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Kurzfassung

Der Griine Deal der Européaischen Union sucht Wege fiir unterschiedliche und
untereinander verknlpfte Energiesysteme. Elektrischer Strom wird als die wichtigste
Form von Energie der Zukunft gesehen und dessen Verfugbarkeit muss daher immer
gegeben sein. Ein nachhaltiges und menschen-freundliches Klima basiert auf der
Verringerung von Emissionen (im Speziellen von Kohlendioxid, COy). Es ist allgemein
bekannt und weitgehend akzeptiert, dass Erneuerbare Energien und Energie-Effizienz-
Verbesserungen beide Winsche unterstiitzen konnen. Deshalb ist der Zweck dieser
Arbeit beide Aspekte zu verbinden und zu evaluieren wie bestehende Open-Source
Energie-System-Design (ESD)-Tools herangezogen werden kénnen um den
Energiebedarf von Industrieparks und Stédten optimal zu planen.

Open-Source ESD-Tools werden immer besser, kénnen in echten Anwendungen
auflerhalb von Forschung verwendet werden und missen sich vielfach nicht mehr hinter
kommerziellen Alternativen verstecken.

Die Bewertung von verschiedenen Européischen Staaten in Bezug auf deren
Erneuerbaren Energien (mit Fokus auf Solar PV und Wind) Potenzial zeigen, dass die
Qualitat dieser Erneuerbaren weniger Einfluss auf die optimale Ausbauplanung haben als
die vorgegebenen energiepolitischen Rahmenbedingungen.

Ein tiefgreifender Ausbau an variablen Erneuerbaren Energien zeigt die solide
Maoglichkeit CO2-Emissionen zu reduzieren und schafft es ohne Berlcksichtigung
gewaltiger Mengen an Energiespeichertechnologien nicht konventionelle Kraftwerke
komplett zu ersetzen, ohne dabei die Versorgungssicherheit zu geféahrden.

Zahlreiche Open-Source Frameworks sind verfugbar, um es Forschern zu erlauben sich
auf die tatsachliche Forschungsfrage zu fokussieren und sich nicht mit der
Programmierung von ESD-Tools herumzuschlagen. Innerhalb dieses Projektes wurden
die Open-Source-Pakete Time Series Aggregation Module (tsam) und Framework for
Integrated Energy System Assessment (FINE) intensiv genutzt. Innerhalb dieser Arbeit



wurde tsam um eigene Methoden zur Zeitreihen-Gruppierung erweitert. AuRerdem wurde
FINE durch einen Nachverarbeitungsschritt erweitert, um die Verflugbarkeit des
Energiesystems zu berucksichtigen. Zusatzlich wurden TESpy und aristopy verwendet

um thermische Systeme wie z.B. Warmepumpen und Solarthermie-Systeme exakter
abbilden zu konnen.



Abstract

The European Union’s Green Deal asks for a diverse and more interconnected energy
system. Electric power will be the most important type of energy in the future and
therefore needs to be available at any time. A sustainable and human-friendly climate
requires decreasing emissions (especially of carbon dioxide, CO2). As well-known and
widely accepted, only the use of renewable energy sources and energy efficiency
improvement can support both desires. Therefore, this thesis aims to combine both
aspects and examines how existing open-source energy system design (ESD) tools can be
used to plan the energy delivery for industrial parks and cities in an optimal way.

Open-source ESD tools are mature enough to be used in real-world applications and do
not have to hide behind commercial applications anymore.

The assessment of different European countries regarding the quality of their variable
renewable energy (with a focus on Solar PV and Wind) showed that the quality of
renewables is less important than the overall energy policy to follow.

Intensive expansion of variable renewables energy shows massive possibilities to reduce
CO2 emissions but clearly fails to result in significant conventional power generation
replacement from a security of supply perspective without the introduction of massive
energy storage technologies.

Many open-source frameworks are available to help researchers to focus on their research
question instead of writing a new ESD tool. Within this project, the open-source
packages Time Series Aggregation Module (tsam) and Framework for Integrated Energy
System Assessment (FINE) have been used intensively. Within this study tsam has been
expanded with own time series clustering methods. FINE was enhancements through a
post-processing algorithm to assess the reliability of energy systems. Additionally,
TESpy and aristopy have been used to assess thermal systems such as heat pump and
solar thermal systems.
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Introduction !

The European Union’s (EU) Green Deal is one of the six priorities of the European
Commission between 2019 and 2024 [2]. This Green Deal aims to lead the EU into a
sustainable and net-zero greenhouse gas emission society by the latest 2050. Figure 1
shows how the Green Deal aims to change the European energy landscape from a
predominantly linear and non-sustainable into a sustainable, fully integrated, and circular
ecosystem. The most important principles are to electrify all end-use sectors as much as
they can be electrified and using clean biofuels or e-fuels for the sectors that cannot be
electrified economically or at all (such as heavy industry and long-distance
transportation). On top of this, energy efficiency and sufficiency are two other very
critical components of a sustainable future.

The energy system today : Future EU integrated energy system :
linear and wasteful flows of energy, energy flows between users and producers,
in one direction only reducing wasted resources and money

=0

g
B

Figure 1: Aim of the European Green Deal [2]

Industrial energy demand makes about 1/3 of the total primary energy consumption
within the European Union [3]. Most of this energy demand is used in continuous (all
year long) process applications (mainly heating). Therefore, it provides a unique
opportunity to be linked with cities, municipalities, or other energy-demanding sectors
such as healthcare to fulfill their heat (or cold) requirements. Historically, (1% generation)

! Parts of this chapter has been taken out of Groissbock (2021) [1]
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2 CHAPTER 1. INTRODUCTION

district heating systems were operating with steam (~200°C, >15 bar) as heat transfer
media (see Figure 2) [4]. Since the 1930™, pressurized hot water (~100°C) has become
the dominant heat transfer media for district heating systems. The latest development (4™
generation) aims to use water temperature even below 50°C (known as ultra-low
temperature district heat) and aims to utilize all kinds of energy sources. Examples of
alternative energy sources are geothermal sources, low and high-temperature heat pumps,
data center exhaust air, and excess heat from industrial processes.

1G: STEAM 2G: IN SITU 3G: PREFABRICATED 4G: 4th GENERATION
Steam system, steam pipes Pressurised hot-water system Pre-insulated pipes Low energy demands
in concrete ducts Heavy ‘equipment Industrialised compact Smart energy (optimum
Large "build on site” stations substations (also with insulation)  interaction of energy
Metering and monitoring sources, distribution
<200°C and consumption)
DH flow 2-way DH

DH return
50-60°C (70°C)
{ULTDH <50°C)

Future
efficiency energy
I source

Seasonal >

heat storage ‘
-
scaIeL:J aer \% — d Biomass
. Large < | > conversion

Energy efficiency / temperature level

scale solar

<45°C
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Energy

=
> b
c z
= / 2-way g
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storage

Heat-
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Coal ‘ Gas vlvastel . Also
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Local District Heating District Heating District Heating CHP waste District Heating
incineration
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X , . > (District Heating generation) /
T y § Period of best
1G/1880-1930 2G/1930-1980 3G /1980-2020 4G /2020- 2050 available technology

Figure 2: Generations of district heating/cooling systems [4]

Scholars such as Buffa et al. (2019) discuss the definition of the 5™ generation of
district heating and cooling (DHC) in detail. DHC aims to operate at temperature levels
of about 5-35°C and considers concepts such as single and double-stage heat pumps to
increase the DHC water temperature to desired temperature levels at the customer site

[5].

1.1 Motivation

The vision of the EU and its Member States could and should be an aspiration for
municipalities, districts, and industrial parks. Such interconnected systems have to deal
with multiple energy carriers while today’s state-of-the-art planning is still based on
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individual energy carriers as some organizations plan for power and others plan for
heating. Some organizations plan for power generation, others plan for its transmission,
and others for its distribution. Recently, multi-modal energy system design (ESD) has
gained increased interest from science as well as from public and private organizations to
enable integrated planning of different energy carriers [6]. Linking different energy-
producing and consuming organizations within municipality boundaries needs more
integrated planning of all energy carriers necessary and available.

The energy hub concept offers this linkage of multiple energy carriers. It supports
increasing energy efficiency as well as decreasing greenhouse gas (GHG) emissions
simultaneously. An energy hub is based on the interconnector concept where heating,
natural gas (in future renewable biogas and/or gas from power-to-gas processes), and
electricity are distributed within one physical multi-energy pipeline [7]. Each energy hub
can use multiple energy carriers depending on its individual demand profiles, economics,
and security of supply considerations, as shown in Figure 3.

ENERGY HUB

electricity N éclcctricity
—t-(0) ; : &

natural gas Jq

! heating

......... _’g_.-/»-_._%._..!.._._.!_._:._._._._._p
: 1 : .
. : i cooling
wood chips I | ; coons
- BE e

Figure 3: Exemplary and simple energy hub [7]

The sample energy hub contains typical elements: electrical transformer, gas engine
or turbine, heat exchanger, battery storage, hot water storage, and absorption chiller [8].
Energy hubs could be extended by considering additional input streams (e.g., water,
hydrogen, and carbon dioxide - CO>) as well as additional output streams representing
‘power-t0-X’ options (e.g., synthetic methane, methanol, and ammonia). From a
mathematical modeling perspective, energy hubs are units (locations) where multiple
forms of energy can be either converted (e.g., wood chips to heat), conditioned (e.g.,
electricity use in appliances), or stored (e.g., battery storage) for later use. All this
transformation and processing comes with conversion and storage losses. It creates a
place where all available and possible future energy carriers can have interactions to
minimize the overall system cost.
While an energy hub has some inputs (such as electricity, natural gas, and district
heating), it has to fulfill the energy demand within the energy hub (such as power
demand, heating or cooling loads, compressed air demand, or steam requirements).
It also can be used to forward any or all of the energy carriers to its neighbor energy
hubs through different kinds of transportation (such as power lines, natural gas,
district heating pipelines, or trucking). Within the energy hub, energy conditioning
can happen through, e.g., combined heat and power technologies, compressors, or
heat exchangers.
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The energy hub concept can be used for single customers and industrial complexes.
Industrial parks could be implemented as an energy hub as well, where demand from
several commercial buildings, attached district heating/cooling networks, offices, and
industrial demand is combined in one energy hub. To reflect multiple locations
accordingly, the consideration of electricity transmission and distribution (active and
reactive power) as well as water and gas pipelines (mass flow and pressure) is necessary

[9].

The aspect of different temperature levels of heat (such as low/high-temperature
heat or cold energy) has not been intensively considered in multi-energy systems (coupled
electricity and heat management). Therefore, this project aims to provide a collection of
tools allowing an improved linkage of multiple temperature levels of heat/cold as well as
assessing the impact of ambient conditions on considered energy conversion
technologies. Adding these technical details will allow the framework to be used in real-
world applications to conduct pre-feasibility studies of superstructure problems for
industrial parks linking energy-intensive customers with offices or municipalities’ energy
requirements.

The fact that variable renewable energy sources (RES) have seen significant cost
reductions in recent years (especially for Solar photovoltaic (PV) and Wind) [8], ESD
tools are forced to assess more interconnected systems with multiple energy carriers and
energy conditions. Therefore, the study seeks to answer the research questions listed in
Table 1.

Table 1: Link research questions with thesis chapters

Chapter  Research question

3 How mature are open-source energy system design tools compared with
commercial alternatives?

4 How much impact has the quality of renewables on the decision for an optimal
renewable expansion path?

5 How many conventional generators are still required for a reliable energy system
with very high shares of renewables?

6 How to combine existing open-source tools for a thoughtful integration of

industrial processes into a local energy system?

~

How to incorporate security of supply in ESD assessments?

8 How sensitive are key input parameters within an ESD assessment?

1.2 Publications

Table 2 lists all peer-reviewed publications, while Table 3 lists the presentations at
conferences during the course of this study. Paper P1 defined 81 features and assessed 31
mostly open-source tools regarding their maturity. Paper P2 assessed the importance of
renewable profiles for six selected European countries in terms of the impact on an
optimal expansion plan. Paper P3 evaluated the renewable profiles of the same six
European countries and the impact on the overall security of supply while considering
different sizes of energy systems (e.g., industrial parks, cities, regions, countries). Paper
P4 assessed recently shared open-source models with a focus on urban areas (including
industrial parks) for their fit towards a new model capable to cover the entire project
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extent from project start (having no data) until the end of the project (having all data,
optimization results, visualization). The first conference (C1) represented an initial step
in producing paper P3, and the second conference (C2) served as the basis for P4.

Table 2: List of peer-reviewed publications

Open
Reference Access
P1 Groisshock M. (2019) Are open-source energy system optimization tools  No

mature enough for serious use? Renewable and Sustainable Energy
Reviews, 102, 234-248, DOI: 10.1016/j.rser.2018.11.020.

P2 Groisshock M. (2020) Impact of spatial renewable resource quality on  Yes
optimum renewable expansion, Renewable Energy, 160, 1396-1407, DOI:
10.1016/j.renene.2020.07.041.

P3 Groisshock M. & Gusméo A. (2020) Impact of renewable resource quality  Yes
on security of supply with high shares of renewable energies, Applied
Energy, 277, 115567, DOI: 10.1016/j.apenergy.2020.115567.

P4 Groisshock M. (2021) Energy hub optimization framework based on  Yes
open-source software & data - review of frameworks and a concept for
districts & industrial parks, International Journal of Sustainable Energy
Planning and Management, 31, 109-120, DOI: 10.5278/ijsepm.6432.

Table 3: List of conference presentations

Reference

C1 Groisshock M. & Gusméo A. (2019, April 12) Reliability constrained generation
expansion planning: Case study for different system sizes and characteristic
renewable profiles, ENERDAY 2019, Dresden, Germany.

c2 Groisshock M. (2020, October 6-7) Energy hub optimization framework based on
open-source: review of frameworks and concept for districts & industrial complexes,
Smart-Energy-Systems 2020, Aalborg, Denmark.

1.3 Thesis structure

The remainder of this thesis is structured as followed:

Chapter 2 starts with a literature review related to energy hubs, energy system
design (ESD), and open-source movements within ESD.

Chapter 3 to Chapter 6 summarize the published papers and focuses on the basic
principles and the main findings of the published and accepted papers. A detailed
methodology description and more background information are available in the individual
paper.

Chapter 3 gives an overview of available open-source ESD models and how to
assess them for unbiased selection and usage. Comparing the 31 selected open-source
tools with several commercial closed-source tools based on 81 features, it can be seen
that open-source tools are getting closer to the functionality of closed-source tools. Within
an operational focus pyPSA even takes over the commercial closed source tools.

Chapter 4 provides an overview of the importance of renewable energy sources
related to generation expansion planning towards full decarbonization for local and
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industrial energy systems. Based on the analyzed renewable profiles it can be argued that
the impact of RES quality is minor and is more dictated by the overarching objective
function (e.g., economics, target residential contribution, maximize excess electricity).

Chapter 5 assesses the impact of renewable energy source expansion planning on
the system security of supply for different sizes of energy systems with a particular focus
on small energy systems potentially representing industrial customers. A too high
assumption on reserve margin would increase the required conventional generation
capacity unnecessarily. Using loss of load hours (LOLH) as the single metric for power
system planning, the expected energy not served (EENS) will increase with growing
renewable capacity installed. On the other side, a stringent and constant assumption of
EENS would be too constraining for power system planning.

Chapter 6 sketches a proposal of how a holistic energy system framework could
look based on available open-source packages and snippets allowing joined assessment
of industrial and local energy systems. The proposed open-source framework is based on
the principle of maximizing the reuse of existing data, software snippets, and packages.
Added features include a scenery model to incorporate shadowing and elevation effects
on conventional power generation technologies. By doing so, the utilization of limited
resources could be improved significantly.

Chapter 7 summarizes an updated ESD model assessment and shows some
modeling enhancements where some of them are based on combining different Python
packages while others are based on my programming efforts. Individual extensions
include the economy of scale for cost and performance as required. Also, additional
clustering techniques have been added. The most significant enhancement has been the
incorporation of a system reliability assessment by using LOLH and the capacity outage
probability table (COPT). Combined with the possibility of limiting the largest unit size
to be added, also short-term impact such as inertia can be considered in a simple and
preliminary way to ensure a reliable power system even with high shares of renewable
energy.

Chapter 8 shows an assessment of the importance of individual parameters within
ESD modeling projects. The single most important parameters for expensive technologies
are financing cost, investment cost, and technology lifetime. For low-cost technologies,
the most important parameters are utilization, investment cost, energy conversion rates,
and variable operating and maintenance cost.

Finally, Chapter 9 provides the key findings and draws conclusions derived from
results shown and discussed in the previous chapters.
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This chapter is divided into three parts: part one describes the energy hub in more detail,
part two describes today’s move towards more open research, and part three describes the
complex discipline of ESD.

With the movement to more interconnected energy systems, the complexity of the
energy systems is rising and, therefore, the need for cooperation [10]. This broader call
for cooperation comes hand in hand with the call for sharing assumptions and results,
especially from publicly funded projects, to increase transparency in money use, research
methods, and research outcomes. This is one of the reasons why open-source energy
system modeling is gaining momentum. Traditionally energy planning started with
planning for power, oil, and gas infrastructure. Planning for power system infrastructure
was done with reference cases where expected maximum and minimum demand as well
as expected maximum and minimum contribution of variable renewable power generation
was predicted.

With the development of increasingly powerful computers, the process industry
started optimizing their energy landscape with powerful optimization models. This also
marked the start of operations research within the energy sector. The first optimization
models used hourly or sub-hourly demand profiles and implemented the power flow (PF)
in a linearized direct current (DC) version. As such, megawatt (MW) and megawatt-hours
(MWh) were the units of choice for modeling. Such simplifications have been considered
for other parts of the energy system.

2.1 Energy hubs

Since the first publication in 2004, different departments at the ETH Zurich (German
abbreviation for Eidgendssische Technische Hochschule) have adjusted and improved the
energy hub concept. The 'Group for Sustainability and Technology' studies how to ideally
add the energy hub concept into existing energy markets and how to increase locally
produced energy [10]. Considerable efforts in understanding the setup and impact of
energy hubs within buildings and within the district level have been accomplished. The
'Energy Science Center' examines questions around minimizing greenhouse gas
emissions, including the use of the energy hub concept at the neighborhood scale [11].

2 This chapter has been taken out of Groisshock (2021) [9]
7
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They consider details such as how to deal with load variability and the impact on system
stability and aim to reduce the daily load imbalances within the energy hub. Also, social
barriers and suggestions on how to overcome them were considered. The 'Separation
Processes Laboratory' combines the possibilities of energy storage and demand-side
management to increase energy efficiency through onsite co- and tri-generation (CHP,
CCHP). The focus of this lab is to include detailed thermodynamics from a building’s
perspective. The 'Research Center for Energy Networks' has created software packages
(middleware) to ideally schedule and manage existing equipment within technical
limitations considering personal behavior and personal settings. The focus of this research
group is on the communication of advanced measurement devices, and central and
decentralized communication systems based on adequate software protocols. The overall
goal is to optimize current equipment operation to minimize carbon emissions and
maximize energy efficiency [12]. The overall target of ETH Zurich is to increase social
acceptance. Currently, none of their referenced work is considering industrial loads with
different temperature requirements of heat, cold, or steam.

EU-funded projects such as EFENIS (Efficient Energy Integrated Solutions for
Manufacturing Industries) [13], EINSTEIN (Expert-system for an INtelligent Supply of
Thermal Energy in INdustry and other large-scale applications) [14], ENEPLAN (ENergy
Efficient Process pLAnning system) [15], EnRiMa (Energy Efficiency and Risk
Management in Public Buildings) [16], and EPICHUB (Energy Positive Neighbourhoods
Infrastructure Middleware based on Energy-Hub Concept) [17] worked on integrated
software solutions to prove the overall concept within case studies to highlight the
benefits of the superstructure in different sizes of industry. Nevertheless, none of them
added the necessary non-linear technical constraints to mimic hourly or sub-hourly
technical behavior.

Lately, several universities have been attracted by the energy hub concept. The
Technical University (TU) Munich introduced an open-source optimization framework
based on Python and Pyomo and is, therefore, able to use different solvers [18]. For
performance reasons, the framework allows users to turn off features such as minimum
required new capacity to build, simultaneous charge and discharge of storage, and part-
load behavior to minimize computational requirements. While part-load behavior is able
to be represented from an energy input and energy output perspective, the impact of
ambient conditions on efficiency and power output has been ignored. The RWTH
(German abbreviation of Rheinisch-Westfalische Technische Hochschule) Aachen works
in decentralized energy supply systems (DESS) optimization [19] [20]. Retrofits and
green field projects can be assessed with their approach. Robust optimization was chosen
to ensure security of energy supply within the DESS. All technical system constraints are
given in linear form. District heating, water supply, liquid fuel supply, and non-linear
technical constraints have not been considered. The TU Vienna also focused on district
heating systems (DHS) [21] [22].

Talebi et al. (2016) discussed possible modeling approaches based on hydraulic and
thermal equilibrium, which are used within DHS simulation and optimization [23].
Lambert et al. (2016) created a framework for decision-makers to help them answer the
questions “if” and “when” a DHS shall be expanded [24]. Dorfner (2016) incorporated
other details such as building stock information [25], while Fritz (2016) added gas
network considerations [22]. Bothe (2016) added hydraulic and thermodynamics
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considerations into this framework [21]. While thermodynamic and hydraulic details of
DHS have been incorporated, no interaction between different conversion and storage
technologies have been considered. Also, only some load steps a year have been used in
their optimization framework. A small number of considered timesteps is not appropriate
for reflecting the variability of Solar PV and Wind.

All previously mentioned optimization concepts use a mixed-integer linear
programming (MILP) approach for solving their optimization problems. Zhou et al.
(2017) handle the optimization within a mixed-integer quadratic programming (MIQP)
formulation to assess co-expansion and operation optimization planning of electricity and
gas [26]. Reliability is considered for each energy type (electricity, cooling, and heating
load) via a simple value of lost load (VOLL). While the use of MIQP can eliminate the
risk of diverging and sub-optimality, the solution process is much slower. In this case, it
relies on processing a predefined link for technologies and is, therefore, not able to be
used in green field projects, in which the most economic configuration and setup is not
known. In addition, operational aspects of the natural gas system, such as compressor
operation, are not considered.

Today, the energy hub concept is focusing on piped energy as district heat, gas, and
electricity, while non-energy carriers (e.g., water) and non-pipeline energy supply is not
considered. Storage is considered for final energy sources but not for primary sources.
Within energy hubs, the daily demand patterns are optimized. However, none of the
available publications incorporated correction functions for adjustment based on ambient
conditions and part-load. More flexible tools capable of considering improved
thermodynamics, hydraulics, or correction curves (e.g., impact on efficiency and power
output on generation technologies) are required to answer questions around Net Zero
Energy (NZE) and the use of high quantities of RES [27]. Part-load considerations might
gain importance as the share of RES increases within the electricity transmission and
distribution system resulting in more spinning reserve and up and down ramping
flexibility.

2.2 Energy system modeling

Bruckner (1997) focused on overall energy efficiency improvements through the optimal
configuration of available energy technologies [28]. Biberacher (2004) concentrated on
the implementation of geographical information systems (GIS) into the optimization
model to optimize long-term energy fulfillment on a national scale [29]. Both did not
include a detailed energy model assessment in their work. Geidl (2007) focused purely
on the modeling aspect of energy hubs, as his work was the first of its kind considering
multiple forms of energy jointly within one expansion planning and operation application
[30].

Connolly et al. (2010) listed 68 tools and investigated 37 out of them to validate if
they can be used for renewable energy integration assessments [31]. While there were no
typical applications identified, a screening for the use of the individual tools was
examined. The ‘ideal’ tool depends on the final use case: e.g., building or energy system
analysis, energy-sectors, technologies, and time parameters the tool is able to deal with.
Nevertheless, the paper claims to provide ‘the information necessary to direct the
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decision-maker towards a suitable energy tool for an analysis that must be completed’
[31:1059].

Mendes et al. (2011) focused on energy modeling assessments with a special
interest in communities and districts [32]. The analysis was based on a survey of available
bottom-up energy models for optimal planning of integrated community energy systems
(including HOMER, DER-CAM, EAM, MARKAL/TIMES, RETScreen, and R2RES).
After describing and examining these tools, a SWOT (strengths, weaknesses,
opportunities, and threats) analysis was conducted. A detailed overview of approaches on
how to optimize problems in energy distribution networks (such as simulated annealing,
genetic algorithms, tabu search, and particle swarm optimization) was also presented. The
overall finding was that DER-CAM is an appropriate energy model for optimized energy
provisioning for communities.

Mancarella (2014) provided a detailed overview of existing concepts and evaluation
models within the multi-energy system (MES) community [33]. Based on this work, MES
aims to increase the final energy conversion by optimizing the split into centralized and
decentralized energy conversion technologies. As such the overall energy system
flexibility is increase. MES is characterized by its spatial, multi-service, multi-energy,
and network perspective. It is an ideal concept for integrating different energy sectors
(nowadays known as ‘sector coupling” or ‘integrated energy systems’), which
traditionally have been treated in isolation. A brief discussion of the features of MES tools
also considered a small number of tools. The study aimed to show the state-of-the-art of
MES concepts and models but did not conduct a detailed assessment.

Dorfner (2017) provided a very brief overview of optimization tools based on an
assessment conducted by Keirstead et al. (2012) [25] [34]. The only tools discussed are
MARKAL, TIMES, and MESSAGE, as the study’s objective was to provide open-source
tools (via the source code sharing platform github.com) to support the idea of
maintainability of models, reproducibility of case studies, and co-optimization of heat and
electricity carriers. Keirstead et al. (2012) reviewed 219 papers and identified five key
areas of practice: ‘technology design, building design, urban climate, systems design, and
policy assessment’ [34:3847]. A great future for urban energy system modeling is
predicted if the challenges of model complexity and data uncertainty can be resolved.

Thiem (2017) looked briefly into existing tools such as Balmorel, DER-CAM,
EnergyPLAN, energyPRO, HOMER, MARKAL&TIMES, MGEOQOS, RETScreen, TOP-
Energy, TRNSYS, and urbs [5]. After a brief discussion of these tools, the focus of the
remaining literature review focused on six groups of applications (see Table 4). The
groups have been created based on existing energy model reviews and the scope of
optimization tools (such as spatial dimension, covered model details, and type of
optimization problem) but no detailed screen analysis have been done. The focus of his
research lies within group 5 to design multi-modal energy systems under consideration
of part-load efficiencies.



2.2. Energy system modeling 11

Table 4: Classification of previous research [5]

Description Type optimization
problem

1 Large-scale grid studies relying on simplified models

Simple tools for quick assessments of small-scale energy
systems

City district ESD studies with simplified models

On-site energy system studies with additional features MILP
Mixed-integer linear programming with part-load efficiencies
Mixed-integer nonlinear programming with complex models MINLP

N

LP

oo~ iw

Abbreviations: LP — Linear Programming; MILP — Mixed-Integer LP; MINLP — Mixed-Integer Nonlinear LP.

o

Paletto et al. (2019) integrated life cycle assessment (LCA) components into the
discussion which allows adding factors that are not economically per se in a first instance
[35]. This can be, e.g., plant emissions such as CO,, CO, NOx, SOx, and PM10
(particulate matter with size < 10 micrometers). Also, materials needed to build the plants
can be added in such an approach allowing to consider, e.g., concrete, sand or working
hours.

Prina et al. (2019) provided a novel classification schemes for bottom-up energy
system modeling tools [36]. They identified two main categories and challenges:
resolution and transparency. Hereby, resolution is further divided into time resolution,
space resolution, techno-economic detail, and details around sector coupling. In addition,
their proposed matrix of low, medium, and high level of resolution shows that no tool has
been benchmarked as ‘high’ in any category. The closest to reach this is the open-source
optimization tool pyPSA, followed by the commercial tool PLEXOS. The only category
where pyPSA has received a rating of ‘medium’ is within the category ‘sector coupling’.
It is not transparent why optimization tools such as oemof, Calliope, and ficus have been
rated ‘high’ in this category. As to the best knowledge of the author, the tools have very
similar or almost the same capabilities in this regard. Another top-ranked tool is the LUT
model, which unfortunately is not available for the public. The simulation tool
EnergyPLAN is also mentioned in this paper. It is a freeware but not open source.
Therefore, only freely available and open-source models such as pyPSA, oemof, Calliope,
and ficus have been considered in this work going forward.

Ridha et al. (2020) assessed surveys collected during the MODEX (Model
Experiments) project in which the Forschungszentrum Julich (FZ Jilich) asked modelers
to provide their views on a questionnaire [37]. The survey data was analyzed based on
the criteria of mathematical complexity (e.g., LP, MILP, MINLP, stochastic), temporal
complexity (e.g., temporal resolution and horizon of planning), spatial complexity (e.g.,
geographical resolution and horizon), and system complexity (e.g., modeled scope). The
focus of their work was to assess how complexity can be reduced through clustering, the
use of less techno-economic details, or the use of less information about the individual
sectors. Therefore, the common practice is that energy system modeling tools focus on
their area of interest and ignore other aspects to decrease the complexity of the overall
problem to a level on which available optimization solvers can deliver results in a
reasonable time.

A joined activity between FZ Julich and RWTH Aachen led to an open-source
energy system model called Framework for Integrated Energy System Assessment



12 CHAPTER 2. LITERATURE REVIEW

(FINE) [38] [39]°. It focuses on TSA and how it impacts long-term planning until 2050
for Germany. The TSA was done with the Python package tsam [40] [41].

Up to now, most of the available open-source energy system models are based on
LP or MILP formulations. A very interesting development here is the first release of
aristopy, an open-source model which can solve even MINLP problems [42] [43]. The
developers aimed for easy extendibility. Therefore, enhancements within the problem
setup can be realized without advanced Python programming skills. Another new
development is the open-source model Open Platform for Energy Networks (OPEN),
which allows a non-linear optimization and simulation of smart local energy systems
focusing on renewable energy and electric vehicle fast-charging applications [44].

2.3 Open source

Open source has a long history within information technology, in which several leading
software packages have been made available to the public (e.g., Apache - web server,
Netscape - browser, MySQL - database, Linux - operating system) [45]. Unfortunately,
in research and development (R&D) as well as in some companies, there are serious
ethical, security, and commercial concerns that open source is a threat [46]. The fear
relates to unwanted exposure from, e.g., flawed source code, data, or analysis. Another
assumption is that time-consuming activities (such as programming, verifying results, or
writing documentation) are competitive advantages. Perhaps it is only natural that
sometimes the institutional and personal inertia stops organizations and people from
following open-source principles. But what are some of these open-source principles?
First, adding transparency to the source code and allowing peer review increases the
quality of the software package, which then can also be used by other organizations
instead of writing the same piece of functionality again. A peer-review process can also
lead to increased collaboration. With a focus on R&D, this implies that sharing data,
models, and results increases productivity through burden-sharing. As a result, the focus
can be set on doing something new and helpful for society instead of repeating necessary,
important but sometimes monotonic tasks. Of importance within the R&D community is
that only results, which are seen and challenged from other parts of the community, are
useful to R&D and the overall society. Everything else can be considered self-adulation.
An ethical argument is that if R&D is funded by public money, the results should be
publicly available as well. Open access to data, source code, energy system models, and
results are crucial for a balanced social and political debate. On top of this, R&D has to
support society and governments to model for insights guiding policymakers instead of
raising the numbers of publications [47].

Fostering open source to get more transparency and repeatability of analysis was
written by DeCarolis et al. (2012) [48]. One of the main findings was that a thorough
review of results and conclusions is currently impossible. A multi-national research team
around Howells, in which DeCarolis was part of, developed the first open-source energy
modeling tool, 0SeMOSY'S (Open Source Energy Modeling System) [49]. One of the
key features of OSeMOSYS’s implementation is the mathematical formulation in plain
English, meaning that the mathematical formulation is the documentation as well. The

3 The use of two references next to Python packages refers to a publication and the according source code.
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formulation has less than five pages of documentation and an easily accessible code. A
research team around DeCarolis started the development of another open-source energy
modeling tool, Temoa (Tools for Energy Model Optimization and Analysis) [50]. The
design of this tool aims for more tractable uncertainty analysis and utilization of multi-
core high-performance computing to perform rigorous uncertainty investigation.
Pfenninger et al. (2017) highlighted that energy models and data are an important part of
energy policy assessments [51]. They also found that opening up R&D, including models
and data, would show immense benefits for all participating parties inside and outside of
R&D. Hilk et al. (2018) represent one of the latest open-source energy modeling
approaches: oemof (Open Energy Modeling Framework - A modular open-source
framework to model energy supply systems) [52]. This initiative aims to provide flexible
and generic components to model cross-sectoral (e.g., heat, power, or mobility) and multi-
regional open, modular, and transparent models allowing everyone to contribute.
Publications stemming from this initiative became the steppingstone for an overall open
R&D community, in which raw data, model formulation, energy model choice, raw
results, interpretation, and dissemination are shared transparently with interested people.

Figure 4 shows how an overall open-source energy system modeling project might
be divided into several distinct process steps in which individual R&D communities and
projects contribute to one or several of these process steps. An often-ignored step is the
numerical solver, as the R&D community assumes access to commercial solvers; some
of them are free or very affordable for academics.

Open Access

Dutput
Dissermination

Open Madels / Tools
rd

[
{ Raw | { Data _ﬂ[ Model {Num?rical] { Model |

Data _J Processing J Formulation Salvar Output _J
Y

Output
Visualization

|

Open (Input/Raw) Data _J [_‘ Open Solver _J[\‘ Open (Output) Data

Figure 4: Distinct steps within the open-source discussion [68]

Table 5 shows some of the exemplary open-source related initiatives, which have
been launched several years ago and in which process steps they are active. The table
shows five of the numerous evolving initiatives and platforms and compares them with
the overall aim of this work. The grey cells indicate an area in which the individual
initiative and platform is active. While some of them cover a wide range of the process,
others are focused on one of the required process steps. The suggested framework aims
to support the entire process with limited efforts by developers using existing software
and data.

Open and transparent R&D should be incentivized. Closer cooperation between
national and international R&D bodies is necessary to reduce parallel efforts and
duplication of work. Therefore, a very important step for implementation of open R&D
has been initiated in July 2019: The Open Data Directive (EU) 2019/1024 of the European
Parliament and of the Council of 20 June 2019 on open data and the re-use of public sector
information [58]. This directive has to be implemented in all Member States until July
2021.
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Table 5: Examples of open-source initiatives [68]

Data
Processing
Formulation
Numerical
Solver
Output
Output
Visualization
Output
Dissemination

:
Examples o A

|Model
|Model

Open Energy Modeling
Initiative [53]

Energy Modeling Platform
Europe [54]

Open Power System Data
[55]

Computational
Infrastructure for
Operations Research [56]

Open Street Map [57]

Suggested framework — OA
link to existing work API Python Pyomo NEOS journals,

arXiv, ...
Abbreviations: API - application programming interface; NEOS - Network-Enabled Optimization System.

A final remark related to open source is that licensing plays a part that must not be
underestimated as it defines what the user can do with the shared source code, data, or
models. Morrison (2018) provides a very detailed overview of available licenses used in
the space of open source and open data [59]. The use of one of the licenses from the GPL
family results in the highest copyleft, while ISC, MIT, BSD, and Apache-based licenses
are very permissive, granting the user a wide range of activities, including the use of the
code and/or data in their commercial products.

Open-source modeling, data, and publication is gaining momentum. Therefore, it is
critical to have a comprehensive understanding of the licensing options. Figure 5 supports
the decision making about which license to use for different aims such as sharing data,
sharing software, or sharing presentations/reports [60]. The MIT license provides the
most flexibility for developers as they are allowed to do almost everything. The GPL
license, as a comparison, forces developers to share their work under the same license. A
more detailed analysis of open-source licenses is available in [61].

B N7, =

Ineed toworkina I want it simple and I care about sharing
communlty. permissive. lmprovements.
Use the license preferred by the The MIT License is short and to the point. It The GNU GPLv3 also lets people do almost
community you're contributing to or lets people do almost anything they want anything they want with your project, except
depending on. Your project will fit right in. with your project, like making and distributing distributing closed source versions.
closed source versions. .
If you have a dependency that doesn't have Ansible, Bash, and GIMP use the GNU
a license, ask its maintainers to add a Babel, .NET Core, and Rails use the MIT GPLv3
license License

Figure 5: Simple open license selection [60]
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The following paragraph represents the abstract of the 1% paper [62]:

“Historically, energy system tools were predominantly proprietary and not shared
with others. In recent years, there has been an increase in developing open-source tools
by international research and development organizations. More than half of the open
energy modeling (openmod) initiative listed tools that are based on the freely available
scripting language Python. Previous comparisons of energy and power system modeling
tools focused on comparisons such as which tool category (e.g., optimization, simulation)
or energy demand (e.g., electricity, cooling, and heating) can be considered. Until now,
the assessment of incorporated functions such as unit commitment (UC) or optimum
power flow (OPF) has been ignored. Therefore, this work assesses 31 mostly open-source
tools based on 81 functions for their maturity. The result shows that available open-source
tools such as Switch, TEMOA, 0SeMOSYS, and pyPSA are mature enough based on a
function comparison with commercial or proprietary tools for serious use. Nevertheless,
future commercial, as well as open-source energy system analysis tools, have to consider
more functions such as the impact of ambient air conditions and part-load behavior to
allow better assessments of including high shares of renewable energy sources and other
flexibility measures in existing and new energy systems.”

3.1 Methodology

The assessed 31 tools are listed in Table 6. For consistency, the selection of the assessed
tools has not changed while the information within the table was updated to reflect today’s
status. Important to note is that the shown table would be considerably different if the
assessment would be repeated today as, within about five years, the number of new tools
has increased significantly. A more up-to-date list can be found on the initiative openmod
platform [49].

4 This chapter has been taken out of Groisshock (2019) [62]
15
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Table 6: Assessed tools [62]

. TRz 2| e §
Progr?mrmngl First Last § 2 TFT E % ﬁ E )
Tool Scripting Rel bt = 2 S1E c o = License Web Address (URL)
Language elease| Update)| g aEl 8 5 e €
< |8 S
Balmorel GAMS 01.2001:12.2019; 21 16 65 43 3 2 1SC https://github .com/balmorel community/Balmorel /
Calliope Python 12.2013: 03.2021; 7 0 1047: 17 26 11 | Apache 2.0 { https://github.com/calliope-project/calliope
DER-CAM GAMS 10.2004;08.2017; 17 45 n/ainfainfain/a n/a https://building-microgrid.|bl.gov/projects/der-cam
dhmin Python 12.2014:09.2017; 6 43 13 1 n/a 1 GPL3.0 https://github.com/tum-ens /dhmin
DIETER GAMS 06.2015: 10.2020: 6 6 n/fainfainfain/a MIT http://www.diw.de/dieter
Dispa-SET GAMS 01.2015: 04.2020! 6 12 466 : 10 5 9 EUPL 1.2 https://github.com/energy-modelling-tool kit/Dispa-SET
ELMOD(st) GAMS 01.2015:07.2017: 6 45 11 { n/a 1 infa MIT https://github.com/frkunz/stELMOD
EMMA GAMS 01.2013: 05.2014: 8 83 n/ainfainfai nfaiCCBY-SA3.0: htips://neon-energie.defemma/
EnergyPlan Executable {01.2000;11.2017; 22 41 n/fainfainfa nfa Freeware http://www.energyplan.eu/
EnergyRt R & GAMS 07.2016: 03.2021: 5 0 1276 6 11 4 AGPL3.0 https://github.com/olugovoy/energyRt
ficus Python 12.2015:01.2018: 5 39 160 1 1 1 GPL3.0 https://github.com/yabata/ficus
HOMER Executable {03.2004:12.2020i 17 4 n/a i n/ainfa i nfa i Commercal { htips:;//www.homerenergy.com
MATPOWER : Matlab/Octave ; 09.1997: 03.2021; 24 0 :2150¢ 7 25 8 i3-clause BSD: htips://github.com/MATPOWER/matpower
minpower Python 08.2012: 06.2016! 9 59 855 : 10 41 1 MIT https://github.com/adamgreenhall /minpower
MOST Matlab/Octave ; 06,2016 12,.2020; 5 4 177 ¢ 3 6 : n/a i3-cause BSD htips://github.com/MATPOWER/most
NEMO Python 01.2011:04.2021; 10 0 1170 3 1 in/a GPL3.0 https://github.com/bje-/NEMO
oemof Python 11.2015:02.2021: 5 1 77 4 1 9 MIT https://github .com/oemof/oemof
0SeMOSYS Python 01.2011: 01.2020; 10 14 322 3 nfa | nfa | Apache 2.0 i htips://github.com/KTH-dESA/OSeMOSYS
pandapower Python 11.2016: 02.2021: 4 2 5103¢ 11 16 | n/a BSD https://github .com/Ithurner/pandapower
ProView Executable n/a nfa infal n/a i nfainfainfa i nfa!Commercial { https://www.hitachiabb-powergrids.com/offering/product-and-system/
psst Python 01.2007: 11.2020; 14 4 36 7 n/a 7 MIT https://github.com/power-system-simulation-tool box/psst
PyOnSSET Python 12,2016 11.2019: 4 16 :431: 5 infai 6 MIT https://github.com/KTH-dESA/PyOnSSET
pypower Python 07.2011: 03.2021! 10 0 336 ;: 7 22 13 BSD https://github.com/rwl/PYPOWER
pyPSA Python 01.2016:03.2021; 5 0 1008: 15 28 20 GPL3.0 https//github.com/PyPSA/PyPSA
Renpass R & GAMS 03.2017:03.2017: 4 49 11 1 nfa i nfa GPL 3.0 https://github.com/fraukewiese/renpass
RETScreen Executable {12.1997:09.2016! 24 55 nfainfainfain/a Freeware http://www. RETScreen.net
rivus Python 11.2014: 10.2017; 7 42 251 1 nfa 3 GPL 3.0 https://github .com/tum-ens /rivus
Switch Python 06.2015; 03.2021; 6 1 579 i 29 10 8 Apache 2.0 | htips://github.com/switch-model /switch
TEMOA Python 05.2012:03.2021: 9 0 825 21 9 n/a GPL2.0 https://github.com/TemoaProject/temoa
TIMES GAMS 01.2014: 07.2016; 7 58 n/fa i nfainfaln/a n/a https://iea-etsa p.org/index.php/etsap-tools/
urbs Python 09.2014:03.2021¢ 7 1 810 7 10 19 GPL3.0 https://github.com/tum-ens /urbs
Remark: n/a,if no information is available Last update: 02.04.2021

For tools that are not available via github.com or other code-sharing sites, it is not
very easy to verify information such as the last update. Other packages have been
restructured (e.g., oemof) and therefore show lower contribution as in the originally
published comparison table in P1.

Table 7 shows the list of features or functions assessed throughout the mentioned
31 tools. The function screening has been from a short-term (operational) perspective as
well as a long-term (planning) perspective.

3.2 Results

Figure 6 shows the assessment result for the selected tools for the short-term and long-
term focus. Based on the author’s ratings of the importance of the individual features, the
difference between short- and long-term ranks is insignificant. This implies that models
covering many details from an operational perspective also deal with a significant amount
of planning details to balance the detailed coverage.

Important to note is that the detailed tool assessment has not been updated and
therefore reflects the status about 3 years ago. In the meantime, a lot of tools have
advanced significantly. urbs, pyPSA, and oemof are some of them.
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Table 7: Assessed functions and their interpretation [62]

Function X
Function Evaluate ...
No.
if defining how many time-steps a day can be considered, and if different durations can be
1-2 hourly time steps; variable time steps managed as well. Note: half-point for variable time step if only one duration can be
defined;
3 copperplate approach if transmission and distribution of energy is not considered;
4-5 direct current (DC); alternating current (AC) which kind of electricity flow is considered;
5.8 power flow (PF); optimal PF (OPF); security-constrained {if detailed (e.g., active and reactive PF considerations) are possible; and if security related
(SCOPF) PF constraints (e.g., transmission failure) are considered;
. . . . if power and/or heat generating units are available within a multi-period time horizon;
9-10 :unit commitment (UC); security-constrained UC (SCUC) . . . - .
and if security related UC constraints (e.g., availability) are considered;
ramp up & down constraints; minimum up- & down- i i X i . X i .
X pup . P which of the UC and SCUC details are considered; if startup cost is considered with addition
11-17 itime; starts per day, minimum stable load; must run; i .
fuel, half-point a point is added;
startup & shutdown costs; cold & hot startup costs
if least-cost solution incorporating power output is considered; and if security related ED
18-19 :economicdispatch (ED); security-constrained ED (SCED) : K p ‘g P p. ¥
constraints (e.g., transmission failure) are considered;
. L . which operational constraint is considered in some detail (e.g., voltage in electricity,
non-electrical distribution (constraints), gaseous X o K . .
o R o pressure in gaseous, velocity in liquid, or temperature in thermal distribution systems); if
20-23 idistribution (constraints), liquid distribution X K . ) X o X
i R . operational details are ignored, and if non-electrical distribution can be used for any kind
(constraints), thermal distribution (constraints) i
of service;
district heating/cooling demand; (drink) water demand; . X
24-28 g/ & ( ) which final demand can be included;
hot water demand; steam demand; other demand
29 simulation (min. total costs) if simulation is done instead of optimization;
obj. function: min. total costs; min. investment costs;
min. operational costs; min. losses, max. profit; partial i L X o .
30-38 i 'p' i p' R p X which objective function and combinations of it can be selected;
equilibrium; min. customer rates; max. efficiency; min.
emissions
39 demand elasticity if energy demand is impacted by price changes;
40 locational marginal price (LMP) if within zonal energy prices the locational marginal price (LMP) is considered:
41-43 imodel foresight (perfect, flexible, or rolling horizon) which kind of model foresight is considered;
44-16 size as integer/real variable; pre-defined unit size; cost {if capacity additions are based on integer/real numbers or pre-defined sizes of
based on economy of scale technologies; in the case of integer/real sizes if economy of scale can be applied;
. . . if emissions such as carbon dioxide CO, or water consumption can be associated with
47 - 48 :emission costs; emissions constraints
external costs and constrained;
multi-area system; multi-year investment; multi-year i i i
49-51 . ¥ ¥ ¥ if multi-area and multi-year assessments can be done;
operation
5253 year-varying CapEx & OpEx (CUR); year-varying fuel & if costs like capital expenditures (CapEx), operational expenditures (OpEx), fuel costs, and
emission (CUR) emissions costs/penalties can be different from year to year;
54-55 ibudget constraints (CUR); fuel constraints (CUR) if upper and lower limits for budget and fuel consumption can be defined;
56 retirement of existing assets if existing assets can be retired if found not economical;
57 fuel switch/dual fuel if assets can be operated with different types of energy or fuels;
i i . if technical performance (e.g., efficiency and output) change based on ambient conditions
58-59 ipart-load impacts; ambient temperature impact | X
orif part-load can be considered;
if technology age is incorporated into technical performance; if the yearly available
60 technology degradation/aging . 6v 38 R P . P - y Y
capacity can be adjusted, the reduced available capacity is a half-point;
if storage can be considered in its simplest way (without e.g., state of charge, SOC) or if
61-62 igenericstorage; detailed storage (SOC, DoD) SOC and depth of discharge (DoD) is considered; if storage is modeled with a constant loss
factor, itis a half-point;
63 component dispatch if energy conversion can be represented in components and not in whole plants only;
energy conversion isimplemented as: 1in, 1out: nin, 1
64 - 67 gY . P which energy conversion can be considered;
out: 1in, m out; ornin, and m out
68-69 iavailability/forced outage; maintenance planning if resource availability is considered, and if a maintenance schedule can be created;
20-71 energy purchase (fixed, variable pricing), energy sales  |if fixed and consumption-based prices can be considered, and if feed-in-tariff (FiT) based
(e.g., FiT) energy sales can be considered;
72-73 ideferable demand; curtailment if demand can be delayed, and if generation like photovoltaic or wind can be curtailed;
. . if minimum/maximum reserve margin can be defined, and if primary and secondary
74-75 ireserve margin; primary/secondary reserves . . _— . .
reserve (sometimes considered also as spinning reserve) is considered;
T . X if reliability indicators such as loss of load expectation (LOLE) or expected energy not
reliability indicators; risk level (appetite); L X K i i R i
76-78 o K served (EENS); if different risk levels can be considered; and if uncertainty in profiles can
probability/uncertainty .
be considered;
79 GIS representation if there are GIS related functions incorporated;
80-81 :documentation; example(s) available if clear and clean documentation containing examples is available.
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Figure 6: Ranking the different evaluations [62]

Switch, 0SeMOSYS, and TEMOA show a strong focus on medium and long-term
expansion planning, while pyPSA is more focused on short and medium-term operations.
The strength of TEMOA, Switch, and OSeMOSYS is to consider details such as multi-
year investment, year-varying capital and operational costs, and budget and emission
constraints. pyPSA, on the other side, includes more details in a short-term unit
commitment like optimal power flow, feasible ramp rates, minimum up- and down-time,
as well as start-up costs.

The following items list indicates some technical functions which are not covered:

e distinction between hot and cold start-ups,

e use of advanced or alternative objective functions (e.g., multi-objective target
function, maximize profit),
technical parameters change as a result of part-load operation (e.qg., efficiency),
technical parameters change based on ambient conditions (e.g., power output),
detailed storage model (e.g., charge cycles),
maintenance planning, and
security of energy supply (e.g., n-x reliability).

Comparing the selected open-source tools with the selected commercial closed-
source tools, it can be seen that open-source tools are getting closer to the functionality
of closed-source tools. Within the operational assessment, pyPSA even takes over the
commercial closed source tools. As shown by projects such as the United Nations
Atlantis, Integrated Systems Analysis of Energy, open-source tools like OSeMOSYS are
also seen as mature enough to be used for regional power system planning. Despite
significant contributions to date, there remain a number of key challenges, e.g.,
incorporating very high shares of variable renewables, considering simultaneous
generation expansion and transmission planning, and considering uncertainty in operation
of MES.
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Importance of renewable sources °

The following paragraph represents the abstract of the 2" paper [63]:

“Renewable energy sources (RES) are becoming more and more cost-competitive
globally. Generally, optimization methods are used to identify the most economic setup
of individual power systems. In such cases, only the final state of the power system is of
interest. This study contributes to the discussion on how to reach a 100% RES-driven
power system by assessing the importance of RES quality in selected European countries
and identifies optimal strategies based on different objective functions (e.g., lowest capex
requirement, lowest or largest curtailment). In a scenario in which economics is the only
driver for optimal RES expansion, the 'min. LCOE' path with a strong focus on Wind
would be used. If residential users are targeted to contribute as much as possible, the 'max.
capacity' case with a Solar PV-Wind ratio of 0.65+0.35 would be selected. If the overall
aim is to produce maximal excess electricity to be used in other sectors, the 'max.
curtailment' or 'max. zero load' cases should be considered where mainly Solar PV would
be the technology of choice.”

4.1 Methodology

This study assesses the optimal RES expansion by comparing different optimal RES
expansion paths. To overcome the limitations of Burger (2019) [64] and Kreifels et al.
(2014) [65], the author developed the optimal RES expansion paths shown in Table 8.

Table 8: Assessed optimal RES expansion paths [63]

Optimal RES expansion path Minimize Maximize
RES capacity with specific curtailment rate X X
Curtailment X X
Levelized cost of electricity (LCOE) X

Zero net load hours X X

A case such as 'minimize capacity' is not necessary as the power contribution from
Wind is almost always higher than from Solar PV. This study uses pure power-related
key performance indicators (KPIs) such as curtailment and LCOE for the assessment.

5 This chapter has been taken out of Groisshock (2020) [63]
19
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Other KPIs such as security of supply, national manufacturing, and aspects of local
content are ignored. This study focuses on mixed Solar PV-Wind expansion as this is
currently seen as the technologies of choice with lower constraints compared to
Hydropower or Biomass.

Historically measured hourly time series for load are based on open-power-system-
data.org [55] while RES profiles are from renewables.ninja [66]. Both sources provide
hourly profile data as publicly available data and focus on representative renewable and
power demand profiles for the available countries. The country representing profiles are
smoother than they would be in reality for an individual project. Figure 7 shows the
average capacity factors for Solar PV and Wind for the entire data set of the covered 36
countries.
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Figure 7: Average capacity factors of PV and Wind [63]

Table 9 shows the considered combination (very good, very bad) of Solar PV and
Wind quality within this work. Based on the available public data and defined conditions,
the following countries have been identified as suited candidates to represent the RES
quality conditions. RES quality is used in this work as a synonym for the RES capacity
factor shown in Figure 7). Austria (AT), as host of the university, and Germany (DE), as
the main force behind renewable developments in Europe, have been added to the list.

Table 9: Selected country list and considered rationale [63]

Wind quality Solar PV quality Country name Country code
—— —— Cyprus CYy
—— ++ Czech Republic Cz
++ —— Norway NO
++ ++ Portugal PT
0 0 Austria AT
0 0 Germany DE

Remark: ++: very good; — —: very bad; o: average.
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4.2. Results 21

Figure 8 shows the overall program logic which has been implemented in the
programming language Julia. Step 1 is to select the first country to assess (in alphabetical
order, it starts with AT). Based on the available data set, Step 2 selects the first available
year (e.g., 2006). Steps 3 and 4 are initializing Solar PV and Wind capacity additions with
0% (of peak demand) to calculate the initial situation without RES in Step 5.
Subsequently, and as long as not reaching the maximum of 200% (of peak demand), 0.5%
is added for Solar PV and Wind. Within this work it is assumed that the technical potential
for Solar PV and Wind of each country is always at least 200% of peak demand. Finally,
if 200% of Solar PV and Wind have been considered in the calculations, Step 6 initiates
the next available year to be considered (up to, e.g., 2016). As already indicated above,
this study used the available data where entire years have been available at once to avoid
data (weather, RES power generation, and power demand) contortions through individual
(outlier) years. After finalizing all years, Step 7 initiates the next country for assessment.
If all countries have been calculated, the simulation of all scenarios is finished.

step. | start )

| choose country |<7
*{ choose year of data }.7
L{ choose Solar PV capacity |<7

L-{ choose WindJ'capacity |<—

| calculate details |

1

yes

©®OEE

Wind capacity to add?

no

yes

Solar PV capacity to add?
no

yes

@ year to calculate?

yes

@ country to assess?

KO

n

[ done ]
Figure 8: Methodology [63]

4.2 Results

The analysis is based on the average unbiased results, as shown in Figure 9, knowing that
individual years will deviate from them. The horizontal axis shows the Solar PV share,
and the vertical axis shows the Wind share (both in percent of peak demand, up to 200%).
The sub-graph titled 'max. capacity' represents the 'RES capacity with specific
curtailment' case. The sub-graphs 'min. curtailment’ and 'max. curtailment' represent the
minimize and maximize curtailment cases. The sub-graph 'min. LCOE' represents the
minimize LCOE case. And finally, the 'min. zero load' and 'max. zero load' sub-graphs
show the results for the minimize and maximize zero net load hour cases.
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The small zigzag movements within the individual plots are the result of the RES
matrix (200% x 200% of peak demand) considered in this study, in which a RES
expansion step of 0.5% has been selected. It also shows non-steady results in some cases.
In all sub-graphs, the dotted lines indicate a ratio of 3, 0.65, and 1 of installed Wind vs.
Solar PV. Within the left top sub-figure, the optimal RES path from Kreifels et al. (2014)
was added for comparison.

Optimal RES paths
max. capacity min. curtailment max. curtailment
200 | . | | | .

Wind share (% of peak)

min. zero load max. zero load

\

100

s,
S\

0 100 200 0 100 200 0 100 200

Figure: Markus Groissbdock (UIBK) Solar PV share (% of peak)

Figure 9: Overall simulation results [63]

Compared to the previous 'max. capacity' case, the 'min. curtailment' case has
slightly higher Solar PV contributions until the curves reach the 200% Wind capacity.
The reason for this is the better fit of Solar PV to the daily demand profiles. The optimal
RES path based on 'min. zero load' has less Solar PV contribution as the previously
mentioned cases. The 'min. LCOE' case is in all circumstances dominated by almost
exclusive Wind expansions. For the Norwegian case, ~50% of Solar PV would be added
before the Wind capacity reaches more than 180%. An interesting finding for the
Portuguese (PT) case is that Solar PV would be preferred over Wind with the assumed
RES cost and generation profiles. This is not reflected at all in the current RES policy,
which focused historically on adding Wind and moves now more towards Solar PV. To
support sector coupling through excess RES electricity, the cases 'max. curtailment' and
'max. zero load' should be considered. In both cases, up to 50% Wind would be added
before the RES expansion would be solely based on Solar PV. Adding the 50% of Wind
capacity would cover most of the night and cold season demand so that adding Solar PV
afterward can be used for other purposes such as sector coupling.
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Budischak et al. (2013) found that RES capacity of about 300% of peak demand
and a significant amount of storage is needed to reach >90% RES contribution within the
PJM market. The results of this study suggest that RES capacity of about 200% is already
able to fulfill 90-122% of the energy demand in the assessed countries.

Figure 9 shows overlapping curve shapes while also indicating differences in how
the optimal RES expansion path could be realized based on local conditions. It can be
concluded that the shapes for ‘'max. capacity ', 'min. curtailment’, and 'min. zero load' show
similar evolutionary paths. Also, the paths for 'max. curtailment' and 'max. zero load'
show similar shapes. It can be argued that the impact of RES quality is minor and is more
dictated by the overarching objective function (see Table 10). If economics were the only
driver, the cost of power generation (‘'min. LCOE') path with a strong focus on Wind
would be the guide for RES expansion planning. If residential users are targeted to
contribute as much as possible to the RES expansion, the cases 'max. curtailment' and
'max. zero load'’) should be selected. If the overall aim is to produce excess electricity to
be used in other sectors, one of the sector-coupling approaches (‘max. curtailment’, 'max.
zero load’) should be selected where Solar PV would be the technology of choice.

Table 10: Optimal RES paths as objective function of aim [63]

Objective Max. Min. Max. Min. Min. zero  Max. zero
function: capacity curtail- curtail- LCOE load load
Overall aim: ment ment
Opt. RES power X X X
Focus Solar PV X X
Focus Wind X X X X
Least power cost X

Sector coupling X X



Renewables impact on security of supply °

The following paragraph represents the abstract of the 3" paper [67]:

“Globally, renewable energy sources (RES) are getting more and more competitive
even without subsidies. In general, optimization methods are used to identify the most
economic setup of individual power systems. This study contributes to the discussion on
how much reserve capacity a power system should have to ensure reliable electricity
supply in assessing the explicit and probabilistic system reliability metric LOLH as well
as EENS within a dynamic programming approach. Multi-year RES profiles from
different locations are used to identify the minimum reserve margin (RM) requirements
using LOLH and EENS as planning criteria. The findings indicate that using RM as the
only reliability constraint within optimization is not appropriate: a too high assumption
on RM would increase the required conventional generation capacity unnecessarily, and
a too low assumption would risk reliable power supply. Using LOLH as the single metric
for reliable power system planning, the EENS would grow with increasing RES
contribution. This is the result due to the concept of LOLH as the amount of electricity
not supplied is not part of the metric; only the hours of power undersupply are. On the
other hand, a constant assumption of EENS is misleading, and the concept of EENS does
not consider the number of hours the power service can’t be fulfilled. Therefore, the
recommendation is to use LOLH and EENS simultaneously in a single optimization
framework, as shown within this study.”

5.1 Methodology

This study assesses the security of supply through a dynamic programming approach, in
which the RM and EENS are results to fulfill the predefined reliability level expressed in
LOLH. To support medium- and long-term aspects of generation expansion planning
(GEP), the assessment includes:

e multiple years of data,

e normalized demand profiles,

o different quality of renewables based on historical renewable profiles (as

described in Chapter 4),
¢ variations of RES capacity (0 and 200% of peak demand),

& This chapter has been taken out of Groisshock & Gusmao (2020) [67]
24
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o different levels of system reliability (in LOLH, between 0 and 10), and
e different system sizes (10 to 100,000 MW system sizes).

The overall program logic shown in Figure 10 has been implemented in the programming
language Julia. Step 1 is to select the first system reliability target to assess (LOLH,
measured in hours/year, starting from 0). Based on the available data set, Step 2 selects
the first option to evaluate (e.g., no RES with a load multiplier of 0.01). Step 3 and 4 are
initializing the number of units to be considered (starting with 0) and the maximum
allowed capacity multiplier (starting with 15) to calculate the initial situation without RES
in Step 5. Subsequently, and as long as being above the targeted system reliability, the
capacity multiplier is decreased. If the required system reliability is reached, a simplified
economic dispatch is done, and the result is saved (Step 6). As soon as the cost of the total
system is increasing, the processing of the current option is finished. If there is an
additional option to assess (LOLH < 10), the program continues with the next option (in
Step 3, increase LOLH by 1). Otherwise, the simulation is finished after all assessable
options are calculated.

step
v
@ | set LOLH do fulfill

@ ’—'{ optionsto assess |<7
@ L-{ set number of gen’s |<7
@
®

( start )
|

’—-| set capacity multiplier |<7

re-calc COPT, LOLH ¥ |

no (decr. cap. multiplier)

reached initial LOLH?

yes

@ | ED 2 & save results 2 |
!

no (incr. no. of gen’s)

total cost increases?

yes

. . yes
additional option? ¢
no

@ | done )
Remarks: Abbreviations:
1) binomial COPT (no. of units, size) CapEx: Capital Expenditures
LOLP=prob(COPT, net load) COPT: Capacity Outage Probability Table
LOLH = sum(LOLP) for each hour ED: Economic Dispatch
2) ED s based on hourly values (w/o detailed UC) LOLH: Loss of Load Hours
3) CapEx annuity, fuel cost; LOLP: Loss of Load Probability

UC: Unit Commitment

Figure 10: Methodology [67]

Economy of scale for specific costs and power generation efficiency are considered.
The maximum allowed sizes for the considered conventional technologies are 80, 593,
1200, and 1740 MW for ICE, GT, ST, and CC, respectively. The forced outage rate (FOR)
of the conventional generators is assumed to be 10%, including the required maintenance
cycles and the start-up reliability.
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5.2 Results

Figure 11 shows the results of four selected demand cases (load multiplier of 2, 14, 20,
and 100) without differentiating the countries for required system reliability (measured in
LOLH, hours/year) between 1 and 3. The red line indicates no (0%) reserve margin (RM).
Each group of colors represents one of the mentioned demand cases (country profiles).
The visualization clearly shows that there is no recognizable pattern within the different
demand cases and RES/country qualities. Adding more RES into the power generation
mix increases EENS as the residual demand profiles become more and more step-like
(instead of the usual smooth sinus-like demand duration curve) and decrease RM slightly.
Considering multi-year data of demand and RES profiles does not decrease the RM as
much as indicated by other studies (between 7 and 29% with up to 30% RES contribution
based on annual energy demand) based on a single year of data. The difficulty lies in
predicting the amount of RM decrease for long-term GEP. As there is no pattern visible,
the only recommendation at this point can be to assess LOLH and EENS for each GEP
activity (characterized by, e.g., system size, RES quality, RES penetration) individually.
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Figure 11: RM vs. EENS with different RES additions and different system sizes [67]

The results highlight the complicated situation regarding assumptions around
reserve margin (RM) and expected energy not served (EENS). In this study, Cyprus and
Portugal are the countries with the best Solar PV quality, but their change in reserve
margin with PV additions is very different. Cyprus results show the highest change, while
the Portugal results show the second-lowest change. Similarly, in the ‘only WT” cases,
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Norway and Portugal are the countries with the best Wind quality, but also their change
in reserve margin is very different with Wind additions. Norway shows the highest
decrease in reserve margin, while Portugal displays a change which is about on average
with the other countries studied. One of the main reasons for this is that Norway has a
peakier demand but a flatter Wind profile than Portugal. The changes in reserve margin
are on average: 9%, 29%, and 43% for the cases ‘only PV’, ‘only WT’, and ‘PV&WT”,
respectively.

Looking into the changes in EENS also highlights a difficult picture: a) within the
‘only PV’ cases, the change in EENS is between 0.005% and 0.010%, b) within the ‘only
WT’ cases, the change is between 0.010% and 0.028%, and c) within the ‘PV & WT’
cases, the change is between 0.023% and 0.060%. The only pattern identifiable is that
high-quality RES results in higher EENS. In the absence of a very large amount of storage
capacities, the net load becomes more and more step-like (instead of the usual smooth
sinus-like curve). Storage is and will be a fundamental component for power systems with
very high shares of RES. But as a very high decentralized storage penetration is not
expected in the near future it has been excluded in this assessment.

Therefore, using reserve margin as an assumption for optimization is not
appropriate. A too high assumption on reserve margin would increase the required
conventional generation capacity unnecessarily. Using LOLH as the single metric for
power system planning, the EENS will increase with growing renewable capacity
installed. This is because LOLH does not cover the amount of unsupplied electricity.
LOLH only accounts for the hours power can’t be fulfilled entirely. On the other side, a
stringent and constant assumption of EENS would be too constraining for GEP.
Therefore, the recommendation is to use LOLH and EENS simultaneously to incorporate
a proper reserve margin in a single optimization framework as done within this study.



Proposed open-source framework ’

The following paragraph represents the abstract of the 4" paper [1]:

“Multi-model energy systems are gaining importance in a world where different
types of energy, such as electricity, natural gas, hydrogen, and hot water, are used to
create more complex but also more economic energy systems to support defossilization.
While the research community is using open source for a long time, collaborative work
on open-source tools is not yet the norm within the research community. To increase the
open source and sharing efforts between research organizations, governments are driving
publicly funded projects to share their outcomes. Today, no open-source modeling
framework exists that can assess different optimization tools. The proposed open-source
framework is based on the principle of maximizing the reuse of existing data, software
snippets and packages, and adds individual code only as necessary. An intensive software
package screening identified six suitable open-source tools to be partly incorporated into
the proposed open-source framework. The best tools of individual contributors have been
combined and further improved by adding supplementary features such as a scenery
model to incorporate shadowing and elevation effects on conventional and renewable
power generation technologies. Going forward, this approach allows expanding research
into urban air assessment in which traffic and energy emissions can be assessed jointly.”

6.1 Methodology

The initial step of this research was to assess existing open-source software tools and
better understand their strengths and weaknesses (paper P1). A thorough screening of 31
energy modeling tools was based on characterizing them into 12 applications and 81
functions. The applications cover the geographical scope or use of the tool (house,
industry, district, city, region, or country), types of considered energy (electricity, heat,
or natural gas), and whether it is an open-source tool as well as an optimization or a
simulation tool. The screening of the functions cover aspects such as hourly or variable
time steps, altermatic or direct current modeling of power transmission, (security-
constrained) unit commitment details, and (security-constrained) economic dispatch. The
conclusion from this initial work was that — compared to commercially available tools -
open-source energy system modeling tools are ready for serious use. Possible

" This chapter has been taken out of Groisshdck (2021) [1]
28
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enhancements could be considering the impact of ambient air conditions, part-load
behavior, and redundancy aspects. The top-scoring tools (Switch Model 2.0, Temoa,
0SeMOSYS, and pyPSA) and about 50% of the assessed tools were based on the
programming language Python. As a result, further assessments represented in this work
focus on Python-based tools solely.

The second step of the research involved the assessment of additional tools,
software packages, and software snippets to identify what the open-source community
has done already and what can be used as a basis for this work. A summary of the assessed
Python packages and snippets is available online at Zenodo [68]. As usually for
engineering tasks, the difficulty lies in the details: the number of Python-based packages
are almost countless. By the end of March 2021, more than 295,000 packages have been
registered at pypi.org, neglecting thousands of additional software snippets and tools
shared via github.com, gitlab.com, or other code sharing platforms with millions of
registered repositories and active developers. This shows one of the biggest downsides of
open-source package writing: there is no or very limited coordination between the
countless number of packages. Duplication of work also happens in the open-source
community. It is very difficult to keep track of all the frequent changes as well as new
developments. Also, relying on some of these packages means that if there is a (major)
redesign of the package, one has to adjust accordingly.

The here proposed open-source framework divides the required process steps
between having no data at the top of the process (see the box on the left in Figure 12) and
having all data, results, and visualization in eleven steps (indicated by superscript
numbers within the workflow). The box on the right in Figure 12 shows a selection of
assessed tools and data, which have been found useful in the proposed framework. The
text in bold marked with a times sign (*) shows where enhancement by the author is
considered or has been incorporated already.

Generic workflow

No Data 1. ppenstreetmap g fexport | github.
1 Streets, Buildings ' 2. elevation/sea level detail* | gitt

Z-coordinate ? 5 WIFHE | ec

Infrastructure

Building stock ¥

oud exep ‘uopaajo: elEp

a Ambient conditions "I

1 Energy demand ¥

& shading through other objects* (e.g., mountains) | github.com/bwinkel/pycraf | land.copernicus.sufimagery in
3 Incl. Energy Demand situ/eu-demy

a

7 Renewable generation & 6. building shelf from 5., weather trom 4.

] shading through other objects* |e.g., mountains) | cpen-power-system-data.org | github.com/pelin/pulib-python
= github.comfwind-pythonfwindpowerlib

= Incl. REN Generation 7. w/ daily profiles®

] Demand clustering ”! / daily p .

=3 Costs & prices® B. technology costs | pypsa-eur.readthedocs.io/en/latest/costs.htm

—' 1 Options ¥ 9. wio and w/ elevation®

f: wifa and w/ impact of elevation on ambient*

w Run Optimization 10 demand clustering

= e technology options® (e.g., PV, STE, PVT; biomass for Pti/synfuels)

5 L pal building details* (e.g., |/g/&/%window/wall height, root angle)

E Visualization 1} .

4 regional or per bullding shading

g

All Data & Visualization 10.gilhub.com/PyPSA | gilhub.com/lurm-ensfurbs | github com/foemol

11 github_com/oemof | github.com/architecture-building-systems

* Contribution/development by author
Abbreviations: PY — Photovoltaic; STE - Solar Thermal Energy; PVT - hybrid PY-5TE; LoD - Levels-of - Detail;

Figure 12: Proposed methodology and selection of open-source data and tools [1]
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6.2 Results

The preliminary assessment highlights six open-source-oriented R&D contributors where
parts of their tools might be incorporated into the suggested framework (see Table 11).
The identified contributors developed several individual tools such as GIS-related data
collection, building stock-related load curves, or optimization tools. Usually, all of these
individual tools have been made available by the framework contributors to support city
or national ESD. The cells shown in dark grey indicate areas where the individual tools
have no or very little contribution to the predefined eleven process steps. Light grey cells
indicate a partial contribution. Typical for such assessments, it always depends on the
conducted analysis by the author and, therefore, might not reflect the opinion of the open-
source framework owners and maintainers.

Table 11: Selective existing framework comparison [1]

Focus: Y > State < City > State > State < City < City
architecture-
building-

github.com/ FZJ-IEK3-VSA RWTH-EBC oemof pyPSA tum-ens systems
1 Streets, n/a n/a n/a n/a n/a CEA
buildi
~nla n/a n/a n/a pyGRETA CEA
n/a n/a n/a n/a n/a CEA
~nla n/a n/a bdw/GridKit n/a CEA
n/a n/a n/a n/a n/a n/a
biomass
2 Z-coordinate n/a n/a n/a n/a n/a CEA
3 Building stock  tsib (for EU) TEASER (for EU) tabular (for n/a n/a CEA (for
EV) CH)
4 Hist. ambient tsib (TRY, TMY,  pyCity (TRY, TMY) feedinlib.era5 n/a n/a E+ weather
conditions 1SO 12831) files (epw)
5  Energy tsib, pyCity:occupancy, demandlib n/a n/a CEA
demand tsorb:occupation TEASER, AixLib,
IBPSA
6 Renewable RESKit, pyCity feedinlib Atlite pyGRETA CEA
profile windtools
7 Demand tsam pyCity solph pyPSA pyCLARA n/a
Clustering
8  Prices, n/a n/a n/a technology- n/a CEA
technologies data
9 Optimization FINE pyCity solph pyPSA pyPRIMA CEA
Solvers (solver  any local (pyomo) thd any local any local any local Gurobi,
abstraction) (pyomo) (pyomo) (pyomo) Genetic
Algorithm
10  Visualization, n/a n/a OEDB n/a n/a n/a
result
comparison
Design for n/a n/a yes yes n/a n/a
addition
Additional e Visio ® NOMOpPYomo o Web-GUI
features e oemof.db (chc,
gurobi)
Contributors: FZ Jilich EBC RLI, FHF KIT, FIAS TU Munich ETH Zurich

1) Focus options: Households, District, City, State, Region, Country, Continent, World
Abbreviations: EBC: RWTH Aachen, E.ON EBC, RLI: Reiner Lemoine Institute, FHF: FH-Flensburg, KIT: Karlsruhe
Institute of Technology, FIAS: Frankfurt Institute for Advanced Studies.
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Regarding the previously mentioned disregard of the GIS z-coordinate, the City
Energy Analyst (CEA) tool shown in the last column on the right considers this detail for
line and pipeline calculations but not for elevation adjustments of, e.g., efficiency of
conventional power generation technologies. As known, individual tools set different
focuses. For example, pyPSA’s focus is spatial nature, therefore spatial clustering is
considered accordingly. Other frameworks, such as the one from FZJ-IEK3-VSA, are
focused on time-series aggregation and clustering. Within the proposed framework, both
options shall be available to assess the importance of the individual clustering option.

Obviously only European R&D organizations are listed based on the conducted
analysis, the proposed framework aims to incorporate particular features from the
assessed contributors into a new open-source framework (see Table 12). The table
specifies which process step has been taken from which contributor and the according
tool to use. For example, stepl, the street and building data can be initialized by using the
osmnx package. Step 3, as another example, will use the packages tsib, TEASER, and
tabular. While a lot of it has been already implemented, severe actions are still required
to finish the framework in a first shareable and stable release. Once available in a
shareable and stable release, it will be made available via Zenodo [18]. As indicated
during the introduction, the goal is to have a single framework in which several energy
optimization tools can be assessed against each other to verify the resulting quality of the
individual tools as well as support the decision-making on which one to use for which
purpose.

Table 12: Proposal of selected open-source initiative components [1]

Framework . )
V; 2o
~<  Eo 2 & i == 2
N o <m g ) g S 3 2 &
Process step w > o W IS 2 = a5 c &
1 — Streets, land use, osmnx
building shapes
2 — Z-coordinate pycraf,
tkrajina/srtm.py
3 — Building stock tsib TEASER Tabular
4 — Ambient OPSD/
conditions weather_data
5 — Energy demand pyCity: CEA
occupancy,
TEASER
6 — Renewable feedinlib Pvlib, windlib,
profile Solar3DCity
7 — Demand tsam
clustering
8 — Cost & prices, technology- economy of
technologies, ... data scale
9 — Options sensitivity
analysis
10 — Optimization pyPRIMA Solver: NEOS
10 - Visualization OEDB
Additional features pyPSA: market,

reserve margin
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Hundreds of thousands of repositories are available on code sharing platforms, and
the number is growing daily. The proposed open-source framework in this work is based
on the principle of maximizing the reuse of existing data, software snippets, and packages.
The addition of individual code to the framework occurs only as much as ultimately
necessary. After careful screening of additional software packages, six favorite open-
source frameworks have been identified; the best parts of each of these frameworks are
combined into a single open-source framework (see Table 11). Table 11 might give the
impression of six complete frameworks that already exist. However, this is not the case.
The listed six contributors have some individual tools, which they use in their daily work.
Nevertheless, a comprehensive framework does not exist yet; at least none that fulfills the
proposed eleven steps (from having no data towards having all data, results, and
visualization).

To further improve the energy system framework for the purpose of this research,
some more features were added (see Table 12). Those features include a scenery model
to incorporate shadowing and elevation effects on conventional power generation
technologies. By doing so, the utilization of limited resources could be improved
significantly. Going forward, this approach allows for further research, for example, with
a focus on city air assessment in which traffic and energy emissions can be assessed
jointly with urban climate effects (e.g., heat islands or cold streams through rivers).

The framework test and verification process are still ongoing and will be applied in
a demonstration village to ensure proper quality and stability. The framework test aims
to ensure the quality of the new framework. Afterward, the framework will be made
accessible on Zenodo [68]. Other framework enhancements and evaluations are still
ongoing. In the near future, additional energy system models, such as FlexiGIS [69], will
be analyzed whether it provides a useful option for consideration. Another aspect to
consider is a standardized database schema for saving GIS-related information.
Therefore, the current 3D City DB schema will be assessed for its potential fit.

It is positive that more and more tools within the energy system modeling area are
shared and made available for the interested R&D community. Unfortunately,
cooperation between different R&D organizations still is limited to some exceptions. It
would be appreciated to see more multi-national R&D efforts working on open-source
energy system modeling tools such as the Spine project. In this project, organizations
from Finland, Ireland, Belgium, and Sweden cooperate with one from the US.



Updated ESD tool assessment

The first paper within this research project assessed 31 tools and identified Switch,
TEMOA, OSeMOSYS, and pyPSA as the most advanced [62]. The advancement of the
assessed tools was measured, fulfilling 81 predefined features. Based on this work and
expanded by some new tools, the final focus of ESD tools is shown in Table 13.
Compared to the previous assessment, the tools FINE [70] [39] and aristopy [42] [43]
have been added.

Table 13: Details for selected ESD tools

ESD Open-
Repository Last Number of Latest Source Main
github.com/ changes contributors release License Contributors
calliope  calliope-project/ 31.03.2021 11 0.6.6-  Apache ETH Zurich, Univ of
calliope postl 2 Cambridge
oemof oemof/ 18.03.2021 33 04.1 MIT RLI, FH Flensburg,
oemof-solph Univ of Bremen
Switch switch-model/ 09.03.2021 8 2.0.6 Apache  Univ of Hawaii, Univ
2.0 switch 2 of California,
Pontificia Univ of
Catélica de Chile
pyPSA  PyPSA/ 23.03.2021 20 0.171 GPL KIT, FIAS
pyPSA
urbs tum-ens/ 01.03.2021 19 1.0.1 GPL TU Munich
urbs
FINE FZJ-1IEK3- 05.01.2021 11 211 MIT Fz Jilich, RWTH
VSA/ FINE Aachen, FAU
aristopy  sbruche/ 24.11.2020 1 0.9.3 MIT TU Berlin
aristopy

Last update: 02.04.2021
Abbreviations: RLI - Reiner Lemoine Institute; FAU - Friedrich-Alexander-Universitat Erlangen-Nurnberg; KIT -
Karlsruher Institut fur Technologie; FIAS - Frankfurt Institute for Advanced Studies.

The focus areas for the individual communities are very different. The OSeMOSYS
project, for example, has a very strong focus on education and therefore offers the ESD
tool in four different implementations to maximize reach: Pyomo, MathProg, PuLP, and
GAMS. While almost all listed ecosystems have a package to create input time series for
renewables, only oemof and FINE provide some demand profile generation packages. In
regard to thermodynamic modeling, only oemof offers a package to consider heat

33
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exchange and heat transfer details in ESD modeling. FINE and oemof offer a package for
TSA. Only OSeMOSYS provides a graphical user interface.

pyPSA is providing a technology database [71], several examples, an online service
to run their ESD, and the ability to replace Pyomo — which is used in all mentioned ESD
tools — within their development called nomopyomo. They created this development as
the flexibility of Pyomo comes with time and memory-consuming disadvantages.

Two of the ESD tool communities (calliope, pyPSA) also experiment with
implementations of their tools in the new programming language Julia [72]. The
advantage of Julia is its ability to compile source code at the time of first usage and is
then available in machine-executable assembly language.

The TUM-ENS is developing the package pyPRIMA, which allows the alignment
of input data to feed multiple ESD models. Unfortunately, only TUM-ENS packages
(urbs and EVRYS) are currently available out of the shelf.

All mentioned ESD tools are open source, and as such, the possibility to advance
them is given by nature. On top of this source-focused expandability, the tools pyPSA
and aristopy are designed in a way that additional constraints can be added without the
need of reviewing the source code intensively. Of course, programming skills are
necessary to add individual constraints.

Avristopy can be seen as one of the most flexible ESD tools available today and is
able to deal even with non-linear relationships. pyPSA is the most advanced model in
regard to the consideration of details around power flow in the currently assessed open-
source tools. Nevertheless, there are several reasons why FINE has been selected within
this work, as the in-depth representation of electricity and assessing non-linearities are
not the focus of this study. The reasons are listed as follows:

e unit representation,

e time aggregation feature (so-called typical periods) independent of optimization

task,

e time resolution adjustment (e.g., 1, 2, or 3-hour duration per timestep),
definition of minimum load requirements for conversion technologies during the
period of operation,
emission constraints at certain levels,
non-linear energy conversion rates,
configurable demand-side management,
minimum contribution of renewables (with variable definitions of what
renewables are), and
e availability of an MS Excel®-based optimization workflow.

On top of the already listed features, FINE is also able to provide the following
functionality, which is very important (for ESD studies connecting urban and industrial
aspects):

¢ link technologies (e.g., if technology A is built, also B needs to be built),

¢ limited available space for several technologies (e.g., install technology C and/or

D, but limited on space to E m?; or the use of an existing storage option for either
gas or hot water),
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e two-stage optimization (function optimizeTSAmultiStage), where the first stage
is an optimization with a number of typical days and the second stage optimizes
the entire period only considering the in stage one selected technologies, and

e multi-period myopic optimization (function optimizeSimpleMyopic) where
several years (e.g., 30 years in 5 years steps) can be optimized to get a
transformation path for a given energy system based on targeted GHG emission
reduction.

Figure 13 shows a generic system and the available components in FINE [40]. A
Source is any kind of energy input (e.g., renewable energy, fossil fuel, or water) into the
system other as via a Transmission component. The Transmission component aims to
exchange energy between locations. The Sink is any kind of energy demand to be
fulfilled. Both - a Sink and a Source - could also be non-energy streams such as CO; or
water. Therefore, it allows modeling any kind of energy system. The Storage component
provides the ability to store energy for later use. And a Conversion component can convert
one or multiple energy input streams into one or multiple other energy output streams. A
Conversion also represents a heat exchanger with a possible state change of steam towards
water or a compressor with its associated pressure increase. Even with the limited number
of components, FINE is able to represent the most complex energy systems.
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Figure 13: Framework for Integrated Energy System Assessment (FINE) [40]

7.1 Enhancements with little coding

Not each new requirement needs to be coded as a new feature in an ESD tool. Frequently
available features can be used to implement new functionality with some modeling tricks.
For national and generic assessments, considering the energy throughput (measured in
MWi,) of a pipeline is accurate enough. However, it is not sufficient for a pre-feasibility
assessment within a city boundary or in combination with an industrial park.
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For example, the variable ‘operation Rate Max’ of the component Source primary
use is to limit the variable renewable energy production. But it also can be used to reflect
the following constraints:

e model the impact of ambient air temperature towards the power output

(especially useful for gas turbines),

e model the ambient air temperature impact on the water supply temperature in

district heating (DH) networks (e.g., summer: 0.25, winter peak: 1.0), or

e model the impact of ambient air temperature on the capacity of pipeline and

consider the pipeline’s capability of supply storage capacity through temporary
pressure adjustments.

As an example, Table 14 shows how such adjustments or correction functions can
be used for time series adjustment as a result of varying ambient air temperature (e.g., gas
turbine output and efficiency output; water supply temperature adjustments in district
heating systems).

Table 14: Exemplary adjustment functions [73] [74]

Description Equation Source
Correction factor for efficiency (gross) of steam 1.0426 — 0.0028 -ty [73]
turbines
Correction factor for power output of gas turbines 1.105 — 0.007 * typp [73]
Correction factor for efficiency (gross) of gas 1.033 — 0.0022 - tymp [73]
turbines
Correction factor for water supply temperature 0.25; [74]
(variable) * max (0 . (tamp — 15) 60)
’ 120 35
Correction factor for water supply temperature 11 [74]
(variable-constant) * 12’
min %;
max l _ (tamb - 10)
12 60

Remark: tamh — ambient air temperature; tew — cooling water temperature; * 120°C assumed as max. supply temperature.

Similarly, in the case of the district heating and/or cooling system, the correction
curve can be combined with the knowledge of minimum and maximum water velocity
during the heating period (min. 0.8 m/s; diameter nominal (DN) or nominal size < 150:
max. 2.0 m/s; DN > 150: max. 3.0 m/s) [75]. If these details are combined, the minimum
and maximum possible energy transfer can be estimated based on the selected operational
regime.

Additional enhancements can be achieved by combining existing tools and scripts.
The OPSD shares a script which allows to download MERRA2 weather data for each
location globally. Based on this weather data, the Python package TESpy provides the
possibility to calculate the solar gains for Solar Thermal systems [76] [77]. Profiles for
Solar PV and Wind can be created by using alite. TESpy can also be used to calculate
ambient condition impacted steady-state energy output and conversion efficiency for
diverse technologies, including heat pumps, gas and steam turbines, combined heat and
power plants, and solar collectors. The Python packages RC_BuildingSimulator [78] or
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TEASER [79] can be used to estimate the hourly demand profiles for electricity, heating,
and cooling within residential customers. Data for commercial or industrial customers are
usually not available as open source.

The ESD tool FINE can deal with multi-modal and multi-node configurations out-
of-the-box, considering some time-clustering techniques are also part of the framework.
Individual extensions of FINE include the economy of scale for cost and performance as
required. Also, additional clustering techniques have been added. The most significant
enhancement has been the incorporation of a system reliability assessment by using
LOLH and the capacity outage probability table (COPT). Combined with the possibility
of limiting the largest unit size to be added, also short-term impact such as inertia can be
considered in a simple and preliminary way to ensure a reliable power system even with
high shares of renewable energy.

7.2 Enhancements with significant coding

During the course of this work, existing software packages have been expanded on
individual occasions. The changes in the thermal building modeling tool
RC_BuildingSimulator, tsam, and FINE are shown in Table 15, Table 16, and Table 17,
respectively.

Table 15: Own RC_BuildingSimulator extensions

Function Feature
solve_energy e add solar air temperature
rcsim o four separate window directions instead of one

e heat transfer coefficient as function of wind speed

Table 16: Own tsam extensions

Class Feature
KMedoidsUibk e resolved bugfix with Gurobi in the original code (class
k_medoids)

timeseriesaggregationUibk

adjusted code, so that additional algorithms (Affinity, Mini-
Batch K-Means, Birch, Spectral) can be assessed

e added several own algorithms following the idea of having x
days per period, where x can be 7, 5, 4, 3, 2, and 1, and period
can be 1, 2, 3, 4, 6, 12 month(s)

Table 17: Own FINE extensions

Class Comment

energySystemModelUibk e added option to use NEOS
e added option switch between minimization and maximization
depending on the requirements (e.g., min. cost, max. profit)
e added solver using the GDPopt (nonlinear Generalized
Disjunctive Programming) option
e link to the new class TimeSeriesAggregationUibk within the
tsam package

created a new class and combined the features from
conversionDynamic and conversionPartLoad for a more
accurate representation of technical reality

conversionDynamicPartLoadUibk
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Class Comment

standardlOUibk e adjusted code to link to the new class
EnergySystemModelUibk

utilsUibk o created helper functions for reporting (getOperationData,
getCapacityData)

e created functions for COPT-related calculations
(calcCOPT _v1, calcCOPT_v2, calcCOPT_v3, calcKPls,
analyzeResult, readEnhancedStats)

optimizeTSAmultiStageUIBK e adjusted multi-stage function to allow more flexibility in
adjusting results from the first stage

FINE’s MS Excel®-based optimization workflow was enhanced to allow the
assessment of sensitivities. The simple data management interface was enhanced to allow
the creation of a technology overview as well as a Sankey diagrams. This was done using
Graphviz [80].

As indicated in Table 17, one of the largest improvements of FINE was the
implementation of a COPT-based reliability algorithm in the optimization process. The
COPT-based reliability assessment is described in Figure 14.

step | start )
L2

@ | economic dispatch ¥ |

L—{ calc. COPT & LOLE 2 |

yes

reliability assessment?
no

‘ collect conv. tech. options ‘

'—»\ re-calc COPT & LOLE  |————

)
reliability target reached?

Nno (next option)

yes

no (finished)
rerun economic dispatch?
yes
| economic dispatch ¥
]
[ done ]=

Remark: 1) using FINE; 2) three COPT-calculation implementations, one using Octave®.
Abbrevigtion: COPT: Capacity Outage Probability Table; LOLE: Loss of Load Expectation;
ESM: Energy System Model; OS: open source; FINE: Python-based OS ESM optimization.

Figure 14: Implemented reliability methodology

After the initial economic dispatch of the modeled energy system (step (1)), the
second step is to reliability metrics, even if they are not required later on. If reliability
should be evaluated in detail (step (3)), the fourth step is to prepare a table with
technology candidates to be considered for additions. All candidates have to be defined
with a given size per unit. Candidates are already added as optimal solvers; only the non-
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engineering costs are considered for additional units. Otherwise, they cannot be
considered as the size of the option is unknown. Starting with the cheapest option (based
on its annuity), the first option is added into the existing COPT and the reliability metric
is assessed. If in step (6) the reliability target is not met yet, the next option within the
candidate list is evaluated together with the existing COPT. Once the reliability criteria
are met, the system reruns the optimization and forces the selected candidate into the
solution if the user wishes to do so. Available reliability metrics are LOLE, EUE, and
EIR, respectively. The current reliability assessment implementation covers one type of
energy only, which is defined within the analysis by the user.

There are different ways to consider energy storage in reliability assessments.
Storage could be considered in dispatch, or within in the reliability calculations. Another
possibility would be to do a system dispatch without and with energy storage and then
assess the change in net load curves. In this implementation, energy storage is considered
the same way as conventional technologies. Based on the initial optimization results, the
size of the storage is known in power and energy. This result is used to calculate a
conservative statistical availability by dividing the energy content (MWh) by the energy
capacity (MW), which gives an indication of how long the storage can be used without
re-charging. The discharge rate, the useful storage content, and the storage self-discharge
rate are considered in this calculation.
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Input data assessment

Within this case study, a high-level assessment regarding the importance of multiple
parameters will be shown. To reflect most of the spectrum between physics (e.g., energy
transfer) and economics (e.g., financing), the group of data based on Figure 12 is shown
in Table 18. The column ‘Y/N’ indicates if uncertainty should be considered depending
on the scope of assessment being either a whole city, a suburb, or an industrial park.

Table 18: High-level uncertainty assessment of input data

Assessment of City, suburb Industrial park
Uncertainty Uncertainty
consideration consideration
Process step Yes/No Y/N
Streets, buildings No GIS & LIiDAR No GIS & LIiDAR
Z-coordinate No GIS No GIS & LIiDAR
Building stock Yes Statistical data No Questionnaire
Ambient condition Yes Historical data Yes Historical data
Energy demand Yes Statistical data Yes Statistical data
Renewable generation Yes Historical data Yes Historical data
Demand clustering No Statistics No Statistics
Costs & prices (e.g., Yes Unclear sizes Yes Predefined
technologies, fuel and power and decision project scope and
prices) preferences decision
preferences, but
unclear sizes
Options (e.g., combination of Yes Unclear No Known
technologies) technology technology
preferences preferences

Abbreviations: GIS — Geographical Information Systems; LiDAR — Light Detection and Ranging.

While for city-wide assessments uncertainty is almost everywhere, the assessment
of a specific industrial park or city suburb might be able to eliminate some of the
uncertainty regarding input data, and only the following process steps remain ambiguous:

e ambient conditions (mainly air temperature, cloudage),

e energy demand,

e renewable generation (incl. distance shadowing), and

40
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e COSts.

While paper P2 and P3 are dealing with six different countries, this assessment will
be based on historical data for Austria (AT) only. Historically measured hourly time series
for load are based on open-power-system-data.org [55] while RES profiles are from
renewables.ninja [66]. Both sources provide hourly profile data as publicly available data
and do focus on representative profiles for the available countries. Therefore, the country
representing profiles are smoother than they would be in reality for an individual project.

8.1 Ambient condition
Figure 15 shows the average temperature profile for Austria for the years between 2015

and 2019. The average temperature was between 8.3 and 9.2 °C with a tendency to
increase.
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Figure 15: Unordered and ordered temperature profiles [55]

The generic need to consider ambient conditions in ESM activities is decreasing as
the use of renewable energy is increasing. Nevertheless, as shown in Table 14, the
requirement of correction curves still exists in a future energy system were, e.g., steam
turbines are fired by biomass, gas turbines are fired by e-fuels, and local and district
heating and/or cooling systems are incorporated.

Hourly energy profiles of renewables such as Solar PV, Solar Thermal, and Wind
consider the ambient conditions already through modeling the individual components
(e.g., solar module efficiency impact of ambient temperature).

8.2 Energy demand

Figure 16 shows the normalized power demand for Austria for the years between 2015
and 2019. The average utilization changed between 0.668 and 0.680, while the minimum
demand shows a tendency to increase.
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Figure 16: Unordered and ordered electricity demands [55]

Ignoring factors such as building mass, occupation change, change of room
temperature settings, heating and cooling demand can be assumed to be a constant
function of ambient air temperature. Therefore, the temperature curve in Figure 15 is a
proxy for the heat and cold demand in residential buildings, offices, and commercial
buildings. In industry, the majority of heat and cold demand usually comes from the
processes operating more or less constantly throughout the year.

Neglecting population growth, efficiency improvements in white goods,
electrification of processes, and increased penetration of e-mobility, the electricity
demand is relatively stable and mainly depends on factors such as cloudage (e.g.,
lighting), room conditioning (e.g., electricity-driven HVAC, heater rod, heat pump), and
house occupation (e.g., weekends, weekdays). As more and more processes (including
private transportation) are becoming electrified, a change in the demand curve is
expected.

8.3 Renewable generation

Figure 17 shows the average Solar PV generation profile for Austria for the years between
2015 and 2019. The average utilization changed between 0.137 and 0.143 (or 1201 and
1250 full load hours, FLH’s) while the minimum demand shows a tendency to increase.
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Figure 17: Unordered and ordered Solar PV generation [66]
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While there is some uncertainty within hourly Solar PV production, the ordered
annual utilization profiles are almost identical for the available 5 years of data.

Figure 18 shows the average Wind generation profile for Austria for the years
between 2015 and 2019. The average utilization changed between 0.241 and 0.285 (or

2114 and 2493 FLH’s).

Hourly Wind utilization (%)
Ordered Wind utilization (%)

Source: OPSD (2020)

Figure 18: Unordered and ordered Wind generation [66]
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There is significant uncertainty (unpredictability) within hourly Wind production.
Even the ordered annual utilization profiles show significant variations. The Wind
profiles for 2017 and 2018 are the most different ones and used to show their effect on
the net-load curves with a renewable penetration by capacity of 100% and 200%,
respectively (see Figure 19). Based on the findings in paper P2, a split of 40-60 is used

for Solar PV and Wind within this comparison.
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Figure 19: Ordered profiles with 100% and 200% renewables (based on [66])
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8.4 Cost & prices

Power prices

Figure 20 shows the power exchange prices for Austria for the years between 2015 and
2018. Unfortunately, for 2019, the time series is not available. The average electricity
price changed between 32 and 44 EUR/MWh.
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Figure 20: Ordered power exchange prices [55]

The general trend towards lower power EEX prices is in line with higher shares of
renewables in the power generation mix. In most power systems, renewables are defined
as ‘must-run’ power plants and therefore have to be dispatched before the conventional
power plants. In other markets, renewables have to compete on their marginal costs in the
day-ahead market. As a result, the ordered power EEX price curve shows a tendency to
lower prices on the right side. But in hours of scarce renewable energy contribution, the
order price curves also show a tendency to higher prices on the left side.

All in all, the impact of EEX prices is declining as future energy systems will be
more and more design-focused based on allowed carbon dioxide emissions.

Energy conversion technologies

Table 19 shows technologies considered in the upcoming LCOE study with its technical
and economic details expected in 2025 for large (>100 MW) projects [74].
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Table 19: Technology overview considered in LCOE sensitivity [74]

Description Capex Lifetime FOM Fuel Eff. VOM

(E/kW) (@ (%/Capex) (€/MWh) (%) (€/MWh)

PV Solar PV 453 275 1.8% - - 1
Wind Wind 1,077 285 1.2% - - 1
SCGT  Simple Cycle GT 445 25.0 1.8% 6.0 0.40 45
CCGT  Combined Cycle GT 855 25.0 3.3% 6.0 0.7 43
ST Steam Turbine 3,500 25.0 5.0% 1.0 0.38 100
PV1h Solar PV with 1 hour BES 855 225 2.0% - 1.00 2
Windlh Wind with 1 hour BES 1,479 225 1.5% - 1.00 2
CSP8h  Concentrated Solar Power 3,500 20.0 1.8% - - 50
PtX Power-to-Hydrogen 1,430 25.0 5.0% 4.0 0.65 20

Abbreviations: GT — Gas Turbine: BES — Battery Energy Storage; FOM — Fixed Operational & Maintenance costs;
VOM - Variable O&M: Eff. — Efficiency (LHV); LHV — Lower Heating Value; PtX — Power to Anything.

The levelized cost of electricity (LCOE) estimates the price per MWh electricity
produced required to meet a predefined level of return within the overall project lifetime.
Within this work, a simplified LCOE approach is used, ignoring, e.g., tax, depreciation
effects, and effects from technology aging [75]:

LCOE = n-Pn-(CRF+I;OM)+Pp-VOM

P

(Eq. 1)

where FOM is the fixed annual operation and maintenance (O&M) costs (in % of
capital expenditure), VOM the variable power generation costs (in EUR/kWh), P, the
useful annual RES power production (kWh/a), and CRF the capital recovery factor
defined as:
CRF = (1+)™
(1+i)n-1

(Eq. 2)

where i is the interest rate (%) and n the number of years the annuity should be
considered.

Figure 21 shows the LCOE sensitivity in a range of £50%, focusing on the Austrian
weather and renewable profiles. The charts in the first row show the sensitivity for varying
the financing costs (with an initial assumption of 8% weighted average capital of cost,
WACC), the capital expenditures (Capex), and the efficiency of conventional generation
technologies (SCGT, CCGT, and ST). The charts in the bottom row show the sensitivity
for varying the technology lifetime, the variable operating and maintenance (VOM) costs,
and the utilization of the individual technology options.
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Figure 21: LCOE sensitivity

The impact of financing costs is most for technologies where investments are
highest, e.g., CSP, Steam Turbines (ST), Solar PV with BES, Wind with BES (in
descending order). The LCOE spread for CSP is 10 EUR/MWh, while the other
mentioned technologies show a spread between 4 and 5 EUR/MWh.

The impact of capital expenditure is again highest for the technologies with the
highest investment costs. This time the LCOE spread is between 21 and 8 to 12
EUR/MWh for CSP and the other mentioned technologies.

The impact of energy conversion efficiency is highest where the current efficiency
is low and fuel cost is high. As such, SCGT and CCGT show an LCOE spread of 19 and
13 EUR/MWHh, respectively. ST technology only shows a spread of 4 EUR/MWh as the
assumed fuel (coal) is relatively cheap.

The impact of lifetime is again highest for technologies with the highest investment
costs (CSP, followed by ST, Solar PV with BES, and Wind with BES). The LCOE spread
is 10 and 4 EUR/MWh.

The impact of variable O&M costs (including fuel costs) is highest for technologies
with low efficiencies and high fuel costs (SCGT, CCGT, ST, PtX, CSP). The spread for
the conventional technologies (SCGT, CCGT, ST) is between 16 and 32 EUR/MWh,
while PtX and CSP show a spread of 14 and 5 EUR/MWHh, respectively.

The impact of utilization is tremendous for all technologies. As soon as technology
usage is below a critical range, for example, 15%, power generation from this technology
is decreasingly economical. In all such cases the operating hours within a year are too
little for an economical operation. Utilization is also impacted by the shape of the demand.
The peakier the demand, the more expensive it is to provide the demand during a usually
limited period of time (e.g., <100 hours/a).

The net-load curves for the 200% renewable cases (from Figure 19) is used to show
the impact on necessary power generation capacity using the modified screening curve
method (see Figure 22) [76].
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Figure 22: Modified screening curves with 200% renewables

Within the modified screening curve, each MW is assessed within the load curve,
and the model considers start costs but no economy of scale. Therefore, Figure 23 shows
the LCOE sensitivity focusing on the size of the equipment with the simplified screening
curve (ignoring start-up costs). The left chart shows the expected power generation costs
for the costs provided in [74] (solid lines), and adds economy of scale effects by
multiplying the capital costs, the fixed costs, and the variable costs with 1.2 and dividing
the efficiency with 1.2 (dotted lines). The left chart shows the differential between the
initial data (solid lines in Figure 23) and the applied economy of scale adjustments (dotted
lines in Figure 23).
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Figure 23: Economy of scale sensitivity
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8.5 Time series aggregation

One of the biggest single issues within multi-modal ESD is using MILP considering time
series for whole years. Problems incorporating 8760 hours a year frequently result in
multiple days or weeks of optimization runtime, and there is no guarantee that either open-
source or commercial solvers are able to find the optimal solution within a reasonable
time. Therefore, using time series aggregation (TSA) is the biggest change (or at least
hope) to find a solution within a reasonable time.

The open-source package tsam already comes with some clustering algorithms:
averaging, k-means, k-medoids, and hierarchical; added algorithms are: 7days, 5days,
4days, 3days, 2days, 1ldays, affinity, birch, and spectral. The latter three are implemented
through the Python package sklearn, while the others have been implemented by
individual programming efforts. The method <x>day(s) incorporates the idea of

AT (2018, with 200% REN; PV/Wind: 40/60)
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averaging the hourly values of x days per <y> months. Figure 24 shows the accuracy
measured in mean absolute error (MAE) for the mentioned aggregation methods.
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Figure 24: MAE accuracy of TSA

Table 20 shows how the days of the week are mapped to the representative days
within a week.

Table 20: TSA to day of the week mapping
method Monday  Tuesday  Wednesday  Thursday  Friday Saturday  Sunday

Tdays 1 2 3 4 5 6 7
5days 1 2 2 2 3 4 5
4days 1 1 1 1 2 3 4
3days 1 1 1 1 1 2 3
2days 1 1 1 1 1 2 2
lday 1 1 1 1 1 1 1

Within the used TSA package, all available algorithms are finally adjusted to fulfill
the overall energy demand. Therefore, Figure 25 shows the impact on overall accuracy
measured in mean absolute error (MAE), runtime (in logarithmic scale), and peak and
base load of electricity (both in percent of real peak demand) for the assessed algorithms
and different settings.
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Figure 25: Overall accuracy of TSA



Conclusion and further research

The European Green Deal is one of the six priorities of the European Commission
between 2019 and 2024 and aims to lead the EU into a sustainable and net-zero
greenhouse gas emission society by the latest 2050. The Green Deal aims to change the
European energy landscape from a predominantly linear and non-sustainable into a
sustainable, fully integrated, and circular ecosystem. The most important principles are
to electrify all end-use sectors as much as they can be electrified and use clean biofuels
or e-fuels for the sectors that cannot be electrified economically or at all (such as heavy
industry and long-distance transportation).

Industrial energy demand makes about 1/3 of the total primary energy consumption
within the European Union. Most of this energy demand is used in continuous (all year
long) process applications (mainly heating). Therefore, it provides a unique opportunity
to be linked with cities, municipalities, or other energy-demanding sectors such as
healthcare to fulfill their heat (or cold) requirements.

With the movement to more interconnected energy systems, the complexity of the
energy systems is rising and, therefore, the need for cooperation. This broader call for
cooperation comes hand in hand with the call for sharing assumptions and results from
publicly funded projects to increase transparency in the use of money as well as in
research methods and outcomes. This is one of the reasons why open-source energy
system modeling is gaining momentum. Traditionally, energy planning started with
planning for power as well as oil and gas infrastructure. Planning for power system
infrastructure was done with reference cases where expected maximum and minimum
demand as well as expected maximum and minimum contribution of variable renewable
power generation was predicted.

Starting with more and more powerful computers, the process industry started
optimizing its energy landscape with powerful optimization models. This also was the
start of operations research within the energy sector. Open-source energy system models
nowadays are used jointly with openly available data. This push towards open science
allows the verification of each other’s assumptions and results. This also helps to guide
governments towards more transparent regulation regarding required decarbonization
targets. Unfortunately, the available open-source energy system models are not able to
assess security of supply accordingly, which is a must-have for the steadily increasing
contribution of variable renewables. Unfortunately, variable renewables are not
contributing during the dark dull. As a global large-scale storage is not economically
available to deal with 48+ hours without a significant contribution of Solar PV and Wind,
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the use of conventional technologies is most likely required at least within the decades to
come.

9.1 Conclusion

As shown within paper P1, the available open-source energy system models are
developed very intensively. The feature comparison shows that several models are able
to compete head-on-head with commercial alternatives or are even ahead in developing
some special features. The biggest disadvantage of the open-source packages is their
somehow uncoordinated development and the missing graphical user interface.
Sometimes also the quality of documentation and examples has room for improvement.
Nevertheless, the assessed tools show their maturity compared with selected closed-
source alternatives, especially FINE, aristopy, Switch, TEMOA, 0SeMOSYS, and
pyPSA.

The assessment of optimal renewable expansion within selected countries with
varying renewable quality in paper P2 shows that their quality does not impact the optimal
expansion path. In a scenario in which economics is the only driver for optimal RES
expansion, the 'min. LCOE' path with a strong focus on Wind should be considered. If
residential users are targeted to contribute as much as possible, the 'max. capacity' case
with a Solar PV-Wind ratio of 0.65+0.35 should be selected. If the overall aim is to
produce maximal excess electricity to be used in other sectors, the 'max. curtailment' or
'max. zero load' cases should be considered where mainly Solar PV is the technology of
choice. Therefore, more important is the overall (policy) goal.

For appropriate consideration of the security of supply within the significant
renewable expansion aims, paper P3 has shown that using RM as the only reliability
constraint within optimization is not appropriate as a too high assumption on RM would
increase the required conventional generation capacity unnecessarily and a too low
assumption would risk reliable power supply. Using LOLH as the single metric for
reliable power system planning, the EENS would grow with increasing RES contribution.
This is the result due to the concept of LOLH as the amount of electricity not supplied is
not part of the metric; only the hours of power undersupply are. On the other hand, a
constant assumption of EENS is misleading, and the concept of EENS does not consider
the number of hours the power service cannot be fulfilled. Therefore, the recommendation
is to use LOLH and EENS simultaneously in a single optimization framework, as shown
within this work. Variable renewables are key to decrease the carbon dioxide emissions
within the power and overall energy system. However, they are not able to contribute to
the security of supply during dark dull periods without a very large amount of energy
storage, which are currently not economically and technologically feasible on a national
or even continental scale. Therefore, the security of supply has to be reached by using
conventional technologies (turbines or engines) firing environmentally friendly fuels
(e.g., biomass, biogas, hydrogen, or other e-fuels).

As shown in paper P4, several open-source frameworks exist and are enhanced with
high speed. More coordination between universities and research agencies would make
the open-source approach even more powerful. The ETH Zurich, for example, is
developing a very powerful tool called City Energy Analyst (CEA), which even has a
very promising web-based user interface. Another very promising approach is shown by
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aristopy, where non-linear equations can be considered on a smart TSA feature borrowed
from the makers of FINE. It has been designed to allow adding mathematical constraints
with very limited programming knowledge. Unfortunately, it does not have a user
interface yet.

What most ESD studies do not consider accordingly is economy of scale. Economy
of scale revers to the effect that an increase of size leads to a decrease in cost per energy
unit and an increase of efficiency. They almost always assume that technology will be
installed on a large enough scale so that the assumed cost will be suitable. Tools such as
FINE are able to define the specific size of a technology option. It also allows the
distinction between hardware and engineering costs.

While open-source tools have disadvantages, the biggest advantage of open-source
tools is that they are relatively easy to customize. This makes it also easy to create
adjusted optimization procedures aiming to shorten the overall optimization time without
losing accuracy, e.g.:
step 1: find optimal typical period configuration based on available input data,
step 2: find optimal system design,
step 3: find alternative near-optimal configurations (e.g., using integer cuts),
step 4: check all available system design regarding their fit to security of supply,
step 5: check the system design passing the security of supply assessment with
alternative renewable and/or demand profiles,

o finally, sort results based on considered KPI’s (e.g., annual costs, CO2 emissions,
or security of supply).

Table 21 shows the summary of the input data assessment. It shows that the
expensive equipment needs special care as it is most impacted by its assumption.

Table 21: Summary of most important parameters

Expensive  Low Low High Mega- or
equipment utilization  conversion O&M Negawatt
efficiency

Financing cost X

Investment cost X X

Energy conversion efficiency X

Technology lifetime X

Variable operating and X X

maintenance cost

Utilization X

Customer behavior X

Abbreviations: O&M — operation & maintenance; Negawatt — negative watt (behavioral change reducing energy usage).

While TSA is a very powerful possibility to reduce the overall optimization time,
its use should be assessed carefully. The algorithm Affinity might be a new candidate to
support reducing the number of typical periods while having a significant lower MAE as
the other assessed algorithms. Nevertheless, a too low number of representative periods
end up in high MAE, too low peak demand, and too high base demand (see Figure 25 and
Figure 26 for a TSA algorithm independent summary chart), which all in all has negative
implications on the optimal technology selection.
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Figure 26: Algorithm independent overall accuracy of TSA

Assessing three to five years of varying renewable generation profiles is seen
mandatory for a proper pre-feasibility study. While temperature impact on, e.g., power
generation efficiency is an important detail to cover, pressure losses within pre-feasibility
studies can be neglected. Especially for variable renewable integration, the typical periods
have to consider as many periods as possible, and timesteps should not be longer than
two hours. Naturally, the accuracy in operation has to be much higher as in long-term
reflections where a lot of information are not known with certainty during the project
planning phase. Non-linear technical details are not necessary for long-term
considerations but might be valuable for technology dispatch considerations.

9.2 Further research

As indicated within the adjusted optimization procedure, the model to generate
alternatives (MGA) approach can be very interesting to evaluate the solutions closest to
the most economical one. This allows the assessment of the impact of technology
alternatives within, e.g., 1% of optimal annuity, regarding additional performance
indicators such as complexity or easiness of implementation in a brownfield environment.

As industrial sites and municipalities might move closer through sector coupling,
the future ESD tools have to be able to deal with peak demand charges and multi-year
optimization to better sketch the transition path of the assessed energy system. Also,
inertia and grid forming aspects through conventional generators (e.g., turbines and
engines) as well as synthetic inertia through electronics should be considered in future
models.

While storage has been excluded in this work, future research might also consider
different central and decentral storage options (e.g., batteries, thermal storage, or
synthetic fuels) for hourly, daily, or seasonal shifts of energy.

One of the biggest issues with open-source software ESD tools is the lack of a
common graphical user interface (GUI). Having such an enhancement would add
dramatic value for further dissemination.
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ARTICLE INFO ABSTRACT

Histarically, energy system tools were predominantly proprietary and not shared with others. In recent years,
there has been an inorease in developing open source als by international research and development orga-
nizations. Mare than half of the open energy modeling (openmod) initiative lsted tools are based on the freely
available seripting language Python Previous comparisons of energy and power system modeling tools focused
an camparisons such as which tool category (e.g. optimization, sinvulation) or energy demand (e.g. electricity,
coaling, and heating) can be considered. Until now, the assessment of incorporated fundctions sach as unit
commitment (UChar optimum power fow (OFF) has been ignored. Therefore, this work sssesses 31 mostly apen
source toals based on 81 functions for their maturity. The result shaows that available open source toods such as
Switch, TEMOA, 05eMOSYS, amd pyPEA are mature encugh based on s lunclivn comparison with commercial ar
proprietary tnols for serious use. Nevertheless, fature commercial, as well as open source energy system analysis
toals, have to consider more functions such as the impact of ambient air conditivns and part-load behavior to
allow better assessments of including high shares or renewable energy sources and oher fexibility messuses In

Reywnnds:
Opeen source
Multi-energy sysbem
Sector coupling

Optimization

Simulation

existing and new energy systems.

1. Introduction

Open source is defined as “open, publicly accessible software and
data” [1, p. 149] and has received more and more attraction within
energy system madeling in the last years [2]. In general, the concept of
open source can be applied to tools, data, methodologies, results, and
discussions as e.g. open access publications contribured 1o the open
source approach (3], One of the promises of open source tools includes
significantly lower training and starup time requirements (4], The
purpase of most analyzed tools ks to explore the future by considering
the impact of today's decisions. Other expectations are to increass sci-
entific quality, increase ransparency and productlvity, and Improve
callaboration between all contributing parties, In 2005, FSAT was one
af the first free and open source software [FOSS) power systern maod-
eling toals founded by Dr, Federico Milane [5], After limited commu-
nily contribution, he decided 1o stap this open source project |6, Some
reasons have been identified for the limited interest: firstly, each or-
ganization strives to create something unique in order to seccessfully
apply for funding to further improve proprietary methods and tools,
and secondly, the topic power system simulaticn in itself is not able to
attract enough interest as it is a very narrow research area. In 2013, Dr.
Milano started a new power system modeling approach called Dome,
entirely based on Python [7]. This time the programming language

E-mail address markus grolsshosckidstudent.uibleacat.

Pt S, org /10,1016, reer. 2018, 11,020

Python was chosen as it provides a freely available modem seripting
language in which clsses, as well a5 neat functions, can be in-
corporated accordingly. (8] provides a list of tools shared with the
community. Based on this toel collection, about halt of the listed tools
produced in the last pwo years have been shared with the community.
This can be seen as an indication of growing interest of research in free
and publicly available software [5]. Many of these new toals are based
on Python, If this movement towards open source energy and power
system madeling tools creates more ideas and free code exchange as
before has to be observed over time (9], Each of the available tools has
different purppses and main emphasis and therefore it is difficult o
differentiate berween them.

The existing literature reviews regarding energy system too] com-
parisons deal with details such as modeling language, modeling ap-
proach, considered planning horizon, and energy carriers, Mone of the
authors of existing lit reviews | the detailed technical
capability of the individual modeling toals. The contribution of this
work to the state-of-the-art of energy and power system madeling is to
propose 81 functlons (such as unit commitment (UC), optimal power
fowe (OFF), minimum upsdown time, starts a day, model foresight,
reliability indicators, and risk appetite) and 1o analyze 31 energy
madeling tools to allew an unbiased tool comparison and objective tool
salection. By undertaking this research, it closes the gap among detailed
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mssesiments of available open source energy system modeling toals and
shows that these models have reached a proper level of maturity for
serious use whereas the level of maturity is measured in terms of
functions considered. For open source multi-energy system (MES) wools
the number of users cannot be assessed as there is no central registra-
thom required. The number of downloads could be used as an indicator
but would not imply the actual use of a tool, A discussion of functions
thiat haven’t been seen in open source energy modeling wols yet is
added to show the importance of thase within an environment of in-
creasing contribution of volatile energy resources (VER), storage, and
ather flexibility measures.

The structure of the remaining paper is as follows; Chapter 11 con-
raing a literature review considering  previows ool comparisons,
Chapter 111 provides a discussion arcund the list of tools evaluated
within this paper as well as a briel discusion on the considered func.
tions, Chapter IV shows the detailed assessment as well as the results of
the evaluation, Chapter V discusses the missing but important functions
to narrow the gap between reality and the optimization results. Chapter
V1 and Chapter VII summarize the findings and conclusions and present
posaible fulure ressarch ideas.

2. Literature review

Before the different available assessments are analyzed, it is im-
portant to highlight that terminology |s an impertant conslderation in
this research. In general, the term ‘model’ refers to the published soft-
ware ool or software package. It iz also used as a short name for the
mathematical formulation as well as for the result of the optimization
or simulation. For the purpose of this publication, the term ‘model’ is
used purely for the mathematical formulation. For the results of the
optimization, the term ‘scenario’ is used. The term ‘tools” refer to the
source code in which the mathematieal formulation is written In.

From a physics perspective, energy system simulations can consider
either steady-state or transient details [10]. Transient modeling is
considered if the detailed time-dependent process behavior is of in-
terest, Steady-state modeling is considered if time-dependent deriva-
tions can be ignored. In such a case, the modeled components only have
entry and exit parameters such as pressure, temiperature, and mass fow
expressed as state warlables. IF deralls along an energy transmission
system, like a pipeline, should be covered, a steady-state 1D model can
be incorporated. In general, steady-state models are used for aystem
design, measurement validation, and part load estimations, Control
systems and simulators have o use transient modeling in which alsa
details a5 momentum is considered. For the purpose of this publication,
short-term represents timesteps in the range of at least one minute,
Therefore, translent detalls are not consldered within this publicatlon.

Comparing availabkle and published energy simulation and optimi-
zation models has a long history and all publications have a different
forus of pssessment, [ 11] assesses six tools comparing whether they are
a simulation, an optimization, an operational or investment wal. In
their assessment, “Distributed Energy Resources Customer Adoption
Moddel” (DER-CAM], EAM, "MARKet Allocation model™ (MARKALD,
and “The Integrated MARKAL/EFOM System” (TIMES) are optimization
tonls while the remainder such as “Hybrid Optimization Model for
Electrie Renewables® (HOMER) and HzRES are simulation tools.
HOMER is able to consider sensitivities within the economic assess-
ménl. The DER-CAM has been used to assess the required subsidy levels
with increasing carbon emission taxes. EAM is a tool similar to DER-
CAM but is able to consider nanlinear technical constraints (nonlinear
efficlency of conventional generation). MARKAL and TIMES are able o
cansider energy, economics, and the environment, “Renewable Energy
Technology Screening” (RETScreen) is a planning tool which allows the
comparisen of different possible scenarios, [8] lists 31 tools published
uncer open source licenses and i a collection of generic information
such as covered sectors, modeling environment, time resolution, the
license under which tonols have been published as well as wether the
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macel source i available for the public. [12] i a meta-stady inowhich
ten publications are considered to discuss w what kind of paradigm a
madel does belong. Four paradigms have been selected, "energy sys-
tems optimization models, energy systems simulation models, power
systems and electricity market models, and qualitative and mixed-
methods scenarios” [12, p. Ta1, to show four challenges energy system
madeling faces, Those challenges are “resolving time and space, bal-
ancing  uncertainty, transparency  and  reproducibility, developing
methods to address the growing complexity of the energy system, and
integrating human behavior and social risks and opportunities” [12, p
B0, [13] assesses 24 tools in terms of usabllity within MES modeling on
a district scale. The chosen criteria inclode different types of network
(gas, electricity, and thermaly and renewable energy (photoveltaic,
wind, and ground source), The different tools are focusing on different
parts of the problem like detailed modeling of radiation, spatial re-
solution, or energy networks, Pure city or district energy modeling
systems comsider thermal loads in buildings in high accurscy. While for
natlonal consideratlons such accuracy s not feasible, industrial use
cases might require such precision of modeling MES, [14] shows 13
tools and how they can be used In clty-seale planning and optimization.
The authors assess details such as training requirements, user-friendli-
ness of the teol, objective function considered, modeling approach
(operation, planning, and scenario), as well as considered energy re-
sources and different sector demands. [15] provides a generic and high-
level description of an energy hub in which different types of energy
can be considered in parallel. Energy hub represents one possibility for
a generie representation of MES [15-17). Potential drivers for an in-
creased importance of considering MES in city planning are high costs
of energy as well a8 efficiency improvement Lo minimize greenhouse
gas emissions which drive global warming. The authoers define several
criteria like spatial scope, temporal scale, uncertainty, security of
supply, emisslon reduction, and economics as some of the most im-
portant indicators to be assessed with MES planning tools. As already
identified by [14], the available wools vary significantly as the authors
attempt to answer different kinds of questions and therefore require
different levels of details to be considersd or ignored. [18] identifies
mare than 100 publications fecusing on energy hubs, Unforunately,
none of the sereened toels have been identified as an open source tool.

A gap analysls within MES shows that different energy networks
(e.g. eleciricity, water, district heating, and steam) should be con-
sidered in parallel [170. This so-called sector coupling is seen as a
crucial contributor to a sustainable energy system incorporating very
high shares of volatile renewable energy resources such as PW and wind.
Operational implications such as storage levels, spinning reserve, and
uncertainty in forecasts have to be considered in the long run as maore
systems are interacting with each other [5]. [19] is a meta-study in
which nearly 100 tools have been identified and 22 of them have been
ageessed in detail. The biggest challenge within the complexity of
madeling MES is integrating decision transparency, proper human be-
havior, and accurate decigion theery [19,20]. Most of the assessed wools
are hased on either linear programming (LF) or dynamic programming
(D), The advantage of DF is the ability to assess all results and assess
the differences between them, while LP only provides the most op-
timum solution, Simulation models, on the other hand, are possible to
generate solutions in which evolution and system behavior 13 in-
corporated [20], This is & balancing act between performance and ac-
curacy. In general, long-térm expangion planning does search for cost-
effective investments decision and does ignore some functions related
to operation [4]. Oppossd to this, short-term operational planning re-
quires conslderation of as many functions as possible w be meaningful.
121] assesses 34 tools for their fit to be used within district scale MES
applications. A holistic comparison is provided which does not include
functions or the method of implementation, [22] shows that functions
aroumd the electricity system are considered in details such as power
flaw in several optimization tools, [t needs o be stressed that heating
and conling loads amd networks are considersd as energy balance anly.
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While high-level details such as required heat and available capacity
are considersd, more detailed constraints such 85 temperature and
pressure are nat, Incorporating details as temperature and pressure ane
required for accurate and detailed industrial and district level optimi-
eation approaches where multiple temperature levels of water can be
available. Newertheless, the individual publications analyzed do not
consider functions such as mass Aow rate, thermal conductance, heat
hesses, and pumping requirements decreasing result aceuracy. All non-
linear technical behaviors are approximated by piecewise linearized
functions to be able to use faster linear solvers but ignore actual
equipment behavior. None of the assessed tools has been shared with
the: community making it impossible to analyze them in detail, The 4th
generation of district heating perwork (DHN) aims for use of low-tem-
perature water between 30 and 70 °C as a heat carrier and is seen as a
possibility for sector coupling where bower temperatures can be used o
fulfill demand in residential buildings as their demand might decrease
with rising building insulation [27].

It might be that one model does consider alternating current
(AC) electricity supply while others consider direct current (IDC),
Historically, long-term planning models consider DC electricity systems
while medium- and short-term planning models aim for a more aocurate
electricity system representation through AC electricity flow maodeling.
Another reason for selecting either AC or DC is which type of energy
represents the majority of the demand and generation in the assessed
gystem. For DHNs, It might be slmilar: some models consider the energy
consumption only while athers incorporate a detailed technical system
where supply and return pipelines are modeled separately. Holistic
madels do not only consider energy (e.g. electricity, steam, and hot
water), they also consider other required services such as drinking
water through desalination or cooling/heating requirements. [24]
shows how an MES is represented as energy hub. Two types of energy
networks (electricity and district heating) are considered. Some energy
hubs are used as energy source (borehole), energy conversion (build-
imga), or as ransmission (routingl. This shows the Dexibility of the
generic energy hub concept. Pumping requirements and thermal sto-
rage logses are considered in a linearized way and with a constant loss
factor, [25] presents an integrated energy system in which eperational
non:linear functions are considered for operational optimizing a period
of 24-h in 30 min steps. Simplified district heating s represented by one
pipeline only where the amount of energy is considered. Supply and
return pipeline, heat exchangers, mass flow, velocity of water supply,
transmission delay, and pressure losses are considered. [26] presents a
detailed analysis of how a DHM expangion is optimized v maximize et
present value or minimize carbon dioxide emissions. Based on a pre-
defined district heating pipeline layout, details such as hydraalics, ve.
locity, pressure drop, frictlon factor, network losses, and pumpling re-
quirements are considered, Additional improvement possibilities by
adding more lydraulic details are highlighved as well. A daily thermal
energy storage [TES) is considered the most common form within DHN
sehemes. TES loges are considered with a linear loss factor approach
ignoring varying ambient air conditions and stored energy within the
TES. Economy of scale is considered by predefined sizes of technologies
with different generatlon capacites, investment costs, and annual
maintenance costs, For not specified reasons, only two units of each
techialogy can be installed.

Within the research and development environment, HOMER and
“System Advisor Model™ (SAM) are frequently used tools for pre-feasi-
bility assessments [27,24], Both are simulation wools and used to assess
predefined configurations with an input based on a representative year,
Furthermore, they allow the user to perform a sensitivity analysls of
economic or technical assumptions (e.g. fuel price and capital cost),
Abso, commercially available tools (e, SimTech's IPSEpro, Schneider
Electric's SimSci, or Siemens” PSS* SINCAL) and freely available tools
(&g ASCENDM) are simulation toals in which individual eonfigurations
cam be verified, for example during acceptance tests [29-32], In gen-
eral, they do ot combime imeestment and operational decisions. They
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are wied Lo asses: predefined configurations based on experience and
state-of-the-art, These kinds of tools are wsed to perform “what-if-sce-
marios” while considering heat and mass balances for design and off-
deslgn clreumstances as some MINLP publications show [33-35],

3. Tools and details overview

It is important o soete that it is quite complex 1o analyze all models
in a completely fair and adequate matter as the quality and availability
of source code, documentation, examiples, and publications are different
and sometimes spread around In multple documents and web pages.
The assessment is based on the latest available tools and dees not
consider additional potential enbancements done by others than the
original development team. It is understood that all free and publicly
available tools can be adjusted o the user's requirements and can be
changed to fulfill all proposed modeling details,

31 Tools

I 2009, ten Free and Open Source Software (FOSS) tools were as-
sessed while only one of them was based on Python [36]. In 2017, the
openmad initiative, an “initiative fostering Open Source and Open Data
in energy modeling”, lists 31 wools whereby 11 are based on Fython (5],
The use of different programming and modeling environments makes it
difficult o assess the technical feasibility as the setup of each pro-
gramming and modeling environments is very time-consuming, Bal-
morel, DER-CAM, DIETER, ELMOD, and EMMA have been implemented
in GAMS, which is a commercial modeling environment representing a
financial burden for model validation | 15,57 ], DER-CAM does not share
the GAMS code while all other models considered in this work do.
Therefare, the shared models can be verified through any ressarch ore
gankzation and allow adjustments for specific needs. Tools like En-
ergyPlan and HOMER are distributed as an executable application, and
therefore the source code is not available vo be verified, adjusted, or
enhanced [15]. RETScreen bases its assessment on monthly data and
therefore the integration of VER, such as photovedtaic (PV) and wind, as
well as storage cannet be considered in required houry or even sub-
hourly details. HOMER depends on Windows as an operating system,
while Python can be used on different operating systems. The wse of
Python does not restrict the research community on one operating
systerm. HOMER and RETScreen do not consider network constralints as
they assume a well-interconnected system, which sometimes is referred
Lo s copperplate design. Seme models anly consider one year of op-
eration and assume that this is a representative year; especially in the
light of climate variability, this is a challengeable assumption. The
majority of tools assessed within this paper are based on Pyomo, which
is @ "Python-based, open source optimization modeling language with a
diverse set of optimization capabilities for formulating, solving, and
analyzing optimization medels” [34], Pyomo is a generic modeling
language, which has interfaces 1o multiple solvers in order o allow
solving linear, non-linear, quadratic, mixed-integer, and stochastic
prablems. This allows the use of different solvers, free solvers such as
GLPK or commercial solvers such as CPLEX, without changing the code.
The use of the open source programming language Python does dis-
tinguish Pyomo from modeling languages including GAMS, AMPL, of
AIMMS ps it represents a8 100% open source approach which is not
based on any proprietary or closed wals. This allows unlimited sharing
of developments and unlimited verification of models, Using Fython
and Pyomo as modeling language allows sasy exchange of functions,
functionality, and ldeas between the different modeling approaches
hased an Pyomo. (8] provides an initial list of assessed tools, Only
optimization models bave been incorporated in thiz work, To enrich the
discussion about available functions, also other tools have been added.
MATPOWER and MOST have been added as they represent the state-of-
the-art open source implementation of a power system planning toeol
1390, Pandapower has been adided to the asssssed tools as it does
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caleulate mixed AC.DC aptimal power flows (OPF) as well it can be
used to convert electricity models berween MATPOWER and PSS*E
[40]. DER-CAM has been added as it represents an enhanced madel
where several required deralls for proper operational and planning tools
are: considered [22,41], Table | represents the short-Tisted and assessed
31 energy models in alphaberic order. On wop of the mentioned open
spurce tools leading closed source or proprietary tools such as ProView
and TIMES have been added for a broader function comparison.

The column ‘first release” indicates the menth and vear when the
assessed model was distributed the Arst time, While it is relatively
slmiple to get information about the first release of a verslon, it is quite
difficult o get the latest date of modification. GitHub is an open and
free accessible platform where everyone can store his/her open source
prajects, Otherwise, some monthly fees have to be paid for hosting
chimed project development. GitHub not only records the latest changes
in the code but alse indicates changes in documentation and non-code
related Fles. Therefore, the column ‘last update” has to be considered
with care. The median project age Is around 4 vears and the last change
happened within the last months, Within the last 30 days of writing, 8
tools have seen updates. The oldest tools within the assessed are
MATPOWER, RETScreen, EncrgyPlan, Balmorel, ELMOD, HOMER, and
DER-CAM, being between 14 and 21 years old. One of the tools has
been ereated in 2017, six in 2016, five in 2015, and four in 2014, re-
spectively, The next columns (‘commits’, ‘branches”, ‘releases’, and
‘contributors’h reflect daca from GliHub and indicate how actively the
prajects are worked on, GitHub manages the individual project a5 a
repository of files and directories. A ‘commit’ represents an update of
the: project repository., GitHub does create by default a branch master, A
‘branch’ represents a pointer o a specific commit (eollection of files and
directories), which allows the developer to manage his/her changes in
and wddditions to the versions, The online Pro Git book @5 recommended
for more details abour GitHub and the used terminolegy [42], It has w
be mentioned that GitHub was founded in 2008 and therefore not all
activities during the entire project lifetime can be caprured in the
shown statistics in some cases, COemof, which is the abbreviation for
“Open Energy Modeling Framewaork”, shows the highest numbers of
commits and branches, Minpower shows the highest numbser of releases
amid panddapower has the highest numbers of contributors. Important o
mentlon is that nelther a high number of commits, branches, releases,
or contributors imply high quality or very good usability of a tool. It
does ot imply the success of a ool at all I alse does nov imply high
distribution or diffusion. However, a high number of contributors at
least indicates thar a significant number of people contributed 1o a
madel and might give an indication of the usability of a tool. The
column “license” shows under which license the tools have been pub-
lishied. All of the lsted non-commerclal tools allow the use in com-
mercial and private environments, allow modification, and also allow
distribution. None of the authors ake any liability or warranty. The
licenses marked in grey (GPL 2.0 and GPL 3,01 do require sharing new
code with the cammunity, while the not highlighted licenses (Apache
2.0, EUPL 1.1, and BSD) do not require sharing new developments. The
tonls DER-CAM and TIMES do not specify the license they are using and
therefore for them ‘n/a’ is shown In the table in light orange. The
calumn “weh address (URLY shows the address under which the project
can be downloaded from. The cells in grey indicate that the links are
not hosted on GitHub, a source code deployment platform.

Table 2 shows the use eases for which the tools have been designed
and developed for, While all of them are considering electricity demand
anly, same of them are able to consider heat or ather kinds of energy.
About half of the tools consider just electricity demand. The majority of
the: tools were designed for use in large systems such as countries, re-
glong, or even continents. The remaining tools were designed medivm
amd small-scale applications, Only a few of them are designed w be
completely flexible in considersd technologies and abstraction level of
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technologies (such as entire power plant v, being able o model pumps
and turbines separately). The columns in light grey identify the wols

where the source is not available for a detailed analysis.
Funchions

Table 2 prowides information on the functions including the reasons
for Individual functions belng considered. The Lst represents all details
covered in one of the assessed  publications and MES  tools
(4,6,8,11,12,14,15,17,19,20,37,39,43-49]. Furthermore, other func-
tions have been added based on the following  publications
18,22 26, 535=35,49=59].

It is understood that this list ks never Anal &s many functons could
bie divided into several more options. For example, OFF could be split
Inte the way OFF ig implemented [polar powes-voltage formulation,
rectangular power voltage formulation, current injection (IV) for-
mulation, or rectangular IV formulation). Dther examples would be
probability, uncerainty, and physical detail considered in energy lo-
gistics. Several additional functions within prabability and uncertainey
might be scenario ee creation and scenario ree reduction. Within the
considered physical details tramsient, steady-state 00, and steady-state
10 would be additonal functions o be added. Nevertheless, the focus
of this work is assessing the functions around ED and UC

4. Results

After examining the modeling tools and functions, Tahle 4 shows
the evaluation of those selected tools and functions. Each technical
function can b evaluated with three possible values: ' represents full
consideration (full paint), ' (x]' represents partly or weak implementas
tion (half-point), and empty cell represents no implementation possible
(zero pointsh. It is understood that individual functions such as the
availability and quality of documentation and examples can inerease
the usability of a tool significantly, Depending on the research focus
(short-term ar long-term) aleo functions such as variable time steps,
security-constrained OFF, and security constrained UC might be
weighted differently, This work uses a data-driven approach to caleu-
late the welghting. The considered welghting s between 0 and 1 and 18
calculated as the ratio of usage of a feature (between O and 31) divided
by the number of tools assessed (310, By doing so, the features with high
penetration are treated as more important than others, To differentiate
the use of short-term and long-term model use, the pwo lefimost ool-
umns have been added to allow the assessment accordingly. Based on
the author's experience and judgment, 72 out of 81 functions are uti-
lzed wo assess short-term focused tools and 69 of 81 functlons are used
to assess long-term focused tools, respectively,

Fig. 1 shows the results after ranking the evaluated tools based on
the 81 discussed functions using the combined overall weighting where
all Functions are weighted equally with ane point. Given the available
public information, modeling tools focusing om MES are shown at the
high end of the scale. The commercial toods (ProVies and TIMES) are
ranked Sth and 10th and are evaluated with 72% and &3% of the as-
sessed functionality, The open source tools SWITCH, TEMOA, Ofe-
MOSYS, and pyPSA are ranked before and are able to fulfill between
Tot and T4% of the assessed functions. DER-CAM, ficus, MOST, and
Dispa-SET rank next with between 67% and 63% of the assessed poinls,
respectively. Modeling rools focusing on power or district heating only
are ranked at the low end of the scale (see MATPOWER, pandapower,
PyOnSSET, and pypower) (Figs. 2 and 30,

While Fig. | shows the owverall ranking for the combined weighting,
Fige. 2 and 3 show the results wsing the long-term and shost-term
weighting (for reference see the leftmost columns in Table 4), respec-
tively.
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Table 3
Asmessed functions and their interpretation.
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Farnciion Mo Fanciion

Evabwate ...

1-2 hourly time steps; varisbe time seps

3 copperplaie approsch
a5 dirert ouwrrent (DC); altemating current {AC)
5

perer flow (PF); optimal PP IOPFE security-cometrainesd] (200PF)

il defiming how many ime-steps o day €on be considered, and if different
dluratiors can be mamaged as well, Nobe:; half-point for variable tme step if cnly
o deration cam be Sefimed;

if tramsmission and distnbation of energy is not considened;

which kind of elecericity flow is considered;

iF detarled {e.g. sctive amd resctive PF considerstiona) sre possible; aml if security
reloted PF {eg. I isslon fallere) are @ e,

il poreeir amilfor best gemwerating units are awailable within s moli-perimd time
hortzon; and If security related UC constrainis (e.g. availabilicy} are coresdered;
which of the LIC sed SCLC details are consicderid; il starbep cosl & congidered

minimum stable load; sz run; starup B shutdown costs; cokd B hot sammup with additon fuel, half-point & point is added;

-l umit itmant {UCK mecurity-c inssl LIC (SCLIC)

11-17 ramp up & diwn constraints; minimum upe & down-Lime; sarts per day,
cils

18-1% economic dispasch (EIV; security-consirained ED [SZED)

20-23 non-electncal distribution (constrainis], geseous disiribuiios (coretraines),

ligquid distriftestion (ennsieainis), therssal disribution (ensteaintz)

If least-cost solution mcorporating power ouipat is considerad; and f secunty
relanid ED s (e g I i Eailune) de i iad,

which operai | constraint is o dered imosome detal eg. voliage n
eleetsicity, prossire in giseow, velosry in ligusd, or lemperatine i twermal
disiri buiscn systemsl; if cperational deiails are ignored, and il pon-elecirical
distribubeg can b wed B any kKind of service;

2410 district heating/conling demand; (drink waier demand; hot water demand; whach final demand can be inchoded;

seam demesd athes Semased
29 simulbation (min, total cosis)

if =merlatiom i done insiead of opimaeation;

30-38 abi function: min 1ol et min. [BVeIment msls; sin. opermiona ooss; which ahjective function and combinations of it ean be seloeed;
min, losses, max. profit; pariial equilibriovm; mis cusiomer rabes; mas,

efficlency; min. emissions

&) demamd ehsticity if energy demand &= impacted by price changes;
&0 locational marginal price (LMP) If wichin zonal energy prices the locatlonal marginal price (LMP) is considered:
41-43 el Foresighd (perfect. Aesible, or rolling horizon) whach kind of muhel foresight i= considersd
-G size as integer,real variable; pre-defined unit size; enst based on evonomy of 1 capaciny sdditions are based on integerreal numbers or pre-defined sizes of
mcale technologies; in the case of inbeger/reall dzes iF economy of seale can be applied;
&7-48 oostE, [ I emisskons such as carbon décalde OOy or water consamption can be asscclaced
with eaternal coste and comstrainek;
#3-51 mulii-area system; multd-year invesiment; skl year operation I muhti-area and mulcl-year assesments can be done;
5353 yiser-waryisg CapEx & OpFx (CURY yess-varyisg fuel & esision (CUR) if cinta liker coprital eapenditures (CapF), epsrrational expernditames (OpExl, Fuel
«cosis, and emissions coms/penalties can be defferent from year (o year;
L4-55 Tkl it (CLIRG Fied < writs (CLIRD il e il loinir limiiea e Bud et doned Tl Gossiimplian aam b difinal;
56 retirement of exkting eseis if existing asseis can be retived If found not economical;
57 Tuied swidehAdual el il assts can b aperatid with diffeeest pes af enirgy or Tueks
nM-G4 pari-kead impacts; ambient empersture impac if technical performance (e.g. efficiency and catpui] dhange based on ambdent
ennditioss oo i part-lead can Be considened;
L] technology degradastion aging if technokogy age is incorporated inko technical performance; if the yearly
wvnilible copacity ean be adjusced, the reduesd avalable capaciny i o half-point
H1-62 generic siorage; detailed stormge (500, Doll) if morage can be consdered in its simplest way [without e.g. staie of charge,
SO0 o R0 aedl diepih of discharge (Dadd] is idiged; il sorage & dizhead
with a constant loss factor, 1 i= a balf-point;
&3 enmpatent disparch if energy conversion can be represented in components and not in whaols plants
onlhy
HE-ET energy conversion is implemented s 1 i ) oennin, 1 oue 1 inomoe; orn which energy conversion can be considered;
in, arsl m cut
BE-EG availabality forced cutage; malntenance planming If resorce avallabilicy is Idered, and If & main schedule can be
createsd;
TO-71 energy purchase (fixed, variable pricingl, energy sales (e.g. FIT) if fixed and corsumprion-based prices €an be considered, and il feed-In-tarid
[FTY based energy sabes can be comsidered;
72-73 deferable demand; cumailment If demand can be delayed, and if gemeracion like photovoltale o wind can be
aurtailid;
T =TS Teserye Margin; primary/secondary reserves If minimum /maximum reserve margin can be defined, and if primary and
stromdary rissren (sametimes considimed also 4 spinning reserve) i scleral;
Th-TH reliability indicators; risk leved (appetite) probabilicy uncemaingy IF reliability indicavors such as loss of load expectation {LOLE) or expected energy
nal served (EEMSE i different risk kevels can be congidiensd; and 5 eseertainty in
profiles can be coresdared;
bl GIS repreenlation i thizne are GIS selstid Tunctiom incepanmned;
BO-81 documentation; examplelsh avallable if clear and deas doc jon ¢ ples is Jabl
5. Discussion Within the long-term assessment, the tools Balmaorel and NEMO are able
to improve mast with a boost of 5 and 2 ranks while MOST and psst are
5.1, Ranking losing 5 or 4 ranks, respectively. Within the short-term focused models,

As shown in the Figures above, none of the publicly available and
assessed models are able to consider all listed functions, The best open
source tool is able to fulfill 44% of the evaluated technical functions.
The assessed functions (long-term, short-term, and 8 combination of
both) da not change the rank of the ools s:i31'.|i.'|"'||.—.|r||:l:.,I (see Fig. 4L

240

EnergyPLAN, pyP5A, and HOMER do improve by 3 or 2 ranks, re-
spectively (see Fig. ).

Fig. 4 shows that the most significant change in ranking is = 5. In
37 (5EY) of the cases the change in rank is zero and in 13 (20%) or 14
(22%) of the cases the change in rank is positive or negative, respec-
tively, Ranking of the assessed tools is not impacted by the selected
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publication type or chogen license 1o distribure the wols. This implies,
that there is a balance between short-term and long-term functions in
the assessed energy modeling tools. In terms of ‘functions considered’,
nome of the assessed tools 1 an excellent short-term (or long-term)
encrgy modeling tool or a very poor long-term (or short-term) energy
maodeling wol. Based on the previous assessment, Switch, TEMOA,
O5eMOSYS, and pyPSA are the preferred open source toals of choice.
While Switch, D5eMOEYS, and TEMOA focus cn medium and long-term
expansion planning, the focus of pyPSA is short and medium-term op-
eration. The strength aof TEMOA, Switch, and OSeMOSYS is to consider
detalls such as multi-year Investment, year-varying capital and opera-
tigmal costs, and budget and emission constraints. pyFSA, on the ather
side, I3 comsidering more details in short-term unit commitment like
optimal power flow, feasible ramp rates, minimum up- and down-time,
as well as slartup costs,

5.3, Unfulfilled finctions

The following paragraphs discuss some unfulfilled technical func-
tions and explain why it 8 necessary to consider them accordingly in
energy modeling tools able to fulfill individual project feasibility re-
guirements:

Mone of the considered tools is able to distinguish betwesn hot and
cold startups, nor do they consider the number of starts a day of
conventional technologies such s gas turbines, steam turbines, and
fuel cells. For a more realistic economic evaluation of ramping
capahilities, this is an important function to be considered as it
makes a difference if a power plant is started preheated or noet (60).
» Mone of the currently available tools considers detailed gaseous,
liquid, and thermal energy distribution where detailed physical at-
tributes such as temperature, pressure, velocity, and mass flow are
incorporated, They only consider linear and predefined constant loss
factors. Details including pressure, mass flow, or emperature are
assumied to be incorporated into energy flow data, For a more rea-
listic mssessment of thermal storage, also the temperature bevel of
the storage should be considered (58,559,611,
Mone of the tols currently allows the use of advanced or alternative
objective functions including maximizing profit and maximizing
efficiency. Only DER-CAM allows the use of minimizing emissions
and a muli-ohjective function where costs and emissions are in-
corporated. For sensitivity asscssments, it might be useful to have
such a function available |62, To maximize profit, fees paid and
eamed from other parties have to be incorporated as well [22 50].
# [In general, within short-term optimization toels, budget constraints
cannad be added as a further restrictlon while long-term planning
tonls allow such constraints to be added. This might be a useful
function to better understand cash limitations while optimizing
operation [4],
® All asmeseed oplimization tools are assuming perfect foresight. A
mare flexible model would allow to use rolling foresight to mimie
market-related behavior such as day-abead markets [62],
While most tools are able 1o define multiple energles wo be used in
one technology, it is not possible to limit the use of one fuel at o time
[4].
# Mone of the ecxamined tools consider functions such as par-load
impacts on efficiency and power outpul or details on technology
aging and degradation, Furthermore, none of them consider en-
wironmental conditions including temperature and  humidity to
more aocurately determine spatial and temporal Impacts [55.56].
Most publications considering non-linear impacts limit themselves
to one detail v be assessed as non-linear. [63], for example, con-
siders non-linear coefficients of performance (0OF) of a ground-
source heat pump (GSHP) which is driven by the difference between
soil temperature and the GSHPF outlet water temperature, [64]
considers podential generation output and heat rates as predefined
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Fig. 3. Evaluation results with short-term focus.

values and instead of using a non-linear function, they use the
special ordered sets (505) approach to consider non-linear behavior
in a linear formulaton, [65] does incorporate non-linear gas com-
pressor work where the gas pressure, temperature, density, com
presaibility, and mass Now are modeled.

» Mo model has a detpiled storage model incorporated where the
State-of-Charge, as well as the Depth-of-Discharge, are considered
into health considerations. Especially for long-term planning pur-
poses, this is an important Function to assess more realistic scenarios
[B6].

= Mo maintenance planning is considered in the assessed open source
rools, tmight add value for customers such as industry and wrility w
know when maintenance should be scheduled in the most eco-
namical way [57.67]. Knowing when planned outages should be
assumed in advance can increase the planning accuracy of prodoc-
tion forecasts,

245

» Only bong-term planning tocks such as TEMO&, and OSen05YS are able
to cansicler time-varying capital and operational costs (CapEx, Opfx). As
fuel prices are changing over tme, alse expenditres should be con-
sifered as time-varying to capture these impacts, This allews con-
sidering the tradeodi between capital and operational ensts. As an ex-
ample, in power generation initial investment costs represent botween
107 amed 40% af wotal life-cycle cost for conventional power generation
technologies while it is betwesn B0 and 95% for renewable powier
generation technologies depending an size, technology selected, oper.
ating reglme, and reglon te be installed [54]. Factoss swch as caplal
costs, aperational costs, efficiency, and scansmy of scale should be abde
i be considered in advanced framewords [69].

Mone of the tools considers the risk level or appetite from investors.
Also, systern reliability indicators are not considered yet. Especially
with increasing share of volatile renewables, this might be necessary
to consider [56],
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Fig. 4, Ranking in the different evaluations,

This list provides ideas about functions to add in the assessed
madeling tools. The recommendations focus on functlons necessary o
improve result accuracy from a technical and economic perspective,
However, improvements in other areas such as representation and
consideration of stechastic information, wse of synthetic profiles for
leard or RES, and optimization algorithms are not considersd.

6. Conclusion

Recently open source tool development has received increased at-
tention as more and more publicly available energy modeling tools are
shared via GitHub. Open source, in general, attracts users from different
arganizations and disciplines to work together on a project. As each of
the developers has different purposes and main focus the implementa-
tion of functions vary a lot, Mevertheless, until now the success of open
source tool development within energy modeling ks limited bur shows
potential, Many open source madeling tools are available and differ in
termd of targeted functionality. Therefore, it s difficult o compare
them, The purpose of this work was to evaluate 31 energy modeling
toals based on B1 proposed modeling details, 17 out of 31 assesged
madels are based on Python. Considering publicly available informa-
tiom, Switch, TEMOA, OSeMOSYS, and pyPSA are considered the top-
performing open source tools within this assesament. If the interest Hes
in a long-term planning horizon (10 years and more), Switch,
O5eMOSYS, and TEMOA might be excellent choices; however, if the
interest lies in short-term planning and small timesteps considering
details such as ramping constraints, pyPSA might be the preferred toal.
Comparing open ssurce with commercial closed source energy mod-
eling toolds, it can be seen that open source toels are getting closer to the
functionality of closed source tools, Within the operational assessment
pyPSA even takes over both of the commercial closed source foals. As
shown by projects such as the United Mations “Atlantis, Integrated
Systems Analysis of Energy”, open source tools like O5eMOSYS are also
seen s mature enough o be used for regional power system planning
[700]. Despite significant contributions to date, there remains 8 number
of key challenges, ¢.g. incorporating very high shares of volatile re-
newables [9,71], consldering simultanecus generation expansion and
transmission planning and operation considering MES [72-74], and
uncertaingy (751

7. Future wiork

Future work might integrate somse of the recommended functions
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(e.g. oodd and hot startup costs) into one of the top 'p-erfnn'ninﬁ bl
The assessed models show slgnificant room for Improvement in that
regard. For example, pyPSA is not able to consider spinning reserve or
forecasting errors within the dispaich procedure [76], and DSeMOSYS
and TEMOA do not incorporate functions such as power flow or unit
commitment. Mone of the toperanked open source tools permits the use
of different objective functions, which would allow creating Pareto
curves to identify the most suitable solutions depencing on the objec.
tive function [77]. Fumre work might improve the available assessment
of technical functions by adding e.g. more details around the optimi-
zation methods and adds performance (run-time) aspects as well.
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Renewable energy sources (RES) are becoming more amd more cost-competitive glabally, Generally,
optimization methods are used w identify the most economic setup of individual power systems. In such
cases, only the final state of the power system i of interest, This study contributes o the discussion o
hoaw to reach a 100% RES driven power system by assessing the impomance of RES quality in selected
European countries and identifies optimal strategies based on different ohpective functions (e.g., lowest
capex requirernent, lowest of largest curtailment ). In a scenario in which economics is the only driver for
optimal RES expansion, the ‘min. LOOE" path with a strong focus on Wind would be used, IF residential
ugers are targeted to contribute as much as possible the "max. capacity’ case with a Solar PY-Wind ratio
of 0.65 + 0.35 would be sebected. If the overall aim is to produce maximal excess electricity to be used in
other sectors the ‘max, curtaillment’ or ‘max, zere kad® cases should be considerad where mainly Solar P

would be the technobogy of choice.
© 2020 The Author, Published by Elsevier Led, This is an open access article under the OO BY license
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1. Introduction

In large parts of the world Alucteating rencwable energy sources
[RES], primarily Solar Photoveltaic (PV] and [enshorefoffshore)
Wind, are already cost-competitive compared to new build con-
ventional generation such as gas turbines, steam turbines, com-
hined cycle gas turbines, and internal combustion engines [1].
Wherever RES is not fully cost-competitive yet, countries support
its inatallation through policy rowards full decarbonization of po-
wer systems [2]. While efficiency improvement is one of the key
measures o reach temperatures “well below 2°C7, linking all
ENergy-consuming sectors [power, industry, transport, and build-
ing: knowen as "sector coupling'} is essential for full decarbonization
in the long run |3]. It becomes a trade-off and a timing issue for
eftective efficiency improvement and RES expansion. Child et al.
[2019) have shown how an optimal system could look like for
Europe and the entire World | 1]. As a result of sector coupling. the
electricity demand would increase significantly because of elec-
trifiying all processes. 1t would become the backbone of the future
energy system, And it would consider as much RES as necessary (o
fulfill the entire energy demand in a fully decarbonized, integrated
and interconnected system.

E=muif address: markus grodsshoecedstudentuibk.ac.at,

heepszffdodorg 10016, renene, 203007041

Kreifels et al. (2014) have demonstrated the optimal expansion
plan for Solar PV and Wind in the case of Germany [4], Within their
study. the optimal share of RES was defined as the highest installed
capacity of RES wirhin a specific curtailment rate, The authors
found that a balanced Solar PV-Wind ratio of 1075 = 0.225. In their
assessed RES expansion scenario. the optimal expansion starts with
a ratio of =1, indicating that more Solar MY than Wind should be
installed. With an installed capacity of Solar PV of more than
100 W (or ~25% above peak dermand with a current peak dernand
in Germany of -80 GW) the ratio becomes <1. This implies that
more Wind than Solar PV should be added later on (see g, 1 for the
expansion matrix of 200 GW or 250% of peak demand of Solar PV
and Wind based on Germany™s RES and power demand profiles)
The shift towards more Wind is driven by the fact that power
provided by Wind is more evenly distributed during the entire day
while Solar PYV's contribution is limited to day (sun shine) hours.
Once the optimal day contribution is reached the incremental Wind
capacity has less curtallment as an incremental Salar PV capacity,

Burger (2019) shows a more detailed view below 60 GW (or
~75% of current German's peak demand) on the actual installed
capacity mix as well the optimal mix of Solar PV and Wind (see
Fig. 21]5]. This figure compares the optimal RES expansion with the
real Solar PV Wind expansion observed between 2000 and 2017 in
Germany. Burger identifies a RES capacity gap based on his defi-
nition of optimal RES expansion. For 2007, the figure shows a Solar

D90 1481 fe 2020 The Awthor. Publizhed by Elsevier Lid Thiz i an open access article ander the O BY Boense (hiip:) lereativecommon s org licerses by 4000 L
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PV capacity gap of more than 15 GW to reach the optimal Solar Py-
Wind rartio,

Both publications (Kreifels et al. (2014) [4] and Burger (2019)
|5]) are based on the same defimition of an optimal RES expansion
(highest installed capacity of RES within a specific curtailment
rate ), and both are considering German Salar PY and Wind profiles.
While the assumptions made by Burger (2019) are not transparent.
Kreitels et al. (2004) use data for 2001 and 2012, Both publications
follow the same methodology and share the same limitarions:

= ignore the cost of RES,

= foous on one country (one 'RES profile quality”) only,

= do not discuss the importance of RES quality (different loca-
tions), and

= use only one definition of optimal RES,

The term 'RES quality” is a substitute for how much RES power
generarion can be expected throughout an entire year considering
multi-year data.

Consequently, this study contributes to state-ol-the-art gener-
ation expansion planning (GEP) by giving additional insights into

the impartance of RES quality towards high RES share power sys-
temns and show multiple ways of optimal RES expansion towards a
very high share of RES, Dilferent RES qualities are considered
throughout this study by using hourly multi-year RES power gen-
eration data from different European countries, The RES expansion
towards very high share of RES is assessed through different
objective functions (e.g., minimizing and maximizing of curtail-
ment, zere demand load hours, and cost of power generation],

The structure of the remaining study is as follows: Section 2
containg a literature review aboul existing approaches (o the
problem of high RES expansion. Section % describes the method-
ology considerad in this study. Section 4 presents the case study
assurnptions and che results of the analysis. Section 5 and Section 6
contain a discussion and conclusion while suggested possible
enhancement options for fumere work are added after the
conclusion.

2, Literature review

Tersteegen et al, (2013) optimized the energy system for Ger-
many for 2023 and 2033 [G]. The authors considered cost re-
ductions through experience and scaling effects for Solar PV and
{onshore/offshore) Wind. Detailed annual capacity additions, but
also other demand details outside of the power sector, were not
considered. Grid expansion was seen as an important prerequisite
for the "Energiewends’ {Engl. energy transition) in Germany, As the
study was already conducted in 2013, the findings show that Bat-
tery Energy Storage (BES) will only be economically feasible if the
cost drops by 805 until 2033, They alse found that such a cost
reduction was very unlikely. Only six years later this was found to
be unrealistic based en the assumption that BES cost would take
more time to decrease and, as such, more grid expansion would be
nesded for a high share of RES expansion [ 1], This study demon-
strates that the cost reduction assumption has a significant impact
on the outcome of the optimization. The authors do not assess
different oprinal RES expansion plans and do ignore the impact on
different RES gualities.

Budischak et al, (2013) used a dynamic programming approach
to identify the least-cost combination of onshore/offshore Wind
and Solar PV, combined with BES and fuel cells [7]. The authors
found that RES capacity with about three-times the peak demand is
required to power the PIM power system between 90 and 99.9% of
the time, To reach RES penetration [share of energy) of 99.5%,
storage duration of 9-72 h needs to be provided to have enough
emergy shilting capabilites, The authors only modeled the year
2030, Mo optimal RE5 expansion plan and different RES qualicy
discussion is available in their assessment

Huber et al. (2014} evaluated the fAexibility requirements for
three different systems (Saxony, Germany, and Europe] with 50%
RES penetration [#], The authors found that the assessed RES share,
the RES mize, and the system’s size (balancing area size ) have a large
impact on the variabilivy of the net load. To minimize data bias, data
between 2001 and 2010 were used. The authors did not assess the
RES quality and do not show an optimal RES evolution scenario as
they used predefined shares of RES (e, 50% RES with 204 being
Solar PV

Tafarte er al. (2004} optimized the German power system for
2030 and 2050 for a RES share of 50 and 80% [9). The significant
difference to other optimization approaches was that Solar PV is
considered with east, south, and west directed modules. By doing
=0, the combination of all three directions was more able to cover
the before midday (~10 a.m.), the midday, and the afternoon (-2
p.m.] prak depending on RES penetration. Also, Wind was adjusted
towards an advanced Wind energy converter in which the hub
heights were increased [towards 130 m) to substantially boost the
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full lead hewrs {FLHY fromy 1500 ta 3500 hlvear, This increase of FLH
reduced the meed for installed Wind capacity by about 50% and
inereased the installed PV capacity by about 25%: a split of 5%, 40%,
and 4&% (south, east, and west-directed modules) was found
optimal. The authors only considered a single year of data and did
not show an optimal RES expansion path within this assessment,

Sun et al. (2016) assessed the possible contribution to China's
Intended Mationally Determined Contribution (INDC) by analyzing
nine scenarios (a base case ‘business-as-usual® BAL, and eight other
scenarios ) wirth 40% RES by 2000 using 2 multi-criteria assessment
[MCA) [10]. The MCA considered total cost, total capacity, excess
electricity, carbon dioxide (C0;) emissions, and direct job creation,
In their assessment, a high amount of excess electricity was
considered as a disadvantage since sector coupling was not part of
their scope of analysis. The assessment was performed with the
madeling tool ENERGYFLAM and was based on a single “typical’
year. As a result, there is o discussion of the optimal RES expansion
plan or different RES qualities.

Zappa & van den Broek [2018) can be credited with the devel-
opment of the European RES optimization approach based on
spatial conditions for Solar PV and Wind [11]. The authors used GI5-
based constraints on reoftop and utility-scale Solar PV, and onshore
and offshore Wind capacities available in Europe. The objective
fumction was to minimize residual demand or maximize RES gen-
eration. The authors considered power demand only and neglected
potential synergies with the transport and industry sector. They
foumd thar optimizarion is a viahle tool for selecting Solar PV and
‘Wind locations based on spatial details, while there is little evi-
dence of this being considered in reality. The implemented opri-
mization minimized the residual demand and found a mix of 74%
Windd and 26% Salar PV (in tetal 1144 OW) as optimal to meet 825 of
the European power demand. The authors neglected to show an
optimal RES expansion path while they did consider different RES
qualities in their spatial approach,

Zappa et al. [2019) found that a European power system could
manage 1008 RES even in the most severe historical weather
conditions observed between 1979 and 2015 with the same level of
system adequacy as today [12]. Such a system would need 90% of
conventional generation capacity, an increase of 233% of cross-
border transmission capacity, and a well-integrated operation of
heat pumps and electric vehicles. Besides a continuous Wind
deployment of 7.5 GW/a and Solar PV deployment of 15 GW/a, also
massive Biomass resources would be required o reach the 100
RES target in Europe by 2050. The authors did not create an optimal
RES expansion plan for Europe nor was the impact of RES quality
part of their assessment.

As indicated by the conducted literature review research toward
high shares of RES has a long history, With the exception of Kreifels
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et al, [2014) nene of the reviewed publications assessed the eptimal
RES expansion plan. The importance of RES quality was neglected
fream all assessed publications, While some publications do indicate
the importance and need of multi-year time series for demand and
RES production very little of the available assessments do consider
this in their own work. This study does shed light into the impli-
cations of different RES quality available in the individual countries
im Europe and how optimal RES expansion plans could look like,

3. Methodology

Inspired by Burger [2019) [5] and developed by Kreifels et al.
(20140 [4), this study assesses the optimal RES expansion by
comparing different optimial RES expansion paths. To overcome the
limitations of Burger (2019) and Kreifels et al. (2014) the author
developed the following list of aprimal RES expansion paths:

+ RES capacity with specific curtailment rate [5),
« curtailment,

o levelized cost of electricity (LODE )L and

« zern net load hours,

Wirhin this study, minimizing curtallment, LOOE, and zero net
load hours and maximizing capacity, curtailment, and zero net load
hours are considered 10 be useful for optimal RES expansion
planning and are assessed in separate scenarios, The case ‘'minimize
capacity’ is unnecessary as the power contribution from Wind is
vsually higher than from Solar PV (exceptions might be eg.
Macedonia ME, and Slovenia 51 - see Fig. 1), This study uses pure
power-related key performance indicators (KPIs) such as curtail-
ment and LCOE for the assessment. Other KPI's such as security of
supply, national manufacturing and aspecis of local content [e.g.
Jjobs, value creation] are ignored | 13], This study focuses on mixed
Solar PY-Wind expansion as this is currently seen as the technol-
ogies of choice with lower constraints compared to other RES
technologies such as Hydropower or Biomass.

Historically measured hourly time series for load and BES pro-
files are based on open-power-system-data.org [14] and renew-
ablesninga [ 15), Both sources provide hourly profile data as publicly
available data. Fig. 3 shows the average capacity facvors for Solar PV
and Wind for the entire data set of the coversd 36 countries.

This study defines four condirions with special combinations of
Solar PV and Wind qualities: a) very good Solar PV, very good Wind;
2y very good Salar PV, very bad Wind; 3} very bad Selar PV, very
good Wind: and 4) very bad Solar PV, very bad Wind. Specific
countries are selected o represent different RES quality conditions.
Based an the available data and defined conditions the following
countries have been identified for suited candidates (see Table 1)

il

y

z§s

Wirsd OB Offshore

ii

Fig. 3. fwerage capacty factors of Py and Wind.
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Table 1 arder It starts with AT), Based on the available data ser Step 2 se-
Country list and considered rationale, lects the first available year [e.g., 2006). Step 3 and 4 are initializing
wind Quality Solar P Guiality Courry Code Country Name Sedar PY and Wind capacity additions with 0% {of peak demand) 1o

- . o Cyprus calculate the initial situation without RES in Step 5. Subsequently,
B _ cz Czech Republic andd as long as not reaching the maximum of 200%, 0.5% is added for
. B - [— Solar PV and Wind. Finally, if 200% of Solar PV and Wind have been
et ' o Portuzal considered in the calculations, Step G initiates the next available

' wery good RES quality, =" very bad RES quality):

Besides these countries selected based on RES qualities, Austria
has been added because of the location of the University of Inns-
bruck. and Germany has been added as it is one of the main
countries within Eurepe considering renewables integratien and
energy exchange with its neighboring countries,

The publicly available time series starts for Austria (AT), Czech
Republic (CZ), Germany [DEL and Portugal {PT) in 2006, for Norway
(M0 im 2010, and for Cyprus (CY) in 2013; all data end in 2006 [ 16].
Ter vk annual Biases, but consider the meteoralogical differences
from year to year, the entire time series (e.g., 2006—2016 for AT)
wias used as a whole instead of individual years, For this study, each
year of the demand profiles has been scaled to a peak demand of
10,000 MW to assess the impact of seasonal demand and renew-
ables profile varlation and mot the gronth of the individual demand
profiles or other aspects such as efficiency improvements. The
1000 MW represents an average power system demand which
can be found sewveral times in Europe and also in the considered
countries, eg, FT with 3700 MW, CZ with 10,300 MW, and AT with
11900 MW,

To support medium- and long-term optimal RES expansion path
decisions, this study includes multiple years of data, different
quality of renewables, and different combinations and RES pene-
tration (0—200% compared o peak demand in 0L5% steps). The
owerall program logic shown in Fig. 4 has been implemented in the
programming language Julia [ 17].

Step 1 is to select the first country to assess (im alphabetical

year to be considered (up to, e.g., 2006 As already indicared above,
this study used all available data at once to avoid data (weather, RES
power generation and power demand) contortions through indi-
vidual years. After finalizing all years, Step 7 initiates the next
country for assessment. |1 all countries have been caleulated, the
simulation of all scenarios is finished,

4. Case study

Based on the introduced methodology. the case study assesses
the selected countries’ RES quality conditions amd the impact of
multi-year RES profiles together with their respective demand
profiles,

4.1, Azsumprions

Fig, 5 and Table 2 show the normalized load duration curves
(LDC) and common KPI's generally used in GEP based on the
available hourly time series for the assessed countries (AT, CY, CZ,
DE, MO, and FT).

The average LDC based on data from CY shows the highest
seasonal swing within the assessed dara set as cooling demand is
high in summer, but there is no or limited electric heating demand
in winter, The LDC for DE shows the lowest seasonal swing as
heating and cooling is traditionally not powered by electricity in
DE. Heating demand is usually covered either through districe
heating systems (with, e.g., biomass or coal) or through individual
natural gas boilers,

Fig. 6, Fig. 7, and Table 5 show the RES duration curves for the
selected countries and the average FLH of the considered RES
profiles,

There is a significant difference within the considered Solar PV

step [ start ] profiles (Fig &), while the considered Wind profiles seem more
T
@ | choose country |-7
£ Laad —AT
@ —-| choose year of data |-7 % - I —_CY
= _u
s E
@ L-| choose Solar PV capacity |~— i e DE
@ L{ choose Wind capacity f— 1 —
4 choose Wind capacity 1-:‘. o4 —PT
= x - =
= | calculate details | 02
Yes
Wind capacity to add? e HEEEEEHEHEEEEEEES
b FERELEET R rEEREE S
= Lzl Y H iof ¥,
Solar PV capacity to add? Flgure: Markus Grods=bick [LWBK] | Data: Wiese et al | 2005} ar of ear
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[
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Tabshe 2
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he KPR Al oy [r3 DE MO FT
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Fig. 4. Methodology.
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comparable (Fig. 7). One reason might be that the shown average
RES duration curves are averaged over the available period of times
{e.g., for AT between 2006 and 2016). It would also imply that the
Wind resources are more equally distributed throughout Europe
while the quality of Solar PV depends more on the latitede of the
country of interest,

The KPI FLH is based on the average power generation for the
individual RES profile. It does not consider that Solar PV usually has
direct current [DC)-to-alternating current (AC) POAWET CONVETSIon
losses and a significant temperature-dependent power production
efficiency. The power generation through Solar PV is always lower
as ~B0% of the installed capacity, while Wind reaches close to its full
poswer cutput

sSpecific capital expenditures per kW installed capacity are
assumed to follow a power curve function (see eq. (1)

Py =an" (1]

where P; is the specific price (in EUR/kW] for a known size n (in
MW, and o and b are the power coefficients estimated within this
study 1o At available cost estimates (see Table 4], The project price
or the capital expenditure is the specific price times the size of the
project.

To calculate a constant annuity of this RES price, the capital
recovery factor (CRF) is calculated [see eg. (20 [18]:

i1+ 0"

CRF=——
1+ -1

(2]

where i is the interest rate (¥} and n the number of years the an-
nuity should be considered. For the purpose of this study, the in-
rerest rare is assumed ro be 4% and the annuity should be paid for a
term of 20 years for all technologies and countries.
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Table 3

RES KPFfs
KPFI(—] AT oY = DE N0 T
FLH Solar P Q.14 16 013 o3 LR [i] 017
FLH %Wind a0zl 021 w2l nis e .26
Avp-to-Peak Salar Y LR k] 024 k18 (kR 14 0x2
Avg-to-Peak Wind 0z3 .22 23 nan [k} ] 0z7

Table 4

Power ourve coefficents (based on | 18]
Prrwpet coeflickent Salar Wlind
a 1450 1730
b 005 005

Table 5

RES generation KFTs
[in percent| Al Y L3 DE 14 P
RES power gén. 18 122.5 975 9.8 1Ly 1200
RES us=ful ) THO T3 [Crn ] LA 2R
RES urised 28.1 445 262 1.8 2046 E1]

Finally, the levelized cost of electricity (LCOE) estimates the
price per MWh electricity produced required to meet a predefined
lewel of return within the overall project lifetime. Within this study
a simplified LCOE approach is caloulated ignoning. eg., tax and
depreciation effects and a decrease in power generation during the
technical praject lifetime (see eq. [3)) [19]:

1Py = (CRF + FOM) + Py« VOM

LCOE By

(3}

where FOM is the fixed annual operation and maintenance (O]
costs (in & of capex expenditure), VOM the variable power gener-
ation costs (in EUR/KWHL and Py the useful annual RES power
production (kW hfa) For this study, the FOM costs are assumed to
be 2% of overall capital expenditure, Mo VOM costs are assumed for
Solar PV and ‘Wind. By considering only the useful RES power
penerated, which is the difference between total RES power
generated and the curailed RES power, the simple LODE results in
power generation cost increase once curtailment occurs. For
simplification the impact of different interest rates and therefore
different CRFs is ignored as the focus of this study is the impact of
RES guality {see Table & for a complete list of simplifications and
explanations). Publications such as Child et al. (20019} do neglect
differences in cost and financing assumptions between regions or
countnes as praper cost and financing decails depend on more than
the country [1]. The experience of the project developer. the
fimancing structure of the project, the pelicy stability or the RES
technology experience of the host country are additional examples
of details such high-level assessments cannot accomplish [20)
Besides that, changing eg. the interest rate for the assessed rech-
nologies, while keeping the cost assumption unchanged would not
impact the result as long as the RES price stays unchanged.

To provide some background in the development of RES within
the assessed countries, Fig, 810 provide some details about the
changes in terms of power capacity and power generation. Fig. 8
showys the share of installed capacity of Wind, 5olar PV, and other
RES for all considered countries while Fiz. 9 shows the share of
power generation. Fig, 10 shows the share of power generation of
Solar PV combined with Wind, other RES, and Thermal power
generation. The data points shown are between 2000 and 2017
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Table &
Lirnicaticns amd explanarions.
Limiitation Explanation

distribution (T&D] limications within the country (self (ropperplace approach’),
no inter-tountry power exchanges are comsidered,

HES and demand profiles are hastarical time series,
RES costs arxl Anancing pararmeters are assumesd to be the sime in all counmries,
HES cost does ot change over time,

Hydrapower ar Biomass, are availabile s well,
storage soluticns hawe not been considered,
anly elecrricny demand is considered,

rates, min. upidowm time) are mot considered,

ondy individusl country perspectives have been considered withowt transmission amd

RES profiles always show the same hourly production patern independent from RES penetration,

podential For Solar P and Wind i assamed 1o be al least twice the peak demand.
pare Solar IV and ‘Wind expansion is conskdered although other RES technologies such as

& RES placing is mot the aam of this study,

& finding aptinal locations is not the aim of this sudy.

+ RES profiles are the sum of hundreds of RES projects,

& finding aptinsal locations is not the aim ol this sudy,

» the charge of profiles is not the aim of ches study,

w e averall ecomamacs are mal the Tocus of this study,

» spesd of RES sxpansion (s not the faos of this sdy,

& potentisl asessment is not the Fsous ol this study,

» owerill optimal renewable mix is nos the fooas of this snady,

= storage swing and placng is not the aim of this shdy,
« heat, cold, and ather end use are nor the Tocus of this study,

unit commitment and economic dispatch principles and other technical detasls [eg., up/down ramp  « thermal power plant GEP is not aim for this study.

Each dot at the line represents a year. As bigger the dot gets as
closer it is towards the last available year 2017, Each of the tiangle
figures includes an example how to use the corresponding axes (see
orange, blue, and black arrows): the orange line downwards rep-
resents the left axis and the downwards moving lines, the blue
horizontal line represents the right axis and the straight lefowards
moving lines, and the black line showing upwards represents the
lower axis and the upward right moving lines.

The gnly country showing no steady development is O as the
share of "Other RES rose from 0 to 8 MW while Wind and Solar PV
have changed a little bit between 2007 and 2009 only. In 2000 and
2011, the Wind additions were 82 and 52 MW while Solar PV
started to have strong additions after 2003, AT and MO have a very
strong focus on non-5olar PY/Wind BES capacity, mainly Hydro-
power generation. The case of MO shows that the contribution
through of other RES (Hydropower) is so dominant, that even
adding ~ 2 W of Wind capacity has very little impact towards the
country's energy mic.. PT has a very strong focus on Wind and
neglectable Solar PV capacity is installed. Until 2007 [E (see orange
line) had a wery strong focus on Wind additions before the Solar PV
feed-in-tariffs (FiT) were introduces and changed the power gen-
eration landscape significantly. It was until 2015 before Wind got
more attention again,

In the case of DE, the share of installed capacity moved towards

Capaoity
Installed

L] ] E] L] L L L L @

Figunt Wlarin Grodbda (OBK) | [una PERGS [ 300 5, Eurodaar (200 50, ‘Wieta of 4, (2019)

Fig. 8. RES capacity share progress between 2000 and 2013 [2324].

a significant combination of Solar PV and Wind while the RES po-
wer production still is dominated by other RES, such as Biomass
and Hydropower plants. Compared with Fig 8 the line for the case
DE is bess continuous as the annual power production out of
especially Wind fluctuates a ot as the 'Wind quality is less constant
over the assess period of time (between 2000 and 2017 AT's non-
Sedar PYIWind RES, such as Hydre and Biomass power plants, have
much higher FLHs than Solar PV and Wind and therefore the share
of 'Other RES' dominates even with significant additions in Wind
and Solar PV [compare with Fig. 8). PT on the other hand, uses
mainly Hydro and Wind power generation. where both have high
FLHs and also high fluctuation between the assessed years,

While the contribution of Solar PV and Wind increased signifi-
cantly within the RES power capacity and RES power generation,
the contribution compared to Thermal power generation only
changed significantly in DE and FT. Fiz. 10 shows zigzag movements
for the case of PT as the RES production out of ‘Other RES' varies
between 20 and 40% (see orange axis), a result of the changing
weather conditions which have strong impact on the provided
electricity out of Hydropower. Same explanation is valid for AT
wihere 'Other RES' varies between 63 and 905, An extreme example
is MO where Solar PV and Wind have almost no contribution to-
wards the RES power generation as it is almost exclusively based on

Renswabls 100
Pawer

Ganaration

o » m W o - Lo o L = b
Solar

Fiuni: bladiug Geanciich (UBE] | Gua: |REMS, (10090, Eurodaal (20050 Weeia o o (20155

Fig. 5. RES generation share progress between 2000 and 2007 | 2224]
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Total ’ scaled 1o a peak demand of 10,000 MW,
B . ,“.‘w Tharmal Figs. 1116 show individual scenarios per graph as results of all
se individual runs combined per country for the assessed optimal RES
m_‘_”’ ' "y paths. The horizontal axis shows the Solar PV share and the vertical
P N axis shows the Wind share (both in percent of peak demand, up to

—— AT

e = - LR

a | L] w L - 50 L] e L] * e

Fgure: Pawis Sronsiedob (UBE] | Gua: (REMA (L0 Burarbnan {0131 wiise ot al (2325

Fig. 10, RES-vs-Thermal generation shane progress berseen 2000 and 2007 [27,24),

Hydropower.

42, Resuiis

As already mentioned in the methedology section, this study
shows the results for the considered countries to identify the
optimal KES paths for a very large RES penetration {per technolegy)
of up to 200% compared to its peak demand. To make the cases
comparable between each other all demand profiles have been

Optimal RES paths for AT

max, capacity

min. curtallment

200e). Each grey line in the individual graphs shows the optimal
RES expansion path for individual years (e, 2006 to 2016). The
black line showes the optimal RES expansion using the entire time
series, 2.8, 2006—2016. The sub-graph titled 'max. capacity” rep-
resents the "RES capacity with specific curtailment” case as shown
by Burger (2009) |5] and Kreifels et al. [2014) [4]. The sub-graphs
‘min. curtailment’ and "max. curtailment’ represent the minimize
and maximize curtailment cases, The sub-graph ‘min, LOOE' rep-
resents the minimize LOOE case. And finally, the "min. zero load' and
‘s, zera load” sub-graphs show the results for the minimize and
maximize zero net load hour cases.

Each of the grey lines represents the optimal RES installation
path for using a single year of data. The black line represents the
optimal RES installation path using all available years of data, Like
in some cases below the case ‘min. LOOE' shows an inferesting
result as single years would favor pure Solar PV capacity additions
while in general most of the years are favoring pure Wind capacity
additions. This is the result of the variability of the historical data.
Wind output seems to be a litthe bit more volatile as Solar PV be-
teveen individual years.

The green line within the case "max. capacity’ represents the
resulrs out of Kreifels et al, [2014),

A more detailed discussion of the results based on these figures
i5 available in Section 5,

Table 5 shows the maximum RES share within the case study
countries considering the mentioned constraints discussed in the
methodology section. Only in cases with excellent RES qualities in

max. curtailment

-
2
—
=
El
a4
o
-
o
g
g
a
= ]
El
z
= i
e ————
-
min. LCOE min, zero load max. 2ero load
=
]
a 100 204 L 0 o 100 200
Figure: Markus Groissbock (UIBK) Solar PV share (% of peak)
Color coda: gray - individual years; black - all years at onca

Fig. 11. Simulation results for AT,
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Optimal RES paths for CY
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Figure: Markus Groissbbck [UIBK) Solar PV share [% of peak)

Color code: grey - individual years; black - all years at once

Fig. 1. Samulation results for CY,

Optimal RES paths for CZ
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Fig. 13, Simulation results for CZ
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Optimal RES paths for DE
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Figure: Markus Groissbhock [UTBK) Solar PV share (% of peak)
Codor code: grey - individual years; black - all years at once
Fig. ¥4, Simulation resuliz for DE.
Optimal RES paths for NO
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Fig. 15 Simulaticon resules for MO
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one of the assessed technologies (CY, NO and PT) the assessment
shows that the used RES expansion matrix can reach abowe 100% of
power generation out of RES, AT could be close o RES sell-
meneration if annual storage losses {including charging, standby
logses, and discharging) are < LB,

5. Discussion
5.1, Limitations of the methodology

Before the results are discussed, Table 6 highlights the limita-
tions of the methodology to add more clarity to the results dis-
cussed subsequently. Most limitations do not have a significant
impact an the results or are net the main fecus of this study and
represent a list of considerations for upcoming studies.

5.2 Discussion and findings

A detailed discussion of the different optimal RES paths is con-
ducted before the overall results are analyzed, The analysis is based
on the average unbiased results, as shown in Fig. 17, knowing that
individual years will deviate from them, The small zigzag move-
ments {in Figs. 11-17) are the result of the RES matrix [200% « 200%
of peak demand ) considered in this study inwhich a RES expansion
step of 0.5% has been selected and shows non-steady results in
some cases. Fig, 17 represents the summary of Figs. 1116 and
therefare is the basis for the upcoming discussion. Inall sub-graphs
the dotted lines indicate a ratio of 3, 0.65, and 1 of installed Wind
va, Solar PV Within the left top sub-figure, the optimal RES path
From Kreifels et al. {2014) was added for better comparison.

The 'max. capacity’ curves represent the approach of Kreifels
et al. (2014) and share some common curve shape as all of them

Optimal RES paths for PT

N max. capacity

i)

Wind share (% of peak)

min. LCOE

o ina

Figure: Markus Groissbick {LIER)

min. curtallment

min

84

1405

reach 2000 of Wind capacity before BO—1304 Solar PV is added (see
Figs. 1 and 2). The difference lies in the detail. Up to -50 GW the
analysis of Kreifels e al. (2004) suggest a catio of =1 which woauld
ask for more Solar PV than Wind installed capacity. Up to - 100 GW
their analysis results ration of -1, Is after the peak demand of the
German [DE) systemn [~80 GW) when the ratio trends to the final
value of -0055 which asks for about 50% higher installed capacity
out of Wind vs. Solar PV, Kreifels et al, (2014) finding shows
excellent for the RES quality of DE and shows a smoother path as
this study. The optimal expansion path for NO and O would tend
towards a ratio of <05 which means that Wind should have more
than twice the installed capacity of Solar PV [n CF and NO, both
countries with very good Wind quality, the optimal Wind-Solar PV
ratio is -0.45. Within the assessed RES guality cases. the optimal
RES parh with the highest RES capacity installed is favoring Wind
over Solar PV,

Compared o the previous 'max. capacity’ case, the “min.
curtailment” case has slightly higher Solar Y contributions until
the curves reach the 2008 Wind capacity, The reason for this is the
better fit of Solar PV to the daily demand profiles. The optimal RES
path based an "min. zero load' has less Solar PV contribution as the
previously mentioned cases. The ‘min. LEOE' case is in all circum-
stances dominated by almost exclusive Wind expansions. For the
Horwegian case, ~50% of Solar PV would be added befere the Wind
capacity reaches more than 180&. An interesting finding for the
Portuguese [ PT) case is that Solar PV would be preferred over Wind
wiith the assumed RES cost and generation profiles as rhis is nor
reflected at all in the current RES policy which focused historically a
lot on adding Wind and moves mow more rowards Solar PV [21]. To
support sector coupling through excess RES electricity, the cases
ma, curtailment” and ‘max, zero load” should be considered, In
both cases, up to 508 Wind would be added before the RES

max. curtailment

rero load max. zeno load

Salar PV share [% of peak)

Color code; gray - Individual years; back - all years at once

Fig. 16 Simulation results for PT.



CHAPTER APPENDIX - REPRINTS

1406 M. Grofsshick [ Renewalde Energy 160 [2020] 1306— 1407

Optimal RES paths

MK, Capacity

B

Wind share [% of peak)

100

Figure; Markus Groisshack (LT

min, cyurtailment

. curtailmient

100 xX0oa 100 L]
Salar PV share |% of peak)

Fig. 17. Overall smulation results

expansion would be solely based on Solar PV, Adding the S0% of
Wind capacity would cover most of the night and cold season de-
mand so that adding Sclar PV alterwards can be used for other
purposes such as sector coupling.

Budischak et al. [2013) found that RES capacity of about 300% of
peak demnand and significant amount of storage is needed o reach
=00% RES contribution within the PJM market. The results of this
study suggest that RES capacity of about 200% is already able 1o
fulfil @0—122% of the energy demand in the assessed countries (see
Table 5}

6. Conclusion

In large parts of the world, fluctuating RES. mainly Solar PV and
Onshore|Olfshore Wind. is already cost-=competitive compared (o
new build conventional generation, such as gas turbines, steam
turbines, combined cycle gas turbines, and intermal combustion
engines, As a result, sector coupling forces the power sector to
become the backbone of the future energy system. Most of the time,
optimization is used o identify the high-share or 100% RES case,
but the way towards this is mostly unaddressed. Consequently, this
study comtributes to state-ol-the-art GEP in adding insights into the

Table 7
Dpgimal RES paths as ohjective funoien of aim,

importance of RES quality towards high RES share power systems
and shows multiple ways of optimal RES expansion towards a very
high share of RES,

The results in Figs. 11—16 show overlapping curee shapes while
also indicating differences in how the optimal RES expansion path
could be realized hased on local conditions. It can be concluded thar
the shapes for 'max. capacity ', ‘'min. curtailment’, and ‘min. zero
leae” show similar evelutienary paths, Also, the paths for "max.
curtailment” and ‘max. zero load' show similar shapes. It can be
argued that the impact of RES quality is minor and is more dictated
by the owerarching ohjective function (see Table 7). If economics
woere the only driver, the cost of power generation ("'min. LODE")
path with a strong focus on Wind would be the guide for RES
expansion planning. If residential users are targeted to contribute
a5 much as |..'II:ISSI|JH‘.' to the RES expansion, the cases 'max, curtail-
ment’, 'max. zero load') should be selected. If the overall aim is to
produce excess electricity to be used in other sectors, one of the
sector coupling approaches ['max. curtailment’, ‘'max. zero load")
should be selected where Solar PV would be the technology of
chaolce.

Publications such as Kreifels et al. (2014) or Zappa et al. (2019)
imdicare thar centralized power storage [(such as Pumped

Overall asm Obspective function
T CApainy minimwim curtailaent msazinmnm curtailivsent wingnum LOOE Mimimum e load Mlasimmim sero losd
Opt. RES powser b x x
Fascus Salar MY H H
Foous Wind ® X ® X
Liast power cost %

Sector coupling X
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Hydropower, or Battery Energy Storage) dees allow higher RES
integration. Further research shall incorporate large-scale storage
(e, thermal storage. hydregen) for seasonal energy shifts and
small-scale prosumers (e.g., domestic use of BES, e-mobility] for
short-term energy shifts to gain more insights into how much
variability of RES can be taken out with storage and sector coupling
poing forward. The assessment of different energy storage charge
and discharge algorithms might be anather field of upcoming work
(22}
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1. Introduction

Fluctuating renewable energy (Solar Photovoltaic and Wind) is
currently cost competitive with new bulld conventlonal power gen-
eration in large parts of the world [1]. In addition, policy support to-
wiards decarbonization of power is driving uptake even in areas that are
not as cost competitive, Generation expansion planning (GEP) in its
nature is a nonlinear dynamic problem 1o be solved under given re-
strictions and constraints [2], In general, the purpose of GEP is to
minimize required investment for new generation capacity and opera-
tiomal costs, including fuel costs to maximize the power plant owner's
profit under a defined relinbility metric target. The role of renewahle
energy sources (RES) in mitgating fuel consumption is well-known,
Also, the additional rele of RES in contributing to the peak demand
fulfillment of the power system, or in other words, avoiding additional
conventional power plants to be built for fulfilling the same peak de-
matnd is quite well understomd. Peak demand fulfillment is measured by
the effective load carrying capability (ELCC) of the added RES capacity
[3,4]. It is known that the ELCC from RES lessens as its penetration of
the system’s capacity increases. Therefore, it 8 Important to understand
the cost compromise berween the savings on fuel with increasing pe-
netration, and the ELOC of the additional capacity added under the
same reliability target (5.

Each and every energy system is assessed in the triangle of energy
security (guided through policies and regulation), Anance (directed
through economics), and climate change mitigation (steered through
environmental impact assessments) to reach energy justice (led through
law and policies) (6], Security of supply is the availability of power
generation o satisly customers demand at most or at all moments [7).
Monlinear reliability measure 8s e.g., loss of load hours (LOLH) cannot
be considersd in traditional optimization approaches (e, g, linear
pragramming) [5]. Therefore, open source optimization models use
indirect relinhility measures such as expected energy not served (EENS)
or reserve margin (RM). By doing so it is implicit assumed thar the
security of supply is fulfilled for the assessed system. What is still
missing is a deep understanding on how the resource quality of RES
does impact system reliability measures such as EENS, BM and how o
use ;uch measures in optimization frameworks,

Consequently, this stady contributes to the state-of-the-art open
spurce generation expansion planning in adding the probabilistic di-
mensions (measured in a) LOLH, expressed in bowrs/year, sometimes
also known as loss of load expectation (LOLE), and EENS, expressed in
annual energy nod delivered, expressed in percent of annual energy
demand) in & dynamic programming framework. Hereby, a reliability
canstrained least-cost GEP is completed for several European countries
to ldentify the capability of different renewable resource quality to-
wirds power system reliability participation.

The structure of the remaining study is as follows: Chapter 11 con-
tains a literatre review assessing traditional reliability criteria and best
practices in power system studies. Chapter I includes the methodology
discussing the least-cost generation expansion planning considering a
dynamic programming approach. Chapter 1V presents the considered
case study based on several European countries. Chapter ¥ and Chapter
V1 contains a discussion and conclusion around the Anding out of the
case study, and Chapter VI suggests possible enhancement options for
future work,

2. Literature review

The total system life cycle costa of a power system should conslder
socioeconomic costs, emerging from the potentinl costs mised by so-
cieny over the periods of non-served energy by the aystem. Therefore,
Billinton & Allan defines two main approaches to estimate the socio-
econonic costs caused by interrupted power service: implicit and ex-
plicit [9]. In the explicit approach, two points of views for the cost of
interruptions are common: (i) point of view of the user, which implies
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that the cast of interrupdions may vary widely among consumers’ type,
and (i1} point of view of the utility, which may indicate a loss of revenue
from load not served and/or potential loss of future sales due to cus-
tomers’ reaction to low service reliability [10], or additional penalties
from regulation authorities for reliability targets not being met,

Based on Li, ransmission expansion planning (TEP) is wraditionally
grounded in probabilistic assessments, while this is not always the case
for GEP [ 110, In almost all optimization approaches, security of supply
is covered implicitly through hourly profiles of energy demand and
renewable power generation, an explicit assumption of an BM and for
expected energy not served (EENS). Unfortunately, this approach does
not cover the hourly probabilistic relinbility aspect within GEP in
comparison with TEP.

Phoon specify common explicit criteria as, e.g, expected energy not
served [EENS, expressed in MWh/year) and boss of load freguency
(LOLF, expressed in occurrences/year) [12], EENS represents the sum
of energy ot served, LOLF represents the number of hours the required
energy cannct be supplied as requested. While the criteria EENS Is not
able to provide any information on how often energy cannat be sup-
plied, LOLF does not add insights into how much energy cannot be
prowided within a specific period of time. On top of theses disadvantage
both eriteria do not provide any information on the probabilities of
occurrence. Simulation tools such as HOMER, and ENERGYFLAN do
ignore such measures as they assume that electricity which is not
generated within the boundary of the assessed power svstem can be
purchased from outside easily [13 14]. The measure LOLF cannot e
replicated in linsar programming (LP). Therefore, well-known optimi-
zation tools like DER-CAM, and PyPSA do not considering any of these
explicit approaches [15.16].

Augutis et al. highlights that in general there is only one criterion
considered in economic-optimization models: cost [17]. They argue
that energy security has wo be consldered above economic considera-
tions as the availability of power is crucial in today's society and
economy. They indicate that the case study results are very sensitive
towards system size and specificity of the assessed system. The authors
added more details o the Open Source Energy Modelling System
(OS5 MOSYS) to incorporate security of supply, The authors introduced
the define their own key performance indicator (KPI): the energy se-
curity coefflclent (ESC, between 0 and 1) The ESC incorporates the
EENS, the cost increase, and how long the disturbance lasted, An ESC
from 1 is a perfect resilience gystem where a dizsturbance has no impact
on energy prices as well 85 energy supply quality. Unfortunately, they
div ol assess the importance of RES quality over time.

DeCarelis et al, drafted a guidance paper on how energy system
optimization models (ESOMs) should be used o optimize their out-
comes based on thelr collective modelling experlence [18]. Two of thelr
guiding principles are (n) “make the analysis as simple as possible and
as complex as necessary”, and (b) “re-evaluate the modelling approach
and objectives throughout the analysis™. While state-of-the-art open
source optimization fromeworks are using BRM and EENS they do not
assess the individuality of the system, nor do they validate their input
assumptions in that regards, This es exactly where this study adds its
value & multl RES qualithes are assessed in a combined RM-EENS-LOLH
approach.

Mewell et al. show a generic view on lbow the reserve margin (M)
correlates with the system reliability (measured in LOLH) as well as the
expected energy nod served (EENS) (measured in pereent of annusal
power demand, also known as expected unserved energy, EUE) (see
Fig. 11 [7]. The RM defines how much the total installed power plant
fleer, Including all types of dispatchable power generation technologles,
should be above the expected peak demand to guarantes a reliable and
sepure power operation under “all’ circumstances. Az mentioned above,
RES does contribute to BM in some way. Unformunately, their publica-
tion does not shed light on the impact of high shares of renewables
toweards required BM as well as towards EUE.

Priesmann et al. asesses when to use simple and when to use more
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between data requirements and data quality together with model
camplexity should be considered. Unfortunately, the assessed case
study doses nod assess the impact of RES quality as well as security of
supply KFls,

Seck e al. incorporates shorl-lerm power systém operalion con-
straints into GEF in a case study of France [20], The authors add a
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relinbility KPI related to kinefic reserves into the optimization model
TIMES-FH. They assess the power syetem grid stability within an elec-
tricity share of 65% out of RES. The result indicates that around 55% of
the entire flexibility demand should be fulfilled by conventional power
generations such as combined cycle gas turbines, Unfortunately, the
authors do not agess the importance of RES quality while the kinetic
reserve discussion s out of the scope of the authors of this study.

In the implicit approach, perhaps the most raditional method, a
comparison of various expansion alternatives {s studled under the as-
sumption that each of the alternatives is able to provide the same level
of reliability eriterion (eg. LOLH = 1 I/l This means there is an
implicit socioeconomic cost associated to the selected criterion. In this
sudy, the implicit approach is used. Variations on the reliability cri-
terion mean different implicit sociceconomic costs of power interrap-
tigms, Therefore, to assume, for instance, a higher LOLH criterion for the
expanded system implies a lower socioeconomic cost Implication due to
poweer intermaptions and vice versa, The socioeconomic cost shoukd e
part of GEP and, therefore, within the cost minimization process. This
would incorporate the socieeconomic costs into all costs and, therefore,
be part of the total gystem costs, This would consider the expected nan-
served emergy costs with the potential losses from social benefits as well
s requited investments and fuel and maintenance costs, Social benefits
are, o its simplest way and lgnoring the differences in customer seg-
ments, measured as o frction of the gross domestic product divided by
the ol energy demand throughout the year [14]. This is a simple
approach to estimate the value of lost lead (VOLL) indicator. CEPA
argues that a more accurate way of estimating VOLL would be based on
customers” willingness to pay for reliable energy supply or the loss of
walise from loss of supply [217. OF course, different customer segments
In different countries and different individual customess would need
different VOLL estimates to reflect their specific situations,

3. Methodology

Stimulated by Newell et al. [7], this study assesses the security of
supply through a dynamic programming approach, in which the reserve
margin (RM) and expected energy net served (EEMS) are resulis to
fulfill the predefined reliability level expressed in loss of load hours
(LOLH). To support medium- and Jong-term aspects of GEP, the as-
sessment includes:

» multiple years of data [22],

# normalized demand profiles,

# different quality of renewables based on historlcal remewable pro-
files (low Solar PV Tow Wind, low Solar PV high Wind, high Solar
Pv/high Wind, and high Solar PV/low Wind),

= wariations of RES capacity (0 and 200% of peak demand),

# different levels of system reliability (in LOLH, between 0 and 10)
23],

# different system sizes (10 to 100,000 MW system sizes),
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Fig. 10. BM vs. LOLH results without any RES.

The overal]l program logic shown in Fig. @ has been implemented in
the programming language Julia [24].

Step 1 ks o select the first system reliabilicy target to assess (LOLH,
measured in hours/year, starting from 0). Based on the available data
sel, Step 2 selects the first option 1o assess (e.g., no BES with a load
multiplier of 0,011, Step 3 and 4 are initializing the numbser of units to
be comsidered (starting with 0) and the maximum allowed capacity
multiplier {starting with 15) to caleulate the inital simation without
RES in Step 5. Subsequently, and as long as being above the targeted
syatern reliability, the capacity multiplier s decreazed. If the required
system reliability is reached, a simplified economic dispatch is done,
and the resuln is saved (Step 6). As soon as the total system is increasing,
the processing of the current option is finished, If there is an additional
aplion i ageess (LOLH = 100, the program does continue with the next
optien (in Step 3, increase LOLH by 1), Otherwise, the simulation is
finished after all options to be asessed are calculated.

In the case of the presence of RES, net load should be consldered as
the: input for the LOLH convolution instead of load (see Bq, (10) [22],

Loady,,, = Load, — RES, {11

where Liad,,, , is the net boad for hour ¢ (in MWh), Load, as load without
any RES contribution at hour t (in MWh), and RES; with the RES

contribution at hour t (in MWh).

Maintaining the current LOLH expectation, «.3., the power genera-
tion interruption risk level, is the core assumption behind probabilistie
GEP. Therefore, the initial task is to calculate a system’s LOLH for an
initial generation Neet and the peak load w fulll Subsequently, ad-
ditional LOLH's are caleulated assuming different RES additions, After
adding new RES generation, the need for conventional generation in
comparison to the original system is reduced while fulfilling the same
system reliability.

Solar PV and Wind are seen as key within future energy scenarios
25, These resources — sun shine and winds — are available globally.
Other resources, such as hydropower or geothermal power, are based
on special environmental requirements (like hills or special soil) and
are therefore not included in this asessment. Also, the contribution af
hydropower and geothermal power towards the total energy system is
guite limited in its technical and economic petential. A similar argu-
mentation |8 valld for wave energy, bomass, and waste-to-energy.

LOLH does cover the risk of not being able to fulfil the customers
energy demand in a probabilistic way. As the aim of this study is not o
explore pdditional kind of uncertaintics and risks or to do an exhawstive
rigk analysis (including identifying all posible risk factors related o
power generation such as economics risks, hydrological  risks,
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engineering risks, human risks, or social risks) [26]. Also, additional
benefits such as being able to generate more power as required is not
consicdered here

4. Case study

Based on the discussed methodology, the case study assesses the
selected countries’ RES quality conditions and the impact of multi-year
RES profiles together with their respective demand profiles,

4.1, Assumprions

Historically measured hourly time series for load, weather, and RES
prafiles are based on  open-power-system-data.org  and  renew-
ables.ninja, which provide data as open source [22,27 2B]. Fig. 3 shows
the average capacity factors of Solar PV and Wind for the entire data set
of mare than 30 countries,

Based on these data, this smdy defines conditions with special
caombinations of Solar PV and Wind qualities. Therefore, specific
countries are selected 1o represent different RES quality conditions '+
+'1 very good, '~ very bad RES quality] (see Table 1k

Besides these countries, Austrin has been added becose of the

location of the University of Innsbruck, and Germany has been added as
it is one of the main countries within Europe under discussion regarding
repewables integration and energy exchange with its neighboring
countries, For Austria (AT), Czech Republic (C2), Germany (DE), and
Portugal (PT), the public available time series starts in 2006, for
Norway (NO) in 2010, and for Cyprus (CY) in 2013; all data end in 2016
(23], To avoid annual biases, but still consider the meteorological dif-
ferences from year to year, the entire time series (eg., 2006-2016 for
AT} was used as a whole instead of individual years. For this study, each
year of the demand profiles has been scaled o a peak demand of
1000 MW to assess the impact of seasonal demand and renewables
profile variation instesd of the individual demand profiles’ growth,

‘While the peak demand for all assessments s assumed o be equal,
Fig. 4 and Table 2 show the differences in terms of load duration curves
(LDC) as well ag some common KP@ used in power system planning. In
2017, the peak demand for the assessed countries (AT, CY, CZ, DE, MO,
PT) was 12, 1, 11, 79, 23, and 9 GW, respectively [22]. Therefore,
harmonized power demand cases (between 0.01 and 100 GW) are as-
sesged,

The average LD based on data from CY shows the highest seasonal
swing within the assessed data set as cooling demand is high in
summer, bul there is no or limited electric heating demand in winter.
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Fig. 12, BM vs. LOLH results with Wind.

The LDC for DE shows the lowest seasonal swing as heating and coaling
is wraditionally not powered by electricity in DE. Heating demand is
uswally covered either through district heating systems (with, e.g.,
bivmass or coal) or through individual natural gas boilers,

Flge. 5.6, and Table 5 show the RES duration curves for the selected
countries as well as the average full oad hours (FLH) (also known as
urilization rate) of the considered RES profiles.

There is a significant difference within the considered Solar PV
pridiles [Fig. 5), while the considered Wind profiles seem more com-
parable (Fig. 6). One reason might be that the shown average RES
duration curves are averaged over the available period of times (eg.,
for AT between 2006 and 2016). Iv would alse imply thar the Wind
resources are more eqqually distributed throughout Europe while the
quality of Solar PV depends more on the latiade of the country of in-
terest,

The BEP] FLH is based on the average power generation for the in-
dividual RES profile. It is not considered that Solar PV usually has DC-
AC power conversion losses as well as a temperature-dependent power
praduction efficiency. Therefore, the power generation through Solar
PV is always lower as —80% of the installed capacity, while Wind
reaches elose 1o its full power output.

Fig. ¥ shows the installed capacity of Solar PV and Wind vs the

countries’ peak demand for the years 2000 until 2007 for all considered
countries. Based on Groissbick, the grey line (starting at 0.0,/0.0 and
reaching 0.65/1.0) represents the ideal mix of RES with the lines o the
left as well as to the right show the bandwidth of optimal RES expan-
glon [29], The ideal mix reveres to the HES mix with minimum cur-
tailment s described in detail in (297

In gemeral, AT, C¥, and DE show a very good fit towards the optinal
RES expansion mix. CY sees a stagnation in its Solar PV additions
compared 1o power demand growth, Until teday, PT mainly con-
centrates on Wind while CZ mainly focuses on Solar PV additions, In
general, non-optimal solutions exis as a result of market biases of in-
dividual techmelogles or the use of polley instruments (e.g., feed in
tariffs, FiT) favoring ene technology for individual reasons (e.g., “kick-
starting' a domestic industry, supporting employment programs).

Fig, & shows the considered specific costs, while Fig, 9 shows the
considered efficiencies as a function of unit size. The maximum allowed
sizes for the individual technologies are 80, 593, 1200, and 1740 MW
for ICE, GT, 5T, and CC, respectively [32-35].

The forced outage rate (FOR) of the conventional generators s as-
sumed to be 10%, including the required maintenance and the startup-
reliabiliny.
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4.2, Results

As already mentioned in the methodology section, this study shows
the results for the considered countries to identify the impact ol very
large RES penetration of up to 200% compared to its peak demand
tovwwards BM requirements,

Flgs. 10 and 12 show indlvidual results in each graph as resulis of all
individual rans combined per country (in ascending order) where each
dot represents an individual run. The horizontal axis shows the RM (in
percent), and the vertical axis shows the LOLH (in hours per year), Each
line represents one of the asmessed system sizes (a8 multiples of
1000 MW). The red horizontal line indicates the position of (% RM, The
case 'mo RES” represents the pure conventional setup ignoring any RES.
While the case ‘only PY" considers 200% of Selar PV (and ne Wind), the
case ‘only Wind' incorporates 200% Wind {and na Solar FV) generation,
The case ‘PV & WT represents the incorporation of 200% of Solar PV as
well as 200% of Wind generation at the same time, Fig. 11,

Fige. 13-15 show individual results per graph & resulis of all in-
dividual mans combined per country, The horizontal axis shows the
EENS {in percent of total [Hrwer demand), and the vertical axis shows
thie LOLH (in hours per year).

5. Discussion
5.1, Limitmtions of the Methodology

Before the results are discussed, Table 4 highlights the limitations of
the methadalagy te add more clarity to the examination. Most limita-
tlons do not have a significant impact on the results or are not the main
fruas of this study but do represent a list of considerations for upcoming
studies.

5.2, Discussion and findings

Tables 5 and O show the summary for BM and EENS for all assess
sizes, The grey cells indicate the largest and orange the smallest values
within the individoal columns, respectively,

This summary of all cases shows very clearly that it is not possible to
assume one single KM for all different derand profile cases, Within the
case ‘'no RES, the BM is between 45% and 68% o fulfill the system
reliability requirements. For typical LOLH expectations of 1 and 2 hea,
Figs. 10-12 show that smaller systems need up to 272% RM while large
systems need about 17% RM (—1.7*FOR)L The posible RM reduction
through adding Solar PV or Wind results in between &% and Z¥% or
16% and 49% lower RM requirements, While Wind can recluce the RM
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much more than Solar PV, there is again no pattern on how one single
BM would be defined. Combined Solar PV and Wind is able to reduce
the RM by between 38% and 54%. This shows clearly that using BM as
an assumption for optimizaton 18 net appropriate. A two high as-
sumption on BM would increase the required conventional generation
capacity wnnecessarily.

The decrease in M between the ‘no RES' cases and the ‘only PV
cades are mainly between 0% and 30% for all assessed cases; except CY,
where the decline on EM is berween 10% and 30%. The reduction in
RM between the ‘no RES cases and the ‘only Wind' cases are mainly in
the range of 10% and 30%; only MO shows a drop between 30% and
50%. The decrease in RM between the ‘no RES” case and the 'PY & WT'
case js mainly berween 20% and 50%; only MO shows reductions of
between 3% amd 60%, These changes in BM are the result of
LOLH = 1, as for LOLH = 0, the changes can be as high as 513%.

The decrease in BM requitements in the ‘only WT" cases is in all
countries higher than in the ‘only PV while the PV & WT' case is al
ways higher than the ‘only WT' case. Interestingly, the differential RM
reduction between the ‘only 'WT' and the 'FV & WT case is always
higher than the ‘only PV' case. This means that adding Solar PV and
Wind at the same time always improves the BM reduction potential
(indepemdent of whether the quality of Solar PV or Wind is betver). This
is because the combination of Solar PV and Wind always has a better fit

towards the residual demand curve than Solar PV or Wind only.

Within the case 'no RES', the EEMNS is between 0.08% and 0.10% to
fulfill the system reliability requirements. The system size has no sig-
nificant impact on the EENS to expect. The ‘no RES' case shows EENS
between 0,013% and 0.020%, Adding Solar PV or Wind increases the
EEMS by 0.019% and 0.032%, respectively. Within the assumptions of
this study the EENS increase can be linearized by multiplying the EENS
with LOLH = 1, with the aspired LOLH for the assessed power system
(g, LOLH = 2 results in 0u038% and 0.064% for Solar PV and Wind).
Adding Solar PV and Wind at the same time increases EENS to 0.035%
and 0.087%, As this clearly shows, when using LOLH as an assumption
for optimization, the EENS will grow with increasing RES capacity in-
stalled. This is because LOLH does not cover the amount of non-sup-
plied electricity, On the other side, a stringent and constant assumption
of EENS would be oo condtraining for the GEP.

Table ¥ shows the decrease in FLH as an additional result of this
stucdy. The valwes represent the average full load hours of the installed
conventional generation and as such the smaller the value the greater
the reduction in FLH for conventional plant,

The highest FLHs can be found for DE as DE's normalized power
demand (see Fig, 4) is the highest one of the assessed cases, As the RES
quality is only average, there i no change o overcome this burden
without installing additional RES capacity above the 200% peak
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Limitation

Explanation

& Caly individual country perspectives have bien adered without i
within the country itself | copperplate approach’],

& N inler-countey power exchanges ane cossidered,

e dizrsieation (TAIN limivarkes

# RES profiles sbways show e same howsly production pattens indogend

& BES aned demand profiles are historical fime series,
# RES costs and i I 5 ane d v be the same Inall couniries,

® Potential for Solar FV and Wind & assumed 1o be ot beien reioe che peak demand,

& Pyre Zolar PV and Wisd exgansion is considered although other BES technolgies such 2= Hydropower or Biomees,
are available pwell,

& Stormge sulutions Bave nod been comsadiered,

& Omily electricily diemand is considered,

& Unsd commmstmensd i ecomensic dispaleh principlis, as well i athir chnicil details (g, up/demn ramp rabes,
mise up/down teee), are not consklered

# RES plocing is sed the aim of s study,
# Findisg cprimal lneations is sed the aim of his

‘% RES profiles ae e sum of hundreds of RES
prujecs,

# Findisg optisal locatioes s not the aim of this sudy,

#® The change of profiles is mot the aim of this sudy,

# The overall economics are moe the forus of this
sy,

® Potential assessment (s mot the forus of this spedy,

* Cherall optimal renewahble mix is not the foous of
this study,

* Storwge sizerg and placing is nal the s of this
study,

& Heat, cald, s other end-was s nol the e of
this sudy,

& Thermal pawr plasd GEP i3 nol the asm Nir this
study.
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Table 5
Median BM per country amd case,
Come Coumiry Mo BES Only PV A mo RES Cinly WT & no BES PV B WT A mo RES
AT B A4t -15% T — 308 0% - ag%
oY A5% 29% 2TH T 18% ™ AN
[=] 0% L -12% 0 — 358 K1 —anh
DE A% 5% - 15% Fr - 2% 244 - a0H
KO S4% A% ] b — 458 4 - 54%
T Gt EEEY -11% 2% ~32% e - 85
AVE 5% 45% - 1% Frp ] - % 1% — At
Table & demand assumption {(which is out of the current scope of this study).
Median multiplier of EENS per country and case. The highest reduction of FLH happens to be in the cases of C¥, MO and
PE— f— P Oy WT - PT, ML!-:Il are the countries with the best Solar ET'Je_n:-d Wind qualities,
respectively, The 'only Wind' cases reduce FLH significantly more than
AT LA 0120% L154% 0.262% the “only PV cases, The lowest reduction of FLH can be observed in NO
g guw.t- :}?}: :::m :::;": for the “enly PV case and in DE for the twe other cases,
ot a H110% I}.I.ﬂﬂl{- .200% _Fi:.:. 16 shiws the results of four selected I'Jﬂ'l.'lm'bd cases (load mul-
NO 0.088% B115% D243 0.388% tiplier of 2, 14, 20, and 100} without differentiating the countries for a
FT [Xe [ 105% 01, 195%, A1 % required system reliability (measured in LOLH, hours/year) between 1
g 0.084% 124% 0.183% 0.312% and 3. The red line indicates no (0%) reserve margin (RM). Each group
of eolors represents one of the mentioned demand cases (country pro-
files). The visualization makes it obvious that there is no recognizable
T‘H[’ 7 pattern within the different demand cases and BES country qualities.
Median FLH per country and cise. Adding more RES into the power generation mix doas increase EENS ag
Came Comamiry P MES Omly FY Only WT PV & WT the residual demand profiles gets more and more step like (instead of
i AL ) the usual smoath sinus like demand duration curve) and decreases RM
2: g; 513“_ 1;:& E“:: slightly. Considering muldl-vear data of demand and RES profiles does
=3 250 a5 29, 6% 165,344 not decrense the BM as much as indicated by other studies (hetween 7
DE 431% 2.0% 27.1% 1%.2% and 29% with up to 30% RES contribution based on annual energy
N 4064 3L.B% 17.3% 11.2% demand) based on single year of data [39], The difficulty lics in pre-
:T :T;: ;:;‘: ;::x t:‘:: dicting the amount of BM decrease for long-term GEP. As there is no
e ) ' ' ' pattern visible, the only recommendation at this peint can be to assess
LOLH and EENS for each GEP activity {characterized by e.g., system
size, RES quality, RES penetration) Individually.
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6. Conclugion

Renewable energy sources [RES) are becoming maore and more cost-
competitive globally. Generally, optimization methods are used w
wdentify the most economic setup of individual power systems given
certain constrainis. To the best of the author's knowledge, none of the
available open-source energy optimization tools are able to consider
socioeconomic costs in an explicit manner by asuming thal non-sup-
plied power has a predefined economic walue. The explicit way is nel-
ther able to define in advance how long power cannot be supplied
completely nor how much of electrlcity will not be supplied. Untll
today, most of the global electricity systems have limited contribution
of RES. This study contributes to the discussion on how musch reserve
capacity a power system should have to ensure relinble electricity
supply in asessing the explicit and probabilistic system reliabilitg
metric lass of load hours (LOLH) as well as expected energy not served
(EEMS].

The results highlight the complicated slituation regarding assump-
tions arpund reserve margin (RM) and expected energy not served
(EENS). In this study, Cyprus and Portugal are the countries with the
best Solar PV quality, but their change in reserve margin with PV ad-
ditions is very different. Cyprus resulis show the highest change, while
the Portugal results show the second lowest change. Similarly, in the
‘anly WT cases, Norway and Portugal are the countries with the best
Wind quality. but also thelr change in reserve margin i very different
with Wind additions, Norway shows the highest decrease in reserve
margin, while for Portugal the change is abour average with the other
countries studied, The changes in reserve margin are on average: 9%,
20%, and 43% for the cases ‘only PV, ‘only WT', and ‘PYEWT', re-
spectivily,

Looking inta the changes in EENS also highlights a difficult picture:
(a) within the ‘only PV cases, the change in EENS ks between 0.005%
andd 0.010%, (b) within the ‘only WT' cases, the change is between
0.010% and 0.028%, and (c) within the “PV & WT' cases, the change is
between 0.023% and 0.060%, The only pattern identifiable is that high-
guality RES results in higher EENS. In the absence of storage capacities,
thi niet load gets more and more step-like {instead of the usuwal smooth
sinus like curve),

Therefore, using reserve margin as an assumptlon for optimization
is not appropriate, A too high assumption on reserve margin would
increase the required conventional generation capacity unnecessarily.
Using LOLH as the single metric for power system planning, the EENS
will increase with growing renewable capacity installed. This is because
LOLH does not cover the amount of unsupplied electricity, it only
counts the hours power can't be fulfilled entirely, On the other side, a
stringent and constant assumption of EENS would be too constraining
for GEP, Therefore, the recommendation is fo use LOLH and EENS si-
multaneously (o incorporate a proper reserve margin in a single opti-
mization framework as done within this study.

7. Future work

Further research could incorporate large-scale storage (e.g., Pumped
Hydro, Hydrogen) as well as small-scale prosumers {e.g., Battery
Energy Storage) inte the assessment to gain more insights into how
much variability of renewable energy ean be taken out with storage and
a5 A result how much value it might provide, This would include an
assessment of different energy storage charge and discharge algorithms
o maximize such value as well as assess different grid stability sup-
porting aptions [40]. Ideally these considerations should incorporate
unit commitment, economic dispatch principles, and other technical
details (such as up/down ramp rates, and minimum upSdown time) o
better reflect real-world conditions [ 16].

98

Applied Energy 277 (20000 [ 13567
CRediT authorship contribution statement

Markus Groissbhick: Conceptualization, Methodology, Software,
validation, Formal analysis, Investigation, Writlng - original draft,
Writing - review & editing, Visualization, Supervision. Alexandre
Guemdo: Methodology, Validation, Formal analysis, Writing - review &
eaditing.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared o influ-
ence the work reported in this paper.

Acknowledgement

Preliminary results of this research have been presented at the 13"
Conference on Energy Economics and Technology (ENERDAY 2019)
held ar the TU Dresden [Germany) on April 12, 2015,

The author(s) gratefully acknowledge valuable comments and input
fram various anonymous reviewers during the review process, from
visltors and participants at the ENERDAY 2019, az well as from ool-
leagues within the University of Innsbruck, Institute for Construction
and Materials Science, Unit of Energy Efficient Buildings.

Referendes

111 Eurepsan Commission. 2030 Energy sirtigy, Buropsan Commission. A
hilnge s o LS SN Y TR e Ty S L ey anil-energy
[nceessed 21 Febnsary 2019).

. Centeno E, Barguin J. Geserathon capacity espansion in Hberalized
eleciricity markets: o siochastic MPEC approach. IEEE Trans Power Syst

200 B ISIE-32, hirps i orge 10 109 TPWRS 200 1. 2138728,

Caglar R Thae idTict Mgmu.l:u'm cqpacEy expansion an the reliability imdseds, The
Charber ol Electrical Englnesrs [DCTEA]; 200 5. Avadlable: hoop:
troekber 711 ab32iE8d 2305 ckopd! [neoessad 15 Javeary 2019).
Garver LL. Effecinve load carrying capability of penerating unizs. |[EEE Trans Fower
App Syst 1S6EASIAEAN0-9, hetpas/doiarg 1000 106 TPAS 1966 291652,

G A, Grtiabisk M, Capacily vihie of photrvltaic and wind power plinks in
an isolaced minl-grid in the Kingdoss of Saudi Arabia, 2015 Seedi Arebé Seeart Grid
(EASG], -9 Dec. 2015; 2015, dods 10,1109 5ASG. 200 5.7 449275,

Heffrom B, MoCaubey B The concept of energy justice across the disciplines. Energy
Policy 2017; 108:658-67, hitpes doi.orgs 10,1018/, enpcdl 200 7,00, 1 8,

Hewell 5, Camull B, Kahuhny A, Spees K, Carden K, Wintermaniel B, Ereny A
Estimation af the market equilibeium and eeonnmically aptimal reserve margins lor
the ERCOT Eeglon - 2008 Updare. The Braicke Groag, 2018, Avadlabbe: faipc Swn.
ercol ooy conbent wom st 143380,10.1 2. 2018 ERCOT_MERM_Report_Fina
Drraft g [pocessed 5§ Bay 200%].

seumann F, Bown T. Heuristics for i in knw-carbun
anirgy sysbem medels, [ec 16t Inlersalioesal conferion on 1he Eurnpisan Energy
Marker (EEM 19], 18-20 Seprember 2009, Ljubljana, Slovenia; 2009,

Billincon B, fdlan RN, Reliability evalumion of paos rems. Ind aid. New York
springer; 195,

Shipley BB, Patton AL, [enison IS. Pwn'lelim'lirr coet ve worth, |EEE Trans
Prower App Sy 197 5PAS-Q1(5), | i i DL N DO TPAS. 1972 2 E0,

Li W, Prohid E Miw Jersey Joba Wil
mez; Jl 11.

Fhoan HY. Generation Sysiem Reliability Evaluations with Intenmitent
Benewnbles, University of Sirathchyde; 2006, Available: hitpe s s esru sirathoc
ukDocmments 85 2 phoon, f [accessed 13 January 2009]

Kumar P, Pukale B, Eumabhar N, Paid U, Optimal disizn configuration using
HOMER. Procedia Techasl 20016:24:499-504. hops:/Adolong 100 LB foprets
206 a5,

EA, Irvestigation imso the Value of Lost Load in Mew Zealand - Report on metho-
dul nd ey fimdings, ERCOT; 2003, Available: htips www ea govine

dml el LIS [accessed 15 January 35019],

Mashayekh & Supller 8, Cardoss O, Hebee M, Madarhil 5C, Megarajan H, &0 &l
Sevurity-consirined design of lsolmed muli-=nergy microgrids. 1EEE Trans Fower
Gy=t 201799, heips:Adolorg 1011059 TFWRS. 2017 2748080,

Berowen T, Morech J, Schlachiberger [ PyPS&: Prihom for Fower Syssem Analysiz,
2HLE, ) Open Bes Softe 2008 S{1), arkiv: I 207 09913, doi; 10053340y, 168,
Augutis 1, Mastifauskes L, Erdtelaivi B Esergy mix oplissestion from e mengy
seCurity pesspective. Energy Convers Masage 300590 300-14. harps:/Sdob.org 10,
1016 Lenconman. 201 4.1 1033,

DeCaralis J, Daly H, Dodds P, Keppo |, 1 F, McDowall W, et al. Formalizing best
practice for energy system optimization medelling, Appl Energy 20017154 184-98,
htpas ke omp D0 T By apenergy. 200 7,03, 001,

2030-

121

bk |

WA E ML,
4]
151

L]
”

18]

%]

WET SVS

[10]

alistic Irifcatisiog oy '\.Il ] & Bang

111
(121

131

[14]

[151

(18]

[171

[14]



99

M, Grodeback and A Gusmise

[19] Pricsmann J, Nolting L, Prakrikajo A Ane comples energy systiss models saoee
accarate? An inira-model comparison of power system optissization modeks. Appl
Energy 200192551 13783htips:/dolorg 10,1 0167 ] apenergy. 201 5.1 13783,

[20] Seck GS, Krakewski ¥, Azmumou E, Marzi M, Mxsone ¥, Embedding power sys-
gem's peliability within a keg-ferm Energy System Optimication Plodel; Linking
Bl renewsble corgy integration and fulure gid stbility for Feance by 2050,
Appl Energy 2020:357:11408Thrips:/ dal org /10 101 6/] apenergy. 2019, 114037,

[21] CEPA. Smdy on the Estimation of the Value of Lost Load of Electricity s Eurogs:.

Agency for the of Energy =; A, Available: hizps/ S,
veer europa, ey Blectricity Infrastructure_and _met 2 meelopment.
b frastna JThems v, CEP A % 200 M Lo

SOl 20int 20thet 20el s
0w

[22] CPsD. Open Fower System Data - 4 free and open daia platform for power system
modelling: 2019, Available: hitps fopen-power-system-dataorg’ [socesed 10
Jamegmry 2019),

[23] EC. Final Report of e Secior eguiny on Capacity Mochanisss, COM{2016)-752
final Europenn Commission; 2006, A : hETps:s er SO, oo e gy ey
enersfiles documents swd_20146_385 F1_other_staff working paper_en_v3 pl_
B, pdf [accessed 18 February 20019].

[24] Julin. The Folis pregramming bingusge; 2009, Seailable: hispe,
[sivessed T2 Lanussy 20619],

[25] Breifiels B, Mayer I8, Burger B, Wittwer . Analysis of photoveltaies and wind
power Im fubare renewahle energy scenarios. Energy Techool 2014:2:25-33,
baips:/Adol org, 100100 enne, 20K AL,

[26] Li B, Jiang 2, K €. Li A, Yo 5 An improved risk-benefit collaborabne grey frget
dircision mednl aned its application in the decision making of lusd sdpmtment
sclemis. Energy D01815538T-A. hoipa doiong DO L0 E, fenengy 201805
115,

[27] Pienninger 5, Sraffell 1. Long-term patiems of European PV output using 30 vears of
validaied hourdy reasalysis and satellite data. Energy 2008:1 14025165, heips.

o 1l D0 R energy 3500 6,08 060,

[2R] Staffell 1, Plnninger 5 Uking bia 2] dysis bo Aimulile current sed
future wind power cutput. Energy 20060 14 1EB4-30. hoips://dolceg /101016,
Energy.- 2016 08, 068,

[24] Groisshéck 8. Impact of spaiial renewable resource qualisy om optimum renewable
expansion; Benewahle Energy 2030 sooepied

[3n] hlmslﬁl Suwly. eransfirmation and censumplion of glectricity — annual data,

tegieme 2019, Avallabibes Wi /o ppasc urcslal e cunopa.6s nui/
show.dee IL'LH.I—IIIL 1058kng < en [accessed 18 February Z015].

[31] IREMA. Renewable Energy Siatistics 2008, The Intersational Renewable Energy

iy 2 supply. e [eesed 16 Novemsber

Spaliakang oy

CHAPTER APPENDIX - REPRINTS

Applicd Energy ZFF (30000 FI3567

Agency, Abu Disahi; 2008, Awailable koips:/ wew ireni oeg/
Jul/Renewnble H-ell_- Zraristies- 2012 [accessed 18 February 2019).

[32) Slemwns. Forward: | pawer tiom, Lilizing conventional and renew:
ahle energy sources efficiently; 2009, Avaabible: hitps ‘mew semens, com. s ey
prishistsenengy s power-generation bim| [sooessed 33 Pebrmary 20141,

[33] Jenbishir. Reciprocatisg Gas Engines, INNI 20019, Availebde: Tipe:
codinSen products [ecessed 20 Febneary 2019]).

[34] MWM. Gas Engines.Gensers, Carerpillar Emergy Sobutlons; 20059, Available hoips:
W WL et mrem-chip-gas-engines- genseis -cogeneration gas-engines- power
peneratory [accessed 20 Eebruary 20019].

[35] MAN. MAMN Engines, MANS 20019, Availables i
enddndesheml [neosseed 20 Febnsary 2019].

[36] ‘Whrtsild. Produces, Wartsili; 200 % Avadlable: hrips:
(mcoessad 20 Febnmary 2014].

[37) Gas Turhine World, 230106-17 Handbook, wol, 32 2017

[38) BEIS. Eleciricity generation cosly, Depariment for business, energy & indusirial
strnligy; VU6, Available: Boips: st g e o, S e el
uploads system,upbads atachment_dastafile SE6567/BELS. Elertrielry_
Gereracion_Cost_Report.pdi [accessed 10 March 2009].

[39] MEEL. Eastern renewable penemiion inbegration stcdy, Mabonal Benewable Energy
Laboemiony; 2016, Availahle hitpes Swosw nrel, pony grid dergis himl [accessed 30
January 2019].

[40] Bobacon SC, Rhodes I0, Webber ME. Unad dissg the impact
wind and solar generation on grid stability and idestifying mizigacion pathways.
Appl Emergy 20000 262 114492, dol: 1001006 | apenergy. 20001 14452,

ko, 218,

wsLinnin,

e anaginis man. i ghabal

. watsila, comy products

of Eeo oy

Markus Grodsshdek Is a doctomal snadent of Energy Systems Enginesring at the Institute
far Comstnaction and Materials Science, Undt of Energy Efficient Bulldings, University of
Innshruck. In 2005, he earned o Bachelor degree in Energy Econoesics from the University
aof Applied Sciences Kufsemn, Austris, s well az o Masier degres from the University of
Applied Seienos Burgenlasd, Austria, ed a Master dogroe from the Univerity af
Liverposd in Sustainatde Energy Svatems and Operations and Supply Chain Managem st
1l and Gessl, UK, in 2001 and 3006, respectively. His lie in mediam
amd long-berm iewestment planning within the power and energy sector consklering
disiributed and renewable energy reurces an disirict and regional level,

thas been a R ble Energy Developer for more than 15
vears, covensg a porifolio of projects from Wind, Sclar PY, Hydre, and Becmass. His
research inberests lse in planning for renewable integration in power grics aml mini-grids
sl Tvwcaslingg, ssabaral enirgy vesommoes and ksl prices,



Paper 4

Paper 4

100

International Journal of Sustainable Encrgy Flanning and Management Vol. 31 2021 1089120

International Journal of

Sustainable Energy Planning and Management

Energy hub optimization framework based on open-source software
& data - review of frameworks and a concept for districts & industrial

parks

Markus Groissbock®

Institute for Construction and Materials Science, University of

shruck, Innrain 52, 020 Innsbruck, Austria

ABSTRACT:

Kepvwords

Multi-mode] ENErgy sysiems are 5;|'|'.i||;__' Imptance in o world where different types of EErEy.

such s elect
MOE eCONOMIC SNergy sYSIems 1o sup
open source for a long-time collabor
the: research community. Te increase the open and sharing e

city, natral gas, hydrogen, and hot water,

maxdellin
framew

framework exists able 1o assess different opaimization 1

e s Lo Crente more |,'-\'-||'||1I\'\. bt plso
1 defossilization, While the research community is using
ive work on open-source wools is not yer the nomm within
s between research organizations
governments are driving publicly funded projects o share their owtcomes. Today no open-source
Is. The
is hased on the principle of maximizing the rense of existing

Clpen source;

Energy hub:

Energy svstem modeling,;

Ciny malt modal energy systems

b S ord 1L 2TRAsepm 6 243
proposed open-source
ta, software snippets

and packages, and add individual code only as necessary. An intensive software package

SCTeenin
incorpor

identified six suitable open-source

has been co

model 1o incorporate shadowing and e

generation technola, are included. G

into wrban air assessment in which waffie

atien effects on conventional and e
» Forwarnd, this approach allows w e

and ENErgy emissions can be assessed

= {and their contributors) o be partly
i imte the proposed open-source framework. The best ools of individeal contributors
bined and further improved by adding supplementary features such

I

T Introduction

The European Green Deal 15 one of the six prorities of
the European Commission between 2009 and 2024 [1].
This Green Deal aims to lead the European Union (EUT)
into a sustainable and net-zero greenhouse gas emission
society by latest 2050, Figure | shows how the Green
Deal aims to change the European energy system from a
lincar and non-sustainable into a sustainable and fully
integrated circular ecosystem. The most important prin
ciples are to electrify all end-use sectors as much as they
can and 1o use clean biofuels Tor the sectors that cannot
be electnfied in an economic manner (such as heavy
industry and long-distance transportation). The vision of
the EU and its Member States could and should be an
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aspiration for municipalitics, districts, and industrial
parks.

All energy system design tool assessments known 1o
the author are covering high-level details, such as num-
bers of regions, types of technology, or types of cnergy
being able to be modeled in their analysis [2]. Their
study is another piece of work focusing on abstract
details, such as the categorization of conducted studies,

e of
the model. It then defines which of the assessed details
are sgen as mandatory, complementary, or facultative. It

does cover a lot of details of modeling, such as spatial

as well as on considered features, or encrzy cover.

resolution, time horizon, path dependencies, energy
independence, and social acceptance of mdividual
selutions, However, it does not assess in detail how the

2] i
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The energy system today :
linear and wasteful flows of energy,
in one direction only
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Figure 1: Aim of the European Green Deal [1]

individual aspects are implemented (mathematically
formulated) in the optimization model. This kind of
model assessment 15 very common and has been done
for over a decade now [3].

To the best knowledge of the author, the first compre-
hensive atempt analyzing which constrainis are incor-
porated in individual optimization tooels was done by the
author himself [4]. He analyzed 31 encrgy models
(mainly open-source) and, thereby, assessed 81 model-
ing details, such as power flow (PF), optimal PF (OPF),
security-constrained OPF, or unit commitment (LIC)
versus security-constrained UC, This level of analysis
still does not allow assessing the whole potential of the
individual modeling tools. Merely a few months later, a
publication from Priesmann et al. was assessing 160
combinations of modeling details to answer the question
if complex models are more accurate than simple ones
[5]. Therefore. to avoid being bias for one or another
reason during the model pre-selection and assessment,
this work aims (o provide a framework definition to
allow a detatled assessment of open-source tools.

With the two exceptions mentioned above. today’s
energy ool assessment covers only high-level details.
The work from Priesmann et al. can be seen as a ground-
work complementary o the overall aim of this work.
While their focus was on how adding or removing a
modeling detail impacts the solution time and accuracy
of the solution, they have not assessed the results of sev-
eral energy modeling tools, The aim of this work is 1o
create an open-source framework that offers the possi-
bility of an unbiased energy system tool comparison.

The structure of the remaning paper is as follows:
Chapter 1T contains an introduction into the concept and
idea of encrzy hubs and a brief overview demonstrating
the importance of open seurce and where it stands today.
Chapter III shows the detailed methodology of this proj-
ect and highlights some of the encountered problems.
Chapter I'V discusses the preliminary results, Chapter V
summarizes the findings, draws a conclusion, and pres-
ents proposed next steps within this research work.

2. Literature Review

The first part of the litcrature review provides an intro-
duction of the energy hieb concept combined with a brief
history around energy system design. The second part of
this chapter will show the origing of open-source
research in energy svstem modelling and the status-quo,

L1. Energy hub
The term energy hudy was coined by Geidl et al, [6]. In
their concept, the exchange of encrgy between encrgy
hubs was possible within one physical pipe combining
electricity, thermal energy, and chemical energy (as
shown in Figure 2). Especially for urban areas and
industrial parks, this concept was seen as a perfect fit W
cover heat and electricity demand through, e.g., com-
bined heat and power applications at the same time.
Figure 3 shows a generalized example of an energy
hub containing the typical elements “electrical trans-
former, gas turbine, heat exchanger, battery storage, hot
water storage, and absorption chiller” as well as a wood

1 Tnrernarional Joscrnal of Sisrainable Energy Planeing and Management Vol, 31 2021
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Figure 2: Possible layour of an energy imerconnector [6]

chip furnace [6]. This energy hub was a key element in
the “Vision of Future Energy Networks”™ project. Energy
hubs could be extended through considering additional
input streams (e.g., water, hydrogen, and carbon diox-
ide) as well as additional output streams representing
‘power-to-X" options {e.g.. green/bluefgrey hydrogen,
synthetic methane, methanol, ammonia, and carbon
dioxade). From a mathematical maodeling perspective,
energy hubs are units (locations) where multiple forms
of energy can be either converted (e.z.. wood chips to
heat}), conditioned {e.g., electricity use in appliances), or
stored (e.g., battery storage) for later use. All this trans-
formation and processing comes with conversion and
storage losses, It creates a place where all available and
possible future energy carriers can have interactions to
minimize the overall system cost.

While an energy hub has some inputs (such as elec-
tricity, natwral gas, and district heating), it has to fulfill
the energy demand within the energy hub (such as
power demand, heating or cooling loads, or compressed
air demand). It can be used to forward any or all of the
energy carmers (o other energy hubs through transporta-
tion (such as power lines, and natwral gas or district
heating pipelines). Within the energy hub, energy condi-
tioning can happen through, e.g., combined heat and
power lechnologies, compressors, or heat exchangers,
Encrzy hubs can represent industrial facilities, larger
buildings, but also rural and urban districts or isolated
systems.

In 1997, Bruckner focused on overall energy effi-
ciency improvements through the optimal configuration
of available encrgy technologics [7]. In 2004, Biberacher
concentrated on the implementation of geographical
information systems (GIS) into the optimization model
1o optimize the long-term energy Tulfillment on a
national scale [B]. Both did not include a detailed energy
model assessment in their work, In 2007, Geidl focused
purely on the modeling aspect of energy hubs as his
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Fgurr: 3: Exemplary energy hub [6|

work was the first of its kind considering multiple forms
of energy jointly within one expansion planning and
operation application [9].

Connolly et al, listed 68 wols and investigated 37 out
of them with the aim to validate if they can be used for
renewable energy integration assessments [10]. While
there were no typical applications identified a screening
for the wse of the mdividual wols was examined, The
‘ideal” ool depends on the final use case: e.g.. building
or energy system analysis, energy-sectors (o consider,
technologies to consider, and time parameters the ool is
able 1o deal with, Nevertheless, the paper claims o pro-
vide ‘the information necessary to direct the deci-
sion-maker towards a suitable energy tool for an analysis
that must be completed’.

In 20101, Mendes et al. focused on energy modeling
assessments with a special interest in communities and
districts [3], The analysis was based on a survey of avail-
able bottom-up energy models for optimal planning of
integrated community energy  systems {including
HOMER, DER-CAM, EAM, MARKAL/TIMES,
RETScreen, and R2RES). After describing and examin-
ing these tools, a SWOT (strengths, weaknesses, oppor-
tunities, and threats) analysis was conducted. A detailed
overview of approaches on how to optimize problems in
energy distribution networks (such as simulated anneal-
ing, genctic algorithms, tabu search, and particle swarm
optimization) was also presented. The overall finding
was that DER-CAM is an appropriate energy model for
optimized energy provisioning for communities,

In 20114, Mancarella provided a detailed overview of
cxisting concepts and cvalvation models within the
multi-energy system (MES) community [11]. Based on
this work, MES aims to increase the final energy conver-
sion, optimizes the split into centralized and decentral-
ized energy conversion technologies, and increases the
energy system flexibility, MES is characterized by its
spatial, multi-service, multi-energy., and network

Intermational Sowrnal af Swstoingble Energy Planring ard Management Wol, 31 1021 i
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perspective and an ideal concept for integrating different
energy sectors (nowadays known as “sector coupling” or
‘integrated energy svstems’) which traditionally have
been treated in isolation. A brief discussion about the
features of MES tools also considered the tools
RETScreen, EnergyPLAN, DER-CAM, and eTransport.
The study aimed o show the state-of-the-art of MES
concepts and models but did not conduct a detailed
assessment.

In 2017, Dorfner provided a very brief overview of
optimization wols based on an assessment conducted
Keirstead et al. [12]. The only tools discussed are
MARKAL., TIMES, and MESSAGE as the swmdy's
objective was to provide open-source tools (via the
source code sharing platform githubocom) o support the
idea of maintainability of models, reproducibility of
case studies, and co-optimization of heat and electricity
carriers. Their work reviewed 219 papers and identified
five key areas of practice: “technology design, building
design, urban chimate, systems design, and  policy
assessment”™ [13]. A great future for urban encrgy system
modelling is seen it challenges such as model complex-
ity and data uncertainty can be resolved.

In 2007, Thiem looked briefly into existing tools such
a5 Balmorel, DER-CAM, EnergyPLAN, cnergyPRO,
HOMER, MARKAL&TIMES, MGEOS, RETScreen,
TOP-Energy, TRNSYS, and urbs | 14]. After a brief dis-
cussion of these tools, the focus of the remaining litera-
ture review focused on six groups of applications (see
Table 13, The groups have been created based on exisi-
ing energy model reviews and the scope of optimization
tools (such as spatial dimension, covered model details,
and type of optimization problem) but no. The focus of
his research lies within group 5 with the aim to design
multi-modal energy svstems under consideration of part-
load efficiencies.

In 2020, Ridha et al. assessed surveys collected
during the MODEX (Model Experniments) project in
which the research center Projekttriger Jiilich asked

modelers o provide their views on a questionnaire [15].
The survey data was analyzed based on the criteria of
mathematical complexity (e.g.. LB, MILE, MINLP, sto-
chastic), temporal complexity (e.g., temporal resolution
and horizon of planning), spatial complexity (e.g., geo-
graphical resolution and horizon), and system complex-
ity {e.g., modeled scope), The focus of their work was to
assess how complexity can be reduced through cluster-
ing, through use of less techno-economic details such as
ramp rates, or through use of less information about the
imdividual sectors 1o consider. Therefore, the common
practice is that encrgy system modeling tools set their
focus on their area of interest and ignore other aspects o
decrease the complexity of the overall problem to a level
on which available optimization solvers are able 1o
deliver results in a reasonable time,

Also, in 2020, Prina et al. provided a novel classifica-
tion schemes for bottom-up energy system modelling
tools [16]. They identified two main categories and chal-
lenges: resolution and transparency. Hereby, resolution is
further divided into time resolution, space resolution,
techno-economic detail. and details around sector cou-
pling. Their valuation with low, medium, and high shows
that there is no ool which has been benchmarked with
“high' in all categories, The closest w reach this is the
open-source optimization tool PyPSA followed by the
commercial tool PLEXOS. The only category where
PyPSA has received a rating of ‘mediom’ is within the
category “sector coupling”. Tt is not transparent why opli-
mization tools such as Ocmof, Calliope, and Ficus have
been rated with ‘high® in this category as to the best
knowledge of the author the tools have very similar or
almost the same capabilities in this regard. Another top
ranked tool is the LUT madel which unfortunately is not
available for the public. EnergyvPLAN, a simulation tools,
is alse mentioned in this paper. 1t is freeware but not open
source. Therefore, only freely available and open-source
madels such as PyPSA, oemol, Calliope, and Ficus have
been considered in this work going forward,

Table |: Classification of previous research [14]

Cariip Dheseriptio

Type of aptimization problem

Large-scale grid studies relving on simplified models

Simple tools for quick pssessments of small-scale energy svslems LP

Buildings & city district energy system design siudies with simplified maodels

MILP

Mixed-integer linear programming with part-load efficiencies

|

2

3

4 Om-site energy system studies with additional features

5

o Mimed-integer nonlinear programming with complex models

12 Tnrernarional Joscrnal of Sisrainable Energy Planeing and Management Vol, 31 2021



Paper 4

Muarkus Grodesbdick

1.2, Open source

Open source has a long history within information tech-
nology where several leading software packages have
been made available to the public (e.g., Apache - web
server, Netscape - browser, MySQL - database, Linux -
operating system) [17]. Unfortunately, in research and
development (R&D) as well as in some companies, there
are serious ethical, security, and commercial concerns
that open source 15 more threat than an organization can
benefit from [18]. The fear relates to unwanted exposure
from, e.g.. flawed source code, data, or analysis. Another
assumption 1% thal Gme-consuming activities (such as
programming, verifying results, or writing documenta-
tiom) are competitive advantages. Perhaps it is only nat-
ural that sometimes the institutional and personal inertia
stops organizations and people from following open-
source principles,

But what are some of these open-source principles?
First, adding transparency o the source code and allow-
ing peer review increases the quality of the software
package, which then can also be used by other organiza-
tions instead of writing the same piece of functionality
again, A peer review process can also lead to increased
collaboration. With a focus on R&D, this also means
that sharing data, models, and resulis increases produc-
tivily through burden-shanng, As a result, the focus can
be set on doing something new and helpful for society
instead of repeating necessary, important, but sometimes
monotonic tasks.

Of impaortance within the R&D community is that
only resulis, which are seen and challenged from other
parts of the community, are useful to Ré&D and the over-
all society. Everything else can be considered self-adu-
lation. An ethical argument is that if R&D is funded by
public money, the results should be publicly available as
well, Open access o data, source code, energy svstem
models, and results is crucial for a balanced social and
political debate. On top of this, R&D needs to support
the public and scientific discourse o model for insights
and thereby increasing  transparency  aboul possible
opportunitics and nsks [19].

Fostering open source to get more transparency and
repeatability of analysis was written by DeCarolis et al.
[20]. Ome of the main Andings was that a thorough
review of results and conclusions is currently impossi-
ble. A multi-national research team {Howells et al.). in
which DeCarolis was part of, developed the first open-
source energy modeling wols: 0S5eMOSYS (Open
Source Energy Modeling System) [21], One of the key

Intermational Sowrnal af Swstoingble Energy Planring ard Management Wol, 31 1021
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features of O3eMOSYS's implementation is the mathe-
matical formulation in ‘plain English” meaning that the
mathematical formulation 15 basically the documenta-
tion as well. The formulation has less than five pages of
documentation and an easily accessible code. This slim
formulation of course comes with the downside of
having a simple optimization ool covering only the
most necessary lechno-cconomic details.

DeCarolis et al. started the development of another
open-source energy modeling tool: Temoa (Tools for
Energy Model Optimization and Analysis) [22]. The
design of this ol aims for more tractable uncertainty
analysis and utilization of multi-core high-performance
computing to perform rigorous uncertainty investiga-
tion., Pfenninger et al. highlighted that energy models
and data are an important parl of energy policy assess-
ments [23]. They also found that open up R&D, includ-
ing models and data, would show immense benefits for
all participating parties inside and outside of R&D.

Hiilk et al. represent one of the lalest open-source
energy modeling approaches: oemof (Open Energy
Modeling Framework - A modular open-source frame-
work to model energy supply systems) [24]. This initia-
tive aims o provide flexible and generic components o
model cross-sectoral (e.g., heat, power, mobility) and
multi-regional open, modular, and transparent models
allowing evervone to contribute (community-driven),
Publications stemming from this imitative became the
steppingstong Tor an overall open R&D community, in
which raw data, model Fformulation, energy  model
choice, raw results, interpretation, and dissemination is
shared transparently with interested people. 1is recom-
mended to read papers such as Prina et al. for more
derailed discussions about strengths and weaknesses of
different energy system models [ 16].

Figure 4 shows how an overall open-source energy
svsiem modeling project might be divided into several
distinet process steps in which individual R&D commu-
nities and projects contribute to one or several of these
process steps, An often-ignored step is the numerncal
solver, as the R&D community assumes access (o com-
mercial solvers: some of them are free or very affordable
for academics,

Table 2 shows some of the exemplary open-source
related initiatives, which have been launched several
vears ago and in which process steps they are active in.
The table shows five of numerous evolving initiatives
and platforms and compares them with the overall aim
of this work, The grey cells indicate an area in which the

i
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Figure 4: Distinet steps within the open-source discussion (hased on [25])

Table 2: Examples of open-source initiatives

= =
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Examples - g 3 = E z =] E- H % - |
- F3 'g ﬁ ﬁ
= = =
Open Encrgy Maodeling Initiative [25]
Eneray Maodeling Platform Europe [26]
Cpen Power System Dita [17]
Computational Infrastructure for
Oiperations Besearch [28)
Open Street Map [29)
This work — link to existing work AP Python Pyomo MEDS Uf‘;:;:mulx.

individual initiative and platform is active. While some
of them cover a wide range of the process, others are
focused on one of the required process steps, The sug-
gested framework aims o support the entire process
with limited efforts by developers using existing soft-
ware and data.

OF course, open and transparent R&D has 1o be incen-
tivized. Closer cooperation between national and inter-
national R&D bodies is necessary to reduce parallel
efforts and duplication of work., Therefore, a very
important step for implementation of open R&D has
been initiated in July 2009 The Open Data Directive
(ELTy 200941024 of the European Parliament and of the
Council of 20 June 2019 on open data and the re-use of
public sector information [30]. This directive has to be
implemented in all Member States until July 2021,

A final remark related o open source is that licensing
plays a part that must not be underestimated as it defines
what the user can do with the shared source code. data,
or models. Morrison provides a very detailed overview
of available licenses used in the space of open source
and open data [31]. Using one of the licenses from the
GPL family results in the highest copyleft while ISC,

MIT. BSD. and Apache-based licenses are very permis-
sive granting the user a wide range of activities, includ-
ing the use of the code andfor data in their commercial
products.

3. Methodology

The initial step of this research was to assess existing
open-source software tools and o better understand their
sirengths and weaknesses [4]. A thorough screening of
31 energy modeling wols was based on characterizing
them into 12 applications and 81 functions, The applica-
tions cover the geographical scope {or use) of the tool
(house, industry, district, city, region or country), types
of covered energy (electricity, heat, natural gas), being
an open-source Wol, and is i an oplimization or a simu-
lation tool. The functions screening cover aspects such
as hourly or variable time steps, altermatic or direct
current modeling of power fransmission. (security-
constrained) unit commitment details and (security-
constrained) economic dispatch. The conclusion from
this imitial work was that open-source energy svstem
modeling tools are ready for serious use compared o

14 Tnrernarional Joscrnal of Sisrainable Energy Planeing and Management Vol, 31 2021
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commercially available wols. Possible enhancements
could be considering the impact of ambient air condi-
tioms, part-load behavior, and redundancy aspects, The
top scoring tools (Switch Model 2.0 [32], Temoa [20],
O5eMOSYS [21]. and PyPSA |33]) and about 50% of
the assessed tools were based on the programming lan-
guage Python, As a resull, further assessments repre-
sented im this work focuses on Python-based tools solely.

The second step of the research invelved the assess-
ment of additional tools, software packages, and sofi-
ware smippets 1o identily  what the open-source
community has done already and what can be used as a
basis for this work. A summary of the assessed Python
packages and snipes is available online at Zenodo [34].
As usually for engineering tasks, the difficulty lies in the
details: the number of Python-based packages are almost
countless, By the end of September 2020, more than
260,000 packages have been registered at pypi.org [35],
neglecting thousands of additional software snippets and
tools shared via github.com [36], @tlab.com [37], or
other code sharing platforms with millions of registered
repositories and active developers. This shows one of the
biggest downsides of open-source package writing:
there is no or very limited coordination between the
countless number of packages, Duplicate work also hap-
pens in the open-source community. It's very hard to
keep track with all the frequent changes as well as new
developments. Also, relying on some of these packages
means that if there 15 a (major) redesign of the package
once has to adjust accordingly,
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The here proposed open-source framework divides
the required process steps between having no data at the
top of the process (see the left box in Figure 5) and
having all data, results, and visualization in eleven steps
(indicated by small numbers within the workflow). The
right box in Figure 5 shows a selection of assessed ools
and data, which have been found useful in the proposed
framework. The text in bold marked with a times sign
(*) shows where enhancement by the author 15 consid-
ered or have been incorporated already.

The author’s sophisticated research revealed that there
wits no ool considening the z-coordinate within a detailed
G15 representation shared within the open-source com-
munity. This means that none of the assessed tools con-
siders a proper scenery model in which elevation details
are included. Another insufficiently addressed aspect
within the tools is profile clustering. Most of them are not
able to adequately deal with multiple time-series at once
(e.g.. multiple energy demands and price time-series).

4. Preliminary Results

The preliminary assessment highlights six open-source
orented R&D contributors where parts of their ools
might be incorporated into the here suggested frame-
work (sce Table 3). The identified contributors devel-
oped several individual tools such as GIS-related data
collection, building stock-related load curves, or optimi-
zation ool All of this individual wols usually have been
made available by the framework contributors with the

E— Gl workflow Communts and perialbli opin et dala sed bacl
i No Data 1. ppenitrestmap orgfeqport | github comBATH-ERCsearapt | gisub com phoeing losmm
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Figure 5: Proposed methodology & selection of considered open-source data and tonls
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aim 1o support city or national energy sysiem design.
The cells shown i dark blue indicate areas where the
individual tools have no or very little contribution to the
predefined eleven process steps. Light blue cells indicate
a partial contribution. Typical for such assessments, it
always depends on the conducted analysis by the author
and, therefore, might not reflect the opinion of the open-
spurce framework owners and maintainers,

Regarding the previously mentioned disregard of the
GIS z-coordinate, the City Energy Analyst (CEA) tool
shown in the last column on the right considers this
detail for line and pipeling calculations but not for eleva-

tion adjustments of, eg., efficiency of conventional
power generation technologies. As known, individual
tonls set different focuses. For example, PyPSA's focus
is spatial nature, therefore spatial clustering is consid-
ered accordingly. Other frameworks, such as the one
from FZI-IEK3-W5A, are focused on time-series aggre-
gation and clustering, Within the proposed framework,
both options shall be available to assess the importance
of the individual clustering option.

Obwiously only European R&D organizations are
listed iBased on the comducted analysis, the proposed
framework aims o incorporate particular features from

Table 3: Selective contributors and their tools

* Spatial focus: = State < Cily z State z State < City < Cily
Link 1o contributor page i
- P8 L7 IEK3-VSA  RWTH-EBC oemof PyPSA {m-ens building-
g B SyAIEMIS
Streets. buildings, i wa wa i i
T o o om poum
S nfa na nla nfa nfa CEA
":: o b nfa nfa nla hdw/GridKit  nfa CEA
gas, o, : nfa nfa nla nfa nfa nia
2 Zeenordinite i n'a n'a ni nit CEA
. - R tabuwlar (for CEA (for
k Building swock tsils { for EL) TEASER (for ELI EL} nli nli CH)
Historical ambiznt tsib (TRY, TMY.  pyCity (TRY, - E+ weather
+ conditions 1S 12831 TMY) fecdinlinersS S i files (epwi
wsib priity occupancy,
5 Emergy demand L . TEASER, AisLib,  demandlib nfi nfi CEA
tsorbeoccupation .
IBPSA
RESKIL ) - .
fi Renewable profile willlJ[l'In:lh pyliny feedinlib Atline pvGRETA CEA
7 Dremand Clustering tsam pyCity solph PyP&EA pyCLARA  nfa
Collection (e.g..
3 Cost & prices, .. i n'a n'a DHEA, DWW, ni CEA
TEA)
1] Chpirndzation FIME pyCity solph PyPSA pyPRIMA CEA
Solvers abstraction any local thd any local any bocal any bocal Gurohi, GA
{pyoma) (pryorms) (pyomio) (pyomo)
11 Wisnalization iy nii OEDD nfi nii na
Dresign for addition e n'a yes yes nla na
- visin NOTHIpY CInD S
Additional features. na n'a oemof b (che. gurabi) n'a GLUI
Contributiors: Il EBC ELI FHI KIT, FIAS UM ETHZ

* Sparal focus Household, Districs, Chiy, Sante, Region, Country, Costinent, Warld

Abbreviations: F72J: Forschungszenimum Julich, ERC: EWTH Aachen, EON EBC, RLI Reiner Lemaine Instituse, FHF: FH-Flenshurg, KIT: Karlsnahe
Institute of Technology, FIAS: Frankfurt Institute for Advanced Stucies, TUM: Technical University of Munich, ETHZ: Eidgeniissische Technische
Hochschale Ziirich

&
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Table 4: Examples of open-source initisives

Framework

=)
‘B 8 < 8§ i :
E. I o £ = 2= g
- F - = %. -
N g E £33 e
" step = El H
- f::]';c:;zhulldungs. B B R
3 _ 7-coordinate R B B pyeraf, tkrajinafsmm,
Py
k] Hui'lding sbiack (8151 TEASER Labular -
4 — Ambient conditions - - - OPSIY weather_data
_ R prCityoccupancy, B B
5 — Energy demand TEASER CEA
. o pvlib, windlib,
B = Renewabrle profile feedinlib Solar3DCity
T — Demand clustering taam - -
B — Cost & prices, technology- i
technologies, ... B dut ecomomy of scalc
O~ Optigms senaitivily analysis
10 — Optimization - - - pyPRIMA solver: MEOS®
Il = Visualization - OEDB -

Additional festures

PyPSA: marker,
FESEFVE MATEIN

* NEDS: Free imlemet-bused service for solving numerical optimizisisn problems Chitpeifwsesmeos- server. ongineas)

the assessed contributoss into a pew open-source frame-
work (see Table 43, The table specifies which process step
has been taken from which contributor and the according
tool to use. For example, stepl, the street and building
data can be initialized by using the osmnx package. Step
3. as another example, will use the packages isib,
TEASER, and tabular, While a lot of it has been already
implemented, severe actions are still required to finish the
framework in a first shareable and stable release. Once
available in a shareable and stable release, it will be made
available via Zenodo [34]. As indicated during the intro-
duction, the ultimate goal 15 to have a single framework
in which several energy optimization tools can be
assessed against each other to verify the resulting quality
of the individual tools as well as support the deci-
sion-making on which one 1o use for which purpose.

&, Conclusion & Future Work

As aresult of increasing interactions between historically
isolated energy systems (e, electricity, natural zas,
hydrogen, and hot water) multi-model energy systems are

Intermational Sowrnal af Swstoingble Energy Planring ard Management Wol, 31 1021

gaining importance to create more economic and decar-
bonized energy systems. The term energy hub can be seen
as a synonym for a multi-mode]l energy system, Open-
source software has a long history. Also, the research
community is using open source for a long time. Public
companies have realized that cooperation saves costs and
increases the speed for go-to-market with new offerings
and solutions, Unfortunately, the rescarch community has
not fully accepted that collaborative work on open-source
tools is more beneficial than working isolated. More and
more governments are convinced that publicly funded
projects should end in publicly available data and tools,
Hundred thousand of repositories are available on
code sharing platforms, and the number is growing daily.
The proposed open-source framework in this work s
based on the principle of maximizing the rense of exisl-
ing data, software snippets, and packages and adding
individual code only as much as ultimately necessary.
After careful screening of additional software packages,
sin favorite open-source frameworks have been identified
were the best parts of each of these frameworks are com-
bined into a single open-source framework (see Table 3).
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Table 3 might give the impression that there exist already
six complete frameworks. This is not the case. The listed
6 contributors do have some individual tools which they
use in their daily work, but a comprehensive framework
does not exist yet. At least non which does fulfil the pro-
posed eleven steps (from having no data wwards having
all data, results, and visualization, see Figure 5).

To further improve the energy system framework for the
purpose of this research, some more features were added
(see Table 4). Those features include a scenery model 1o
incorporate shadowing and elevation effects on conven-
tional power gencration technologies. By doing so the ut-
lization of limited resources such as human resources could
be improved significantly. Going forward, this approach
allows Tor further research, for example, with a focus on
city air assessment in which traffic and energy emissions
can be assessed jointly with urban climate effects (e.g., heat
islands or cold stream through rivers) [38].

The framework test and verification process are siill
ongoing and will be applied in a demonstration village 1o
ensure proper quality and stability, The aim of the frame-
work test is to ensure the quality of the new framework.
Afterward. the framework will be made accessible on
Zenoda [3T]. Oiher framework enhancements and evalu-
ations are still ongoing, Within the next weeks, addi-
tional energy system models, such as FlexiGIS [39],
might be analyzed whether it provides a useful option for
consideration. Another aspect 1o consider 15 a standard-
ized database schema for saving GIS-related informa-
tion. Therefore, the current 3D City DB schema might be
assessed for its potential fit. A completely different topic
for future work could be to assess why open-source
R&D 15 stiing in Europe but not outside of Europe.

It is good to see that more and more tools within the
energy svstem modelling area are shared and made
available for interested R&D community. Unfortunately,
cooperation between different R&D organization sill is
Iimited 1o some exceptions, It would be appreciated 1o
see more multi-national R&D efforts working on open-
spurce energy system modelling tools such as the Spine
project does [40]. In this project organizations from
Finland, Ireland, Belgium, and Sweden cooperate with
one from the US,
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