica might be an unresolvable task.

The dynamic systems modelling frameworks briefly discussed in Secti-
on1.1.8, i.e., the programming language Julia and the simulation environment
JuliaSim, and the mathematical modelling and evaluation environment MATLAB
and its free to use siblings GNU Octave and scilab. These are so generic that
modelling a cross-sectorial system-of-systems becomes a programming task by
itself. That can be very efficient and effective, but contradicts the intention to use

established modelling from the different sectors.
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1.3 Object of automation

The objects of physical automation are the energy producing and consuming
assets and appliances operated at customer premises (behind-the-meter). These
respond to signals received from the electricity grid (frequency/voltage), an
overarching EMS (possibly managing a REC), or peer assets and appliances
managed by a home or building automation system. Jointly and fully automatically,
by default, these shall support best utilisation of renewable energy sources. The
automation can be evaluated using the developed simulation framework, but
cannot be achieved by simulation.

The minimal example scenario (object) for which automated energy flow
management shall be simulated (to approve correct modelling and energy-flow
management) is specified by the client as follows: Three buildings equipped with
energy assets and appliances as detailed in Table 1.3 shall be assumed connected

to the same feeder line such that their energy-flows become summed up.

Table 1.3 — The automated objects to be simulation (as specified by the client)

Parameter private buildings apartment/office buildings
feeder network access limit 5 to 20kW 50 to 100&kW
heating/cooling power up to SkW 20 to S0kW
heating target temperature 23°C 22°C

cooling target temperature 25°C 24°C

peak PV production capacity 5 to 20kWp 50 to 100kWp

site EV charging power limit 5 to 20kW 50 to 100&kW
number of charging points 1to4 5 to 30

number of assigned EVs 1to4 5 to 100

The actual configuration of the scenario finally demonstrated may be chosen
such that representative results are achieved. However, the GUI needs to enable
adding, varying, and removing of such specified and configured buildings.

The objects of automation within the simulation framework are (1) the

automated default configuration of simulated systems and the entire scenario
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based on the latest configuration, which eases the definition of similar components
and simulation steps, (2) the automated execution of consecutive simulation runs,
which allows the empiric analysis of sensitivities to parameter changes, (3) the
automated results recording, processing and saving, (4) the automated statistical
evaluation of results, yielding information on the trustworthiness of for example
mean values, and (5) the automated scaling of generated visualisations, which
sometimes can be irritating. An automated installation of the entire simulation
framework, via batch script or Docker®, would be possible, but was not requested.

The objective of integrating established and highly performant sector specific
simulation tools into a versatile simulation framework is the automated execution of
co-simulation studies. The event based integration approach achieves asynchronous
real-time coordination and linking of the simulated systems. This achieves a
realistic and fully automated cooperation of the modelled systems (digital twins)

as implemented by the evaluated coordination approach.

1.4 Conclusion of Section 1

In this master work, existing tools for different sectors are linked together by
effectively parsing the output of one as input to the other and vice versa. Thereby,
a cross-sectorial co-simulation environment is achieved based on established
sector specific system modelling tools. The overarching simulation control is
provided by an agnostic event simulation core and assignable data recording and
visualisation options.

Selecting and integrating feasible tools state a core research question and the
development task, respectively. Their achievement is documented in the following
chapters step-by-step. Exemplary simulation studies conclude the work performed
and show the applicability and performance of the developed cross-sector energy

system simulation framework.
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2 MODEL INTEGRATION AND CO-SIMULATION APPROACH

The fundamental design and technical basis of the developed co-simulation
approach state the frame to link together the different system models and simulation
steps performed by different tools. Consequentially, we first develop the system-
of-systems architecture and the joint simulation core, the framework, before we

integrate different (sub-)system models handled by the linked-in software tools.

2.1 Event-based Simulation

First, a common approach to time needs to be established. Evaluating the
entire system-of-system in between two time-instances between which nothing
changes is surplus. The result will remain the same until something changes.

Using event-based simulation, the system is evaluated only when some
change, an event, occurred. But some processes occur continuously, for example
the generation of electric power by a PV-system. If the power output is rather
constant, the energy production is linear and can be calculated a priori for the entire
time-interval during which the output power does not change. This linearisation is
in reality never completely perfect but random noises are in general negligible if
they are unbiased and small compared to the modelled parameter, in the example
the PV output power.

Using event-based simulation, the simulation-time progresses non-linear, as
shown in Figure 2.1. The current time #; is always the occurrence time of the

currently processed event, here eventy, .

event,, eventy, event,, event,, event., eventp,
fi-1 i livi liv2 liv3 liva  time

Figure 2.1 — Event-based simulation time
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Whenever handling event, 1is finished, the simulation time jumps to the
time of the next event in the event-stack and to time #;, ;. The future, the next
event, is not known until the next event is picked for processing. In particular,
the currently handled event can schedule a next event at the current time, which
evidently becomes sorted to the head of the event-stack, pushing all previously
scheduled events back, as sketched in Figure 2.2.

The simulation process is composed of:

Event: Has execution time, event type, and links to the related client

EventType: Determines the respective event handling

EventHandler: Processes current event in next event — get next loop

EventStack: Stores future events in order of occurrence

........................................ lnltlal events

v Y

g i }
g i | state monitor
%) 1
5 : tit
§ event at f, ., i Vit
it L
= event at ¢, event handler
O]
5 get next
2 event at 7, «

next event

Figure 2.2 — Event-based simulation core [43,44]

Event-based simulation starts with creating initial events for each client
initialising the EventStack. To run the simulation, the EventHandler consecutively
pulls events from the EventStack and triggers the processing of the pulled event
by the referenced client system. Prior executing an event, the EventHandler is
responsible to update the simulation time, and in case of multi-threaded event
execution, that chronology and inter-event dependencies are preserved. The actual
processing of Events is delegated to the (sub-)system that the referenced client

belongs to.
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To preserve the time that passed in between two successively handled events,
it is paramount to calculate and store #;, | —¢#; as the time that just passed, before
the simulation time is updated to the execution time of the current Event. With
some care, the current time can be consecutively re-set (f; = 0) to avoid digital
overflow issues and enable infinite simulation runs.

The pull-and-execute loop continues until the EventStack becomes empty,
which terminates the simulation. To keep the simulation running, the handling of
events needs to continually create new events that are pushed into the EventStack.
All future events become sorted into the EventStack, which is a list of Events
sorted by their execution time. After it has been handled by the EventHandler, the
Event is discarded and the next Event is taken from the EventStack.

To end the simulation in a controlled manner, the creation of new events
needs to be stopped by setting an EndSimulation flag that either all (sub-)systems
need to obey or is implicitly enforced by the EventStack rejecting new events.
The setting of flags may be triggered by a dedicated event type, such that also
client systems can trigger a controlled termination of a simulation run.

To evaluate the behaviour of a system in respect to changes of the initial
setting, a sequence of dedicated simulation runs is required, as shown in Figure 2.3.

The event-based simulation core involves (sub-)system models solely at
the instants when events are scheduled. The time that passes in between can be
infinitely short or very long. Thus, it operates on the premise that no alterations
happen between events. This selective attention mechanism streamlines the
analytical process not only computationally but also by sharpening the focus on

the elements and changes that truly matter.

2.2 Cross-sector simulation framework composition

The central module of the simulation framework is the Simulation control

module that also collects and records all generated data, as shown in Figure 2.4.
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Figure 2.3 — UML sketch of a sequence of simulation runs where system settings

are changed step-by-step to evaluate the cross-sector response to these changes

To perform that, it contains the interfaces to embed the external modelling tools
and controls the simulation runs.

The external tools, OpenModelica to model heat energy systems, pandapower
to model electricity systems, and smartDCsim to model EV charging demands
and processes, handle the events that relate to them individually via the provided
interface. If the processing of an event triggers the generation of a new event, this
1s pushed to the Event-based Simulation Core module, which schedules it and
later triggers its execution.

A multitude of parameters is required to create an accurate model of every

simulated system, as detailed in the following sections. These parameters need to
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Figure 2.4 — Co-simulation framework modules architecture

be handed over to the according external tool, most conveniently via dedicated files,
one per simulated system. These configuration files are loaded in the initialisation
phase. Also the selection of the variables that shall be monitored and evaluated
needs to be settled before the simulation starts. This step initialises the necessary
data records and run-time visualisation options.

Whenever a simulation run is finished, or a sufficient amount of data is
collected, the recoded data is analysed by the Statistical evaluation module. This
is separated to potentially use an external tool as well. The same applies for
the Results visualisation and Result export modules, which show and save the
achieved results respectively.

The parameterisation of a simulation task shall be imported form an XML

file. How this XML file is generated is irrelevant for the quality of the result.
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Thus, Figure 2.4 includes no module that provides a graphical user interface (GUI)
to configure the simulation. However, a self-explanatory GUI is a good feature to

ease effective use of the simulation framework and thus, a recommended option.

2.3 Electricity Demand Modelling and Simulation

Electricity demand is commonly approximated by so called standard load
profiles or load patterns [45]. These are derived from many years of consumpti-
on monitoring and according clustering of customers into classes with similar
consumption pattern. This approximation works nicely for aggregates of thousands
of customers, in particular for the supply-demand balancing on the energy market,
where the independent deviations of individual customers from their standard
profile become partly equalised by the laws of statistics (central limit theorem).

On the level of a single household or building, the actual match with
the assumed load profile is hardly assessable. The randomness and resulting
unpredictable variation of the demand is far too big to model a single household
or building by an average load profile. The alternative is modelling every energy
demanding appliance, from the dishwasher to the light bulb, and make an educated
guess about the individual activation patterns of the different energy appliances.
Such detailed models are nice engineering work and very welcome to test for
example home and building energy management systems (HEMS/BEMS).

This detailed modelling alternative cannot be used to model many random
customer for whom neither precise knowledge about the actually installed nor the
diverse usage patterns exist. The variety of possible demand compositions that
result in the same standard load pattern are far too vast. Therefore, and because
for general applicable conclusions no detailed demand compositions as in [46]
shall be assumed, we introduce heavy tailed variance to the standard load profile,
here Lomax(2,1) [47] rescaling, as shown in Figure 2.5.

Thereby, an aggregate over n — oo modelled customers results in the

assumed load profile. Still, each modelled customer causes a demand volatility



31

L power [W]

ﬁ | _ T N (|
1@{5%{ ] }{1 il LDH @ AL UAG[TH

0:00 time of day 24:00

[
1

I

uj_lji*\

Figure 2.5 — Random load modelling: Heavy tailed scaling of HO standard load

profile mimics random consumption (red, green, blue being exemplary samples)

that resembles the expectable temporal demand variation of individual real

customers. Clear load patterns evolve from merged customer demands only.

2.3.1 Modelling of feeder lines and customer demands with pandapower

To simulate a feeder line, first a feeder network needs to be designed in
pandapower. To construct the simple example sketched in Figure 2.6, first a main
substation bus with a voltage of 20 kV is created as unlimited power supply. A
20/0.4 kV transformer is connected and feeds the start bus with a voltage of 0.4
kV. The remaining feeder line is modelled as a chain of buses, where at each
intersection a customer is connected. For simplicity and clarity of results, each line
segment is modelled equally, with the same line length of 100 m and wire type
NAYY 4x50 SE. With a maximum current of 142 A per phase and an electrical
resistance of 0.642 Ohm/km, it can be used safely for power flows up to 100 kW.

Individual load profiles are generated for each customer to incorporate
consumption patterns with realistic variation and volatility. The average base
load of 0.4 kW is varied according to a 24-hour standard load profile and a Beta
distributed variance in the range 0 to 5 with mean 1. A 24-hour load pattern

suggested by ChatGPT [chatgpt.com] introduces the in average typical daily
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Figure 2.6 — Example feeder network

demand variation, whereas the random variation ensures diverse, individually
unpredictable volatility of the individual customer loads.
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Figure 2.7 — Random customer load profiles w/o PV generation and EV charging

The generated power demands shown in Figure 2.7 for mean 0.4kW per
customer shows the typical asymmetry of short high load peaks and more frequent

loads below the standard load profile (red line) scaled to match the assumed
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mean load. Whereas in Figure 2.5 the volatility of the peaks within 15 minute
intervals is addressed, here the average load appears more smooth because most
peak loads of households are of short duration (few minutes) and average out
over long time interval. The output of PV systems at customer premises, here
assumed for one third of the customers with a theoretic peak power of 10kWp
each, causes negative load in case the produced power is not consumed internally
within a site. Therefore, it shows up in Figure 2.7 as negative bump that stays
within the boundary of the approximately sine-square shaped peak production
limit of a PV system (yellow line). Variance is here introduced by the weather
and obstacles causing temporary shading. On the load side, we see the impact of
EV charging. With assumed 3 kW these are clearly visible because they persist
over many time intervals. EV charging is here assumed to occur at every second
site with alternating charging times, modelling EV charging at work and at home.

In a 24 hours time-series simulation, the demands of each customer are
updated at every 15-minutes time step based on their respective load profile. For
the examples here, these updates are directly applied to the network model. Power
flow analysis is performed step-by-step using pandapower’s runpp() function.
Line loading and bus voltage levels are recorded for and visualised as shown in

Figure 2.8.
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Figure 2.8 — Calculated line loads and voltages at customer buses

The line loading percentage reflects how heavily the feeder line is stressed
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as the demand fluctuates throughout the day. The voltage levels indicate how
well the feeder network maintains acceptable voltage limits under varying load
conditions, in particular for the customers at the far end. Here, for the chosen
feeder design, the voltage drop is critically high and we recognise that the chosen
cable is not up to the job if PV and EV charging becomes added. However, to
show the effect of smart grid control, this misconfiguration helps to highlight the
effect on the voltages along the feeder line.

The results are visualized in 3D to support a clear understanding of the
feeder line behaviour. Line loading over time shows how peaks accumulate toward
the transformer, stressing the energy supply. The voltage drops caused by these
peak loads accumulate toward the far end of the feeder lines, causing potential
trouble for voltage sensitive appliances used by customers connected far away
from the transformer.

Displayed in 2D, as in Figure 2.9, the inverse correlation is clearly visible.
The inversion of the power flow caused by PV insertion is only visible from
the voltage levels. The power flows are displayed as absolute values, which is

common because for the wire load the sign is not relevant (P = I? - R).

Line Loading -- with no smart control Line Loading -- with no smart control

Loading (%)
Loading (%)
Noow B g
S & o© o
L L L

=
=)
!

Daytime (h) Daytime (h)
Bus Voltages -- with no smart control Bus Voltages -- with no smart control

-
w
s

1.05

-
)
N

Voltage (p.u.)
oltage (p.u.)
-

I

Ve
-
=)

o
o

012 3 456 7 8 91011121314151617 1819 2021222324 0123456 7 8 91011121314151617 18 192021222324
Davtime (h) Davtime (h)

Figure 2.9 — Inverse correlation of line loads and line voltages at customer buses

What also can be seen, is that in practice connecting ten distributed 10kWp
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PV systems does not necessarily yield 100 % load on a wire rated to 100kW. Even
though here 10 x 10kWp PV systems theoretically sum up to 100kWp, the actual

load on the feeder line 1s far from 100 %.

2.3.2 Electricity customer and environmental events

An electricity customer is a person that can always decide to interact with
the appliances that consume electric energy. Human bodies do not respond well
to consuming electricity. The customer can for example switch on the washing
machine or a water cooker at any time. The conscious variation of the power
demand needs to be modelled in case some grid signalling, for example varying
energy price or a kind of traffic light signal, shall be tested. Customer responses
to signals are never guaranteed. To provide a flexible scheme to specify customer
interaction, the modelling includes:

— AP — power change volume (scalar or mean and distribution)

— Ar — power change duration (scalar or mean and distribution)

— pa — power change probability (mean of normal distribution)

— [t;..tj] — daytime interval when the specified power change can occur
The triggers, meaning the other systems that can trigger the potential response,
need not to be known. The other systems that send signals (triggers) need to
specify which customer response characteristic shall be assumed to correctly
model a realistic response to their signals.

The weather is another external factor that can have an impact on power
demands. Customers and appliances behave different under different weather
conditions. Heating systems respond to the outside temperature and PV systems
to the solar irradiation. Customers may change their daily routine depending on
the weather, for example, wash cloths when the sun is shining because they wish
to dry the cloths in the sun.

To use realistic weather data, an open-access weather data from Open-

Meteo.com is integrated via public API [48]. For reproducibility, simulation
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studies are commonly executed based on recorded weather data. The weather
object integrated in the simulation control module provides the following set of
parameters:

— Tour — outside temperature

— I, — solar irradiation

—  Prain — rain probability

- Pcloud — cloud cover

— Viwina — Wind speed and direction

?our — relative humidity

— -+ —many more (as provided by data source)

Every weather parameter can be used as trigger for a potential power flow
change. PV systems respond to /;,; and heating systems to 7, quite evidently. PV
and heating systems linked to weather data needs not be modelled stochastically.
However, the user has to make sure that the weather data is unbiased if universal
conclusions and inferences are envisaged. If realism is irrelevant, the stochastic
modelling is preferential. For example to analyse the behaviour of systems in

extreme situations.

2.4 Heating System Modelling and Integration

OpenModelica is an open-source environment, available free of charge
from the official website openmodelica.org, based on the Modellica [29] modelli-
ng language [38]. In this environment, sub-systems (modules) can be created
from mathematical (textbook) equations, which than can be combined to entire
systems (models) and linked together to form an entire system-of-systems. The
interoperation of the entire model can than be simulated over a configured time-
span. Graphical and a code-based views are available to edit the sub-system’s
composition into a system-of-systems.

The open-source model-library AixLib [32] provides a vast variety of

sub-system modules that can be used to create and simulate complex HVAC
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(Heating, Ventilation, and Air-Conditioning) systems with varying levels of detail.
After installing OpenModelica Edit (OME), search for AixLib in File - Manage
Libraries — Install Libraries and install it to get access to the available modules,
models and examples. Latter help to understand the features of the different

modules and how to configure them.

2.4.1 Modelling of heating systems and heat demand using OpenModelica

Heating and cooling is a shift-able load because both, the air volume and
the circumventing walls serve as heat storage. These heat buffering capacities
introduce heavy system non-linearity because the rate at which heat is absorbed
and released 1s determined by the heat resistance of the surface. Thus, these heat
capacities introduce RC-entities with complex behaviour.

Figure2.10 shows a heating and cooling example, where the house is
modelled by an air volume that represents the heat capacity that shall be kept
within a tolerable temperature band. A wall separates the room from the outside
with a heat resistance and also a heat capacity that stores absorbed heat and releases
it if the indoor temperature falls below the wall temperature. Four windows facing
in the four cardinal directions are required to consider the heat inserted by solar
irradiation according to the provided weather data. They also summarise the heat
losses that windows introduce.

Heating is simplified to a radiator and a pump that causes the circulation
of constantly hot heating water. The pump is controlled on/off by the indoor air
temperature. The cooling is accordingly simplified to a fan that blows the room
air through an heat exchanger that is connected to a permanent coolAir source.

The annual performance of the heating and cooling system model presented
in Figure2.10 is shown in Figure2.11. The purple curve shows the outside
temperature from the weather data record 2009 in Kiev. The achieved indoor
temperature i1s shown by the upper blue curve. The red curve shows the power

demand of the hot water pump, which is not active during the summer months,
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Figure 2.10 — Heating and cooling system model for a simplified house

where the other blue curve shows the power demand of the cooling fan. Finally,
the green curve shows the power produced by the PV system.

Figure 2.12 shows the performance in more detail for different seasons.
In January (a) the outside temperature is below zero and the heating system is
working most of the time. To optimally use the self-produced PV power, the
room temperature is automatically raised whenever the PV system provides extra

power, which causes the recurring increases of the pump power demand and room
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Figure 2.11 — Simplified heating and cooling across an entire year

temperature curve. In March (b) this effect is also present, but the overall power
demand of the pump is less compared to January. In July (c) the cooling fan uses
the self-produced PV power to automatically lower the indoor temperature, which
causes the opposite pattern on a slightly higher average temperature level. In
November (d) the heating system is again active and a behaviour similar to March

but with considerably less PV production results.

2.4.2 Heat demand and control events

The heating process is complex because it involves delays and heat capacities.
After activation, it takes some time until the heating system delivers the set
power. Walls can store heat, but need long to heat up, and may be covered by
isolating materials, e.g., furniture, tapestry, carpets. All this is covered by the
parameterisation of the heated object and cannot be changed dynamically. What

can change, is the outside temperature that defines the heat loss to the environment
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Figure 2.12 — Heating and cooling operation in four seasons

and the solar irradiation that heats the room through the windows. To compensate

these dynamic changes, which are expressed by a varying heating energy demand,

the parameterisation of the heating system can be adjusted dynamically to achieve

for example Proportional-Integral-Derivative (PID) control.

For every heating system client, the following events can occur:

— Set-Heating-Demand to change the required heating energy

— Set-Heating-Power to change the delivered heating power
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— Set-Lower-Threshold to change the activation temperature

Set-Upper-Threshold to change the deactivation temperature

Switch-On-Heating to activate the heating system

Switch-Off-Heating to deactivate the heating system

Whenever an event causes a change, the heating system model is triggered:
First, to calculate the current system state, and than to calculate the next required
change and create the according event to be executed in the future. If that event
already has been scheduled, it is replaced by the newly calculated. For example, if
a Switch-On-Heating event already exists and a request to shift the upper threshold
temperature arrives, the Switch-On-Heating event assigned to the affected heating

system client becomes redone.

2.5 EV Charging Demand Modelling and Integration

Within the next decade, most households will become equipped with one
or two AC wall-boxes, and office buildings with many such AC wall-boxes,
eventually there will be one for nearly every parking lot. These millions of wall-
boxes will be installed and controlled either by the owners or by energy providers
that offer EV-charging-as-a-Service at reduced energy tariffs. The party that
controls the charging can either benefit directly from the opportunities provided
by a modern energy system that utilises and rewards flexible demand control, or
can sell the charging control to an aggregator who trades the cumulated flexibility
on diverse energy markets. Public charging sites, and places where EVs park for
less long times, will provide fast DC charging, as evaluated in [40]. Demand
control and participation in flexibility trading is in these cases rarely possible. In
any case, the behaviour of EV charging infrastructures can be modelled as finite
multi-server queueing systems, as explained in [43] and sketched in Figure 2.13.

A single wall-box with a single parking lot is the smallest possible finite

multi-server queueing system, although with only one server and without a real
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Figure 2.13 — EV charging infrastructure: finite multi-server queueing system [43]

queue. More wall-boxes (servers) and parking lots (queueing space) can be
configured as needed to model a specific scenario.

In addition, shall the total power drawn from the local grid access point
never exceed the contracted electricity grid access limit. Both, the queueing
and the total power limiting, have been implemented in the smartDCsim tool
developed in [43], which here is adapted to cover also slow AC charging and to

enable the integration in the co-simulation framework.

2.5.1 Modelling of EV charging demand (re-)using smartDCsim

The arrivals and departures of EVs to and from a parking lot are differently
distributed for different scenarios. Public charging is characterised by EV arrivals
with varying likelihood across the day comparable to a load profile that can be
derived from existing EV charging data in the region. The parking duration is wide
spread, from less than an hour up to a full day or even more. Lacking information
on what a random EV driver does while the EV is parked, we can model latter by
a negative exponential distribution with according mean parking time. The arrival

likelithood over the day correlates with the traffic density, as exemplarily sketched
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in Figure 2.14.
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Figure 2.14 — Daily traffic pattern ~ public charging load distribution

At home, for a private household, departures commonly occur in the morning
and arrivals in the evening, and vice versa for office buildings where employees
commute to work. No uniform pattern is possible, but for both scenarios most
arrivals and departures are distributed in a more or less narrow time span, which
can be approximated by an accordingly narrow distribution with a peak near the
mean, e.g., Gamma distributed arrival and parking times. The departure time
function D, characterising the time when an EV leaves the parking lot in relation

to the lower bound of the arrival time, for example 0:00 am, results from
D=A®T (2.1)

where A and T are the arrival and the parking time distributions and ® 1is the
convolution operator. If we assume that the arrival and parking times are normal

distributed around the expected time, we get

D=A+N(c3)+T+N(o?) =D+N(c;+67) (2.2)


https://www.fhwa.dot.gov/policyinformation/tmguide/tmg_2013/traffic-monitoring-theory.cfm
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where N(o32) is the normal distribution around mean E{N(¢)} = 0 with variance
o2, and X is the expected time E{X(t)} of the distribution X. In this case, the
expected departure time D is the expected arrival time A plus the expected parking
time T, and the variance of the departure time 612) is the sum of the arrival variance
Gj and the parking time variance G% [49, Theorem 3.26 and 3.27].

The linearity of expectations, here D = A + T, is always true, whereas
(2.2) 1s true only if arrival and parking times are independent random processes.
If for earlier than average arrivals the parking time tends to be longer than
in average, the joint variance needs to be corrected by twice the covariance
cov{A,T} = E{AT} — E{A}E{T}, which expresses the interdependence of the

random processes A and 7. In general, the variance of departures G% results from
2 _ 2, 2
op = 04+ 07 —2cov{A,T}. (2.3)

For simplicity, we assume that EVs remain connected until the EV is driven
away by the EV driver. This EV departure event defines the end of the charging
process. Thus, TCI;;V 1s a random sample from 7', independent when and whether
the EV becomes fully charged. When 100 % SoC is reached before the EV departs,
the power demand drops to zero. In consequence, the charging power PCE;LV (t)is a
dynamic parameter that is not constant throughout the random parking time 7.

Also the initial SoC of independently arriving EVs is not constant and
needs to be modelled by a distribution. Because the battery has finite capacity, the
distribution is bounded to the interval 0% to 100% SoC. The Beta distribution
provides this property and is therefore used. Depending on the scenario, a mean
SoC of either 25% is chosen for intentional charging events, when the EV is
deliberately brought to the charging possibility, and 50 % for opportunity charging,
where the charging opportunity is not sought for but coincidently available. The

parameters o and B of the Beta distribution B(a,3) can be calculated from
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mean U and variance V as follows:

o= Ha-m (2.4)
1%
pu(l—u
B=(1-n) %—1 2.5)
forall v<u(l—u) (2.6)

Figure 2.15 shows different distributions used to model (a) the time passing
in between subsequent arrivals, the inter-arrival time Ty, (b) the parking duration
that upper bounds the charging time 7¢p,, and (c) the SoC of arriving EVs, which

yields the maximum charging capacity
Ech = (1 —SOC) ‘EEV

where Exy expresses the EV’s usable battery capacity in kWh.

Using this modelling of the random time intervals and charging requirement,
every arrival and departure of an EV defines a change event. These events yield
the basis to simulate and analyse the stochastic performance and behaviour of
charging sites, as presented in [43]. For the co-simulation, these events are the
ones that trigger the evaluation of the integrated charging site module, and the
flow-chart shown in Figure 2.16 differs only in the initial decision, where a flag
set by the simulation control module ends the generation of subsequent events and
not the event counter, as in [43]. The smart charging adjustment of all charging
powers Pglv to not exceed the total charging site power limit ngx 1s here also
included.

If an arriving client can be served instantly at its time of arrival, meaning
that currently less clients are present than can be served in parallel, the departure
event for this client can be generated with the execution time being the arrival

time plus the random service time specified for the EV type. If all servers are

occupied, a queueing event accommodates the arriving client in the waiting space.
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Figure 2.15 — Distributions: (a) negative exponential distributed EV inter-arrival

times, (b) Erlang-5 distributed parking times, (c¢) and (d) Beta distributed SoC

As long as there is space in the queue, the system can manage eventual service
after some delay. If the queue is full, a blocking event is generated and counted.
In this case, both processing and waiting capacities are maxed out, and no further
clients can be accommodated until the next departure.

A departure event indicates the conclusion of one client’s charging process,
and also the readiness of the system to serve the next client. The flow-chart shown
in Figure 2.17 details the handling of departures. To assure that a sufficient SoC
is achieved prior actual departure, checking the SoC and delaying the departure is
added to the process implemented in [43] to mimic EV drivers’ behaviour.

When the current client leaves, the times the client spent waiting and being
served become recorded, and the now useless data object is discarded. If some
other client is currently waiting in the queue, it is picked from the queue and a
new departure event is created. Thus, service fluidly transitions from one client to
the next. If no client is waiting in the queue, the server that finished the departing

client becomes idle, ready to serve the next arrival whenever that occurs.
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Figure 2.16 — EV arrival event flow chart [43, adapted]

2.5.2 EV charging demand and charging control events

For cross-sector coupling and inter-operation, the dynamic site power limit
adjustment is needed. This event can be triggered by external modules only and
indicates that the site power limit shall be set anew to the value or percentage
handed over. This event triggers the chain of actions displayed in Figure 2.18.

The total power setting can occur in two different ways: Absolute, if a new

PC S

o or a percentage of the physical limit is requested, or relative to the current
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Figure 2.17 — EV departure event flow chart [43, adapted]

PC S

max>

if a AP is requested.

PC S

o OF absolute percentage is commonly used to curtail

A new absolute
the maximally possible power. If a percentage is requested, the new PSS is the

according fraction of the site’s physical limit, independent which PS5 has been set

before. A relative AP or relative percentage is commonly requested if flexibility

shall be provided to support grid stabilisation. In that case, the change needs
PCS

o 1f that 1s not feasible, meaning the

to be applied relative to the current

resultant new PS> becomes smaller then zero or exceeds the physical limit, the
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Figure 2.18 — Site power limit PC® (1) setting event flow chart

[ trigger quv adjustment }

request needs to be rejected and a not acknowledged (NACK) message returned.
In all other cased, if the request is eligible and executable, the request shall be
acknowledged (ACK).

Whenever the PS5 is changed all the currently progressing charging
processes need to be re-evaluated and adjusted to meet the requested new PC3 . as

good as possible and never exceeding it.

2.6 Conclusion of Section 2

The evaluated tools, pandapower, OpenModelica and smartDCsim, are
adequate to perform the intended tasks to evaluate smart power control algorithms,
as for example sketched above, that couple the different sectors and make them

inter-operate, meaning digitalise them to support a modern integrated energy
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system. The intended simulation task sketched in Figure 2.19 appears solvable
with these tools. Their integration into an event driven simulation environment is

however challenging.

Charging parameters per EV Heating systems parameters
battery capacity (Epat [KWh]) heating demand (Epeat(t) [kWh/h])
maximum charging power (Prax [KW]) T ® room heat capacity (Cheat [KWh/m?])
charging power (Pen(t) [kW]) T | heating strategy (enum)
charging strategy (enum) B ! wished room temperature (Tyish(D) [°C])
wished state of charge(SoCyish [%]) room temperature (Tyoom(2) [°C])
state of charge (SoC(t) [%]) heating system (enum)
arrival time (D, [UTC 0:00/23:59]) ) maximum heating power (Pnax [KW])
arrival time variance (£o; [h]) 'tI‘ Tl 7

L h2

heating power (Bheat(t) [kW])
arrival time distribution (enum) (t))

electricity demand (Pe(7) [kW])

parking time (D, [h]) Bia _ ... many more for Modelica models!

(
parking time variance (+o, [h])
parking time distribution (enum) —

(/ ) I °
/o .
Il Tt Ui () Il Tt
P (2)

Electricity system parameters
demand (house) (Py(t;) [kW])
generation (house) (Ge () [kW])
line power flow (Bine(r) [KW])
line length (L; [km])

— - O line resistance (R; [Q/km])
U, electricity grid
g Slectrnclly & Uoi (1) Unl(t) line voltage (U;(r) [V])
Fy(1) grid load grid voltage (U, [V])

...and more for pandapower

Figure 2.19 — Real system layer parameters (three houses scenario)

The easiest to integrate is smartDCsim because it is designed to use an
event based simulation core that executes the simulation, whereas pandapower and
OpenModelica are clocked simulation tools based on a constant clock interval. To
integrate the latter, the simulation of the subsystems needs to be performed for the
time spans between scheduled events that affect the power flows. In case power
changing events become scheduled in between existing events, the simulation of

the affected time span needs to be repeated to consider the new event, which yet
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appears feasible and doable but poses the risk of looping.

To perform the simulation of the micro’ time spans in between power
changing events, we need to develop individual simulation control modules for
each integrated tool, which reside in the simulation control block. These modules,
designed and described in Chapter 3, handle the events managed by the unifying
simulation core and trigger the simulation of the according time spans whenever
needed. They shall also analyse the simulation result to create new events in case
the simulation result reveals that an adjustment of the power flow is needed in
accordance to some smart control algorithm that shall be evaluated.

Each tool simulates its part, the power flows on electricity grids, the energy
demand and performance of heating and cooling systems, and the power usage for
smart EV charging, respectively. The linking 1s performed by the event core and
the individual simulation control modules that manage and execute the integration

of the individual simulation tools, as outlined in the next chapter.
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3 SOFTWARE DEVELOPMENT

The software development process is critical for an effective and efficient
modelling and consequential analysis. As we transition from the theoretical basics
and practical applications outlined in the previous sections and summarised in
Figure 2.19, this Section 3 delves into the technical specifics of the framework’s
back-end components, the developed interfaces (APIs), the integration of existing
simulation tools (wrappers), and the statistical analysis and visualisation integrated
in the simulation framework’s front-end. Finally, we explore potential extensions
and adaptations, laying the groundwork for future development, approving the

scalability and extendability of the developed framework for continued adaptation.

3.1 Layered framework architecture

Starting from Figure 2.19, which outlines an exemplary real scenario, we
develop the layered architecture of the simulation framework. The simulation task
outlined in Chapter 1 and detailed in Chapter 2 is extended into a layered structure
of different modules shown in Figure 3.1. Whereas the definition occurred top-
down, as detailed below, the implementation happened more bottom up, starting
with the implementation of a robust simulation loop in the back-end, followed
by the wrappers that control and thereby integrate the different simulation tools.
On top, user interface and the statistical evaluation, visualisation and saving of

results, provide the front-end of the simulation framework.

Simulation Framework Layer: Configuration, Execution, Results

On this layer, the user interacts with the simulation framework’s front-end.
Using the GUI, pre-defined scenarios can be loaded and their simulation triggered.

The execution is controlled by the Simulation Control module, which is the main
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Figure 3.1 — Simulation framework layers from user interaction and simulation

control to configured scenario and modelled systems down to the simulation core

application of the framework’s back-end that is directly linked to the front-end.
Preliminary and final results become visualized to provide instantaneous feedback.
To compose scenarios, an optional Scenario Builder tool might be provided.
The GUI briefly sketches the selected scenario so the user is assured to
have selected the correct scenario. Clicking the "Start Simulation" button in the
front-end, initializes the required modules in the back-end, which pushes all initial
events into the Event Stack. After a successful initialisation, the Event Processor
starts to execute events until the Event Stack is empty or a configured simulation

duration is reached.
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In between simulation steps, which cover a specified time duration (hours,
days, months) with a given monitoring granularity (seconds, minutes, hours),
selected environment parameters can be changed to initialise a slightly different
simulation run of the same scenario, or to repeat the simulation n times with
newly randomised volatile parameters for a more detailed statistical evaluati-
on. Adjustment of set parameters can be done manually, using the GUI, or
automatically, controlled by a parameter sequence matrix that holds the changing
parameters in sequential order to perform consecutive simulation steps.

Monitored time series and statistical metrics achieved per step are displayed
in the graphs provided in the front-end. Thereby, the impact of the performed
parameter change, or the statistical averaging, becomes conveniently displayed
step-by-step. Which parameters shall change and which results shall be displayed,
1s configured as part of the scenario specification. In the end, when all steps have
been completed, all results, being the sequences of achieved time series and metrics
and their visualisation, can be saved individually, as comma separated values
(CSV) and scalable vector graphics (SVQG), as well as jointly, in a dedicated folder
including also all input parameters for consistent documentation and archiving,
for example by zipping the dedicated folder whenever the results appear worthy.
The default file names shall be composed of the scenario name, the contained
result or metric, and the current system date and time. Latter is added by default

to prevent unintended overwriting of results.

Real Scenario: Environment, Houses/Buildings/Sites, EVs

The modules on the second layer describe the scenario that is simulated as it
may exist in real. In the centre is the Site module, typically representing a house
or building, but it may as well specify a single flat or an entire district. Commonly,
a simulation scenario consist of several differently composed sites. The individual
composition of a site specifies different modules from the layer below:

— a general electricity demand model (load profile and variance),
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— models for electricity generation and storage, for example, a PV system
and battery electric storage systems,

— amodel for the electric vehicle supply equipment (EVSE) used to charge
occasionally present EVs, and

— a model for the heating and cooling demand including the used HVAC
systems to fulfil the demand.

The Site object itself provides static information about the site:

— the geographic location (to select the correct weather data) and

— the electricity grid access point (node ID in the modelled grid).
The provided information is used to select and configure the system models used

to simulate the different appliances and assets, and the grid load put on the local
supply line of the feeder network. The configurable parameters for the different
systems related to a site are summarised later on in Section 3.3.1 in Table 3.1.
Every Site resides in some Environment, which specifies the external
influences that affect the modelled systems of a Site object. The most relevant

environmental impact factors specified by this module are:

— weather data (recorded data from a file) and

— electricity grid constraints (state of the grid and thresholds to respect).
Commonly, one Environment module specifies the conditions of several locations,
typically along an electricity supply line or covering the area supplied by a low
voltage transformer. The weather data for such a confined area can be assumed
identical for all covered sites, whereas the electricity supply conditions depend on
the position of the site along the feeder network modelled by pandapower.

The Vehicle module on the other side represents electric vehicles that may

be charged when present at a Site. The specification of a Vehicle object includes:

— Site-ID to which the modelled EV belongs, it’s "home’ EVSE,

EV
arrive’
EV
dpark’
EV
E wish?

— mean and variance (distribution) of the EV’s arrival time ¢
— mean and variance (distribution) of the parking duration
— mean and variance (distribution) of the charging demand
— the EV’s charging curve PEY (SoC) or a guessed approximation.
These parameters are also included in Table 3.1 in Section 3.3.1. In principle, this

module can be used for any energy demanding application that is only temporarily
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present. Here, we use it exclusively for EVs. Note also, that the charging point
(CP/EVSE) is a component of the Site object, because it is always there. In
contrast thereto, is the EV mobile and hence not always connected to the site.
Theoretically, and only at different times, might an EV use the CP/EVSE of
different sites. Here, we assume that EVs are bound to a particular site (myHome)

and become charged at this site only.

Modelled Systems: EMS/SCADA, HVACs, EVSEs

Specialised tools become integrated in the simulation framework to model the
different energy consuming appliances from the electricity, the heating and cooling,
and the mobility sector. In particular, pandapower [19], Open Modelica [38], and
smartDCsim [43] are integrated in the initial version. These tools provide the
modelling of the real systems that are specified in the layer above. If these system
models would be controlled by events triggered by a real system, instead of the
events handled in the simulation core below, we would call them digital twins.

The integration is performed by either using APIs or command-line execution
requests, latter executing the called system model request-by-request, handled
by a wrapper instance. The required model configurations are automatically
created and updated in between calls. Variable adjustments are performed in the
Simulation Control module, where also the output of the tools is monitored and
processed before it and derived variables are made available for display in the
front-end. Based on the interim simulation results received from the different tools,
new Events are created as required by the smart power management algorithms
designed and intended to be evaluated, for the same system model as well as for
adjacent systems. Thereby, the different simulation tools become integrated into a
multi-energy or multi-vector simulation framework.

The physical system that links all sites, is the local electricity grid (feeder
network), consisting of the low voltage transformer and the feeder lines that

connect the sites. This is commonly managed by a so called System Control And
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Data Acquisition (SCADA) system, whereas the loads and sources within a site
(behind-the-meter) are managed by an Energy Management System (EMS). The
configuration and state of the grid and each site are reflected by a data structure, a
panda. This is the basis for the simulation of the power flows using pandapower.

Changes in the panda are caused by Events that trigger a recalculation of
the power flows for a specific time period. The power-flow result, in particular
the voltage levels on the feeder network, can trigger follow-up events that change
parameters according to the control mechanisms (algorithms) implemented by
linking the SCADA system with the sites EMS to maintain and manage the
power flows to and from sites. These control actions are in general threshold
based responses. Thus, the follow-up events’ execution time is the time at which
a pre-configured threshold is exceeded.

Heating, Ventilation, and Air Conditioning (HVAC) systems are among the
largest energy consumers. Their electrification improves energy efficiency, but
also causes locally synchronised demands due to the high dependence on local
weather conditions. Heat is buffered in every matter, and therefore, every volume
of air confined in a room, every wall, and every piece of furniture has a specific
heat capacity that causes nonlinearity. In addition, show surfaces (contact areas)
and bodies (volumes) heat reflection and conduction properties. Open Modelica
sets up and solves the resultant system of differential equations, very eloquently.

Scenarios can be created in the front-end or loaded from predefined confi-
guration files (see Appendix C Listing 1). If the impact of a specific configuration
parameter shall be analysed, step-by-step scenario adjustment can be configured
(parameter sequence matrix), such that the simulation is repeated and the impact
of the changes become visualised. Also in the GUI of the front-end, the user
specifies the parameters that shall be monitored and visualised at the end of every
simulation step.

While executing a simulation step, interim system states can be saved by
the Simulation Control module, such that these can be reloaded to continue the
HVAC system simulation with adjusted parameters from an exact point in time

on, considering also potentially ongoing transitive effects.
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Event Simulation: Events, Event Stack, Event Processor

The event simulation core is the heart of the simulation framework. All
the changes that occur somewhere in the simulated scenario originate from an
event in the event simulation core. It is the centre of all action and sets the global
simulation time to the execution time of the currently handled event. It shall
be maximally simple and robust to work efficient and independent of the Event
execution performed somewhere outside of the simulation core.

Accordingly, specifies the basic Event class tiny data objects (Events) that
hold essential information only:

— Execution Time — scheduled time of the change execution

— Change Amount — size of the change that becomes executed

— Home Module — module that needs to execute the change

— Event Client — object that is affected by the change

— FEvent Type — kind of change that becomes executed
The parameters may be extended as needed by different systems modelled on
the layer above. Therefore, siblings derived from the basic Event class shall be
specified by the according modules to server their needs.

The Event Stack is a sorted list that stores all Events that yet have been
created but not executed. Stored Events are sorted by their Execution Time ;.
New Events can be created and pushed into the Event Stack with any Execution
Time #; > t;, where 1; is the current simulation time equal the Execution Time of
the currently executed Event. If #; = ;, the new Event will be executed instantly
after the currently executed Event.! If multiple Events with #; =¢; are created,
they are executed in the order determined by the sorting algorithm of the list
element used to create the Event Stack.

The Event Processor picks the next event from the Event Stack the moment
the previous Event’s change has been executed. First of all, it calculates the time

that passed since the last Event 0r and than sets the simulation time #; to the

An alternative approach to the implemented first-in-first-out regime would be pause-and-resume execution of

Events in case new Events to be executed instantly are triggered, which would yield a last-in-first-out regime.
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Execution Time tj(nextEvent) of the newly received Event:

ot = tj(nextEvent) —t; (3.1)

t; = tj(nextEvent) (3.2)

To be commonly accessible, #; and Ot are maintained in the Simulation Control
module but calculated and set by the Simulation Core.

After the simulation time has been updated, the newly received Event is
handed over to the module identified by the Home Module pointer to become
executed. And after the Event has been executed, the executing module (Home
Module) shall trigger the Event Processor to get the next Event from the Event
Stack. This loop continues until the Event Stack becomes empty, which indicates

the end of a simulation step.

3.2 Timing, calculation progression and pre-calculation horizons

The Heating, Ventilation, and Air Conditioning (HVAC) systems modelled
by Modelica are simulated for ten day intervals irrespective of the time period
between scheduled events. Whenever parameters of a HVAC system become
changed or the next scheduled event occurs beyond the pre-calculated ten day
interval, the simulation in Modelica is re-executed for again ten days, starting
24 hours prior the new change event or the end of the previous ten day interval.
Parameter changes due to new change events are added and scheduled to happen
at the correct time considering the 24 hours lead time.

Calculation parameters saved from the previous simulation run are used to
seamlessly continue the simulation of the non-linear system. This, and the 24 hours
lead time, are necessary to mitigate the initial ramp-up of the highly capacitive
heating and cooling of the different heat capacities (masses) involved. These first
24 hours become stripped from the simulation result whenever Modelica returns

results to the Simulation Control module.
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The calculated power demand of the HVAC system across the simulated
time period is used by the Simulation Control module to adjust the HVAC power
variables in the according panda, which triggers the re-calculation of all power
flows across the simulated feeder network.

Every site’s Electric Vehicle Supply Equipment (EVSE) infrastructure is
individually modelled by an independent smartDCsim instance to model the local
smart EV charging as it is performed per site by the present EVSEs with one
or more charging points. Here we use APIs to control the modelling, being the
stepping from one scheduled Event to the next. JSON configuration files are used
to initialise each EVSE infrastructure model, including the parameters of the EVs
that are assigned to a site’s EVSE (myHome).

Whenever an EVSE model related Event 1s handed over to the according
smartDCsim instance, the charging power and SoC of all EVs currently connected
are calculate. Next, follow-up Events related to the Site, the modelled EVSE, or
the charged EVs, are created and executed as needed.

The resultant site power demand of the EVSEs currently in use, is returned
to the Simulation Control module, where it changes the EVSEs power variable in
the according panda. This change then triggers the re-calculation of all electricity
power flows across the modelled feeder network. This can again trigger a charging
power adjustment Event, which is instantly executed by the EVSE to keep all

power flows within save limits at all times.

3.3 Modules, objects and classes

In this section, we delve into the modules and objects composition and
the interplay between the different classes and objects of the simulation control
module and the event simulation core, before we immerse into the tailored APIs
(application programming interfaces) and message processing required to integrate
the different simulation tools used to determine electric power flows, EV charging

performance, and heating system demands.
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Figure 3.2 — Modules architecture linked by APIs and exchanged messages

Every square in Figure 3.2 is an independent instance of a module. Each
module could be done in a different programming language. Simulation Control,
Simulation Core, and the Grid Power Flow Simulation exist only once, whereas
any number of EV Charging Site Simulation and Heating System Simulation
modules can exist in parallel. For ease of implementation, the Simulation Core
can be embedded in the Simulation Control, but in general, there shall be no direct
link between them, as indicated by the separation shown in the figure.

Like other modules, can Simulation Control push Events into the Simulation
Core. For example, initial events for each simulated system, parameter monitoring

events, pre-scheduled parameter change events, and the end simulation event.
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3.3.1 Initialisation of a simulation run

The simulation of a scenario is based on pre-configured files. Offering a
Scenario Builder GUI to individually edit these files in a consistent and intuitive
manner would be great but causes a lot of routine programming effort and thus, is
considered optional. Plenty of tools exist to edit JSON files and alike.

First and most central, specifies the simulation configuration the

— scenario, by listing the sites and the systems these contain,

— predetermined parameter changes (for example the weather),

— parameters to monitor, display, and compare (step-by-step),

— sequence of configuration changes that shall occur step-by-step.

For example, a scenario can be composed of three sites (houses), one-by-
one connected to the same electricity feeder network with access power limits
being 6kW, 30kW, and 100kW for the sites 1 to 3 respectively. Site 1 contains a
12kWp PV system with attached 12kWh/3 kW battery storage, a single 5.4kW EV
charging station for the owner’s EV, and a 4.2 kW heat-pump extracting heat from
the outdoor air. The EV is used to commute to/from work every morning/evening.
The wished indoor temperature is set to 22°C from 15:00 to 21:00 and 20°C
else. Site 2 contains a 45kWp PV system but no electric heating system. It is a
small office building providing 10 EV charging points for 6 employees and the
remaining 4 for guests/clients/visitors. Site 3 is a multi-storey apartment building
with 24 flats, a 120kWp roof PV and a parking area that supports charging of
24 EVs, one per flat, with pre-assigned charging points pre flat (no choice of
charging point). Heating is based on a central 50kW heat-pump using geothermal
heat extraction. The average indoor temperature setting is 23 °C, Beta distributed
in the range 18°C to 25°C and in average constant across day and night.

The parameters listed in Table 3.1 are either loaded from file (see Appendix C
Listing 1) or configured in the GUI, as sketched in Figure 3.3.

The definition of the different parameters and variables summarised in
Table 3.1 is provided in the according sections on the different systems and their

modelling. More parameters than those listed are in general required to correctly



63

Table 3.1 — Configuration parameters of modelled systems (Figure 2.19)

System type electric power flows heating system EV charging
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Figure 3.3 — Site-by-site module-by-module scenario configuration in the GUI

model a particular system. For example, the minimal thermal mass flow needed by
a heat pump before it can become operational. Such system specific parameters are
specified in the according model configuration file and not considered changeable
or available for monitoring.

Weather data shall be provided as time series in the HVAC module because

it is relevant for heating and cooling, but also for PV systems. If we need weather
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data for modelling the temperature dependence of the EV charging process in the
EV charging module, the simulation control module shall obtain this data from

the HVAC system to integrate it.

3.3.2 Run a simulation

Before a simulation run can be executed, all involved modules need to be
started. The first module started, is the Simulation Control module, being the main
app, and the Simulation Core module. Simulation parameters are set via GUI and
then transformed into the configuration file.

One-by-one, the configured modules are started, with the parameters specified
in the configuration file or in a specific GUI section, module-by-module. Next the
parameter monitors are created and assigned to the parameters of the independently
modelled systems. Once all modules have been started and all initial events are
in the Event Stack, the simulation starts. It continues running until the End
Simulation Event stops the generation of new Events, such that eventually the
Event Stack becomes empty and the simulation ends.

The gathered sample lists are statistically analysed and the result of this
analysis is stored in the according result lists. Once that is done, obsolete sample
lists become cleared. See subsection 3.3.3 for details. In the case that a sequence of
simulation steps with changed parameters is specified, one-by-one the simulation
modules become re-initialised with the changed parameters and all others become
reset. New initial events are pushed into the Event Stack to start the execution of
the next simulation step.

Every time a step is finished the visualisation is updated to show the progress.
The complete simulation run ends when all steps have been performed. The GUI
remains open and offers the user a button to jointly save all results. If the user tries
to close the main window, or attempts to select a different simulation configuration
file, the user 1s asked whether to store the current results or to discard them prior

loading a different scenario.
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3.3.3 Parameter Monitoring

Simulating interrelated energy flows offers a multitude of parameters that
can be monitored during a simulation run. Not all are relevant for all studies,
and every monitored parameter causes computation effort. To keep the effort
reasonable, and to maximise the applicability of the simulation framework, the
list of parameters to monitor shall be part of the customised configuration file.

Simulation Control creates a separate module for monitoring, the Simulation
Monitor. This reduces dependencies and enhances the overall architecture by
ensuring a clear separation of concerns. As a result, the system becomes easier
to maintain and extend, since each module can be developed and updated
independently without affecting others.

Simulation Monitor instantiates a dedicated monitor for each modelled
system, such as feeder network, heating system, PV system, charging site, and
assigned electric vehicle. Each monitor maintains its own set of parameters to
track, enabling focused monitoring for the selected system parameters.

For each monitored parameter, it provides (a) Sample Records (Traces),
which are created in each simulation step, and (b) a Result Record, where in each
simulation step, one complete row is added. A panda may for example contains
the Traces (time series) together with a Statistics Record calculated per step, as
sketched in Figure 3.4.

To exclude the transient system behaviour at the start of a simulation step
and at the end, the first Monitoring Event shall be scheduled some time after
the simulation start. This shall be specified in the general simulation parameters
section of the configuration file. At the end, the moment the simulation end flag is

set, no more samples shall be recorded.

ti <Tmin Imin < ti <Iend ti > tend

no samples Monitoring Event records samples no samples

At the end of every simulation step, the recorded Sample Trace is used
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Figure 3.4 — Parameter List, Sample Records, Statistics Records, Result Record

to calculate the Statistics Record across the recorded trace, which is added to
the end of the row just created in the according Result Record. Each Statistics
Record includes the mean value and confidence interval, the variance or standard
deviation, minimum and maximum value, as well as the 10 %, the 50 % (median),
and the 90 % percentile, as sketched in the according inset in Figure 3.4.

When all simulation steps have been finished, the statistics per time step are
calculated and added to the Result Record as final row. These are of particular
relevance in case the configuration is not change from step to step, meaning in
the case that a sequence of randomly generated sample traces are required to find
time dependent statistics.

In the case that the GUI is used, another list of parameters specifies which
parameters shall be visualised in the course of a simulation run, as shown in
Figure 3.5. The presented screenshot shows for example the results for the first
site: Indoor temperature, heating power demand, PV production, and the supply
voltage at the grid connection point. Five simulation steps are performed with
different algorithms enabled step by step. Because this site is the closest to the
transformer, the algorithms are not triggered at this location. Neither is the PV
curtailed nor the heating reduced. The variation in the upper heating related figures
is due to minor fluctuations and the auto-scaling applied by the graphical tool
creating the 3D-graphs. However, the activation at other sites is visible in the

varying grid voltage at the connection point.
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Figure 3.5 — Progress monitoring by parameter visualisation in GUI

The initial visualisation in the GUI is refreshed whenever a simulation step
ended. Thereby, the simulation progress is presented to the operator step-by-step.
Misconfiguration and other problems can be detected early without the need
to wait until all simulation steps are finished. The possibilities for premature

termination are described next.

3.4 Interfaces to linked simulation tools

The exploration in section 3.3 provides insights into managing diverse
functionalities of the simulation framework itself. In this section, the integration
of existing systems modelling tools is addressed. The focus is on the interfaces

provided by the integrated tools and how these are used to perform the simulation.

3.4.1 Electric power flow simulation

The pandapower simulator is a toolbox, written in Python, provided open

source and free to use, available at www.pandapower.org. It combines the data


https://www.pandapower.org/
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analysis library pandas and the power flow solver PYPOWER to analyse electricity
grids. It uses pandas, a powerful Python library for relational and labelled data,
to configure and execute calculation and simulation tasks.

A panda Data Frame is a data format that allows to store data in a two
dimensional structure, comparable to a matrix, but with freely named (indexed)
rows and columns, which can hold any kind of data, for example a mixture of

values and strings. An example is shown in Figure 3.6. Note that in general indices

INDICES || column 1 | column2 | ... | columnn
time UTC 1 uTCc2 | ... UTCn
red string 1 string2 | ... | stringn
red value 1 value2 | ... valuen
rowm duple 1 duple2 | ... | duplen

Figure 3.6 — Panda: data file structure

need not be unique. However, using the row index red to extract date from the
panda example shown in Figure 3.6, returns a data frame containing both rows
indexed with red, which in some applications can be a welcome feature. The same
applies for columns.

To simplify initializing the pandapower module and organize communication
with the python program, the Panda Power Wrapper is embedded in the Simulation
Control module. It is responsible for starting the Python script and providing the
necessary parameters, such as the number of customer sites, the length of the
power lines, and specific site details, in particular the varying power demand.
These parameters are passed to the Python script as command-line arguments
when it is launched.

The part of the code shown in Figure 3.7 is responsible for building the
electrical feeder network that will be simulated. The process begins by setting up
the main substation, which is assumed to provide infinite power. This is the starting
point of the feeder network. It then connects the substation with a transformer.

For each customer site, a new connection point is added and a feeder line with
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b (customers_number, £ine_fength, site_parameters):

net =

main_bus pPp o | . 2 C "Main Subatation")
feeder_start DP ate bus(net, 0.4, ="Feeder Start”)

PpP.C er(net, main bus, feeder start, st "@.4 MVA 20/0.4 hV")
pp.cre grid(net, main_bus)

last bus feeder start
customer bus []
A S range (customers number) :
new_bus te bus(net, D.4&, f"Customer {i+11}")
customer buses.: (new_bus)

site_param json.1 (site_parameters)[i
PpP.C t line(net, last_bus, new_bus =1ine_length, "NAYY 4x50 SE",

f§"Line to Customer {i+1}")

limit_mw = site_param.get("acce Lmi LKW" 00.0) * 0.001
oad(net, new_bus, ! va : access_limit_mw,
f"Load {i+1}")
last_bus = new_bus

1 net, customer_buses

Figure 3.7 — Panda: creating of feeder network

specified length, which connects the new connection point to the previous. It also
sets the power limits and other characteristics for each site based on the provided
parameters. When this feeder network set-up process is finished, it returns a
complete network model and a list of all customer sites, ready for simulation.

The next part of the code, shown in Figure 3.8 is responsible for updating
grid power flow parameters. When the Java application wants to update the power
demand of a customer site, it sends a message containing the new demand values.
The Python function receives this message, extracts the list of power values,
and updates the simulation model.After updating the model, the script runs a
calculation to simulate how these changes affect the network, particularly the
voltage at each customer site. It then collects the voltage results for all sites and
sends this information back to the Panda Power Wrapper that forwards these
values to the Simulation Control module.

Based on the parameters received from pandapower, Events relevant for
maintaining safe and smart power flows may be triggered. These most likely affect
also other systems. For example, if the available power for EV charging shall be

changed, an Event to adjust the available site power parameter of the affected
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mand(cmd) :

site powers cmd ("aite _powers”, [])

nt(f"Received asite powera: {site powers}")

- i, bus_id in enumerate(customer buses):
load idx = net.load[net.load[ 'bus’'] bus_id].index[0]
net.load.at[load_idx, 'p _mw'] 1 site_powers[i]
rint(§"Updated foad for {bus_id}: {net.load.at[load _idx, 'p mw']} MW")

pp.runpp(net)

voltages = []
bus in stomer_buses:
voltages i(net.res_bus.vm pu[bus])
) g
L

'voftages’': voltages,

Figure 3.8 — Panda: update feeder line parameters

smartDCsim instance is pushed to the Event Stack. To be executed instantly, the
execution time of this Event is set to the current time, being the execution time of
the Event that triggered the re-calculation of power flows.

Power flows and site connection point voltages from the most recent
pandapower execution are also stored with the sites, enabling smart power flow
management algorithms and the monitoring system to use and track pandapower
parameters in the same manner as those from other systems for power flow

management and statistical evaluation respectively.

3.4.2 EV charging site simulation

The smartDCsim tool is implemented as a Java program, like Simulation
Control, which eliminates the need for an external API to facilitate their interaction.
However, they interact with each other by a predefined interface.

Simulation Control maintains a configuration list for each site and provides

this configuration during the site’s creation and throughout each simulation run,
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executed as shown in Figure 3.9. It also supplies a reference to itself, allowing the

charging site to interact with the event simulation.

Simulation Charging Queueing Charging Electric
Control Site System Points Vehicles

Run Simulation !
Step + Init Charging Site

[ » with config '
P Init Queueing
Init Charging Points L

Init Electric Vehiag L

Arrival Event N Connect|Elecric Vehicle N

Process Charging Process Charging _ Add Energy Charged

° Change Event N Scale Charg|ng Power _| | Update Charging Power

End ® Departure Eventk Disconqe(t Elecric Vehicle _
Simulation . . o =

Reset
Step > Reset Charging Slte= es =|
Reset

Figure 3.9 — UML of EV Charging at a Charging Site

Each instance of a site has its own EV Queueing System, which provides
the logic for handling dynamic queueing and resource allocation to manage the
local EV charging. The Queueing System uses reference to Simulation Control to
schedule and process events, ensuring that all queueing and charging operations
are integrated into the simulation’s event-driven workflow.

The main events that can be scheduled are: arrivals, departures, queueing
and blocking, as well as available power change. These scheduled events are
added to the simulation’s event stack or processed immediately, ensuring that all
changes of client and server states are reflected in the global simulation timeline.
This design allows for centralized management of simulation events and consistent
state updates across all charging sites. In addition exposes the Charging Site object
its internal configuration and power metrics, allowing other components to query
and manage the site’s state, charging process, and monitoring integration.

One of the most important power metrics of the Charging Site is the total

PEVS

power consumption P,;*°. Simulation Control uses the Get Total Power method

for calculating and returning the total power currently being drawn by all charging
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points at the site. This metric is essentially required for the electricity power flow
calculations. It 1s also used by the Simulation Monitor for statistical evaluation.
The Charging Site object provides the possibility to scale the available
charging power up or down, within configured minimum and maximum limits.
This is used to adjust power flows, for example in case the electricity power
flow calculation, in particular the voltage at the site’s feeder network connection,
advises a charging power adjustment, which is than triggered by a Charging Power
Change Event. Likewise, a Charging Power Change Event could be triggered by a
dynamic electricity price or the current CO, footprint of electricity from the grid,
depending on the smart power management algorithm that shall be evaluated.
The Charging Site also provides an interface for initiating the charging
process of electric vehicles. Central to this functionality is the processCharging
method within the ChargingPoint class, which governs the progression of charging
for the vehicle currently connected to a given charging point. If a vehicle is
present, the method first updates the vehicle’s charged energy, incrementing the
charged energy (state of charge — SoC) based on the elapsed simulation time and
the current charging power. Subsequently, it recalculates and adjusts the charging
power in accordance with site constraints, in particular the Available Charging
Power, the vehicle status, and other dynamic parameters, for example local PV
production. In the absence of a connected vehicle, the method remains inactive.
Finally, to support accurate, independent, and repeatable simulation runs,
the Charging Site includes a comprehensive reset mechanism. The reset() method
is responsible for restoring the state of the entire charging site to its initial
configuration at the beginning of each simulation run within the same or a changed
scenario. Specifically, this method resets all charging points, clearing any ongoing
charging sessions or power allocations, and reinitializes all electric vehicles by
removing accumulated charging data and queueing states. Additionally, it resets
the queueing system, clearing all client and server states, queues, and counters,
and restores the dynamic power limit to the maximum site power, as defined for

the configuration to be analysed in the current simulation run.
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3.4.3 Heating system simulation

Integrating Modelica is a little more tricky. To calculate the behaviour of
a heating system in case a parameter is dynamically changed, either all changes
need to be known in advance and configured in a table, or the calculation needs
to be redone with changed configuration.

The former is not applicable in general because some changes are dynami-
cally triggered by other modelled systems (smart algorithms) and thus, not known
in advance. However, weather data and user behaviour, for example varying heat
demand across different days, can be handled using tables because these are part
of the static simulation configuration, i.e., known when the model is initialised.

A particular challenge are dynamic latencies introduced by heat capacities
and delayed heating responses. The current state of the modelled heating system
at the time of the change needs to be used as initial state for recalculating.

The default prediction horizon shall be 10 days. If no change event occurs
until the prediction horizon is reached, a continuation event triggers the calculation
of the next 10 days. How the different modules work together to achieve a smooth
simulation considering dynamically triggered parameter changes of heating and
cooling, as well as PV production (which is also weather dependent), is shown in
Figure 3.10 and explained next.

In the beginning, Simulation Control initializes Heating Control using the
parameters of the Modelica simulation set-up configuration. Each Heating Control
instance receives the parameters of the modelled building (house) and the PV
configuration. It sets up the Modelica simulation wrapper, and initializes all
internal state variables for temperature, PV scaling, and simulation results storage.

Heating Control uses the Modelica Python Wrapper for the communication
between the Java simulation framework and the external Modelica-based Python
simulation. It encapsulates the logic for configuring, launching, and communicating
with the Python process that executes the Modelica simulation runs, passing

relevant house parameter changes and execution options.
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Figure 3.10 — UML for integrated Heating and Cooling system simulation per Site

The purpose of Python Modelica System is to provide an interface for
simulating a Modelica-based system model using OMPython and OpenModelica.
It loads and builds a Modelica model, sets simulation parameters such as heati-
ng/cooling temperatures and power, and processes simulation commands received
in JSON format. When requested, it runs the simulation, extracts relevant results
(i.e., temperatures and power consumption), and returns them in JSON format.

The ModelicaSystem library, provided by OMPython, serves as a Python
interface for interacting with Modelica models and the OpenModelica simulation
environment. It enables programmatic loading, parameterisation, compilation,
and simulation of Modelica models directly from Python scripts. This facilitates
automated workflows, integration with data analysis tools, and flexible scenario
management, as needed for example in scientific research. ModelicaSystem is
particularly valuable for coupling advanced physical system modelling with

Python-based control, optimisation, and post-processing, supporting reproducible
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and extensible simulation studies.

Heating Control stores the latest results received from Modelica. Simulation
Control can request heating and PV power values for a specific simulation time.
If the requested time falls within the stored time range, Heating Control returns
the corresponding results. Is the requested time beyond the currently stored time
range, Heating Control runs the simulation for the next 10 days until it can provide
the requested simulation results.

Simulation Control uses the received heating and PV power, together with
site power, for power flow processing, i.e., the implementation of smart power
flow management algorithms. Thereto, PowerFlow receives local voltage values,
and if these values exceed boundaries specified by a smart algorithm, a resultant
change event is triggered for the heating, cooling, or PV system.

When HeatingControl receives a change event, it re-executes Modelica
with accordingly adjusted parameters. The results automatically overwrite the
overlapping part from previous Modelica runs. The next time PowerFlow is
executed, it use the heating and PV power parameters updated according to the
processed change event. This may occur recursively in case of successive changes.

When a simulation step is completed, the recorded results for all parameters
reflect how the system performed and how the power flows changed according
to both, the changes configured a priory, e.g., weather data, and the dynamically
triggered changes caused by the smart power flow management algorithms
implemented and tested. Figure 3.11 shows exemplary results as they are provided
by the graphical user interface if configured to be displayed.

Here, the feeder length is increased step-by-step from 0.14m to 0.5 km and
to 15km, to see how the heating/cooling power demand responds to voltage band
violations. For 0.1km feeder length in step 1 no violations occur. For 0.5 km and
15 km they do occur, and accordingly is the cooling power demand reduced in
steps 2 and 3. The shapes are similar because the response is not scaled with
the voltage deviation. Only the times at which the violation and the according

response occurs shifts slightly.
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Figure 3.11 — Site voltage (left) and heating/cooling power demand (right) of an
exemplary site simulated with OMPython and OpenModelica using weather data

from Kiev 19™ to 215 July 2009 as visualised in the simulation framework’s GUI

3.5 Additional features of the simulation framework

While the core simulation functionality provides data samples only, the
simulation framework also offers tools to configure or load scenarios and to

comprehensively save, analyse and visualise gained simulation results.

3.5.1 Using last configuration as template, saving and loading scenarios

If a new simulation step 1s added, the configuration of the last specified step
1s used as template. The same applies for configuring new EV types. Wherever
possible, the latest configured item is used as template for the specification of a
new item of same type.

Once a simulation run has been configured step-by-step, the whole scenario
can be saved in a JSON file using the Save Parameters button. With the Load

Parameters button a saved configuration can be loaded from the saved JSON file
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and adjusted using the GUI. An example configuration file for one site and three

steps 1s presented in Appendix C, Listing 1.

3.5.2 Visualising of simulation results

The GUI offers the possibility to display traces and other data series
graphically as soon as these are available to provide a quick feedback on the
simulation progress. The 3D-visualisations can be rotated and zoomed as wished.
Additionally, every graph can be individually saved in PNG and SVG format.
Both these features are provided by the plotly.js library used to display the results
in the GUI. Getting them to work properly can be challenging.

The parameters displayed step-by-step are specified in the scenario confi-
guration. After the completion of all steps, the GUI remains open allowing the user
to choose other data series to be displayed. Other parameters from the different
simulation modules can be selected and with the Load Additional Data button

these become displayed instead of the currently displayed graphs.

3.5.3 Premature termination of a simulation run

The application provides two options to interrupt an ongoing simulation run.
Selecting the ’Stop Simulation’ button and confirming the action, as shown in
Figure 3.12, ceases all ongoing processes. Alternatively, the ongoing simulation
run is stopped in case the ’Start Simulation’ button is selected and the re-start of
the simulation with the presently set parameters is confirmed.

In either case, the Simulation Control module stops the simulation run by
cleaning the Event Stack. All simulation modules are terminated one-by-one, as

always at the end of every simulation step when the Event Stack becomes idle.
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Figure 3.12 — Confirmation is required before a running simulation is stopped

3.6 Conclusion of Section 3

The integration of existing software tools was challenging. In particular,
each tool follows it’s own paradigm and assumes to cover all needs. They support
integration of extensions, but not so much being integrated themselves. Interfaces
(APIs) needed to be defined and implemented to access the other tools. Messages
need to be translated (wrapped) to fit the specific information and operations
structures and processes of the different tools.

The linking via events proved viable. In case of OpenModelica a simulated
time period 1s redone on demand starting from the change time. Piece-by-piece
the complete period is covered. Pandapower needs to be executed frequently to
update the permanently changing power flows, which determine the voltages that
control the smart algorithms evaluated. A huge variety of simulation studies can
now be performed with the developed simulation framework. Comprehensive

examples and possible extensions are presented and discussed in Chapter 4.
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4 EXEMPLARY MULTI-SECTOR SCENARIO EVALUATION

The achieved simulation framework enables a sheer endless variety of
studies, depending on system configurations and parameters chosen. The core
feature is that all sites are linked by the voltage on the feeder network. If one site
draws a lot of power, for example to charge EVs, than the voltage at all sites is
reduced. Vice versa causes power insertion, here from PV systems, a voltage rise.
These changes propagates without any delay into every branch (bus) of the feeder
network. The effect decreases with distance, but never vanishes completely.

In Section4.1, we first presented a study which shows that the voltage at
premises’ grid connection points can be used as input to smart algorithms that
mitigate voltage variation across the feeder network. This study was performed
with a preliminary version of the integrated pandapower module and is published
at the 17" International Conference on Applied Energy (ICAE2025), December
8th to 12th 2025, Bangkok, Thailand [17].

In section4.2, we apply the completed feature set of the simulation
framework and show its functionality based on an exemplary scenario composed of
three different sites. Two residential homes and one office building. The example
1s chosen to highlight the potential benefit of smart EV charging, a topic often
postulated but rarely approved. Publication of these and some more results is
envisioned for late Spring 2026.

In [16] we introduce how a more sophisticated cooperation is achievable
if energy flexibilities become offered and delivered on demand. It is shown that
the basis for reliable flexibility offering is good prediction. This study has been
published at the IEEE PES Innovative Smart Grid Technologies Conference
Europe (ISGT-Europe), October 20t to 23 2025, Valletta, Malt, and will
become available on IEEE Xplore soon. However, implementation and evaluation
of prediction based energy management is beyond the scope here, the section is

an outlook to possible continuation of the development, as postulated in Section 3.


https://www.applied-energy.org/icae2025/
https://ieee-pes.org/calendar/2025-ieee-innovative-smart-grid-technologies-europe-isgt-europe/
https://ieee-pes.org/calendar/2025-ieee-innovative-smart-grid-technologies-europe-isgt-europe/
https://ieeexplore.ieee.org/search/searchresult.jsp?newsearch=true&queryText=%22Flexibility%20constraints%20specification%20with%20volatility%20assessment%20for%20reliable%20demand%20side%20flexibility%22
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4.1 Cross-sector Cooperation and Optimisation

Beneficial cooperation of energy sectors is possible if at times when ample
energy is available in a sector, the other sectors have an energy demand that can
be served, and vice versa in case of an energy shortage other sectors can support
the sector in need.

For example, around noon many PV systems on the roofs of a private houses
produce more power than is currently consumed within these houses. Instead of
inserting the excess production into the public grid when many neighbours do
the same, it 1s more beneficial to charge the private EV or slightly increase the
room heating to postpone the heating demand in the evening. Thus, to benefit
from ample energy supply, the energy demand in the other sectors needs to be
controlable. Without demand flexibility, meaning active control, the utilisation of
ample supply happens only by chance, which is no true cooperation in the literal
sense of the term.

Vice versa, in the case of an energy shortage, other sectors can either
temporarily raise their production or reduce their demand to support the sector
in need. For example, the high electricity demand in the evening can either be
mitigated by slightly discharging the battery of a vehicle to grid (V2G) capable
EV, reducing the SoC by 5 to 10 kWh, which can be recharged after midnight
at a cheaper energy price, or by postponing electric room heating by letting the
temperature drop a little more than usual.

However, without knowledge about a surplus or need in one sector, the
others cannot cooperate. In addition to flexible demands and controlable energy

appliances, some means to signal needs across sector boundaries is required.

4.1.1 Modelling of controlable electricity assets and appliances

Using the same example feeder network as specified in Section 2.3, here

one third of the customers is assumed to have a 5 kW PV system with its output



81

power scaled by the typical sine-square curve in between sun-rise and sun-set,
and in addition varied by the same beta distribution to model cloudy conditions,

as shown in Figure 2.7. The resultant line voltage behaviour without and with PV

insertion is shown side-by-side in Figure 4.1
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Figure 4.1 — Line voltage without and with distributed PV power insertion

A voltage rise and negative power flows toward the substation can be
observed at times when along the feeder network more power is inserted by the
customers’ PV systems than is locally consumed. Observing varying conditions
helps in identifying critical supply voltage violations, network bottlenecks in case
of more complex topologies, and general performance issues, in particular energy
loss due to the inner resistance of the used wire type.

The core intent of a simulation tool is however, to validate counter measures.
Smart PV inverters curtail the output power in case the voltage on the grid is
too high. If in addition the grid operator provides a need indication, for example
a kind of traffic light signal, such responses can be coordinated, yielding a fair
curtailments distribution independent of the location along the feeder line.

A smart response to grid needs could be automated curtailment to for
example 70 % of the peak output power of the PV inverter before the over-voltage
becomes critical, as sketched in Algorithm 1. Should the voltage exceed the safety
boundary, the PV inverter disconnects obeying regulatory grid codes. A preventive

curtailment is therefore beneficial for both, the grid and the customer.
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Algorithm 1 Simple voltage stabilising PV curtailment algorithm

Require: U, > Uy > over voltage boundary > default voltage
Require: Ui, < Upax > power output curtailment hysteresis
r<0.7 > set curtailment ratio
for j=1, 2, ..., number of customers do
if U;(t;) — Upax > O then
Py PPV > curtail peak power output
else if Uy, —U;(t;) > O then
P,,I;Zj; — P,Zé/jg X % > revoke power output curtailment
end if
end for

To simulate such a smart algorithm, it shall be executed instantly whenever
a power changing event causes the voltage level to exceed the set Uy, or U,,gy.
In the best case, this mitigates the voltage issue and no additional changes are
required. If not, the loop proceeds until the issue is solved or no solution is
achieved after all PV systems along the feeder have become curtailed. Figure 4.2

shows the effect of PV curtailment along the feeder line.
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Figure 4.2 — Line loads and bus voltages w/o PV curtailment (Algorithm 1)

The effect of limiting the power inserted by local PV systems to 70 % of the

rated peak power PPV can be clearly seen. However, the effect is limited because
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the curtailment is not possible recursively. In addition, customers close to the
transformed do not see the need because at their position along the feeder line,
the voltage is not in the region where Algorithm 1 causes a curtailment. Power
insertion curtailment has evidently no effect on under-voltage situations.

The algorithm to determine when to cut the power demand is very similar to
Algorithm 1. The difference is that Algorithm 2 intends to mitigate under-voltage
by reducing the power drawn from the feeder line. Figure 4.3 shows the effect of

load shedding (demand power cuts to 80 %) on the voltage along the feeder line.

Algorithm 2 Simple voltage stabilising demand cutting algorithm

Require: U,;, < Uy > under voltage boundary < default voltage
Require: Ui, < U, > power cut hysteresis
for j=1, 2, ..., number of customers do
if Upin —Uj(t;) > O then
Copr =1 > signal to cut power demand
else if U;(t;) — Upax > O then
Corr =0 > signal to revoke demand cut
end if
end for
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Figure 4.3 — Customer bus voltages w/o load shedding (Algorithm 2)

The effect is visible, although small, and it has evidently no effect on the
over-voltage introduced by neighbouring PV systems. Algorithm 1 and Algorithm 2
complement each other nicely by addressing the opposite issues of over- and
under-voltage on the feeder line, as shown in Figure 4.4.

Typical appliances with on-off characteristic that can be controlled by Algori-

thm 2 are for example: hot water boilers, electric heating systems, refrigerators,
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Figure 4.4 — Customer bus voltages w/o Algorithm 1 and Algorithm 2

and private EV charging points in cased latter support no dynamic maximum
power PCP (1) adjustment. However, their contribution to the power flow cannot
be reduced at the same time. Not modelling these appliances individually, their
contribution is assumed to be in average 20 % of the instantaneous load.

If dynamic adjustment or curtailment is possible, an algorithm very similar
to Algorithm 1 can be implemented to determine power change events. Not being
restricted to a static adjustment, it can be used recursively. Although applicable to
many appliances, Algorithm 3 is here presented and used to evaluate smart EV
charging. Alike Algorithm 2, it mitigates under-voltage by reducing the power
drawn from the feeder line, and thus, compliments Algorithm 1. However, in case

of over-voltage it increases the power drawn from the grid in order to mitigate

the over voltage, thereby reducing the need to curtail the local PV production.

Algorithm 3 Simple voltage stabilising Smart Charging algorithm

Require: U, < Uy > under voltage boundary < default voltage

Require: U, > Uy > over voltage boundary > default voltage
r<0.5 > set adjustment ratio
for j =1, 2, ..., number of customers do

if Uyin — Usite (l) > 0 then

PCS « PCS xr > reduce power available for charging

else if Uyjso (1) — Upax > 0 then

max

end if

end for

PES < PCS x - > increase power available for charging
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Note that in Algorithm 3 the scheduling of the counter measure (*) triggers
the re-calculation of the grid voltages from ¢; till the last scheduled event. The
Usire(t;) at the time ¢; of the next event already considers all scheduled adjustments
in consequence of previous iterations of the while-loop. Figure 4.5 shows the

effect of load shedding (demand power cuts) on the voltage along the feeder line.
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Figure 4.5 — Customer bus voltages w/o Smart Charging (Algorithm 3)

The lower graph in Figure 4.5 shows the EV charging. The rather low default
3kW charging power cause a linear rise of the battery state, as shown on the left
side. When smart charging is used, the charging power becomes adjusted, which
changes the steepness of the state-of-charge rise. Due to the extreme scenario
chosen, all EV reduce the charging speed during the night. Every EV still gets at
least 10kW h, which is more than the average daily need of a commuter. During
the day, the power inserted by the local PV systems is consumed locally by the
EVs in the neighbourhood by increasing the charging power as much as possible.
Over-voltage occurs only after all EVs in the vicinity finished charging, here after
12:15.

If all three algorithms are implemented and executed in parallel, a Smart
Grid control 1s achieved in the way it was intended when the idea of Smart grids
was born. Figure 4.6 shows the effect of all three algorithms together.

The three algorithms work nicely together. Smart Charging of EVs has
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Figure 4.6 — Customer bus voltages with Algorithms 1, 2 and 3 acting together

definitely the highest impact. Only if no EVs are available, or the available have
already become fully charged, PV curtailment and load shedding are required to
counteract over and under voltage respectively. For the extreme scenario assumed
here, Figure 4.6 shows that the existing wires can support higher PV insertion and
EV charging load if smart grid technology 1s used to manage the demands of these
customer appliances that more and more stress the traditional distribution grid.

The contributions of different customers along the feeder line differ. The
contribution of Smart Charging outperforms both, PV curtailment and load
shedding, as can be seen in the upper graph of Figure 4.7.

Due to showing absolute values, as it is common, the direction of the
contribution is not clear. From the examples shown above, we know that the
power flow changes during the night result from reduced charging speed, and the
power flow changes during high PV production from increased charging speed.
Environmentally and economically counterproductive PV curtailment is necessary
only after the EVs in the neighbourhood have been fully charged. Evidently, the
customer toward the far end of the feeder line benefit most in terms of voltage
stability, as shown in the lower graph of Figure 4.7.

A too simplistic implementation of these algorithms turns out to be unfair
because it discriminates customers connected further down the supply line, as
shown in Figure 4.7. To balance that, the voltage limits U,,;, and U,,,, shall by
specified more tight if the customer is connected less far down the supply line.
In any case, it is wise to iterate from the transformer toward the far end, such
that violations are solved as close to the transformer as possible because that

minimises the individual adjustment required per customer.
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Figure 4.7 — Distribution of the customers’ contributions and benefits to/from

demand side grid stabilising along the feeder line

4.2 Simulating the interaction of diverse systems located at adjacent sites

The complete simulation framework can be used to do many different studies.

Different ways to automatically adjust power demands to the current state of the

feeder network can be evaluated depending on the configured scenario and chosen

parameters. The here presented examples are focused on testing the functionality

of the tool and not on the results of simulation runs as in Section4.1.1.

4.2.1 Indirect power demand management for heating and cooling

The algorithms implemented for PV curtailment and EV charging power

scaling, Algorithm 1 and Algorithm 3, remain as introduced in Section4.1.1. Load
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shedding, Algorithm 2, remains also available unchanged, but adjusting the demand

of the heating system, as outline in Algorithm 4, is preferred.

Algorithm 4 Voltage stabilising heating and cooling curtailment algorithm

Require: U, < Uy > under voltage boundary < default voltage

Require: Ui, < Upax > heating reduction hysteresis
Theats Teool > heating and cooling target temperature
x°C,y°C > allowed heating and cooling temperature deviation
for j=1, 2, ..., number of customers do

if Upin — U;(t;) > 0 then

Oon =1 > adjust target temperatures to delay possible power demand
Theat —= x°C
Teool += y°C

else if U;(t;) — Upax > O then
Oon =0 > revoke the target temperatures adjustment — use power now
Theat += x°C
Toool == y°C

end if

end for

Algorithm 4 does not affect the power demand directly. Instead, the target
temperatures for the HVAC system become adjusted on-demand. A performed
change can cause an instant or a delayed response, depending on the current room
temperature and the inertia of the heating and cooling system modelled. Correct
modelling of all the non-linearities of heating and cooling systems is provided by
the Modelica model presented in Appendix C Listing 2. This is a clear advantage

over linear modelling, although it complicates the model configuration.

4.2.2 Three buildings connected along the same feeder line

For the example here, where we want to approve correct inter-action of the
systems modelled by different tools and linked by change events, very simple
heating and cooling systems are used. To test the coordination of electric power

flows, these are sufficient and yield results that can be backtracked somewhat
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easier than with complex systems including diverse constraints, hydraulic inertia,
and control latencies.

The base load of each building is again derived from the standard load profile,
scaled to the mean demand per day and randomised using a Beta distribution in the
range (0 to 5), where the mean is the daytime dependent value from the standard
load. Thereby, the variations are bounded and high loads occur less frequent than
low loads, which nicely approximates reality and is shown in Figure 4.8 for a ten

days period (as used for Modelica).

Household Load Profile at Specific Times

2 L A B B o A s A

Figure 4.8 — Synthetic building baseload (narrow line) derived from standard load

profile (bold line) by bounded random noise (Beta distributed)

The photovoltaic (PV) energy production, which in Section4.1.1 was
approximated by randomised sin?-function, is here modelled using Modelica
where we use recorded weather data from 2009 for Kiev. The calculation is based

on the PV-modules’ peak DC output power P’ ¢l agsuming that the installed

peak
PPV

PV-inverter can convert this DC PV-power into insertable AC PV-power peak’

The Modelica model is basically the same as shown in Figure 2.10, here
extended to provide the required modelling results needed for the integration in
the framework. The PV modules are summarised in the symbol underneath the
"Weather inputs" box. PV connects to outdoor temperature and solar irradiation
parameters from the weather data and has no output into the heat modelling
because the impact of building surface shading is assumed negligible. Small
roof PV-systems start at 5kWp, bigger have ~ 20kWp (due to grid access limits),
whereas on apartment and office buildings 50 to 100kWp are common. Industry
complexes with several buildings and huge roof areas can go far beyond that, in

particular if they anyhow need a strong grid access in the MW region at a higher
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Figure 4.9 — Heating and cooling system model for a simplified house

grid level. Here we only consider lowest grid level access via feeder network
connected to a local low voltage transformer.

The size of the heating and cooling system relates to the size and the building
type. For a residential single household buildings we guess a peak heating demand
of ~ 4kW and for apartment and office buildings ~ 50kW.

The heating system is composed of a heat source with constant temperature
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connected to a valve, a radiator and a pump that performs the circulation of
the heat transporting medium, in general water. The control logic receives the
heat signal from the room thermometer and activates the valve and the pump as
needed. The cooling system uses the outside air as source with varying temperature
according to the weather data. A fan and an air flow regulator are used to control
the air flow into the room. The control logic includes a PI-controller to achieve
smooth cooling. The house itself is modelled by a wall and an air volume with
accordingly set thermic capacities and surface resistances. Four windows facing
east, south, west, and north, model this heat ingress.
The EV charging is configured according to the assumed building type:
— Residential buildings:
— at least one charging point per assigned EV (ngy < ncp),
— no waiting space is needed (nws = 0).
— EVs arrive at around 18:00 with a standard deviation of +1 hour,
— EVs park for 15 hours & 1.5 hours.
— Office buildings:
— assigned EVs may exceed the provided charging points,
— waiting space nys > ngy — ncp heeded to host all EVs.
— EVs arrive at around 8:00 with a standard deviation of £1 hour,

— EVs park for 8 hours &+ 1.5 hours.
Charging points are assumed to support 22kW AC charging, although most

modern EVs support 11 kW only. Older EVs that do not support fast DC charging
still use the ’fast’ 22kW AC charging, some can charge AC up to 40kW, but

they fade out. The building’s grid access limit may not allow multiples of 22 kW,

PEVS

- (site) needs to be

therefore the maximum power available for EV charging
configured in the site parameters, as shown in Figure 3.3.

Most EVs support AC charging up to 11kW and are assumed to allow a
charging power PLV(¢) reduction down to 1.25kW. In between departure and
arrival they are assumed to use energy and return with a charging state that
is distributed as specified per EV type. Here, all EVs are assumed physically
identical (only arrival and parking time distributions vary) to ease the backtracking

of achieved simulation results.
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4.2.3 Simulation results for the three adjacent buildings scenario

First, the result of applying the different algorithms needs to be confirmed.
Figure 4.10 shows a series of days where the curtailment to 70% of PLY, (dashed

max

line) is visible. The actual production loss is minimal because at non optimal

weather conditions the PV system cannot produce so much power.
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Figure 4.10 — PV output with correctly working PV curtailment algorithm

The EV charging power reduction becomes visible as slower rise of the
State of Charge (SoC) when the charging power becomes reduced. This is shown
in Figure4.11 for two independent EVs. The timely correlation of the charging
power reduction proves that the different sites where these EVs are charged are

facing the same voltage drop on the feeder network and respond accordingly.

State of Charge (System 2)

Figure 4.11 — Dynamic EV charging power adjustment across feeder network

The according traces are not so clear for the dynamic control of the heating

and cooling systems’ power demand. Because of the many non-linearities and the
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delayed response in case the temperature is currently within the hysteresis range
of the regular and the adjusted target temperature.

To see the correlation of the responses of the different systems, we show next
exemplary 3D-graphs as they are provided by default in the GUI of the developed
simulation framework. On the screen, these can be freely rotated and zoomed to
see the interesting details more clearly. Printed on paper, this is obviously not
possible and the important details are sometimes hard to spot.

The scenario are three houses connected to the feeder network in a row,
each 500m from the next. The cable is maximally utilised to its specification to
get serious voltage variation depending on the current load. The set parameters

are summarised in Table4.1.

Table 4.1 — Site parameterisation of the simulated example scenario

parameter housel house2 house3

feeder network access power limit Pfgg 20kW  10kW 100 kW
maximum heating/cooling power PHVAC 51w 4 kW S0kW

max

heating target temperature th;fg;i“g 23°C 23°C 23°C
cooling target temperature Tt;?goéing 25°C 25°C 25°C
peak PV production capacity Pg e\ék I5kW SkW  50kW
site EV charging power limit PEVS 20kW 10kW  80kW
number of charging points (11kW) ncp 2 1 8
number of waiting spaces nws 0 0 4
number of assigned EVs nEYV 2 1 12

The first two houses are residential buildings, the third is an office building.
Accordingly arrive the EVs in the evening or in the morning, as specified above.
The arrival variation 1s assumed to be Normal distributed and the parking time is
assumed to be Erlang distributed. Both these distributions are unbounded on at
least one side, such that EVs may not arrive within the time window on the same
day. In the case that the next arrival time occurs prior the parking time is expired,

the EV is assumed to not having left, and the virtual re-arrival is discarded.
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All electric vehicles (EVs) are assumed technically identical, for the simpli-

city of impact tracking, and modelled as specified in Table 4.2.

Table 4.2 — Example EV specification

battery size charging speed wished SoC charging demand
Er'ﬁ,((EV) PTE;; SOC\];:zi\ghed mean range distribution
80kWh 11kW 80 % 40% +30%  Beta(a,b)

Analysing the grid voltage at the feeder network connection point shown in
Figure 4.12, we recognise the voltage rise during the day caused by the insertion of
PV power. This is evidently less during winter and considerably higher in spring.
In the evening, the EV charging causes a considerable voltage drop. That is not
dependent on the season and appears less in spring due to the auto-scaling applied.
The sharp drop underlines how important smart EV charging power adjustment is

for the voltage stabilisation on the feeder network.

Site voltage (System 2) Site voltage (System 2)

wn 200N

Figure 4.12 — Feeder voltage at house 2 across three days in winter, 301" Jan. to
15tFeb. (720 h to 792 h), and in spring, 10™ Apr. to 12" Apr. (2400 h to 2472 h)

House 2 has no big PV or EV load by itself, but because it is connected to

the same feeder line as the other houses, and in particular because the big office
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building 1s connected at the end of the feeder line, it experiences a voltage swing
that 1s much bigger than what it causes by itself.

The PV output curtailment at house 3 is shown in Figure 4.13. The actual
power curtailment is small, but for the access capacity calculation, it makes a big

difference because of the simultaneity factor of adjacent PV systems, which is
close to 100 %.

House PV Power (System3) . House PV Power (System 3)
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Figure 4.13 — PV output house 3 without (left) and with 70 % curtailment (right)

Here, the results for spring are shown because during winter the PV
production never reaches the 70 % margin. Also on the first day (10™ Apr.) it stays
below and no curtailment happens. It needs to be noted, that due to auto-scaling
the PV output on the right side appears bigger although it is actually smaller,
which becomes evident if we look at the scaling of the vertical axis only.

As mentioned before, provides the EV charging power a load that is big and
can be feasibly managed if smart EV charging stations are installed. Figure 4.14
shows the total EV charging power at house 2.

On the third day, we recognise a reduced charging power in the case that
the scaling algorithm is activated. On the other days the lower voltage threshold
that triggers the EV charging power reduction is just not reached. Why at house 2
the EV can charge with 20kW yet needs to be verified.

As mentioned before, the effect of the heating power adjustment by altering

the target temperature is difficult to present. However, Figure4.15 shows the
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Site power (System 2) Site power (System 2)

Figure 4.14 — EV charging power without (left) and with adjustment (right)

indoor temperature variation across three days in winter.

House Temperature (System 3) House Heating/Cooling Power (System 3)

Figure 4.15 — Indoor temperature (left) and heating power (right) at house 3

On day two, we recognise a temperature drop that indicates an adjusted
temperature target, here lowered by 2 °C. The power demand therefore does not
rise during the second and third night, as it did in the first night. During the
third day it even drops further because of the temperature rises without increased
heating power, most probably due to sunshine and higher outdoor temperature
in the weather data. Latter indicates a little how complex the relation of indoor
temperature and heating system power demand is in reality where the weather

plays a key role.
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4.2.4 Interpreting complex simulation results

To see the correlation across systems, a parametrisation needs to be found
that causes a clearly visible step-by-step variation caused by correlated systems
interaction. Often the effects overlap and the reasoning becomes obscured. The
stepping option comes in handy. It is used to vary a parameter such that at
some point the envisaged correlation becomes recognisable. Simulation runs
with diverse parameter stepping have been done. The best results yet found
show the inter-correlation that results from increasing the feeder line length,
from 0.1km to 10km in 0.1 km steps. The results are presented in the appendix:
Figure B.5 for winter times, Figure B.6 for spring, and Figure B.7 for summer.

Winter/Figure B.5: During winter, the PV output is rather small and the
biggest loads are the EVs. The heating is modelled by a room that is so small that
it’s heat capacity is easily covered by a heating power no bigger than 1kW. Hence,
the heating power demands are the same at all houses. For the shortest line length
(least voltage drop) the traces differ because no temperature adjustment to reduce
the demand on the following days is triggered. For the second shortest line length,
it 1s triggered for house 1 on the second day. In all other cases it is triggered on the
first day and persists. The voltage swing increases linearly with the line length, as
expressed by Ohm’s law. The EV charging is limited as specified for the scenario,
and seemingly does not contribute much to voltage stabilisation, except with short
line lengths in house 2 and 3 and for long line length also in house 3.

Spring/Figure B.6: In spring, it might be expected that neither heating nor
cooling is much active due to the moderate outside temperatures. However, for
the small room modelled the heating caused by the increased sunshine requires
cooling. Temperature adjustment is less triggered: it is not needed up to 400m
for any house. This is probably caused by the reduced EV charging load and the
increased PV output during the day. The voltage swing on the feeder network is
rather symmetric but too wide for regular grid operation. Smart EV charging is
scattered, but well visible for house 3 where many EVs can charge in parallel.

Summer/Figure B.7: In summer, the PV is the biggest load on the feeder
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network. The voltage swings more to over- than to under-voltage. Here, the
PV curtailment can be recognised because the peak output is beyond the 70 %
boundary. For house 1, PV curtailment may not be triggered up to 300m. But that
depends on the date (how the weather evolves). On the second day it is triggered
for 300m, and on the third day straight from the start. Similar behaviour but at
shorter line length is observed for house 2 and 3. The reduced charging of the
employees’ EVs at the office building is surprising. However, here the power
management by smart EV charging seems to be effective.

The value of applying smart algorithms depends on the scenario. For the
example scenario simulated, we achieve for a feeder line length of 0.5 km between
the different buildings, a reduction of the absolute deviation from the normal

voltage as shown in Table 4.3.

Table 4.3 — Reduction of maximum voltage deviation

System1 System2 System 3

Winter —215% —-4.12% —-6.10%
Spring —1.54% —-473% —T7.12%
Summer —-2.64% —-529% —-7.97%

This improvement of the voltage stability is calculated as difference of the

extremes, according to

max {|1—Uge™|} — max {|1-Ug"|},
samples samples

where USM™ js the voltage that results if all three algorithms are invoked, and

sita " without the smart load adjustment algorithms.

The achieved reduction may appear small, but that is due to the property that
extremes tend to show up when the conditions are really poor. In such situations
load adjustment alone is probably not enough to solve a voltage band violation.
The traditional approach, emergency load shedding, is still required, but smart

load management can do at least a part of the job most of the time.
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4.3 Conclusion of Section 4

Simulating the three houses scenario sketched in the technical description,
Figure 2.19, has been successfully achieved. The developed simulation framework
1s in beta-testing state, which is perfectly common for a university tool. Whoever
uses this simulation framework has to know what he or she is doing and is
assumed to improve the tool by providing feedback and amendments.

The presented exemplary simulation results show how important a bigger
picture considering cross-sector inter-dependences is. Assessing the usefulness
of modern energy-flow management approachers without considering potential
cross-sector implications is careless.

The electricity grid may be considered too complex to grasp. However, that
a physical copper line that connects buildings also causes an all in the same boat
situation, should be easy to understand. Still, many believe that electricity comes
out of the wall-socket. Actually, it is generated the moment it is consumed, no
instant earlier.

Electricity is transported at the speed of light over shared lines (cables).
These have finite capacity, which we should not ignore when designing modern
energy management solutions. The developed simulation framework achieves
exactly this for the academic R&D community working on solutions for the near

future, in five to twenty years time, and some visionaries think beyond.
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5 THE ECONOMIC SECTION

Software tools in the scientific area are commonly offered open source to
gain trust and to enable adaptation and extension to the individual needs of other
researchers. Selling of open source provided software is prevented by the share
alike restriction. However, that does not exclude economic use by those that
created the software tool and others that are granted the right to do so. Neither is
the aim of the client, a university department, for whom the simulation framework
is developed and who will continue development in the course of research projects.

This aim to continue using and developing the tool further and further, yields
the third economic path: Use the tool to acquire project funding. As the major
part of the employees at that department is paid from funded projects, having
tools that support high quality research is essential. That is the true business case,

which also the assessment by the experts in Section 5.1 found most promising.

5.1 The technological audit of the developed simulation framework

To establish the commercial potential for the developed simulation frame-
work, three prominent experts were invited: Candidate of Technical Sciences,
Associate Professor, Kulyk Y., Candidate of Technical Sciences, Associate
Professor, Harmash V., and Candidate of Technical Sciences, Associate Professor,
Kabachii V., to assess it.

The assessment of the business cases was conducted based on the criteria
summarized in Table B.1 in the appendix. Each expert assessed the system’s
viability and potential for profitability individually. The overall level of commercial
potential was determined based on the criteria outlined in Table 5.1 [50].

The variance of the results relates most likely to slight differences in the
envisaged usage scenario and the yet unknown efforts required for a successful

commercialisation of the prototype (university/expert tool).
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Table 5.1 — Levels of technical and commercial potential of development

Arithmetic mean of scores calculated  Technical and commercial potential

based on the experts’ conclusion of development
0-10 very low
11-20 low
21 -30 average
31 -40 high
41 - 48 very high

5.1.1 Business case 3: Use your own tool for funded research

A little complex in detail, this business case is focused on persistence and
sustainability, and not on profit. Having a powerful tool to perform groundbreaking
simulation studies is wonderful. However, research is always based on the results
of previous research: What has been found triggers new questions to be answered.
Tools have to change over time to integrate the knowledge found.

Having a tool that supports performing studies at the forefront of current
knowledge is a unique sales point. The monitory value is hard to predict, like the
value of a prototype, but the potential for a stable income in terms of funding

money, is outstanding.

Table 5.2 — Assessment of the commercial potential of business case 3

Last name, initials of the expert
Criterion Kulyk Y. Harmash V. Kabachii V.

Scores given by the experts

1 4 3 4
2 4 4 4
3 4 4 4
4 4 4 4
5 3 4 3
6 3 3 1
7 4 4 4
8 4 4 4
9 4 4 4
10 3 4 4
11 4 1 1
12 4 4 4
Sum of 45 43 41
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Arithmetic mean, variance, and standard deviation of the performed expert

assessment:

?ZIX,- _ 45 +43+41 _ 129
n 3 3
(E{X} X) 4+0+4 §

n 3

standard devation = std{X} = \/var{X} = \/7 =1.63

mean:E{X}: =43

=2.67

variance = var{X} =

According to the ratings, is converting the university tool into a licensable
product with all required support and guarantees (business case 1), achieving
in average 27 points, a not really promising option. More promising is, with in
average 33.67 points, the business case 2, to release the simulation framework
open source and sell related services. Most promising is however, business case 3,
achieving 43 points, which also matches the development intention and is further

elaborated in the following.

5.2 The cost estimation for developing the system

During the work on the developed simulation framework, the following

expenses were incurred:

1: Primary salary of executors 3,:

M
30 = —-1 (5 1)
Tp
where M represents the monthly base salary of a specific executor in UAH, T,
the average working days per month, assumedly 20 days, and ¢ the number of

working days spent on the development of the simulation framework.
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In 2025, the salary ranges for researchers fall within 6700 to 26 000
UAH/month. The resultant calculations of the primary salary of the executors

related to the development is summarised in Table 5.3.

Table 5.3 — Calculation of primary salary of executors

PR Monthly Payment =~ Number of Remuneration

E}?:(lzﬁ?(l)lr title of the base salary per working  working costs
(UAH) day (UAH) days/hours (UAH)

Scientific supervisor 200h

of the Student’s 22250 1059.52 6h/d ~ 35317

qualification work

Student developer N

(Master student) 6700 319.05 75d ~ 23929

Consultant in the 1.5h -

economic section 19800 942.86 6h/d ~ 236

Other consultants 18500 880.92 3.5d ~ 3083

Total ~ 62565

2: Additional remuneration of the executors 3 is calculated as 10 %

to 12 % of the primary salary, i.e.,
3;=1(0.10 t0 0.12) - 3, (5.2)
which results in 6257 to 7508 UAH for the example shown in Table 5.3.

3: Accruals to the payroll H, are calculated by the formula

Hy, = (30 +3H) ’ lﬁm (5-3)

where 3 is the rate of the unified social security contribution for mandatory state
social insurance. Currently 8 = 22 % and thus, H,y &~ (62565 + 7435) x 0,22 =
15400 UAH.
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4: Material expenses M are calculated per material type i according to
M= ZHiHiKi - ZBiHB (5.4)
i i

where H; states the amount of material used in weight units (kg), LI; states the
coat of the material per weight unit (UAH/kg), K; represents the transportation
cost coefficient, in the range 1.10 to 1.15. B; states the material disposal mass
(kg), and 11, states the waste price of material i (UAH/kg).

Actually, developing software needs no materials. Paper and printer ink,
and all office materials in general, are covered by the lump sum stated for the

required components.

5: The expenses of used components K result from
K =) HilK; (5.5)
i

where H; is the number of components of type i, L; is the price per component, and
K; € [1.10,1.15] is the manipulation expenses coefficient, covering for transportati-
on, tracking and interim storage.

Following the analogy with other software developments, the cost of all

material resources is approximately 900 UAH.

6: Depreciation of equipment and premises can be calculated by

CUH, T

=< 5.6
100 12 (56)

where 11 is the total book value of the stationary assets, Hy € [2% up to 25 %]
is the annual depreciation rate, and T/12 is the equipment, premises, etc. usage
period in months.

The calculation of the different deprecation deduction to be considered is
summarised in Table 5.4. In total ~ 20000 UAH need to be considered to cover

all depreciation of used equipment and premises.
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Table 5.4 — Calculation of depreciation deduction

Book value  Deprecation Usage period Deprecation

¥
(UAH) rate (%) (months) dc(aglgﬁgn

Server, laptop,

printer, etc. 199000 25 6.5 (70 %) 18863.54

Department

and faculty 152000 2.5 6.5 (35%) 720.42

premises

Total ~ 19584

7: Expenses for the electrical power consumed are calculated as

_ BIIOK,

B
e KL[

(5.7)

where B is the electricity price pre kilowatt-hour, at time of writing 7.41 UAH/kWh
for business, I is the installed load capacity of the equipment, here 1.05 kW for
the power supply of a server, IP router, 2 ports of the LAN switch, and the laptop
assigned to the student. @ is the actual number of operating hours, for example
730 hours in average for all. Finally, K;; = 0.83 is the power usage coefficient,
and K; = 0.76 the useful action coefficient.

The resultant total expense for electricity B = 6202,90 ~ 6200 UAH, if

the assumptions mentioned are still correct.

8: Other expenses Bj,; can be estimated as 50 to 300 % of the initial

salary of the performers. Thus we can calculate
Bix = Kiy X 30 = (0.5 to 3.0) x 3,. (5.8)

where Kj; is the other expenses factor. With for example Kj; ~ 0.75 we get
Biy =~ 47500 UAH.
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9: The sum of all the previous expenses yields the total expenses B of

the current stage, as executed and completed by the master student.

B=3,+3,+Hy +M+K+A+B.+Bj, (5.9)

which for the simulation framework sums up to approximately 160000 UAH.

10: The total costs for the development and final refinement of the

works that have been done, 1s calculated according to

B
3B=— (5.10)
B
where the coefficient 8 characterises the completion stage yet reached. Since the
delivered simulation framework is operational and further development part of
the business, it can be assumed that 8 ~ 0.97.
In the end, the projected total expenses for the development of the simulation

framework amount to approximately 165000 UAH.

5.3 Calculation of the economic effect from potential utilisation of the

developed simulation framework to acquire research funding money

The market analysis indicates that the market for a multi-sector simulation
framework is small, but growing as the energy transition becomes more and more
realistic. Expert tools, like serious textbooks, are not developed and sold to make
profit. Such products are developed to gain knowledge and recognition.

In the case of the client for whom the simulation framework is developed,
the intended economic benefit is winning the competition for public funding
money. Tenders for public funding are reviewed by peer experts. An application
has a chance for funding only if the promised research work is rated as being smart
— specific, measurable, attractive, realistic, and timed — and worthy — promising,

impactful, effective, and efficient in terms of the achieved output.
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Good simulation tools help to achieve realistic results that can show the
possible future impact of envisaged and upcoming changes in technology, regulati-
on, and policy. Such studies are commonly required to proof expert believes
and educated guesses, but can also raise awareness and may reveal surprising
cross-correlations and unintended rebound effects.

Having a tool that can handle complex relations, fosters in-depth knowledge
and reveals unexpected correlations, if correctly used by experts, supports
trustworthy and explainable research results, recommendations and plausible
explanation thereof. A benefit helping the authorities to rate the value of the
results gained from public research funding. Therefore, having a good tool, helps
to gain public funding money.

In this respect, we assume a success boost factor of 1.5 times the tender
success rate reached before the tool has been available.

On the other hand reduces the tool the time needed to achieve good results,
especially if the operators of the tool are experienced experts that know how to
configure the tool and the scenario simulated to reveal interesting results.

The time saving factor gained from sped-up results achievement is assumed
to be 3 times faster than using the integrated tools independently. Adapting the
tool to address new issues and maintaining the framework stable reduce that by
assumedly 30 % to a saving factor of 2.1, approximately halving the personnel

cost or doubling the efficiency of the spent funding money.

5.3.1 Expected revenue gains and cost savings in the coming years

If the simulation framework is used to execute cross-sector simulation
studies and is considered in funding proposals (tenders) starting with January 15,
2026, the results manifest in the years 2026, 2027, 2028, and beyond, depending on
funding lead time and funding period. The assumptions underlying the economic

evaluation are summarised in Table 5.5.
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Table 5.5 — Expected workload savings and added funding revenue gain

Savings Gained funding

Year (working hours revenue increase
efficiency) (kEUR)

2025 1.00 500
2026 1.03 +50
2027 1.11 +150
2028 1.33 +300
2029 1.66 +450
2030 2.00 +500

The potential increase in revenue AlIl; per year 1 from using the simulation

framework amounts to

Ani=;<AuoN+quN>iAp<1—%> (5.11)
where ALl is an improvement in the primary qualitative indicator (working hour
savings) from using the simulation framework in this year. In our case, ALl, = 1.03
in 2026, 1.11 in 2027, 1.33 in 2028, 1.66 in 2029, and 2.00 in 2030, where it
saturates. The ratio reflects the improvement compared to performing the same
annual workload assuming the simulation framework would not be used.

N is the main quantitative indicator (revenue) that defines the scope of the
improvement from the years before the availability of the simulation framework,
here N = 500 kEUR.

AN 1s the improvement of the main quantitative indicator (revenue) due to
the use of the simulation framework in funding tenders. The annual improvement
1s assumed to be +50 kEUR in 2026 (due to long lead times), +100 kKEUR in
2027, +150 KEUR in 2028, +150 kEUR in 2029, and 450 kEUR in 2030.

I1, is the primary qualitative indicator (i.e., the relative working hour
savings) determining the operative benefit achieved from using the simulation
framework, prior the introduction of the simulation framework I, = };—58 =1.0

n is the total number of years during which positive results from using the

developed simulation framework is expected, in this scenario n = 5.
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A is the coefficient that takes into account the value-added tax (VAT)
payment, which for funding money is 1.00 because no VAT is applicable.

p 1s the coefficient that considers the product’s profitability. It is recommended
to assume p = (0.2t00,5), we choose p = 0.2 to consider the common user
interface inefficiencies of expert tools.

v 1s the corporate tax rate. As that is raised on net profits and not on revenue,
and because in general universities make no profit, v = 0% for public entities.

The potential increase in revenue All; during the first year after the tool
becomes used (2026) is small because of the long lead times from designing a

funding proposal till receiving a first funding advancement.
0
ATl; = (1.03-500+1.0-50)-1.0-0.2- (1 — 1—00) = 113kEUR

In the second year, proposals submitted in the first year achieve first funding

advancements. According to equation (5.11) the department revenue increases by
0
ATl = (1.11-5504+1.0-150) - 1.0-0.2- (1 — 1—00) = 152.1kEUR

In the third year, projects submitted in first and second year yield funding
advancements and accordingly the budget rises and the staff uses the simulation

framework more and more with increasing efficiency.

0
ATy = (1.33-650+1.0-300) - 1.0-0.2- (1 — ) = 232.9kEUR

In the fourth year, projects submitted in first, second, and third year yield

funding advancements and accordingly budget and usage efficiency rises further.

0
ATy = (1.66-800+1.0-450) - 1.0-0.2- (1~ —) = 355.6kEUR

In the fifth year most projects that were submitted in the first year already
ended, such that only projects submitted and won between the 2nd to 4th year

contribute to the improvement. Accordingly, the raise starts to saturate, also the
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work efficiency cannot be increased much further.

0
ATTs = (2.00-950+1.0-500) - 1.0-0.2- (1 — ) = 480KEUR

In the end, after 5 years, the available funding budget is predictably doubled
and the usage of the simulation framework should have halved the workload per

achieved research result.

5.3.2 Calculating the economical value of the increased revenue gained

from using the simulation framework

The total value I1IT can be calculated from

T AL

I = 5.12
;(1+r)f ©-12)

where All; is the increase in revenue in each of the years when the results of
the completed and implemented work are manifested, T =5 years is the time
period during which the results of the implemented work are manifested, 7 is the
discount rate, assumedly 0.1 (10 %), and ¢ is the "development-to-profit period"or
"Investment gestation period being the time from the initiation of the development
of the simulation framework to the moment when potential revenue gains are
obtained by the investor.

This value of the growth IIII that can be gained from using the simulation

framework results as

113 1521 2329 3556 480
Il = ~ 858 kEUR ~ 41613 kUAH
2 T TR Ty e

The present value of investments (PV) that should be allocated towards the

implementation of the development would be

PV = (1.0 t0 5.0) X Bag (5.13)
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In our case PV =3 x 165 =495 kUAH ~ 10.2 kEUR.
The absolute effect of the potential investment made in the implementation

of the developed simulation framework would be E,g.
Easc = [III — PV (5.14)

The notation "ITI1"stands for the present value of the increase in all net profits for
the potential investor from the potential commercialization of the development.

The absolute effect from the potential implementation will be

Easc =858 —10.2 =847.8 kKEUR ~ 41613 —495 =41118 kUAH

5.3.3 Calculating the internal rate of return (IRR) of invested capital

This internal return rate results from

E
Ey= /14— 1
o= {145y (5.15)

where E 5. 1s the absolute effect of the invested capital (E, 5. = 363 KEUR), PV
is the present value of the initial investment (PV =495 kEUR), and Ty is the

development lifecycle in years (T, = 6 years from start of development).

The calculation for the cross-sector simulation framework yields

To answer the here rather theoretic question whether the investment would

be also economically profitable, the minimum profitability is calculated as

Tin =d -+ f (5.16)
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where d 1s the weighted average rate on deposit operations in commercial banks,
in 2025 in Austria d = (0.0000 to 0.0025), and f is an indicator characterizing the
riskiness of investments, f= (0.1 to 0.5).
If we assume realistic d = 0.0010 and f = 0.1 for public funding and for a
more greedy funding by an investor d = 0.03 and f= 0.3, we get
1 — 0,001040.1000 = 0.1010 = 10.1% and

TiVeSOr — (). 0300 -+ 0.3000 = 0.3300 = 33.0%

Given the internal return on investment E; = 109.3% > 10.1/33.0 % = Ty;y,
it becomes clear that the cross-sector simulation framework is a very promising
investment. However, the "investment" stems from public funding of the simulation
framework development. No alternative usage of this money is eligible. In addition,
results the high IRR from using revenue as the basis for calculation. Therefore,
it could be argued that only the 9.3 % above 100% contribute to actual growth,
kind of sustainable profit.

5.3.4 Calculation of the payback period

The payback period T is calculated by

Tox = E (5.17)

which for the simulation framework results in T = ﬁ = 0.91 years. This is a

very short time for investments in a persistent research infrastructure, where a
return of investment is commonly expected in decades, not years.

In practice, long lead times toward funding advancements prevent a short

payback time. In addition, we need to consider that the benefit is increased funding

revenue and efficiency in using research funds, not net profit. Non of the gained
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'

funding revenue can be used to pay interest rates to investors. The only "investor'

1s the funding agency that administers public financed research funding programs.

5.3.5 Relationship between the internal rate of return of potential

investments and the inflation rate

If the inflation rate T = 5 % instead of 10 %, then

13 1521 2329 | 3556 480
(1.05)2 " (1.05)3 " (1.05)* " (1.05)5 ' (1.05)°
= 1062.3 kEUR ~ 51521 KUAH

I =

and we get
Easc = 51521 —-495 =51096 KUAH

and an IRR of

[ 51096
E,={ 1+T§—1:\6/104,08—1: 1,1689 ~ 117 %.

If we perform this calculation for increasing inflation rates, i.e., 20 %, 50 %,
100 %, and 200 %, we get E; = 96.2%,68.1%,41.1%,and 14.7 % respectively,
as shown in Figure 5.1.

The analysis of the charts in Figure 5.1 reveals that even up to a inflation
rate T > 200 % public investment might be economically interesting. Institutional
investors would invest up to slightly above 100% inflation. However, a final
decision on investments requires additional calculations and considerations, e.g.,
increasing the investment risk level, adjusting the demand for the development,
availability of public funding, and variations and combinations of different business

cases, as well as financial and economic prognoses for the next five to ten years.
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100 L

C10.1%
I 14.7 % I threshold

20% inflation 50 % inflation 100 % inflation 200 % inflation

Figure 5.1 — Modelling of the relationship between internal return of investment
rate and an inflation rate of 20 %, 50 %, 100 %, and 200 %

5.4 Conclusion of Section 5

All the key technical and economic indicators of the developed cross-sector
simulation framework have been successfully achieved as defined by the client.
The outcomes of the performed economic part of the master’s qualification theses

are summarised in the Table 5.6.

Table 5.6 — The outcomes of the performed economic part

Indicator Defined in Altained in Conclusion
Technical task  Master’s thesis

Devel"g{%?g"pense <200 165 achieved v

irﬁﬁf’éﬁ?;ﬁtﬁfgfﬁgfﬁ) >24250 (g9 Ozligéiﬁon) achieved v/

Intcfﬁa;v%s:;:iﬁ%m >10.133.0% (109, taftion)  ochieved v

Payback Period of < 3 years 0.91 years achieved v/

Investment (years)

The requirements stated by the client for the development have been

successfully achieved.
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CONCLUSIONS

The literature survey revealed several sector specific tools that can simulate
systems very well, but only individually. Some tools cover also systems from
other sectors as peripheral add-on squeezed into the sector specific view. General
purpose simulation tools are also available, but no tool or set of tools that focuses
on the inter-operation and inter-dependences of energy related systems.

In this master work, existing tools for different sectors, pandapower,
OpenModelica and smartDCsim, are linked together by effectively parsing the
output of one as input to the other and vice versa. Thereby, a cross-sectorial
co-simulation environment is achieved based on established sector specific system
modelling tools. The overarching simulation control is provided by an agnostic
event simulation core and assignable data recording and visualisation options.
Selecting and successfully integrating feasible tools to effectively simulate several
buildings equipped with modern energy assets and appliances, and inter-connected
by the local feeder network, covers the core research question and the development
task of the performed work.

If we integrate the developed tool into the comparison done in Section 1.2,
Table 1.2, we see that it does not support all features, as shown in Table 6.1, but
inserting it in Table 1.1, combining the features of pandapower, OpenModelica

and smartDCsim, it proves to serve all needs stated, as shown in Table 6.2.

Table 6.1 — Analogous simulation environment comparison

feature = electricity heat mobilit H, var distr. self open
1 tool y Y e-fuels demand coord. optim. source
Calliope + + + + - - - +
OpenModelica + + + + + + - +
JuliaSim + + + + + + + +
MATLAB + - - - + - - -
pandapower + - - - - - - +
new tool + + + - + + - o
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Table 6.2 — Features supported by tools in the respective energy sector

feature —» power energy demand  ext. contr.  trans. demand data in-
J tool flow flow  model signals charge analysis opt.  export
pandapower + - - - - + - +
Modelica + - + - - + - +
AixLib - + + + - + - +
openModelica + + + + - + + +
bi-levelEVsim - + + - + - - -
smartDCsim + + + - + - + -
oemof - - - + - - + +
Calliope - + + - - - - -
new tool + + + + + + + +

The developed simulation framework serves to evaluate energy-flow manage-
ment approaches, bringing light into the design of: smart systems control, cross-
sector efficiency measures, demand-response coordination approaches, and other
procedures proposed to support the energy transition across all sectors. The
chosen combination of tools and their integration based on an event-based core
proved viable. In combination with automated simulation steps and convenient
visualisation options the simulation framework serves the purpose to analyse and
compare cross-sector integration and the correlation introduced by the connecting
electricity grid.

Balancing EV charging and local generation has often been proposed to
be the smart solution to solve the volatility disadvantage of renewable sources.
With the developed simulation framework this plausible postulation now can be
evaluated and approved, as done in Section4.1. The simulation of the scenario
stated by the client has been achieved as intended, as detailed in Section4.2
and shown in the Figures B.5, B.6, and B.7, presented in the appendix. The
gained information is utile to design efficient and cooperative energy management
systems and to implement coordination means and paradigms that effectively
support the energy transition and not the energy business only.

Developing the simulation framework that effectively models the complete

system-of-systems bridging sector boundaries required and trained several skills,
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including the design of a layered software architecture, back-end and front-
end programming, numeric analysis, stochastic evaluation, modelling, statistical
evaluation using mathematics tools, integration of visualisation libraries, and
composing a utile GUI. The result is a configurable and scalable simulation of
scenarios, implemented to analyse smart energy management algorithms and their
impact on balancing the load across the local grid section, from feeder line to
distribution region. The implemented visualisation of statistical results enables
the accurate assessment of the behaviour, the performance, and the impact caused
on the electricity grid.

Applying smart algorithms ensures a reduction in the dynamic deviation
from normal voltage at the local electricity supply connection point. How effective,
depends on the scenario and can effectively and efficiently be evaluated using
the developed simulation tool. The exemplary simulation study covering three
automation objects, being the three buildings connected by the local feeder network
evaluated in Section4.2.3, each with a smart controlled PV system, one to eight
EV charging stations, and a small electric heating and cooling system, showed
an absolute reduction in deviation from normal voltage from 2.15 to 6.10% for
the winter period, from 1.54 to 7.12% for spring, and from 2.64 to 7.97 % for
summer, where the largest improvements are achieved by the smart building at
the far end of the feeder line, which also contributes the most load adjustments.

The research objective to develop a tool to evaluate cross-sector energy-flow
management, including electric load management, EV charging management,
heating and cooling management, and cross-sector energy demand adjustment
signalling, has been overall achieved. Cross-sector simulation addressing multi-
dimensional opportunities has been demonstrated successfully. The developed
user interface provides the means to save and re-load scenario configurations,
conveniently visualise and evaluate simulation results and storing of results data
in CSV files and generated graphs in publishable quality PNG and scalable SVG
format. All client requirements have been considered and implemented with

exemplary rigour.
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1. Ha3Ba Ta ramy3p 3aCTOCYyBaHHs

[HTerpamist 1HCTPYMEHTIB MOJICIIOBAHHS 3 CEKTOPIB EJIEKTPOCHEPreTHKH,
MOOUTPHOCTI Ta OINAJCHHS B CHUCTEMY MOHITOPHUHTY IIOTOKIB €HEprii, KepOoBaHY
IMOISIMH.

JlocmiKeHHs Ta po3po0Ka Cy4acCHUX CUCTEM €HEPronoCcTadyaHHs Ta pO3MOILTY,
IHTEJNIEKTYalbHUX  CHUCTEM  YIOPAaBIIHHSA  EHEProCIOXHBAaHHIM, aBTOMAaTH3aIlil
pearyBaHHSI Ha IOMHUT, AUCIETYEPCHKOrO KOHTPOJIO Ta 300pYy MaHUX, TEXHOJOTIH
KOOTIEpaTUBHOI €KCILTyaTallii.

2. IlincTaBa st po3poOKu
Po3pobky cuctemu 311iCHIOBATH Ha MiACTaBl Hakazy mo yHiBepcuteTy Ne 313
Bij 24 BepecHs 2025 poky Ta 3aBAaHHS 10 MaricTepcbkoi kBamidikaiiifHoi poOoTH,
CKJIAJICHOTO Ta 3aTBEpIKEHOro Kadeapor «ABTOMATH3allll Ta IHTEIEKTyaJlbHUX

1H(OpMaALIAHUX TEXHOIOT1I»

3. Mera Ta npu3HadeHHs PO3POOKHU
Mertorw poboTH € po3poOka HOBOI CHMYIIAIIHHOT MOJAET I aKaJeMIdHHX
JOCIIJIKEHb, 110 MPOBOJATHCS B paMKax HporpaMm, (GpiHAHCOBAHUX 3 JIEPKABHOTO
OrokeTy Ta / ad0 TPaHTOBUX KOIITIB, sIKA 3a0€31€UNTh:

- rpadiyHuil 1HTEpQEeic, MO0 A03BOJISE KOPUCTYBAUYEBl HAJAIITYBATH Oy/ab-
KU MOXJIMBUI cUEHapiil Bl OKpeMOro OyANHKY A0 LIJIOro pailoHy 4u
pErioHy;

- BUKOPHCTAHHS CHEIiaTi30BaHUX CYYaCHUX IHCTPYMEHTIB MOJICITIOBAHHS BiJl
CHITBHOTH BIAKPUTOTO MPOTPAMHOTO 3a0€3MeUYeHHS, pO3pOOJIECHUX ISt
PI3HHUX CEKTOPIB (EJIEKTPOECHEPTEeTHKA, MOOILTBHICTD, OTIAJICHHS );

- TeHepalilo BUMAJKOBHX HaBaHTaXEHb JUII HOBHX TEXHOJIOTIH: 3apsaka
€JIEKTPOMOO1ITIB, TETJIOBI HACOCH, CHCTEMH aKyMYJIITOPHUX OaTapei;

- KOMIUIEKCHY CTaTUCTUYHY OOpOOKY, 1110 1a€ Cepe/IHI 3HaYEHHS 3 I0BIpUUMU
1HTEepBaJIaMH, CTaHAAPTHUM BiIxuiaeHHIM Ta 10% 1 90% nporeHTUIsIMH;

- BU3HAUYEHHS TMOCTIOBHOCTEH TECTIB 31 3MIHOIO TapaMmeTpiB  abo
MOBTOPEHHSIMH 3 HOBUMH BUITaIKOBUMH HABAHTAKEHHSIMH JIJII HAMIMHOT
CTAaTUCTUYHOI OILIIHKH;

- 3py4YHy Bi3yaji3alilo pe3yJbTaTiB 3 MOMJIMBICTIO MacliTaOyBaHHsS Ta
obepTaHHs TpadikiB 1 30€peKEHHS MTOTOYHOTO BUAY SIK MacIITaboBaHOI
BEKTOPHOI rpadiku.
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[Ipu3HauenHs cumysUidHoi  atopmu  mossirae  y  3a0e3meueHH1
aBTOMATHU30BaHOIT MDKCEKTOPAIbHOI CHMYJIAIII B3a€EMOJIIOUMX CHUCTEM Yy cdepax
CHEePreTUKH, MOOUIBHOCTI, OIMAJICHHS, BEHTWISII Ta KOHJWIIIOHYBaHHS IOBITPS 3a
JIOTIOMOTOF0 CyYaCHUX 1HCTPYMEHTIB MOJICITIOBAHHS CHCTEM BUTLHOTO KOPUCTYBaHHS.
Heo06xigHo Takox 3a0€3Meun T KOPUCTYBaYeBl MaKCUMaJIbHy THYUYKICTb Y CKJIaJIaHHI
CIIEHapiiB CUMYJIALIT Ta BUOOP1 MPIOPUTETIB OLIHKH, HA/IAI0UX 3pYUHI IHCTPYMEHTH Ta
3aco0M Bi3yasizailii, 10 MOJIETIIYIOTh MPE3CHTALI0 Ta IHTEPIPETAIii0 OTPUMAHUX
pe3yNbTaTiB CUMYJISIII.

4. Ixepena po3poOKu

1. Smart grids: the forgotten key to decarbonization / Deven Chhaya,
Nicolas Leonetti, Ciar “an Rabbitt, Sophie Shen // KPMG — Plugged In —
Power and utilities magazine. 2024. no. 3. P. 15-21. URL:
https://kpmg.com/us/en/articles/2024/smart-grids.html

2. Pandapower — An Open-Source Python Tool for Convenient Modeling,
Analysis, and Optimization of Electric Power Systems / L. Thurner, A.
Scheidler, F. Sch “afer et al. // IEEE Transactions on Power Systems.
2018. Nov. Vol. 33, no. 6. P. 6510-6521.

3. Forkaliuk Maria, Franzl Gerald, Bisikalo Oleg. Evaluating fast charging
of electric vehicles along motorways using finite multi-server queueing
system simulation // Information Technologies and Computer
Engineering. 2024. Vol. 21, no. 2. P. 77-90. URL:
https://itce.com.ua/web/uploads/pdf/IT_2024 2 7.pdf.

4. G. Franzl, M. S. Forkaliuk, A. Treytl and O. V. Bisikalo, "Modelling and
Simulation of Smart Electric Vehicle Charging Sites," 2025 IEEE 30th
International Conference on Emerging Technologies and Factory
Automation (ETFA), Porto, Portugal, 2025, pp. 1-8, doi:
10.1109/ETFA65518.2025.11205798.

5. Introduction to Modelica Modeling for Building Systems — A Tutorial
Developed for MIT Class 4.421: Space-Conditioning Systems for Low-
Carbon Buildings : Rep. / Lawrence Berkeley National Laboratory ;
Executor: David Blum ; 2021. URL:
https://simulationresearch.Ibl.gov/modelica/downloads/workshops/2021-
03-29-mit/IntroductionToModelicaModelingForBuildingSystems.pdf

6. AixLib: an open-source Modelica library for compound building energy
systems from component to district level with automated quality
management / Laura Maier, David Jansen, Fabian W “ullhorst et al. //
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Journal of Building Performance Simulation. 2024. VVol. 17, no. 2. P. 196—
219. https://doi.org/10.1080/19401493.2023.2250521

The OpenModelica Integrated Environment for Modeling, Simulation,
and Model-Based Development / Peter Fritzson, Adrian Pop, Karim
Abdelhak et al. // Modeling, Identification and Control. 2020. Vol. 41, no.
4.P.241-295.

How will electric vehicles affect traffic congestion and energy
consumption: an integrated modelling approach / Artur Grigorev, Tuo
Mao, Adam Berry et al. // 2021 IEEE International Intelligent
Transportation Systems Conference (ITSC). 2021. P. 1635-1642.
MeroaguyHal  BKa3IBKM 10 BHUKOHAHHA  €KOHOMIYHOI  YaCTUHH
MaricTepchbkux KBamidikaiidaux poOit : Rep. / BinHUIBbKHIA
HalllOHAJIbHUI TEXHIYHUI YHI-BEpCUTET, 1HPOPMaUIMHUIA peaaKiiHO-
BUJIABHUYMI LEHTD ; BUKOHaBelb: B. O. Ko3noscwkui, O. . Jlecoko, B.
B. KaBenpkuit : Binnwng, BHTY, 2021. URL:
https://epvm.vntu.edu.ua/wp-
content/uploads/2021/09/Ekonom_magister_tehn 2021.pdf

5. Iloka3HuKH MPU3HAYECHHS

5.1. OCHOBHI T€XHIYHI XapaKTEPUCTUKU CUCTEMHU MOJICIIIOBAHHS 1 MOHITOPUHTY

MOTOKIB €HEprii, KepoBaHy MOISIMHU, 110 THTETPY€E HE3AICKHI CUCTEMHU MIA3APSIKA

eJIEKTPOMOOLIEH, (HOTOCTEKTPUYHI CUCTEMU EHEPromoCTayaHHs, a TaKOXX CUCTEMU

OTaJIeHHs!, BEHTUWJIALIT Ta KOHAUIIIOHYBaHHS MOBITPSI KOMILJIEKCY KUTJIOBUX 1 OPICHUX

OyIiBeb.

@OyHKITIOHAIBHI MOYKIHUBOCTI:

5.1.1 JlerasibHE MOJIECIIFOBAHHS TAITYy3€BUX CUCTEM:

MopentoBaHHs pI3HUX 4YaciB MpUOYTTS Ta MAapKyBaHHS €JIEKTPOMOOLIIB
(smartDCsim);

BpaxyBanHs pi3HHX MOTPeO y 3apsypKaHHI Ta IIBUIKOCTI 3apsiKaHHS
(smartDCsim);

3acTocyBaHHsA JITOPUTMIB THTENEKTyaIbHOTO 3apsiKaHHS
(smartDCsim);

MopentoBaHHS CHUCTEM OIAJICHHS, BEHTWIAIII Ta KOHIWIIIOHYBAaHHS
MOBITPS 32 IOMTOMOTOFO TIOIYJISIPHOTO Cy4acHOTo iHCTpyMeHTy Modelica;
Po3paxyHOK MOTOKIB €Heprii 3a JOMOMOIOI0 MOMYJISPHOTO Cy4acHOTro
1HCTpyMeHTy pandapower;
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lenepamiss BUMAAKOBMX 3HA4Y€Hb 3a JIONOMOIOI BHOpaHUX 1
HACTpOIOBaHWX 3akoHIB posmoairy: Normal, Lomax, Erlang, Beta,
Uniform, Deterministic;

BukopucTraHHs 3amucaHUX JaHUX IPO IOTOAY JUISI MOJCITIOBAHHS
BJIACTMBOCTECH, 1110 3aJI€)KaTh BiJl IIOT'OJIH.

5.1.2 3pyunmii rtpadiuHuii iHTepdeiic KopucTyBada, IO BigoOpaikae
pe3ynbTaTH, Ta PI3HOMaHITHI OMIliT 30epeKCHHS:

Po3poOky Ta koHirypamito creHapiiB y rpadiuHomy iHTepdeiici
KOpHCTYBaya;

ABTOMaTHYHE TTOKPOKOBE MO/ICITFOBAHHS 31 3MIHOIO TTapaMeTPiB;
Bisyanizaiiito BUIbHO BUOMpaHUX Pe3yJIbTaTiB y rpadiuHoMy iHTepdeiici
KOPHCTYBaya;

30epexeHHs HeoOpoOyieHux pe3ynbrariB y ¢aini CSV Ta rpadikis y
dopmati SVG 1 PNG.

5.1.3 KomruiekcHa cTaTUCTUYHA OIIHKA PE3yIbTaTiB:

Po3paxyHOK cepeliHiX 3HaY€Hb 3 JIOBIpUMMH 1HTEpBAJIaMU;
Po3paxyHok cramgapTHOro BimxwieHHs, a Takox 10 % 1 90 %
MIPOLICHTUIIEN.

5.2. MiHiMaJibHI CUCTEMHI BUMOTH

5.2.1 AnapatHe 3abe31eueHHs:

ITporecop: Intel Core i5/ AMD Ryzen 5;

OnepatuBHa nam'ste: 16 GB RAM, (pekomenmoBano 32 I'b misa
OJIHOYACHOI'0 3amycKy (poHTeHIy, OeKeHAy Ta CHUMYJISIINA Ha JOBTI
4acoBl1 IPOMIXKKH );

Micue Ha qucky: 2 GB myis nmporpamHoro 3a0e3nedeHHs Ta 610,110TeK;

5.2.2 Ilporpamue 3a0e3eUCHHS:

Omnepamiitna cucrema: Windows 10/11, Linux (Ubuntu 20.04+);

Python: Bepcisa 3.9-3.12, BcTaHoBiieHi makeTu pandapower, resampy,
OMPython;

Java: Bepcis 17 abo Hoima (pexkomenaoano LTS);

OpenModelica: BcranoBinenunii  OpenModelica  (Bepcis  1.19+),
HaJaITOBAaHUM JJ1s1 1HTerpailtii 3 Python;

Node.js: Bepcis 18+ (ans 3amycky Next.js dbpoHTeHAY);

Bpayzep: Google Chrome a6o Microsoft Edge (mnst po6oTu 3 UI).

5.3. BxigH1 nani

5.3.1 TumoBi METEOPOIIOTIYUHI aHi 3a PiK y popmari .epw/.mos: 3 BeO-caiiTy
https://energyplus.net/weather.
5.3.2 Modelica model templates from AixLib.
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5.3.3 Kondirypartiis cumyJIsiii 3a1a€ThCsl KOPUCTYBaueM uepe3 rpadiunuit

iHTepdeiic 1 36epiraetbest y popmati JSON. BxiaHi 1aH1 BKIIOYAIOTh:

3aranpH1 apaMeTpu: KIJIbKICTh Ta TPUBAIICTh KPOKIB CUMYJISIIII.
[TapameTpu 00'€KTIB: JIMITH MTOTY>KHOCTI1, HASIBHICTb Ta XapaKTEPUCTUKH
aKyMyJISITOPHUX OaTapei.

[TapameTpu 3apsAHUX CTAHIIN: KUTBKICTh TOYOK 3apsiIKK Ta MICIb AJIs
OUIKYBaHHS.

[TapameTpu enexkTpoMOOLTiB: KUIBKICTh, Yac NPUOYTTSA, TPHUBATICTDH
NapKyBaHHS Ta PIBEHb 3apAy.

[TapameTpu JOMOTOCHOIAPCTB: TMOTYXKHICTH CHCTEM oOmajeHHs [
OXOJIO/KEHHS, XapaKTePUCTUKH COHSYHUX €JIEKTPOCTaHIlIi Ta moTpiOHa
TeMIeparypa.

5.4 Pe3ynbTaTi poObOTH ITpOrpamMu

5.4.1 I'paciu"e npeacTaBiaeHHs pe3yJIbTaTiB:

[Iporpama reHepye HaOip rpadikiB JJid BI3yaJIbHOTO aHaJI3y JUHAMIYHUX

npoiieciB. Yci rpadiku MoxxkHa ekcriopTyBaTu y (popmarax PNG ta SVG, a Takox

30eperTu pa3oM y enunuid ZIP-apxis.

I'padiku qyis 3apsaHOl IHPPACTPYKTYpHU: aHAII3 UMOBIPHOCTI OJIOKYBaHHS Ta

CIIOXKMBAHHS MOTY>KHOCTI.

['padiku aJ1st e1eKTPOMOOUTIB: BIJICTEKEHHS IIPOIIECY Ta PIBHS 3apsiay.

['padiku 11 enekTpoMepeki Ta JOMOTOCHOAAPCTB: aHai3 CTaOUIBHOCTI

HaIpyTH, TEMIEPATypH B MPUMILIEHHSAX, T€HEPALlll COHAYHOI €Heprii Ta Mo0yTOBOIO

CITIOKMBAaHHA.

5.4.2 CTaTUCTHYHI XapaKTEPUCTUKN BHUITAIKOBUX PE3YJIbTaTIB:

CepenHe 3HaUCHHSA 3 TOBIPYMMH 1HTEPBATIAMH Ta CTAHJAPTHUM BiIXUJICHHSIM;
10 % ta 90 % npoueHTHIII.

5.4.3 36eperkeHHs mapaMeTpiB CUMYJISIIII:

®aiin koHpirypaii (JSON) 36epirae noBHMI HAO1P BXITHUX MapaMeTPiB, 11O

3a0e3neuye MOMKJIMBICTb TOYHOIO BIATBOPEHHS Ta BepuUdiKalii pe3yJibTaTiB

CUMYJISIII.

6. EKOHOMIYHI TOKAa3HUKHA

J10 eKOHOMIYHHX ITOKA3HUKIB BXOIATH:

BUTPATH Ha po3poOKy — 110 200 Tuc. IpH.;
y3arajlbHeHU# Koe(dIIleHT SKOCTI pO3pOOKH — OUIbIIIe 2-X;

TEPMIH OKYMHOCT1 — J10 3X POKIB.
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7. Cranii po3po0Ku:
1. Po3gin 1 «Crtan npoGnemMu Ta OIJISJI aHAJOTIYHUX pobiT» Mae OyTu
BukoHaHui 10 05.10.2025 p.

2. Po3min 2 «laTerparis Moaesaei Ta miaxXiJ 0 COUILHOTO MOJAEIIOBAHHS) Mae
Oytu BukoHaHui 10 25.10.2025 p.

3. Po3nain 3 «Po3pobka mporpamMHoro 3abe3nedeHHs» Mae OyTH BUKOHAHHUNA 10
20.11.2025 p.

4.Pozmin 4 «lIpukian OMIHKK 0araTOCEKTOPIAIbHOTO CIIEHApilo» Mae OyTH
BuKoHaHMM 110 28.11.2025 p.

5. Po3nin 5 «ExoHOMIYHUN po3/1iia» Mae 0ytu BukoHanui go 01.12.2025 p.

8. [IopsIOK KOHTPOJIIO Ta MPUKUMaHHS
1. PyOixxHuii KOHTpOJIb TipoBecTH 10 14.11.2025 p.
2. ITonepenHiii 3aXMCT MaricTepchkoi KBamidikamidHoi poOOTH MPOBECTH 10
02.12.2025 p.
3.3axuct MaricTepchbkoi KBamigikamiiHoi poOOTH TPOBECTH B TMEpioa 3
15.12.2025 p. no 19.12.2025 p.
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Appendix B
(compulsory)

ILLUSTRATIVE PART
«INTEGRATION OF MODELLING TOOLS FROM ELECTRICITY, MOBILITY AND HEATING
SECTORS INTO AN EVENT-DRIVEN ENERGY-FLOW MONITORING FRAMEWORK»
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Figure B.1 — The simulation framework’s architecture
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Figure B.2 — Simulation Control sequence diagram
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EventProcessor - SimulationControl
-currentTime: double = 0 -eventSimulation: EventSimulation
-eventCounter: int = 0 -eventProcessor: EventProcessor
-daysExecuted: int = 0 -houseSiteControls: List<HouseSiteControl>
-simControl: SimulationControl -powerFlow: PowerFlow
+process(event: Event): void -s!mglatlonMgpltoT: tSilmLPJIatlonl\élonltor
+resetCounters(): void -simParams: SimulationParameters

I -publisher: SimulationDataPublisher

+runSimulation(): void

\ +processCharging(deltaTime: double): void ST EeR

\ +processClock(time: double): void -eventStack: EventStack
\ +stopSimulation(): void -eventProcessor: EventProcessor
\ +getNumberOfSites(): int

: : . +run(): void
N g B T +addEvent(event: Event): void
+stop(): void

/
/

\ PowerFlow

-simControl: SimulationControl

\ -p: PowerFlowParameters

\ -currentSiteVoltages: List<Double>

\ -pandaPower: PandaPowerWrapper

\ +processPowerFlow()
+getCurrentSiteVoltages()

- /

PowerChangeEvent e PVChangeEvent AN . )/ SEMEE S , |HouseHoldChangeEvent
-chargingSite: ChargingSite :Ezgtmggg;trglr:a?fra;'Z%F;\t/)lceontro' -heatingControl: HeatingPVControl AN K +addEvent(event: Event): void /’ -houseHold: HouseHold
-scale: double -coolinggTemgerature-.double -pvcale: double ' ! Tgetilextfvent(): Event ! scale: double

—— - — \ / +isEmpty(): boolean / +execute(): void
e \:md +execute(): void FECanEl: Yol v +clear(): void ’ L

ChargingSite

-chargingPoints: List<ChargingPoint>
-electricVehicles: List<ElectricVehicle>
-queueingSystem: QueueingSystem
-config: SiteParameters
-dynamicPowerLimit: double

+processCharging(deltaTime: double): void
+balanceChargingPower(): void
+scaleDynamicPowerLimit(scale: double): void
+getTotalPower(): double

+reset(): void

\ /
\ \ 1

Yy
Event
el Al #execTime: double P
-parameters: HouseParameters #eventType: EventType
-modelicaWrapper: ModellicaWrapper #client: Client
-timeToString(timelnHours: double): String +execute(): void
+getResults(currentTimeHours: double) +getClient(): Client
-executeModelicaSimulation(): void +getQueueingSystem(): QueueingSystem
+reset(): void +getExecutedHours(): int
+getExecutedDays(): int

!

Client

-arrivalTime: double
-electricVehicle: ElectricVehicle
-chargingSite: ChargingSite
-connectedServer: Server

+getElectricVehicle(): ElectricVehicle
+setConnectedServer(server: Server): void
+getConnectedServer(): Server
+isReadyToDeparture(): boolean
-resetCounters(): void

Figure B.3 — Class diagram of the simulation framework modules

HouseHold

-meanLoad: double = 0.4
-betaDistribution: BetaDistribution
-currentLoad: double = 0.0
-currentScale: double = 1.0

+HouseHold()

+scaleLoad(execTime: double, scale: double): void

+getLoadProfile(timeinHours: double): Double
+getLastLoad(): double

+getLoadProfile(): List<Double>
+getStandardProfile(): doublel[]
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Figure B.4 — Graphical User Interface (GUI) of the developed cross-sector Simulation Framework
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Figure B.5 — Three houses in winter (2009-01-30 to 2009-02-01)
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Figure B.6 — Three houses in spring (2009-04-15 to 2009-04-17)
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Table B.1 — Assessment criteria for evaluating the commercial potential of any development and their score rating

(on a scale of 0 to 4 points)

Evaluation Criteria and Scores (on a 5-point scale)

Criterion\Score 0 1 2 3 4
Technical Feasibility of the Concept
Credlblht}{ of the Concept validated  Concept validated = Concept tested in Op.eratlon verified
! concept 1s not by expert opinions by calculations ractice in real-world
confirmed Y exp P Y P conditions
Market Advantages/Disadvantages
Numerous Few analogues in a  Several analogues Few analogues ina  No analogues on
2 analogues on the .
small market in a large market large market the market
market
signiﬁlzgrfz;shigher Price is slightly appf(iifi:nftely Price is slightly signiﬁpczzfl}llslower
3 than that of higher than that of equal to that of lower than that of than that of
analogues analogues
analogues analogues analogues
Properties are . . : Properties are
. Properties are Properties are on Properties are .
significantly worse . . . significantly better
4 slightly worsethan ~ par with those of  slightly better than
than those of than those of
those of analogues analogues those of analogues
analogues analogues
Market Prospects
. .OPEX are OPEX are OPEX are on par  OPEX are slightly . .OPEX are
significantly higher .. ) ; significantly lower
5 slightly higher than with those of lower than those of
than those of than those of
those of analogues analogues analogues
analogues analogues
Small markét with Small market with Medlum-51? ed Large and stable =~ Large market with
6 no positive .. . market with . .
. positive dynamics » . market positive dynamics
dynamics positive dynamics
Heavy competition Strong competition Mod‘er‘ate Slight competition .
7 by maior by man competition by by few small No competition
Y mhaje Y o few/small Y . (monopolist status)
companies companies . companies
companies
Practical Feasibility
Lack of experts for Requires hiring of Minor training Minor training Experts are
. experts or available in
technical and . demand for demand for L
. significant . . existing team for
8 commercial . . existing staff plus  existing staff and i
. . investment in ) ) . both technical and
implementation of .. . slight expansion of no team expansion .
the concept training of existing existing team required commercial
staff implementation
Significant Slight financial Substantial Slight financial
9 financial resources  resources needed  financial resources  resources needed No need for
needed but funding but no funding needed and funding and funding source additional funding
sources available source available source exists exists
Requires very Hardlyaccessible and Accessible but very Scrélg;:iisg Only cheap and
10 costly development very expensive expensive materials ample available
. . and affordable .
of new materials materials needed needed : materiels used
materials needed
Implementation Implementation Implementation Implementation Implementation
11 > 10 years and < 10 years and < 5 years and Rol < 3 years and Rol < 3 years and Rol
Rol > 10 years Rol > 10 years < 10 years < 5 years < 3 years
Requires novel )
Requires numerous .. . .
regulatory . Obtaining permits Requires only
permits for . . i No regulatory
documents and . for production and notification to .
i production and . constraints on
acquiring product relevant authorities .
12 . product . . . production and
numerous permits ) . implementation about production
. implementation . product
for production and i .. causes only minor and product . . .
causing significant implementatiorexist

product
implementation

costs and delays

costs and delays

implementation
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Appendix C
(compulsory)
Fragment of the listing

1 — JSON configuration file

ScenarioConfiguration20251127223313. json

{

"general": {
"startupSimulationTimeInDays": 200,
"stepDurationInHours": 72,
"confidenceIntervallLevel": 95,
"clockTime": 1,

"archiveData": true,
"number0fSimulationSteps": 3
1,

"steps": [

"powerFlow": {
"lineLength": 0.1,
"enablePVScaling": false,
"maxPVVoltage": 1.05,
"minPVVoltage": 1.025,
"scalePV": 0.7,
"normalPV": 1,
"enableHeatingCoolingScaling": false,
"maxHeatingCoolingVoltage": 0.975,
"minHeatingCoolingVoltage": 0.95,
"heatingNormalTemperature": 23,
"coolingNormalTemperature": 24,
"heatingScaleTemperature": 21,
”coolingScaleTemPerature": 26,
"enableEVScaling": false,
"maxSiteVoltage": 1.025,
"minSiteVoltage": 0.975,
"scaleEVPower": 0.5,
"enableHouseHoldScaling": false,
"maxHouseHoldVoltage": 1,
"minHouseHoldVoltage": 0.98,
"houseHoldNormal": 1,
"houseHoldScale": 0.8

}

"houseSites": [

"id": "cfcc21cd-3947-4ald-a3f1-e660ce4a3194",
"heatingEnabled": true,
"pvEnabled": true,
"chargingSiteEnabled": true,
"householdEnabled": true,
"powerLimitKW": 22,
"batteryEnabled": false,
"batteryCapacityKWh": 10,
"batteryMaxPowerKW": 5,
"houseParameters": {
"maxHeatingPower": 5000,
"wishedHeatingTemperature": 23,
"wishedCoolingTemperature": 25,
"maxPVPower": 15

1+,

"chargingSiteParameters": {
"parkingSpace": O,
"maxSitePower": 22,
"initSitePower": 5,
"minSitePower": 1.5,
"number0fChargingPoints": 2,
"maxPowerPerPoint": 11,
"queueingType": "FIF0",
"evTypes": [

{

"id": "9ea83898-815e-40cd-9f£26-574a975c0318",
"instances": 2,

"batteryCapacity": 80,

"maxChargingPower": 11,
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]

"wishedStateOfCharge":

"arrivalTime": {
"type": "Normal",
"mean": 18,

"range": 1
"parkln Time":
n ty % n Erlang

"mean" : 15,
"range": 0.5,
"level": 5

T,

"chargingDemand": {
lltypell : IIBetall ,

mean": 0.4,

"1d": ”CSC1974b—b447—453b—9b1c—ab04f9e28ed8",

"instances": 2,
"batteryCapac1ty"' 80,

0.8,

"maxChargingPower": 11,

"wishedStateOfCharge":

"arrivalTime": {
"type": "Normal",
"mean": 8,

"range": 1
"parkln Time":
n ty % n Erlang
llmeanll . 8
"range": 1.5,
"level": 5
T,

"chargingDemand": {
lltypell : ||Beta|| ,
mean": 0.4,

"range": 0.3
}
]
}
}

]
3,
{

"powerFlow": {
"lineLength": 0.5,
"... same as above ..."

},

"houseSites": [

"... same as above ..."

]

},
{

"powerFlow": {
"lineLength": 1.0,
"... same as above ..."

},

"houseSites": [

"... same as above ..."

]

3

0.8,
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2 — Modelica specification of a building

House.mo

model House

package MediumAir = AixLib.Media.Air "Medium model for air";
package MediumWater = AixLib.Media.Water "Medium model for water";
parameter Real kelvinKoef = 273.15;

parameter Real initialWallTemperature = 293;

parameter Integer startSimulation = O;
parameter Integer changeTime = 86400;
parameter Integer previousHeatingT = 273 + 22;

parameter Integer newHeatingT = 273 + 22;
parameter Integer previousCoolingT = 273 + 23;
parameter Integer newCoolingT = 273 + 23;

// BUILDING Params
parameter Modelica.Units.SI.Area AWall = 220 "Wall area";
parameter Modelica.Units.SI.Length dWall = 0.25 "Wall thickness";
parameter Modelica.Units.SI.ThermalConductivity kWall = 0.04 "Wall thermal
— conductivity";
parameter Modelica.Units.SI.Density rhoWall = 2000 "Wall density";
parameter Modelica.Units.SI.SpecificHeatCapacity cpWall = 1000 "Wall specific heat
< capacity";
parame%er MZdelica.Units.SI.CoefficientOfHeatTransfer hWall = 2 "Convective heat
< transfer coefficient at the wall";

arameter Modelica.Units.SI.Volume VZone = AWall*3 "Zone volume";

// WINDOWS Params
parameter Real eastAzimuth = 1;
parameter Real southAzimuth = 0;
parameter Real westAzimuth = 1;
parameter Real northAzimuth = 0;
parameter Modelica.Units.SI.Area AWinEast = 7.5 "East Window area';
parameter Modelica.Units.SI.Area AWinSouth = 10 "South Window area";
parameter Modelica.Units.SI.Area AWinWest = 7.5 "West Window area';
parameter Modelica.Units.SI.Area AWinNorth = 5 "North Window area";
parameter Real gWin(min = 0, max = 1, unit "1") = 0.3 "Solar heat gain
— coefficient of window";
// HEATING Params
parameter Real wishedHeatingT
parameter Real wishedCoolingT

22,
24,

parameter Real heating_power = 2000;
parameter Modelica.Units.SI.HeatFlowRate QHea_flow_nominal = heating_power "Nominal
— capacity of heating system";
parameter Modelica.Units.SI.MassFlowRate mWat_flow_nominal =
< QHea_flow_nominal/10/4200 "Nominal mass flow rate for water loop";
parameter Modelica.Units.SI.MassFlowRate mAir_flow_nominal = VZone*2x1.2/3600
— "Nominal mass flow rate for air loop";
// COOLING Params
parameter Real coolingSetT = 20;
parameter Modelica.Units.SI.PressureDifference dpAir_nominal = 200 "Pressure drop
— at nominal mass flow rate for air loop";
// WEATHER Connector
AixLib.BoundaryConditions.WeatherData.ReaderTMY3 weaDat (filNam =
— "C:/Users/.../modelicaModels/UKR_Kiev.333450_IWEC.mos") annotation(
Placement (transformation(origin = {-172, 28}, extent = {{-10, -10}, {10, 10}})));
AixLib.BoundaryConditions.WeatherData.Bus weaBus annotation(
Placement (transformation(origin = {-154, 32}, extent = {{-10, -10}, {10, 10}}),
< iconTransformation(origin = {172, -182}, extent = {{-10, -10}, {10, 10}})));
Modelica.Thermal .HeatTransfer.Sources.PrescribedTemperature TOut annotation(
Placement (transformation(origin = {-114, 32}, extent = {{-10, -10}, {10, 10}})));
// HOUSE Elements
Modelica.Thermal .HeatTransfer.Components.ThermalResistor wallResistor(R =
— dWall/AWall/kWall) annotation(
Placement (transformation(origin = {-56, 32}, extent = {{-10, -10}, {10, 10}})));
Modelica.Thermal .HeatTransfer.Components.HeatCapacitor wallCapacitor(C =
— AWall*dWall*cpWall*rhoWall, T(start = initialWallTemperature)) annotation(
Placement (transformation(origin = {48, 32}, extent = {{-10, -10}, {10, 103}},
< rotation = -90)));
// Windows parameters
Modelica.Blocks.Math.Gain eastWindow(k = AWinEast*eastAzimuth*gWin) annotation(
Placement (transformation(origin = {-56, -16}, extent = {{-6, -6}, {6, 63})));
Modelica.Blocks.Math.Gain southWin(k = AWinSouth*southAzimuth*gWin) annotation(
Placement (transformation(origin = {-56, -38}, extent = {{-6, -6}, {6, 6}})));
Modelica.Blocks.Math.Gain westWin(k = AWinWest*westAzimuth*gWin) annotation(
Placement (transformation(origin = {-56, -56}, extent = {{-6, -6}, {6, 6}})));
Modelica.Blocks.Math.Gain northWin(k = AWinNorth*northAzimuth*gWin) annotation(
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Placement (transformation(origin = {-56, -74}, extent = {{-6, -6}, {6, 63})));

Modelica.Thermal .HeatTransfer.Sources.PrescribedHeatFlow winEast annotation(

Placement (transformation(origin = {-12, -16}, extent = {{-8, -8}, {8, 8}})));

Modelica.Thermal .HeatTransfer.Sources.PrescribedHeatFlow winSouth annotation(

Placement (transformation(origin = {-12, -38}, extent = {{-8, -8}, {8, 8}})));
Modelica.Thermal .HeatTransfer.Sources.PrescribedHeatFlow winWest annotation(
Placement (transformation(origin = {-12, -56}, extent = {{-8, -8}, {8, 8}})));
Modelica.Thermal .HeatTransfer.Sources.PrescribedHeatFlow winNorth annotation(
Placement (transformation(origin = {-12, -74}, extent = {{-8, -8}, {8, 8}})));
AixLib.Fluid.MixingVolumes.MixingVolume zon(redeclare package Medium = MediumAir,
., m_flow_nominal = mAir_flow_nominal, V = VZone, energyDynamics =
., Modelica.Fluid.Types.Dynamics.FixedInitial, nPorts = 2, massDynamics =
< Modelica.Fluid.Types.Dynamics.DynamicFreeInitial, T_start = 293.15) annotation(
Placement (transformation(origin = {48, 72}, extent = {{-10, 10}, {10, -10}})));
Modelica.Thermal .HeatTransfer.Components.ThermalResistor conResistor (R =
— dWall/AWall/kWall) annotation(
Placement (transformation(origin = {-18, 52}, extent = {{-10, -10}, {10, 10}},
< rotation = -90)));
// Heating
AixLib.Fluid.HeatExchangers.Radiators.RadiatorEN442_2 radiator(redeclare package
., Medium = AixLib.Media.Water "Water", T_a_nominal = kelvinKoef + 50, T_b_nominal
., = kelvinKoef + 40, energyDynamics = Modelica.Fluid.Types.Dynamics.FixedInitial,
< allowFlowReversal = false, Q_flow_nominal = QHea_flow_nominal) annotation(
Placement (transformation(origin = {24, -132}, extent = {{-10, -10}, {10, 10}})));
AixLib.Fluid.HeatExchangers.HeaterCooler_u heaWat (redeclare package Medium =
AixLib.Media.Water "Water", m_flow_nominal = mWat_flow_nominal, energyDynamics
., = Modelica.Fluid.Types.Dynamics.SteadyState, allowFlowReversal = false,
< dp_nominal = 5000, Q_flow_nominal = QHea_flow_nominal) annotation(
Placement (transformation(origin = {-18, -132}, extent = {{-10, -10}, {10,
< 10}1)));

AixLib.Fluid.Sources.Boundary_pT bouWat(redeclare package Medium =

< AixLib.Media.Water "Water", nPorts = 1) annotation(
Placement (transformation(origin = {-80, -180}, extent = {{-10, -10}, {10,
- 10}})));

Modelica.Thermal .HeatTransfer.Sensors.TemperatureSensor temperatureSensor

— annotation(

Placement (transformation(origin = {21, 122}, extent = {{7, -7}, {-7, 7}})));

// Cooling

AixLib.Fluid.Sources.Boundary_pT bouAir(redeclare package Medium = AixLib.Media.Air

< "Moist air", use_T_in = true, nPorts = 2) annotation(

Placement (transformation(origin = {-142, 156}, extent = {{-10, -10}, {10,
- 10}P)));

AixLib.Fluid.HeatExchangers.ConstantEffectiveness hexRec(redeclare package Mediuml
= AixLib.Media.Air "Moist air", redeclare package Medium2 = AixLib.Media.Air
"Moist air", ml_flow_nominal = mAir_flow_nominal, m2_flow_nominal =

— mAir_flow_nominal, dpl_nominal = O, dp2_nominal = 0, eps = 0.85) annotation(

Placement (transformation(origin = {-108, 156}, extent = {{-10, -10}, {10,
< 103H)N);

AixLib.Fluid.Actuators.Dampers.Exponential vawDam(redeclare package Medium =

., AixLib.Media.Air "Moist air", m_flow_nominal = mAir_flow_nominal, from_dp =

<~ true, dpDamper_nominal = 10, dpFixed_nominal = dpAir_nominal - 10) annotation(

Placement (transformation(origin = {-14, 150}, extent = {{-10, 10}, {10, -10}})));

AixLib.Fluid.HeatExchangers.SensibleCooler_T coolAir(redeclare package Medium =

., AixLib.Media.Air "Moist air", allowFlowReversal = false, m_flow_nominal =

— mAir_flow_nominal, dp_nominal = 0) annotation(

Placement (transformation(origin = {-40, 150}, extent = {{-10, 10}, {10, -10}})));

AixLib.Fluid.Movers.FlowControlled_dp fan(redeclare package Medium =

AixLib.Media.Air "Moist air", energyDynamics =
Modelica.Fluid.Types.Dynamics.SteadyState,
nominalValuesDefineDefaultPressureCurve = true, use_inputFilter = false,
m_flow_nominal = mAir_flow_nominal, dp_nominal = dpAir_nominal) annotation(

Placement (transformation(origin = {-82, 150}, extent = {{-10, 10}, {10, -10}})));

Modelica.Blocks.Sources.Constant con_dp(k = dpAir_nominal) annotation(

Placement (transformation(origin = {-99, 131?, extent = {{-5, -5}, {5, 5}}1)));

Modelica.Blocks.Sources.Constant TSupAirCoo(k = kelvinKoef + 20) annotation(

Placement (transformation(origin = {-67, 130}, extent = {{-5, -5}, {5, 5}})));

AixLib.Controls.Continuous.LimPID damperController(controllerType =

< Modelica.Blocks.Types.SimpleController.P, yMin = 0.25) annotation(

Placement (transformation(origin = {-2, 122}, extent = {{6, -6}, {-6, 6}},
< rotation = -0)));

RN
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AixLib.Fluid.Movers.FlowControlled_m_flow pump(redeclare package Medium =
AixLib.Media.Water "Water", energyDynamics =
Modelica.Fluid.Types.Dynamics.SteadyState, allowFlowReversal = false, inputType
= AixLib.Fluid.Types.InputType.Continuous,
nominalValuesDefineDefaultPressureCurve = true, use_inputFilter = false,
m_flow_nominal = mWat_flow_nominal, massFlowRates = mWat_flow_nominalx*{1})
annotation(

Placement (transformation(origin = {-16, -180}, extent = {{10, -10}, {-10,

= 10}1)));

AixLib.Electrical .PVSystem.PVSystem pVSystem(redeclare
AixIL.ib.DataBase.SolarElectric.QPlusBFRG41285 data, redeclare model
IVCharacteristics = AixLib.Electrical.PVSystem.BaseClasses.
IVCharacteristicsbpAnalytical, redeclare model CellTemperature =
AixLib. Electrical PVSystem BaseClasses. CellTemperatureMountingCloseToGround,
n_mod = til = 0, azi = 0, lat = 0.8805186076311393, lon =
0. 5326744877086693 alt = 10, timZon = weaDat.timZon) annotation(

Placement(transformatlon(origin = {-122, -52}, extent = {{-10, -10}, {10,

o 10ID));

Modelica.Blocks.Math.Add heatingCoolingDemand(kl = -1) annotation(

Placement (transformation(origin = {95, 67}, extent = {{-7, -7}, {7, 731)));

Modelica.Blocks.Math.Abs absCooling annotation(

Placement (transformation(origin = {95, 142}, extent = {{-7, -7}, {7, 7}})));

Modelica.Blocks.Math.Gain coolingInKW(k = 0.001) annotation(

Placement (transformation(origin = {95, 116}, extent = {{-7, -7}, {7, 7}})));

Modelica.Blocks.Math.Add housePower(k2 = -1) annotation(
Placement(transformatlon(orlg = {93, 20}, extent = {{-7, -7}, {7, 7}1)));

Modelica.Thermal .HeatTransfer.Sensors. TemperatureSensor temperatureSensHeat

< annotation(

Placement (transformation(origin = {-19, -112}, extent = {{7, -7}, {-7, 73})));

Modelica.Blocks.Sources.Constant constPump(k = mWat_flow_nominal) annotation(
Placement (transformation(origin = {-62, -156}, extent = {{-6, -6}, {6, 6}})));

Modelica.Blocks.Math.IntegerToReal integerToReal annotation(

Placement (transformation(origin = {-109, -122}, extent = {{-7, -7}, {7, 73})));

Modelica.Blocks.Math.IntegerToReal integerToReall annotation(

Placement (transformation(origin = {-30, 106}, extent = {{-8, -8}, {8, 8}})));

rreeie

rreree

Modelica.Blocks.Sources.IntegerTable heatingTable(table = [startSimulation,
< previousHeatingT; changeTime, newHeatingT]) annotation(
Placement (transformation(origin = {-136, -122}, extent = {{-10, -10}, {10,
< 10}1)));
Modelica.Blocks.Sources.IntegerTable coolingTable(table = [startSimulation,
— previousCoolingT; changeTime, newCoolingT]) annotation(
Placement (transformation(origin = {-58, 106}, extent = {{-8, -8}, {8, 8}})));
AixLib.Controls.Continuous.LimPID damperControllerl(controllerType =
< Modelica.Blocks.Types.SimpleController.P, yMin = 0, yMax = 1) annotation(
Placement (transformation(origin = {-53, -126}, extent = {{-6, 6}, {6, -6}})));
Modelica.Blocks.Math.Add addHeating annotation(
Placement (transformation(origin = {-80, -126}, extent = {{-6, -6}, {6, 6}})));
Modelica.Blocks.Sources.Constant constKelvin(k = 0.35) annotation(
Placement (transformation(origin = {-108, -144}, extent = {{-10, -10}, {10,
—~ 10}1)));
Modelica.Blocks.Sources.Constant constKelvinl(k = -0.4) annotation(
Placement (transformation(origin = {-30, 87}, extent = {{-6, -6}, {6, 6}})));
Modelica.Blocks.Math.Add addHeatingl annotation(
Placement (transformation(origin = {-9, 102}, extent = {{-6, -6}, {6, 6}})));

equation

connect (weaDat .weaBus, weaBus) annotation(
Line(points = {{-162, 28}, {-160, 28}, {-160, 32}, {-154, 32}}, color = {255,
< 204, 51}, thickness = 0.5));
connect (TOut.T, weaBus.TDryBul) annotation(
Line(points = {{-126, 32}, {-154, 32}}, color = {0, 0, 127}));
connect (TOut.port, wallResistor.port_a) annotation(
Line(points = {{-104, 32}, {-66, 32}}, color = {191, 0, 0}));
connect (wallResistor.port_b, wallCapacitor.port) annotation(
Line(points = {{-46, 32}, {38, 32}}, color = {191, 0, 0}));
connect (weaBus.HGloHor, eastWindow.u) annotation(
Line(points = {{-154, 32}, {-154, -16}, {-63, -16}}, color = {0, 0, 127}));
connect (winEast.port, wallCapacitor.port) annotation(
Line(points = {{-4, -16}, {10, -16}, {10, 32}, {38, 32}}, color = {191, 0, 0}));
connect (eastWindow.y, winEast.Q_flow) annotation(
Line(points = {{-49.4, -16}, {-20.8, -16}}, color
connect (southWin.y, winSouth.Q_flow) annotation(
Line(points = {{-49.4, -38}, {-20.8, -38}}, color = {0, 0, 127}));
connect (westWin.y, winWest.Q_flow) annotation(
Line(points = {{-49.4, -56}, {-20.4, -56}}, color

{0, 0, 1271));

{0, 0, 1271));
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connect (northWin.y, winNorth.Q_flow) annotation(

Line(points = {{-49.4, -74}, {-20.4, -74}}, color = {0, 0, 127}));
connect (winSouth.port, wallCapacitor.port) annotation(

Line(points = {{-4, -38}, {10, -38}, {10, 32}, {38, 32}}, color = {191, 0, O}));
connect (winWest.port, wallCapacitor.port) annotation(

Line(points = {{-4, -56}, {10, -56}, {10, 32}, {38, 32}}, color = {191, 0, 0}));
connect (winNorth.port, wallCapacitor.port) annotation(

Line(points = {{-4, -74}, {10, -74}, {10, 32}, {38, 32}}, color = {191, 0, 0}));
connect (weaBus.HGloHor, southWin.u) annotation(

Line(points = {{-154, 32}, {-154, -17}, {-72, -17}, {-72, -38}, {-63, -38}},

<~ color = {0, 0, 127}));
connect (weaBus.HGloHor, westWin.u) annotation(

Line(points = {{-154, 32}, {-154, -18%}, {-74, -18}, {-74, -56}, {-63, -56}},

<« color = {0, 0, 127}));
connect (weaBus.HGloHor, northWin.u) annotation(

Line(points = {{-154, 32}, {-154, -19}, {-76, -19}, {-76, -74}, {-63, -74}},

< color = {0, 0, 127}));
connect (conResistor.port_b, wallCapacitor.port) annotation(

Line(points = {{-18, 42}, {-18, 32}, {38, 32}}, color = {191, 0, 0}));
connect (radiator.heatPortRad, wallCapacitor.port) annotation(

Line(points = {{26, -125}, {26, 32.2}, {38, 32.2}}, color = {191, 0, 0}));
connect (radiator.heatPortCon, zon.heatPort) annotation(

Line(points = {{22, -125}, {22, 72.2}, {38, 72.2}}, color = {191, 0, 0}));
connect (heaWat .port_b, radiator.port_a) annotation(

Line(points = {{-8, -132}, {14, -132}}, color = {0, 127, 255}));
connect (weaBus.TDryBul, bouAir.T_in) annotation(

Line(points = {{-154, 32}, {-154, 160}}, color = {0, 0, 127}));
connect (boulAir.ports[1], hexRec.port_al) annotation(

Line(points = {{-132, 156}, {-128, 156}, {-128, 162}, {-118, 162}}, color = {0,
- 127, 255}));

connect (bouAir.ports[2], hexRec.port_b2) annotation(
Line(points = {{-132, 156}, {-128, 156}, {-128, 150}, {-118, 150}}, color = {0,

o 127, 2553));
connect (zon.ports[1], vawDam.port_b) annotation(
Line(points = {{48, 82}, {48, 150}, {-4, 150}}, color = {0, 127, 255}));
connect (zon.ports[2], hexRec.port_bl) annotation(
Line(points = {{48, 82}, {48, 162}, {-98, 162}}, color = {0, 127, 2553}));
connect (coolAir.port_b, vawDam.port_a) annotation(
Line(points = {{-30, 150}, {-24, 150}}, color = {0, 127, 2553}));
connect (fan.port_b, coolAir.port_a) annotation(
Line(points = {{-72, 150}, {-50, 150}}, color = {0, 127, 255}));
connect (hexRec.port_a2, fan.port_a) annotation(
Line(points = {{-98, 150}, {-92, 150}}, color = {0, 127, 255}));
connect(con_dp.y, fan.dp_in) annotation(
Line(points = {{-93.5, 131}, {-82.9, 131}, {-82.9, 138}, {-82, 138}}, color = {0,
= 0, 12731));
connect (TSupAirCoo.y, coolAir.TSet) annotation(
Line(points = {{-61.5, 130}, {-53.75, 130}, {-53.75, 142}, {-52, 142}}, color =
- {0, 0, 1271));
connect (radiator.port_b, pump.port_a) annotation(
Line(points = {{34, -132}, {40, -132}, {40, -180}, {-6, -180}}, color = {0, 127,
~ 2551));
connect (heaWat.port_a, pump.port_b) annotation(
Line(points = {{-28, -132}, {-38, -132}, {-38, -180}, {-26, -180}}, color
— 127, 255}));
connect (bouWat.ports[1], heaWat.port_a) annotation(
Line(points = {{-70, -180%}, {-38, -180}, {-38, -132}, {-28, -132}}, color = {0,
< 127, 255}));
connect (weaDat .weaBus, pVSystem.weaBus) annotation(
Line(points = {{-162, 28}, {-162, -51}, {-134, -51}}, color = {255, 204, 51},
< thickness = 0.5));
connect (coolAir.Q_flow, absCooling.u) annotation(
Line(points = {{-29, 142}, {87, 142}}, color = {0, 0, 127}));
connect (damperController.y, vawDam.y) annotation(
Line(points = {{-9, 122}, {-14, 122}, {-14, 138}}, color = {0, 0, 127}));
connect (temperatureSensor.T, damperController.u_s) annotation(
Line(points = {{13, 122}, {5, 122}}, color = {0, 0, 127}));
connect (zon.heatPort, temperatureSensHeat.port) annotation(
Line(points = {{38, 72}, {18, 72}, {18, -112}, {-12, -112}}, color = {191, O,
< 01));
connect (zon.heatPort, temperatureSensor.port) annotation(
Line(points = {{38, 72}, {32, 72}, {32, 122}, {28, 122}}, color = {191, 0, 0}));
connect (heaWat.Q_flow, heatingCoolingDemand.u2) annotation(
Line(points = {{-7, -126}, {10, -126}, {10, -118}, {78, -118}, {78, 63}, {87,
~ 63}}, color = {0, 0, 127}));

{0,
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connect (conResistor.port_a, zon.heatPort) annotation(

Line(points = {{-18, 62}, {-18, 72}, {38, 72}}, color = {191, 0, 0}));
connect (absCooling.y, coolingInKW.u) annotation(

Line(points = {{103, 142}, {108.7, 142}, {108.7, 128}, {80.7, 128}, {80.7, 116},

<~ {87, 116}}, color = {0, 0, 127}));
connect (coolAir.Q_flow, heatingCoolingDemand.ul) annotation(

Line(points = {{-28, 142}, {78, 142}, {78, 71}, {87, 71}}, color = {0, 0, 127}));
connect (heatingCoolingDemand.y, housePower.ul) annotation(

Line(points = {{102.7, 67}, {107.7, 67}, {107.7, 42}, {81.7, 42}, {81.7, 24},

— {85, 24%}}, color = {0, 0, 127}));
connect (pVSystem.DCOutputPower, housePower.u2) annotation(

Line(points = {{-110, -52}, {-90, -52}, {-90, -94}, {82, -94}, {82, 16}, {85,

— 16}}, color = {0, 0, 127}));
connect (constPump.y, pump.m_flow_in) annotation(

Line(points = {{-55, -156}, {-16, -156}, {-16, -168}}, color = {0, 0, 127}));
connect (heatingTable.y, integerToReal.u) annotation(

Line(points = {{-125, -122}, {-117, -122}}, color = {255, 127, 0}));
connect(coolingTable.y, integerToReall.u) annotation(

Line(points = {{-49, 106}, {-40, 106}}, color = {255, 127, 0}));
connect (damperControllerl.y, heaWat.u) annotation(

Line(points = {{-46, -126}, {-30, -126}}, color = {0, 0, 127}));
connect (temperatureSensHeat .T, damperControllerl.u_m) annotation(

Line(points = {{-26, -112}, {-53, -112}, {-53, -119}}, color = {0, 0, 127}));
connect (integerToReal.y, addHeating.ul) annotation(

Line(points = {{-101, -122}, {-87, -122}}, color = {0, 0, 127}));
connect (addHeating.y, damperControllerl.u_s) annotation(

Line(points = {{-74, -126}, {-60, -126}}, color = {0, 0, 127}));
connect (constKelvin.y, addHeating.u2) annotation(

Line(points = {{-97, -144}, {-94, -144}, {-94, -130}, {-88, -130}}, color = {0,

< 0, 127}));
connect (constKelvinl.y, addHeatingl.u2) annotation(

Line(points = {{-23, 87}, {-20, 87}, {-20, 98}, {-16, 98}}, color = {0, O,

< 1273));
connect (integerToReall.y, addHeatingl.ul) annotation(

Line(points = {{-22, 106}, {-16, 106}}, color = {0, 0, 127}));
connect (addHeatingl.y, damperController.u_m) annotation(

Line(points = {{-2, 102}, {-2, 114}}, color = {0, 0, 127}));
annotation(

uses(AixLib(version = "2.1.1"), Modelica(version = "4.0.0")),

Diagram(graphics = {Rectangle(origin = {-141, 35}, lineColor = {85, 170, 127},
fillColor = {230, 230, 230}, fillPattern = FillPattern.Solid, lineThickness =
0.75, borderPattern = BorderPattern.Raised, extent = {{-47, 29}, {47, -29}},
radius = 4), Text(origin = {-125, 58}, extent = {{-23, 6}, {23, -63}},
textString = "Weather inputs"), Rectangle(origin = {-11, -1}, lineColor = {0,
41, 122}, fillColor = {239, 239, 239}, fillPattern = FillPattern.Solid,
lineThickness = 0.75, borderPattern = BorderPattern.Raised, extent = {{-76,
89}, {76, -89}}, radius = 4), Rectangle(origin = {-33, -37}, lineColor = {0,
75, 113}, fillColor = {230, 230, 230}, fillPattern = FillPattern.Solid,
lineThickness = 0.75, borderPattern = BorderPattern.Raised, extent = {{-48,
49}, {48, -49}}, radius = 4), Rectangle(origin = {-42, -149}, lineColor =
{255, 0, 127}, fillColor = {230, 230, 230}, fillPattern = FillPattern.Solid,
lineThickness = 0.75, borderPattern = BorderPattern.Raised, extent = {{-108,
50}, {108, -50}}, radius = 4), Text(origin = {-56, 80}, extent = {{-23, 6},
{23, -6}}, textString = "House"), Text(origin = {-118, -186}, textColor =
{255, 0, 127}, extent = {{-23, 6}, {23, -6}}, textString = "Heating"),
Text(origin = {-34, 3}, extent = {{-32, 7}, {32, -7}}, textString = "Windows
solar irradiation"), Rectangle(origin = {-62, 143}, lineColor = {0, 85, 255},
fillColor = {230, 230, 230}, fillPattern = FillPattern.Solid, lineThickness =
0.75, borderPattern = BorderPattern.Raised, extent = {{-128, 49}, {128,
-49}}, radius = 4), Text(origin = {-166, 185}, textColor = {85, 0, 255},
extent = {{-23, 6}, {23, -6}}, textString = "Cooling"), Rectangle(origin =
{95, -4}, lineColor = {0, 85, 255}, fillColor = {230, 230, 230}, fillPattern
= FillPattern.Solid, lineThickness = 0.75, borderPattern =
BorderPattern.Raised, extent = {{-21, 195}, {21, -195}}, radius = 4),
Text(origin = {97, 180}, extent = {{-23, 6}, {23, -6}}, textString =
"Results")}, coordinateSystem(extent = {{-200, -200}, {200, 200}})),

A

Icon(coordinateSystem(extent = {{-200, -200}, {200, 200}}), graphics = ... ),
version = "",

__OpenModelica_simulationFlags(lv = "LOG_STDOUT,LOG_ASSERT,LOG_STATS", s =

< "dassl", variableFilter = ".x"),

experiment (StartTime = O, StopTime = 3.1536e+07, Tolerance = le-06, Interval =
— 902.55));

end House;
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3 — Java code snippets

ChargingSite. java

package charginglnfra;

import java.util.Arraylist;
import java.util.List;

import org.slf4j.Logger;
import org.slf4j.LoggerFactory;

import data_monitoring.monitors.SiteMonitor;
import exceptions.SitePowerExceededException;
import simulationParameters.SiteParameters;

Ve
* Represents a charging site with multiple charging points.
* It manages the charging process, balances the power across charging points,
*¥ and monitors the charging site.
*/
public class ChargingSite {
private static final Logger logger = LoggerFactory.getLogger(ChargingSite.class);

private List<ChargingPoint> chargingPoints = new ArrayList<>();
private List<ElectricVehicle> electricVehicles = new ArrayList<>();

private final QueueingSystem queueingSystem;
private final SiteParameters config;

private double dynamicPowerLimit;

public ChargingSite(SiteParameters config,
QueueingSystem queueingSystem,
List<ChargingPoint> chargingPoints,
List<ElectricVehicle> electricVehicles) {

this.config = config;
this.queueingSystem = queueingSystem;

this.chargingPoints = chargingPoints;
for (var point : chargingPoints) {
point.setChargingSite(this);

this.electricVehicles = electricVehicles;
dynamicPowerLimit = config.getMaxSitePower();

}

public void processCharging(double deltaTime) {
chargingPoints.stream()
.forEach(cp -> cp.processCharging(deltaTime));
}

public void balanceChargingPower() {
double power = getTotalPower();
if (power > getDynamicPowerLimit()) {
double scale = getDynamicPowerLimit() / power;
power = chargingPoints.stream()
.mapToDouble(cp -> cp.scaleChargingPower(scale))
sum() ;

checkSitePower (power) ;

}

public void scaleDynamicPowerLimit (double scale) {

dynamicPowerLimit *= scale;
if (dynamicPowerLimit > config.getMaxSitePower()) {
dynamicPowerLimit = config.getMaxSitePower();

else if (dynamicPowerLimit < config.getMinSitePower()) {

dynamicPowerLimit = config.getMinSitePower();

logger.info("Scaling site power {} by factor {}. Site power {}",
< this.hashCode(), scale, dynamicPowerLimit);




balanceChargingPower () ;

public double getTotalPower() {
double totalPower = 0.0;
for (ChargingPoint cp : chargingPoints) {
totalPower += cp.getPower();
}

return totalPower;

public void reset() {
chargingPoints.stream() .forEach(ChargingPoint: :reset) ;
electricVehicles.stream() .forEach(ElectricVehicle: :reset);
queueingSystem.reset () ;
dynamicPowerLimit = config.getMaxSitePower();

public List<ElectricVehicle> getElectricVehicles() {
return electricVehicles;

public List<ChargingPoint> getChargingPoints() {
return chargingPoints;

public QueueingSystem getQueueingSystem() {
return queueingSystem;

private void checkSitePower(double totalPower) {
if (totalPower - getDynamicPowerLimit() > 0.0001) {
throw new SitePowerExceededException("Total power exceeds site
<~ capacity");

}

public void attachMonitor(SiteMonitor monitor) {
queueingSystem.attachMonitor (monitor) ;

public SiteParameters getParameters() {
return config;

public double getDynamicPowerLimit() {
return dynamicPowerLimit;
}
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QueueingSystem. java

package charginglInfra;

import data_monitoring.monitors.SiteMonitor;
import event_simulation.events.Event;
import simulation_control.SimulationControl;

/¥
* Represents a queueing system for managing clients and servers in a charging site.
* It processes EV events: arrivals, departures, queuing, blocking, clock events.
*/
public class Queuein%System {
private LimitedClientsQueue clients;
private ServersPool servers;

private SimulationControl simControl;
private SiteMonitor chargingSiteMonitor;

public QueueingS{stem(SimulationControl simControl,
LimitedClientsQueue clients,
ServersPool servers) {
this.simControl = simControl;
this.clients = clients;
this.servers servers;




public void processArrival(Event event) {
chargingSiteMonitor.logArrival();

simControl.scheduleNewArrival (event) ;

var client = event.getClient();

if (servers.connectToServer(client)) {
client.setQueueingTime (event.getTime());
client.setStartChargingTime (event.getTime());
simControl.scheduleNewDeparture(event) ;

} else {
simControl.processNewQueueing(event) ;

}

public void processQueuing(Event event) {
chargingSiteMonitor.logQueueing() ;

if (clients.isFull()) {
simControl.processNewBlocking(event) ;
return;
}
event.getClient () .setQueueingTime (event.getTime());
clients.addClient(event.getClient());
}

public void processDeparture(Event event) {
chargingSiteMonitor.logDeparture() ;

if ('event.getClient().isReadyToDeparture()) {
simControl.scheduleNewDeparture (event) ;
return;
}
event.getClient () .saveOnDepartureParameters(event.getTime());
event.getClient () .getElectricVehicle() .prepareForNextDay() ;

if (clients.isEmpty()) {
servers.releaseServer(event.getClient());
return;

}

var client = clients.pullClient();

client.setStartChargingTime (event.getTime());

servers.reconnectServer (event.getClient(), client);

event.setClient(client);

simControl.scheduleNewDeparture (event) ;

3

public void processBlocking(Event event) {
chargingSiteMonitor.logBlocking() ;

public void attachMonitor(SiteMonitor monitor) {
this.chargingSiteMonitor = monitor;
}

public void reset() {
clients.clear();
servers.reset();
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ServersPool. java

package charginglnfra;

import java.util.Arraylist;
import java.util.List;

/** % Represents a pool of servers mana in% multiple charging points.
* It allows connecting clients to available
* and checking server availability.

servers, releasing servers,

public class ServersPool {

private List<Server> availableServers;
private List<Server> allServers;
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public ServersPool(List<ChargingPoint> chargingPoints) {
availableServers = new ArrayList<>();
allServers = new ArrayList<>();
for (ChargingPoint chargingPoint : chargingPoints) {
var server = new Server(chargingPoint);
availableServers.add(server) ;
allServers.add(server) ;

}

public boolean connectToServer(Client client) {
if (availableServers.isEmpty()) {
return false;
}

var server = availableServers.remove(0);
server.connectClient (client);
return true;

}

public void releaseServer(Client client) {
Server connectedServer = client.getConnectedServer();
connectedServer.disconnectClient () ;
availableServers.add(connectedServer) ;

}

public void reconnectServer(Client client, Client newClient) {
client.getConnectedServer().connectClient(newClient);

public boolean isServerAvailable() {
return 'availableServers.isEmpty();

public void reset() {
availableServers.clear();
for (Server server : allServers) {
server.disconnectClient();
availableServers.add(server) ;

SimulationMonitor. java

package data_monitoring.monitors;

import java.util.ArrayList;
import java.util.List;

import data_monitoring.statistics.Parameter;

import data_monitoring.statistics.StatisticRecordCollection;
import data_monitoring.statistics.TimeRecordCollection;
import extendedModelling.powerFlow.PowerFlow;

import simulation_control.HouseSiteControl;

/**
* ChargingMonitor is responsible for monitoring the charging infrastructure.
* It manages site monitors, point monitors, and vehicle monitors.
* It provides methods to log events, save step data, and retrieve statistics.
*/

public class SimulationMonitor {
private List<HouseSiteMonitor> houseSiteMonitors;

// its the list of monitors that is used for rTeporting results

// it can contains all monitors: site, point, vehicle, power flow, house
private List<SystemMonitor> allMonitors;

private List<Parameter> monitoredParameters;

public SimulationMonitor(
List<HouseSiteControl> houseSiteControls, PowerFlow powerFlow,
List<Parameter> monitoredParameters) {

this.houseSiteMonitors = new ArrayList<>();
this.allMonitors = new ArrayList<>();
this.monitoredParameters = monitoredParameters;
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for (int siteld = 0; siteld < houseSiteControls.size(); siteId++) {
HouseSiteControl houseSiteControl = houseSiteControls.get(siteld);
var monitor = new HouseSiteMonitor (houseSiteControl, siteld, powerFlow,
-~ monitoredParameters) ;
houseSiteMonitors.add(monitor) ;
allMonitors.addAll (monitor.getAllMonitors());

}

public void reconnect(List<HouseSiteControl> houseSiteControls, PowerFlow
- powerFlow) {
for (int houseld = 0; houseld < houseSiteControls.size(); houseId++) {
if (houseId >= houseSiteMonitors.size()) {
HouseSiteControl houseSiteControl = houseSiteControls.get(houseld);
var monitor = new HouseSiteMonitor(houseSiteControl, houseld,
<~ powerFlow, monitoredParameters);
houseSiteMonitors.add(monitor) ;
allMonitors.addAll (monitor.getAllMonitors());
} else {
HouseSiteControl houseSiteControl = houseSiteControls.get(houseld);
houseSiteMonitors.get (houseld) .reconnect ( houseSiteControl,
- powerFlow) ;

}

public void logOnClockEvent(double time) {
for(HouseSiteMonitor houseSiteMonitor : houseSiteMonitors){
houseSiteMonitor.logOnClockEvent (time) ;

}

public void saveStepData(Boolean archiveData) {
for (SystemMonitor monitor : allMonitors) {
monitor.saveStepData(archiveData) ;

}

public List<StatisticRecordCollection> getStatistics(int confidenceLevel) {
List<StatisticRecordCollection> collections = new ArrayList<>();
for (HouseSiteMonitor houseSiteMonitor : houseSiteMonitors) {
collections.addAl1l( houseSiteMonitor.getStatistics( confidencelLevel));

return collections;

3

public List<TimeRecordCollection> getTimeRecords() {
List<TimeRecordCollection> collections = new ArrayList<>();
for (SystemMonitor monitor : allMonitors) {
collections.add(monitor.getTimeRecords());

return collections;

}

public List<List<TimeRecordCollection>> getArchivedTimeRecords() {
List<List<TimeRecordCollection>> collections = new ArrayList<>();
for (SystemMonitor monitor : allMonitors) {
// List of TimeRecordCollection for one monitor for all steps
List<TimeRecordCollection> timeCollections =
< monitor.getArchivedTimeRecords();
if(collections.size() < timeCollections.size()) {
// extend collections to have enough lists
for(int i = collections.size(); i < timeCollections.size(); i++) {
collections.add(new ArrayList<>());
}
}

for (int 1 = 0; i < timeCollections.size(); i++) {
collections.get (i) .add(timeCollections.get(i));
}
}

return collections;
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package data_monitoring.statistics;

import java.util.ArraylList;
import java.util.List;

import com.fasterxml.jackson.annotation.JsonIgnore;

VEZ
* PandaSample 1s a class that collects time series data for various parameters.
* It allows adding wvalues, saving step data.

*/
public class PandaSample {

private List<List<TimeValueEntry>> data = new ArrayList<>();
private List<TimeValueEntry> currentStepData = new ArrayList<>();

public void addValue(double timestamp, double value) {
currentStepData.add(new TimeValueEntry(value, timestamp));

public List<TimeValueEntry> getCurrentData() {
return currentStepData;

public List<List<TimeValueEntry>> getArchivedData() {
return data;

@JsonIgnore

public List<Double> getValueList() {
return getValueList(currentStepData);

}

public void saveStepData(Parameter parameter, Boolean archiveData) {
if (!currentStepData.isEmpty()) {
if (archiveData) {
data.add(new ArrayList<>(currentStepData));

currentStepData.clear();

3

public StatisticsRecord getCurrentStepStatistics(int confidencelLevel) {
return new StatisticsRecord(getValuelList(currentStepData), confidenceLevel);

public StatisticsRecord getStepStatistics(int stepIndex, int confidenceLevel) {
return new StatisticsRecord(getValueList(data.get (stepIndex)),
< confidencelevel);

3

public StatisticsRecord getTimeStatistics(double time, int confidencelLevel) {
List<Double> valuesAtTime = new ArrayList<>();
for (List<TimeValueEntry> step : data) {
for (TimeValueEntry entry : step) {
if (entry.getTimestamp() == time) {
valuesAtTime.add(entry.getValue());

}
}

return new StatisticsRecord(valuesAtTime, confidencelevel);

private List<Double> getValueList(List<TimeValueEntry> entries) {
return entries.stream()
.map(TimeValueEntry: :getValue)
.toList();
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Appendix D
U
University for 5‘3 * /1/%‘
Continuing Q* o
Education Krems 7 e * 9‘”
Department for 8 _\_‘d..

Integrated Sensor Systems (DISS)

Letter of intent to use

Issued to the student of group 1AKITP-24m of Vinnytsia National Technical University,
Mariia S. Forkaliuk, in that the simulation tool developed by her in the process of performing her
master's qualification work on the topic "INTEGRATION OF MODELLINGTOOLS FROM ELECTRIC-
ITY, MOBILITY AND HEATING SECTORS INTO AN EVENT DRIVEN ENERGY FLOW MONITORING
FRAMEWORK", namely the simulation framework developed in the course of her ERASMUS+
student mobility for the Department for Integrated Sensor Systems of the University for Contin-
uing Education Krems, is planned to be used in the national funded research project "Erneu-

erbaresWald4tel" (FO0999922001) as well as in future R&D projects.

License provisions: All results of the work performed can be implemented in the educa-
tional process, scientific research, scientific and methodological support and IT infrastructure of
the Department for Integrated Sensor Systems at the University for Continuing Education Krems
on a free basis without restrictions on the rights to use, copy, edit, supplement, publication and

distribution.
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MMPOTOKOJI NEPEBIPKH KBAJI®IKAIIMHOI POBOTHU

Hasea pobotu: «lHTerpamis iHCTPYMEHTIB _ MOJENIOBAHHA 3 CEKTODIB

eJIEKTPOEHEPTeTUKH, MOOIJILHOCTI Ta OMMAJIEHHS B CUCTEMY MOHITOPHUHIY ITOTOKIB
eHeprii, KepoBaHy MOIIIMHU

Tun pobotu: Maricrepchka KBajidikaliiHa poboTa
(6akanaspcbka kBanidikaiiiina poboTa / Maricrepebka KBatidikauiiHa poboTa)
ITigpozain kadenpa AIIT

(xadenpa, dakynpTeT, HaBUATLHA TPYyTIA)

KoeoinieHT moai6HOCTI TEKCTOBUX 3al03MYeHb, BUSBJIEHUX Y POOOTI
cuctemoro StrikePlagiarism (KIT1) 5,35 %

BucHoBOK o0 nepeBipky kBaidikamiitHoi po6oTH (BigMiTUTH OTPiOHE)

@ 3aro3uueHHs, BUSBIEHI y poOoTi, 0popMIIeHI KOPEKTHO i He MICTATE 03HAK

akazieMidHOro Tariaty, dabpukarii, ¢amscudikauii. Pobory mpuiiHITH 10
3aXUCTY.

® V poboti He BHABJIEHO O3HaK TUariaty, ¢abpukaiii, ¢panscudikamii, ane

HaJMIpHa KIUJIBbKICTh TEKCTOBHX 3arlo3W4eHb Ta/abo HasgBHICTH THUIIOBUX
pO3paxyHKIB He MO3BOJIAIOTH TIPUHWHSATH DIllIEHHS PO OPHTiHAIBHICTH Ta
CaMOCTIHHICTb i BUKOHaHHS. POOOTY HAITpaBUTH Ha JTOOMpaIfOBAHHS.

V¥ po6oTi BUSBIEHO 03HAKH aKaAeMi4HOro I1ariaty ta/abo B Hill MicTATbCS
HaBMHCHI CIIOTBOPEHHSI TEKCTY, 110 BKa3ylOTh HA CIIPOOH MPUXOBYBaHHS
HeJI00pOCOBICHUX 3amno3nyeHb. Po0oTa 10 3aXUCTy He MpUiMAEThCS.

ExkcniepTHa koMicist:

bicikano O.B., 3aB. kad. AIIT

(npi3BuiLe, iHiliaaK1, Mocaa) <-(j|
OsuunnukoB K.B., nou. kad. AIIT

(npi3BuilLle, iHiLiamM, mocana)

Oco06a, BiaMoOBigaNbHa 3a MepeBip acniit P.B.

(npi3BulLe, iHiLiaTN)

3 BUCHOBKOM €KCIIEPTHOI KOM|LiT 03HaoMITeHHi(-Ha)

KepiBauK 3 bicikano O.B., npod. kad. AIIT

(miamuc)

(npi3BuIe, iHiLIaMK, TTOcaa)

3n100yBau M dopkamok M.C.

firmc)

(npizBue, iHimianM)
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