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About the Smart-BEEjS Project
The overarching aim of Smart-BEEjS is to provide, through amultilevel, multidisciplinary and interdisci-plinary research and training, a programme to produce the technology, policy making and business ori-ented transformative and influential champions of tomorrow. Educated in the personal, behaviouraland societal concepts needed to deliver the success of any technological proposition or interventionunder a human-centric perspective.
The Smart-BEEjS presents a balanced consortiumof beneficiaries andpartners fromdifferent knowledgedisciplines and different agents of the energy eco-system, to train at PhD level an initial generation oftransformative and influential champions in policy design, techno-economic planning and BusinessModel Innovation in the energy sector, mindful of the individual and social dimensions, as well as thenexus of interrelations between stakeholders in energy generation, technology transition, efficiencyand management. Our aim is to boost knowledge sharing across stakeholders, exploiting a human-centric and systemic approach to design Positive Energy Districts (PEDs) for sustainable living for all.The SMART-BEEjS project recognises that the new level of decentralisation in the energy system requiresthe systemic synergy of the different stakeholders, balancing attention towards technological and policyoriented drivers from a series of perspectives:

• Citizens and Society, as final users and beneficiaries of the PEDs;
• Decision Makers and Policy Frameworks, in a multilevel governance setting, which need to bal-ance different interests and context-specific facets;
• Providers of Integrated Technologies, Infrastructure and Processes of Transition, as innovativetechnologies and approaches, available now or in the near future; and,
• Value generation providers and Business Model Innovation (BMI) for PEDs and networks of dis-tricts, namely businesses, institutional and community initiated schemes that exploit businessmodels (BMs) to provide and extract value from the system.

The stakeholders of this ecosystem are inseparable and interrelate continuously to provide feasible andsustainable solutions in the area of energy generation and energy efficiency.
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Abstract
Implementation of PEDs requires immense infrastructure investments in energy efficiency measures,energy generation, transformation and storage as well as in newmobility solutions. On the other hand,it is crucial to create affordable living arrangements despite the high costs of the aforementioned mea-sures. Thus, this work aims to answer the overarching question of which infrastructure will be requiredto turn an existing neighbourhood into a PED. As existing districts in Europe are highly heterogeneousand, thus, difficult to analyse, this study uses a case study with a specific district archetype. To addressthis issue, thist study utilises the district comparability tool, a framework created as part of the SMART-BEEjS project to enable technical comparability across distircts in Europe.In addition, the cost of thenecessary infrastructure is estimated, which leads to the discussion of inclusion and affordability issuesas potential barriers of PEDs.
An integrated techno-economic modelling consisting of different modelling approaches for the power,heating and cooling and mobility sectors as well as demand-side measures are applied. Those includetailor-made mixed integer linear programming, synPro simulations, agent based modelling and statis-tical correlations. Using these modelling methods, several plausible transition scenarios are analysedbased on the building, climate and socio-demographic data of an archetype district of Griesheim-Mittein Frankfurt am Main (Germany).
The results show that envelope retrofitting is crucial to fulfill the PED requirement of energy positivityand to reduce the capacities of the energy generation and storage technology. Furthermore, the PEDconcept can bemore economical than the business-as-usual scenario of importing the required energy.However, high upfront costs can be a barrier for less wealthy societies. This barrier needs to be reducedby public schemes or smart business models to avoid creating a neighbourhood concept that does notuphold the principles of energy justice and inclusion.
This study has its limitations in terms of the scope of the study. Only one district archetype (basedon Griesheim-Mitte in Frankfurt am Main and relevant for districts in Nottingham and Amsterdam)is analysed. Further work could look into different archetypes and the transition scenarios for those.Moreover, not all scenarios, i.e. transition measures could be modelled quantitatively within the frameof this work. In particular, the waste heat from data centers in the selected district was not considered.Hence, applying industrial waste heat for powering district heat networks should be investigated morethoroughly in the future.
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1 Introduction
The concept of Positive energy districts (PEDs) is one of the key approaches to achieve climate neutrality,
whereby close-lying buildings in a district must have a positive balance of renewable energy annually.
However, transition of existing districts into PEDs is hardly achievable without the district energy infras-
tructure undergoing major transformation (Zwickl-Bernhard and Auer 2021).1. According to JPI Urban
Europe 2020, PEDs should �nd its own optimal balance between the three main functions of regional
energy system - energy e�ciency of the infrastructure, local renewable energy production, and energy
�exibility within the district (see Figure 1).

The three elements depicted in Figure 1 are relevant to di�erent parts of district energy infrastructure,
e.g. energy e�ciency is ensured by improving the building envelope and decarbonising heating and
cooling systems. Thereby, thermal insulation and more e�cient decentralised boilers or district heating
systems are crucial in colder climates, while buildings in warmer climates require insulation and venti-
lation to reduce cooling demand in hot summer periods. Once the energy e�ciency limit is achieved,
local energy supply from renewable sources, such as PV or wind, is deployed to cover the local energy
demand. Finally, the �exibility of the energy system can be provided by storage technologies and emerg-
ing services, such as Battery Electric Vehicles (BEV) dynamic charging. As discussed in the D4.4 - Report
on developed methodologies and models for techno-economic modelling of PEDs and the transition
towards their realisation (and also summarised in Section 3.3), passive and active measures modify the
current energy infrastructure.

Figure 1: The key concepts/elements of Positive Energy Districts (adapted from JPI Urban Europe 2020)

The infrastructure required for an existing district to become a PED depends on many factors. Among
technical factors, climate conditions (heating degree days, solar insolation, etc.) are one of the most
in�uential ones (Bruck, Casamassima, et al. 2022). It determines how the buildings are constructed
(i.e. building standards) and whether the heating or cooling supply is necessary. At the same time,
demand for domestic hot water and electricity are less dependent on the climate. However, how the
infrastructure develops further also depends on the systems that are already in place. For example,
Denmark has an extensive network of district heating, while in the Netherlands (which has a similar
climate to Denmark) individual gas boilers have been predominant in meeting the energy needs of

1In this report,district's energy infrastructureis de�ned asthe physical components of building and energy infrastructure
systems (i.e. heating network, electricity grid) that provide commodities and services (e.g. hot water, electricity) essential to
enable, sustain and enhance societal living conditions(Fulmer 2009; Brozovsky et al. 2021)
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the houses. Due to the multitude of variables (climate, exiting systems, building stock condition, to
name a few), alone in the technical domain, it is very challenging to discuss the district's infrastructure
transition having a broad geographical scale for the analysis, e.g. all European districts. Moreover, it is
important to not over-narrow the system and discuss only a small part of the solution, e.g. integration
and optimisation of PV and heat pumps. To the best of the authors' knowledge, there are no studies that
analyse the transition of an existing district to a PED in a holistic but also techno-economically detailed
way.

Due to all the dependencies of the energy infrastructure, its �nal planning always needs to be a case by
case process. Therefore, this report aims to answer the following question:

What is the most economical combination of energy infrastructure needed to transform a speci�cally
de�ned district archetype into a PED?

This is done by selecting a case study district, de�ning infrastructure transition scenarios and calculating
the sizes of the energy supply technologies as well as the costs of each scenario. Within this study, the
PED infrastructure encompasses the following technology: renewable energy generation technology,
energy storage, charging technology, building envelope, district heating systems. Each technology has
also parametric and installed capacity requirements. Parametric requirements refers to, for example,
the supply temperature required for space heating. Finally, installed capacity indicates the size of the
system, e.g. installed capacity of renewable generation technologies or the necessary capacity of the
district heating generation. Such parametric and capacity requirements are usually estimated using
energy models (Chang et al. 2021).

This report is structured as follows. In Section 2, the relevant literature is studied to better de�ne infras-
tructure and to identify energy infrastructure important for PEDs. Section 3 presents the methodology
of the work comprising of: (a) the description of the case-study (Section 3.1), (b) the de�nition of the
transition scenarios towards PED infrastructure (Section 3.2, and (c) integrated district approach pre-
sented in D4.4 - Report on developed methodologies and models for techno-economic modelling of
PEDs and the transition towards their realisation (Section 3.3). Several pathways for the transition to-
wards a PED are presented in Section 4. Section 5 compares the scenarios results and discusses the
implications of the �ndings. Finally, 6 sums up this study, by highlighting the limitations of the work and
the directions for future work.
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2 Background and literature review

This section provides an overview of how "infrastructure" and "energy infrastructure" is de�ned in the
literature. Moreover, we determine which types of infrastructure are relevant for di�erent PEDs and
what infrastructure requirements should be considered when planning them. Finally, the interconnec-
tions between di�erent sectors or types of infrastructure are discussed.

The term "infrastructure" is often used broadly, referring to physical structures, facilities, and networks
that provide essential services to the public (e.g. water treatment and supply, transportation, health-
care infrastructure). A more practical de�nition of "infrastructure" de�nes it as based on three main
elements: physical components, systems interrelation and societal needs (Fulmer 2009). This means
that infrastructure consists of physical components and complex and interrelated systems developed
and maintained to improve social living conditions. Ultimately, energy infrastructure comprises the
physical infrastructure required for producing, transforming, transmitting, distributing and storing en-
ergy (Goldthau 2014). These systems are built to provide energy services that humans need for living:
heating, cooking, hygiene, etc.

When dealing with PEDs, we focus on energy infrastructure that provide fair social living conditions for
occupants of residential and mixed buildings. These include residential buildings themselves and energy
infrastructure that ensures the provision of energy and mobility services for a good standard of living.
The energy infrastructure that is most relevant for energy services is the one involved in the provision
of electricity, heating, cooling, and domestic hot water to district residents. Additionally, as we move
towards decarbonisation of transportation through electri�cation, electric mobility also becomes an
essential part of the energy infrastructure.

According to the booklet �Europe towards PEDs�, there are about 29 PED projects indicating a PED am-
bition and are located in 13 European countries (JPI Urban Europe 2020). These projects aim to develop
new integrated strategies to achieve the urban energy system transformation, where technology plays
an important role in reaching the transition. Most of the PED projects plan or have already started an
implementation of an integration of a range of technologies used for generating renewable (e.g. PV,
wind turbines) or secondary energy sources (e.g. waste energy), storing energy (e.g. energy storage),
retro�tting of buildings (e.g. insulation, windows glazing technologies), and demand-side �exibility so-
lutions (e.g. demand-side management platforms for balancing energy demand and supply).

Figure 2 shows that the frequently included technologies in the 29 PED projects are electric mobility (25),
solar energy (22), district heating/cooling (20), heat pumps (17) and geothermal energy (15). Twenty �ve
out of 28 PED projects mention that they include mobility in implementation strategies. While most of
the projects do not provide much details of how they plan develop mobility in PEDs, it is clear that
transition from conventional fossil fuel vehicles to EVs and its related charging infrastructure are the
cornerstones of PED's mobility strategies. Therefore, one of the methods proposed in this work is an
assessment of accessibility of EV charging infrastructure for identifying future potential demands for EV
infrastructure.

While most PED projects (16) consist of mixed buildings, including newly built and existing building struc-
tures, there are 9 PED projects plans based exclusively on newly developed structures and 4 projects
with existing buildings. New buildings are planned to be built according to high building performance
standards based on a set of procedures centred on sustainable materials, energy-e�cient measures
and technologies. A total of 6 PED projects, shared between mixed and exclusively existing buildings,
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explicitly plan energy retro�ts to maximise performance.

Figure 2: Technology usage among PED projects (JPI Urban Europe 2020)

As the literature on the PEDs only is not su�cient to learn about the infrastructure needs for PEDs, we
draw on the peer-reviewed literature about similar concepts like Zero Emission Neighbourhood and Low
Carbon District (Brozovsky et al. 2021). Most of the publications about such concepts deal with various
aspects of energy system (Brozovsky et al. 2021). Nevertheless, the majority of the 144 publications
reviewed by Brozovsky et al. 2021 discuss the integration of multiple renewable energy sources in the
energy supply system. Planning multi-energy systems and the management of several energy sources
is the central topic of such studies (Cheng et al. 2020; Comodi et al. 2019; Capuder and Mancarella
2016; Bartolini et al. 2018; Del Pero et al. 2019; Gabaldón Moreno et al. 2021; Garau et al. 2017; Ge
et al. 2019; Hachem-Vermette and Singh 2020; Heendeniya et al. 2020; Kim et al. 2019; Koutra et al.
2016; Morales González et al. 2012; Pinel, Bjarghov, et al. 2019; Pinel, Korpås, et al. 2020; Pietruschka et
al. 2015). Several studies evaluate di�erent scenarios of energy production (Zwickl-Bernhard and Auer
2021; Garau et al. 2017; Kim et al. 2019; Morales González et al. 2012; Aste et al. 2017; Niccolò Aste et al.
2020; K�lk�³ 2014; Rezaei et al. 2021). Few studies focus on the inclusion of thermal storage systems
(Kim et al. 2019; Renaldi et al. 2017; Roccamena et al. 2019; Sameti and Haghighat 2018) and electrical
storage systems (Sameti and Haghighat 2018; Sha�ullah et al. 2018; Shaw-Williams et al. 2020).

A few observations can be made from the existing literature. Peer-reviewed literature either focuses on
the speci�c aspects of the energy system (e.g. management of supply from di�erent technologies) or
discusses the non-technical aspects of PEDs, like energy justice. Hence, there is a lack of studies that
contribute to the techno-economic pathway development, which is essential for policy-making. Fur-
thermore, majority of studies are about renewable energy supply, however, energy-e�cient building
renovation is a very important measure that is overlooked in Positive and Net-Zero Energy/Emission
concepts studies. There is a growing body of literature that discusses the bene�ts of conducting ren-
ovation at the neighbourhood or district scale (Rose et al. 2021; Paiho et al. 2019). Moreover, more
studies are including the installation of PV as an active retro�tting measure (Fina et al. 2019). Hence,
this study �lls these gaps and contributes to a further techno-economical de�nition of PEDs. It does so
by considering the role of building retro�tting, electric vehicle charging and district heating in de�ning
the pathways of a district's energy infrastructure transition.
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3 Methodology

The overall method of this work is divided into three distinct parts. Firstly, we de�ne a common dis-
trict case study which allows us to delineate clear system boundaries and scope necessary for techno-
economic modelling (Section 3.1). The area that serves as a case study for this report is Griesheim-Mitte,
located in Frankfurt am Main. Secondly, we de�ne scenarios for the transition of the selected district
towards PED (Section 3.2). Thirdly, we apply the integrated model presented in D4.4 - Report on de-
veloped methodologies and models for techno-economic modelling of PEDs and the transition towards
their realisation to analyse the de�ned scenarios (Section 3.3). Figure 3 summarises the three parts of
the overall method.

The results of the modelling exercise allow us to discuss the impact of infrastructure transition pathways
for the selected case. To be able to draw conclusions relevant for other European districts, the approach
developed to compare European districts from a techno-economical perspective (Bruck, Casamassima,
et al. 2022) should be considered. In the course of this work, we analyse the archetype of a district
in Germany. We argue that the results of the techno-economic analysis in this area can be extended
to other districts in Europe, as long as they present a similar infrastructure. It is important to point
out how this method only compares districts based on technical parameters. This methodology does
not consider other vital elements essential during district development (such as income distribution,
cultural diversity and accessibility to services).

Figure 3: Methodological steps of the research

3.1 Common case study

This section describes the approach of coming up with a common case study by creating a district
archetype. The Smart-BEEjS project works with the partner cities of Frankfurt, Amsterdam, Vienna,
Torres Vedras and Nottingham. Determining the energy infrastructure for districts in each partner city
goes beyond the scope of this report. Additionally, data scarcity increases the challenge of working on
each area individually. Thus, for this report we used the approach de�ned in (Bruck, Casamassima, et al.
2022) to create an archetype district that addresses the energy infrastructure needs of several cities.
The approach uses four important parameters for energy infrastructure modelling from literature: the
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climate, the heat demand density, the �oor space index (FSI) and the residential share of buildings.
Figure 4 shows the parameters with their associated bands.

Figure 4: District categorisation matrix

Using the method described in (Bruck, Casamassima, et al. 2022) it is possible to locate districts in
other partner cities that are similar to each other from a technical standpoint. The method utilises heat
demand density data from HotMaps (Chicherin et al. 2020) and the Köppen-Geiger (KG) classi�cation
(Kottek et al. 2006). In Akhatova et al. 2020, the only city with a speci�c district to be evaluated was
Frankfurt, with the district Griesheim-Mitte. Starting from Griesheim-Mitte, we looked for other part-
ner cities that fall into the same climate category, i.e. C�. Vienna and Torres Vedras were therefore
excluded as they presented a di�erent climate. Amsterdam and Nottingham are in the same climate
zone, according to the KG Classi�cation. Utilising the developed map and its district categorisation, we
found that the most similar districts in Amsterdam and Nottingham are Stadionbuurt and St. Ann's,
respectively. A simple algorithm performs the appropriate calculation and gives a similarity score as a
percentage. Appendix A explains how it determines the score. Stadionbuurt in Amsterdam was 84,34%
similar to Griesheim-Mitte, while St. Ann's scored 76,4%. Because of the similarity among the three
districts, it is possible to have similar technical solutions and for the cities to draw similar conclusions
about the energy transition. Stadionbuurt is a smaller district when compared to the other two, but this
is not a problem as the results are hectare speci�c. Figure 5 shows the similarities between the three se-
lected areas. As the �gures show, all districts are predominantly residential, with a low to medium-high
heat demand and FSI. The districts are also primarily residential with a limited non-residential end-use.

Figure 5: District typology by hectares in Griesheim-Mitte, Stadionburt and St Ann's

The following sub-chapters explain this report's case study, including all data and assumptions. This
case study considers solely the residential part of the district.
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Figure 6: Archetyping approach

Energy demand data

The hourly energy demand data consists of the electric load, the domestic hot water load and the space
heating load. The data is taken from the synthetic load data generator synPro developed by Fraunhofer
Institute (Fischer et al. 2016). SynPro provides the three loads in hourly resolution for a non-renovated
multi-family building with mixed usage. The load data is scaled to match the annual residential energy
demand of Griesheim-Mitte. The annual demands are 4.8 GWh, 3.14 GWh and 21.4 GWh for electricity,
domestic hot water and space heating, respectively. In the case of district heating an additional 10%
demand is assumed due to losses in the system.

Meteorological data

The meteorological data required in this study are global horizontal, direct normal and di�use horizontal
solar radiation as well as the temperature for Frankfurt in an hourly resolution. The data is taken from
the ERA5 data set by the Copernicus project (Hersbach et al. 2018).

Spatial data

Available space, e.g. on roofs, for renewable energy generation becomes crucial in PED planning as
determined in (Bruck, Santiago Díaz Ruano, et al. 2021). Table 1 shows the available space for PV panels
for the case study. The area is assumed according an aerial research of Griesheim-Mitte's residential
buildings. For tilted roofs an angle of 30º is assumed and for �at roofs the panel points southwards and
its tilt angle is equal to the one of the location's latitude.
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Table 1: Roof space for PV power generation

Azimuth angle [º] Area [m2]
0 6,000

45 7,700
90 11,050
135 2,200
180 6,000
225 7,700
270 11,050
315 2,200

Flat roof 15,400

Cost and other assumptions

The case study requires cost inputs, such as installation costs or energy costs per unit. The electricity
cost taken for this study is 0.32 EUR/kWh, which is the average price for German households including
all taxes (Eurostat 2021). For the residential cost assumptions taken for the installation and maintenance
cost of the PV panels, the electricity and heat storage, the boiler and the heat pumps please refer to
(Bruck, Díaz Ruano, et al. 2022; Bruck, Santiago Diaz Ruano, et al. 2022). For the industrial scale ground
source heat pump, the large scale hot water storage and the electric boiler 700 EUR/kW, 15 EUR/kWh
and 70 EUR/kW are assumed, respectively (Sveinbjörnsson et al. 2019; oysal et al. 2016; Zühlsdorf et
al. 2019). The carbon factor of grid-sourced electricity is 275gCO2/ kWhe as the EU average. The
renovation costs are calculated based on the cost functions by Koch et al. 2021 and refer to the costs of
energy-e�cient measures (insulation, waterproo�ng, etc).

3.2 PED transition pathways

Evaluation of infrastructure requirements using the integrated method described in the D4.4 report
results in the capacity of cost-optimal local renewable energy in several scenarios.

In the �rst group of scenarios (Section 4.2.1), local renewable energy supply portfolio necessary to
achieve PED is estimated without district heating (DH) and with current heat demand. It is then com-
pared with the scenario when there is a DH (Section 4.2.2). In such case, local renewable generation
supplies both the buildings' electricity demand and the electricity needed for heat and domestic hot
water (DHW) generation distributed through a district heating grid In the next group of scenarios, we
estimate the new heat demand in the neighbourhood, considering the willingness of building owners
to renovate their dwellings (Section 4.3). In this scenario, it is assumed that a neighbourhood-level ren-
ovation with the active engagement of an intermediary actor takes place over the course of 20 years.
The updated heating demand feeds into PEDso to output the renewable energy portfolio necessary for
supplying the rest of the district's energy demand. As in the scenario group without retro�tting, we eval-
uate two sub-scenarios: when space heating and domestic hot water is (a) supplied by individual heat
pumps at each building (Section 4.3.1) and (b) distributed via district heat network based on industrial
heat pump and boilers (Section 4.3.1).

The electricity demand of the increased number of public EV charging points is also calculated and the
analysis of potential needs for public EV charging points for the Griesheim-Mitte is described in Section
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4.4.

Investment costs and Net Present Values are estimated for both scenarios.

Table 2: Infrastructure transition pathways

Scenario abbreviation Building retro�t Space heating and domestic hot
water(DHW)

Public EV charging in-
frastructure

Baseline None Individual gas boilers None

PED_noret_el
None

Heat pumps, PV, battery (fully
electri�ed heat supply)

None / 5 public charging
points with 22kW and 8
charging points with 50
kW capacityPED_noret_dh DH supplied 100% by industrial

heat pump and boilers (el)

PED_socret_el Retro�t based on build-
ing owners' preferences
(i.e. social retro�tting)

Individual heat pumps None / 5 public charging
points with 22kW and 8
charging points with 50
kW capacity

PED_socret_dh DH supplied 100% by industrial
heat pump and boilers (el)

3.3 Integrated PED infrastructure modelling

To evaluate the above-describe scenarios numerically, the four PED modelling approaches presented in
D4.4 report are combined as shown in Figure 7.

Figure 7: Integration of models and studies developed throughout the Smart-BEEjS project.

synPro is used to perform single building simulations to evaluate the energy performance and building
renovation e�ciency. Resulting annual speci�c useful space heating demand (kWh/m2/year) and the
costs of retro�tting measures based on Koch et al. 2021 �ow into the Agent Based Modeling (ABM) (1)
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Table 3: Data inputs and outputs between the models (as depicted in Figure 7)

Label Input/output
1 Building archetypes, speci�c costs of retro�tting measures [EUR/m2], speci�c �nal

heating demand (kWh/m2/y)
2 Total Energy Demand [kWh], Hourly Load Pro�les, Internal temperature (in

dwellings � Comfort Level), Speci�c Final Heat demand [kWh/m2/year], Cost of
renovation, NPV

3 Energy e�ciency measures carried out in di�erent buildings
4 District heating demand [kWh - hourly]
5 Distribution of public EV charging infrastructure
6 Optimal energy supply technology portfolio in the district

and the HotMaps district heating calculation (2). The speci�c �nal demand for heating and the capital
costs of energy renovations are used as factors that a�ect the decisions of homeowner agents regarding
the adoption of renovation. The ABM will provide renovation uptake as a function of time, which will
provide information on which buildings can access low temperature heating as time progresses (3).

The district heating model feeds the cost for the DH grid to PEDso, which calculates the optimised elec-
tri�ed heating supply (4). The grid losses are set at 10% as usually suggested by the literature (Chicherin
et al. 2020; Vesterlund et al. n.d.). The grid installation annuity is calculated using HotMaps. In this
case the total heat demand of the district is considered for the grid cost calculation. This will lead to
an increased total cost of the district heating grid. Although in this study only the residential demand
is taken into account, in reality a District Heating project will also provide heat to non-residential users
as they represent a more concentrated demand.

Assessment of accessibility of electric vehicle charging infrastructure is applied to identify the potential
future needs of charging points in Griesheim-Mitte district (5). The additional electricity demand from
EV charging is used in PEDso. Finally, the PEDso model consolidates the information from all the models.
Locally generated PV power can be used to cover the district-wide heating demand by optimising the
heat pump capacity for the entire district, alongside with the PV installed capacity and battery size to
ful�ll the PED requirement of having a positive energy balance. The level of retro�tting, existing and
the energy demand supplied by District Heating and the number of public EV charging points determine
the optimal portfolio.
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4 Scenario results for the common case study

4.1 Baseline scenario

The baseline scenario, assumes that the district imports the entire electricity demand from the grid and
satis�es the whole heating and domestic hot water demand with gas boilers with a e�ciency of 85%.
Based on the current statistical developments (2021 - 2nd semester), the cost of electricity is assumed to
be 0.32¿/kWh (Eurostat 2022) and the cost of gas 0.1¿/kWh (Deutschland 2022). The resulting annual
cost of solely covering the energy demand is4,420,915¿. The emissions associated with this demand
are6,175 tonnesof CO2.

4.2 PED without retro�tting

4.2.1 Electri�ed heat supply (PED_noret_el)

This scenario describes the energy infrastructure required, its associated costs and carbon emissions
for the creation of a PED based on electri�ed heat without building envelope retro�tting. The allocated
roof area for PV power generation is not su�cient to ful�ll the PED criteria. Therefore, an additional
area of 20,000m2 �at roof area or �at free space is allocated, since otherwise, a PED would technically
not be feasible. Table 4 shows the infrastructure requirements, their cost and the grid import associated
CO2 emissions.

Table 4: Optimised Annualised Cost (AC), associated technology portfolio (Photovoltaic (PV), Battery
(Bat), Air source heat pump (ASHP), Electric Boiler (EB), and Heat Storage (HS)) andCO2 emissions

AC [EUR] PV [kW] Bat [kWh] ASHP [kW] EB [kW] HS [m3] CO2 [t]
4,078,779 15,622 � 6,356 1,150 741 2,320

4.2.2 District heating based on industrial heat pumps (PED_noret_dh)

This scenario describes the energy infrastructure of a PED based on heat supply via a DH network sup-
plied by industrial heat pumps (without building envelope retro�tting as in 4.2.1). The heat is generated,
stored and distributed centrally using large scale heat pumps, boilers and hot water storage systems and
a district heating network. The allocated roof area for PV power generation is not su�cient to ful�ll the
PED criteria. Therefore, an additional area of 15,000m2 �at roof area or �at free space is allocated, since
otherwise, a PED would not be technically feasible. Table 5 shows the infrastructure requirements, their
cost and the grid import associatedCO2 emissions, including the cost of the DH grid (AC DH: 1,110,794¿).
As explained in Section 3.3, the total cost of the DH Grid is calculated using HotMaps, considering the
total heat demand which is not only limited to the residential one.

Table 5: Optimised Annualised Cost (AC), associated technology portfolio (Photovoltaic (PV), Battery
(Bat), Ground source heat pump (GSHP), Electric Boiler (EB), and Heat Storage (HS)) andCO2 emissions

AC [EUR] PV [kW] Bat [kWh] GSHP [kW] EB [kW] HS [m3] CO2 [t]
4,630,354 13,805 � 6,888 657 975 1,999
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The total installed capacity of the large scale heat pumps is overestimated in these calculations. The
heat demand in the district is calculated using a single load pro�le, which is then duplicated to meet
the total annual energy demand according to the report Main 2019. This approximation leads to all
single peak demands in the district to happen at the same time, hence, the total peak becomes the
sum of all single peak demands. The optimisation calculates the heat pump cost based on the total
peak. In the previous scenario 4.2.1, this is not an issue, as each single heat pump will need to cover the
highest peak of the year. When large scale heat pumps are implemented, this approximation becomes
less precise. In reality, each building would show its peak demand at a di�erent time of the day. This
means that the sum of all the single peaks is larger than the total peak of the district. In turn, this would
lead to a lower total installed capacity and, as a consequence, to a lower capital cost.

4.3 PED with neighbourhood retro�t

In this scenario, we assume that district buildings are renovated at a neighbourhood level. This setup
allows us to consider the group purchase (i.e. the speci�c cost of renovation decreases with more
renovation adopters), as well as the barriers to renovation such as �nancial limitations of the potential
renovators and their attitude towards renovation. As the data about people's attitude and its evolution
are usually not available, modellers usually keep these variables stochastic and run several iterations.
Hence, the results in Figure 8 (i.e. the energy saved via social retro�tting, total gross �oor area renovated
and the costs of renovation) are given as a range of values from 20 iterations, with median (orange line)
and mean (green triangle) indicated. The shares of median heat demand reduction (53%) and gross
�oor area renovated (92%) over total are provided in the graph as well. Apart from attitude, sources
of stochasticity in this model are the weight factors and agents selected for interaction. Weight factors
give a weight to �nancial vs environmental factor in making decision regarding the retro�t option (i.e.
5 cm to 20 cm insulation), e.g. an agent who is more environmental will try to chose a more ambitious
option (i.e. thicker insulation).

Figure 8: Boxplots of: (1) Reduction in space heat demand [GWh/year], (2) Total cost of renovation
[Million EUR], (3) Total GFA of buildings renovated [m2] (median values are indicated as percentage of
the initial values).
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Table 6 summarises the main results that are used for calculating the energy supply necessary (see
Sections 4.3.1 and 4.3.2). Total costs of renovation are calculated based on the measures for improving
the energy performance, such as roo�ng and waterproo�ng, thermal insulation, etc.

Table 6: Final space heating demand in the district before retro�tting (E0), Gross �oor area of residential
buildings (in the model)A0, reduction in �nal space heat demand (Eheat, median value), Total cost of
renovation (Cret, median value), Total GFA of buildings renovated (Aret, median value)

D E0 [GWh/ year] A0 [m2] D Eheat[GWh/ year] Cret [106EUR] Aret [m2]
22.4 202,506 11.9 19.2 185,643

Additional sub-scenarios are tested to evaluate framework conditions that are di�erent from the one
assumed for the baseline scenario. The results are shown in Table 7. More ambitious scenario repre-
sents a neighbourhood with well-connected neighbours, higher cost reduction due to group purchase
and a subsidy to increase the a�ordability. Less ambitious scenario is the contrary of the more ambitious
one and represents a neighbourhood renovation process in the neighbourhood with di�cult-to-each
homeowners or where the social engagement of people is not managed very well (neighbours' atti-
tude). Input values for the parameters are listed in Table 13 in the Appendix. (see Appendix Afor more
details). As seen from the results, it is possible to get the whole neighbourhood renovated, however, it
will be very costly.

Table 7: Sub-scenarios, Reduction in �nal space heat demand (Eheat, median value), Total cost of reno-
vation (Cret, median value), Total GFA of buildings renovated (Aret, median value)

Sub-scenarios D Eheat[GWh/ year] Cret [106EUR] Aret [m2]
More ambitious 16.5 28.6 202,074
Less ambitious 4.4 7.2 7,024

4.3.1 Electri�ed heat supply (PED_socret_el)

Using the aforementioned assumptions for social retro�tting, Table 8 presents the optimised energy
technology portfolio and the costs associated with transforming the district into a PED. The annualised
cost of retro�tting is included (1,051,713¿).

Table 8: Optimised Annualised Cost (AC), associated technology portfolio (Photovoltaic (PV), Battery
(Bat), Air source heat pump (ASHP), Electric Boiler (EB), and Heat Storage (HS)) andCO2 emissions

AC [EUR] PV [kW] Bat [kWh] ASHP [kW] EB [kW] HS [m3] CO2 [t]
3,668,899 10,365 � 3,021 1,125 392 1,556

4.3.2 District heating system based on individual heat pumps (PED_socret_dh)

When the building stock becomes more e�cient, it is possible to lower the supply temperature of heat
to the buildings. Although it is a general statement, it also depends on the heating distribution system
implemented in a house (radiators, �oor heating, fan assisted, to mention a few). The lower tempera-
ture district heating is generally known as 4th Generation District Heating (GDH). Because the number
of buildings supplied by district heating has not changed, the trench length also stayed the same across
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the cases. This means the the cost of creating the trenches to lay down the pipes for district heating
stayed the same across cases. It needs to be mentioned that the cost of the trench varies according to
the nominal diameter of the pipe (i.e. DN). HotMaps calculates an average pipe size to address the costs
of digging the trenches. The 4th GDH would have larger pipes compared to older generations incurring
in higher trench cost. At the same time, these same pipes would be cheaper to manufacture as they
would require less insulation. HotMaps does not calculate the cost of a low temperature district heat-
ing, although it is usually argued that, due to lower thermal insulation requirements it is lower. This case
scenario assumes that, overall, the cost of creating a new 4th Generation District Heating Grid is the
same as a 3rd Generation. Table 9 show the optimised technology portfolio including the retro�tting
cost and the cost for the district heating grid.

Table 9: Optimised Annualised Cost (AC), associated technology portfolio (Photovoltaic (PV), Battery
(Bat), Ground source heat pump (GSHP), Electric Boiler (EB), and Heat Storage (HS)) andCO2 emissions

AC [EUR] PV [kW] Bat [kWh] GSHP [kW] EB [kW] HS [m3] CO2 [t]
4,503,130 9,649 686 3,246 1,136 548 1,337

As in Section 4.2.2, also here the same consideration about the total installed capacity of large scale
heat pumps is valid.

4.4 Public EV charging infrastructure
To identify solutions for future charging infrastructure improvements in Griesheim-Mitte, the deploy-
ment of public EV charging points within 38 districts of the Frankfurt city have been evaluated and
compared. The postcode of districts and the number of public EV charging points per district have been
mapped and illustrated in Appendix A, Figures 12,13. The data of the number of public charging points
have been extracted fromGoogleMapn.d. on the 18th of July 2022.

Linear regression analysis is used to understand which factors have in�uenced the establishment of EV
charging points and how EV charging points are distributed among districts within a city. Characteristics
such as population size, geographical area size, and gross �oor area have been analysed at each district
in accordance with the correlation with the number of public EV charging points. According to Soylu
et al. 2016 and Hall and Lutsey 2020 housing type impacts the ability to charge at home, therefore
residents for apartment buildings potentially will have higher demand for public charging than those
who live in houses (e.g. detached or semi-detached) with an access to home charging. However, due
to an absence of data on housing types per district in Frankfurt, gross �oor area is compared among
districts that have a similar area within the city, assuming that the highest number of gross �oor area
among districts can indicate the higher number of apartment buildings. Nevertheless, gross �oor area
alongside with population size have not shown the correlation with the number of public EV charging
points. Area size has shown a slight correlation with the number of public EV charging points per district.

Additionally, evaluating locations of public EV charging points, it has been found that a signi�cant num-
ber of public charging points is installed near supermarkets, commercial banks, leisure centres and large
hotels. In Germany, businesses establishing charging points are partially exempted from electricity tax.
Nevertheless, this policy measure is pro�table only with markets with a high EV penetration as the elec-
tricity tax is billed per unit of energy sold ((Baumgarte et al. 2021). This means that the more pro�table a
location is for a public charging point, the higher is the electricity tax exemption for a company installed
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a charger. This might be a reason of high concentration of public charging points in districts situated in
the city centre with high density of commercial and entertainment buildings (Baumgarte et al. 2021).

The district of Griesheim-Mitte (Postcode 65933) has similar population and area sizes with the Frank-
furter Berg district (Postcode 60486), Ostend (Postcode 60314) and Gallus (Postcode 60327). Never-
theless, their gross �oor area characteristics are signi�cantly lower than in Griesheim-Mitte. This might
indicate that Griesheim-Mitte has more apartment buildings without an opportunity to establish a home
charging than other districts. Overall, Griesheim-Mitte has only 3 public EV charging points, while Frank-
furter Berg, Ostend, and Gallus have 79, 11 and 14 charging points accordingly.

In terms of the future EV infrastructure, plans in FrankfurtBalgaranov2022 state that 280 public charg-
ing points are planned to be installed in the city by 2023. Therefore, it is assumed, that the new public
charging points would be equally redistributed between districts with a low availability or complete ab-
sence of charging points, thus an installation of 10 additional charging station is suggested in Griesheim-
Mitte. Therefore, in the PED retro�t scenario, the hourly demand pro�le of the 5 public slow charg-
ing points (3 existing and 2 more suggested) with capacity of 22kW and 8 public fast charging points
with 50kW charging capacity are estimated. The EV public charging points demand pro�le includes
three charging events per charging point per weekday and two charging events per weekend, based on
Gilleran et al. 2021. The average energy delivered by charge points with the capacity of 22 kW is 15kWh
over 3 hours charging period, based on Andrenacci et al. 2022. The eight fast public charging points
with 50kW charging capacity have been estimated to have charging sessions equaling to 1 hour. The
weekly demand pro�le, averaged over full year, can be seen in Appendix A, �gure 14.

Investments costs (IC) and optimised annualised cost (AC) of proposed two new slow (22 kW) and eight
fast (50 kW) EV charging points are presented in Table 10. These costs have been estimated based on
Mortimer et al. 2021, which evaluated the installation, operation and utilization costs of 21,164 public
and semi-public charging stations in Germany. According to that study, the OPEX of slow charging point
costs about 750 EUR per year, while fast charging points costs 1500 EUR per year. The investment cost
of a 22 kW charger amounts to 1,250 EUR, a 50 kW charger amounts to 15,000 EUR. Therefore, the
annualised costs over 8 years, with a 5% discount rate for the proposed two slow chargers (22kW)
equals 1,885 EUR and for 8 fast (50kW) chargers equals 30,567 EUR.

Table 10: Invetsment costs (IC) and Optimised Annualised Cost (AC) of proposed public EV chargers

Number of chargers Capacity of chargers [kW] IC [EUR] OPEX [EUR] AC [EUR]
2 22 1,250 750 1,887
8 50 15,000 1,500 30,567
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5 Discussion

Table 11 shows the annualised costs, the district-wide emissions and where applicable the technology
portfolio of the considered scenarios without the e�ect of EV charging. The individually electri�ed PED
solutions are economically superior to the baseline scenario. The most economical combination for this
case is individual air source heat pumps in combination with retro�tting. All PED scenarios drastically
reduce the district-wideCO2 emissions.

The district heating cases reduce the emissions slightly more than the individual heating scenarios. A
centralised heating solution via large-scale ground source heat pumps, electric boilers, heat storage and
district heating is economically not competitive due to the very expensive DH grid. However, one has to
consider that there are two e�ects that might enhance the pro�tability of the DH solutions. Firstly, DH
system enables the usage of waste heat from industrial or IT processes and even speci�c commercial
activities. In the case of Griesheim-Mitte, the large data centers generate a continuous waste heat
stream that could potentially be boosted and used in DH. This would reduce the required heat pump
capacity and also the electricity consumption.

Another factor that could improve the pro�tability of a DH scenario is that a DH grid in practice re-
duces the total installed capacity of heat generation technology compared to the individual solutions.
In reality, the heat demand of individual consumers is not equal at each time step, but depends on the
behaviour of each individual. Thus, against the assumptions of this study, the individual heat demand
peaks would not appear at the same time but would be more spread. While this would not change
the individual heating solution, the capacity for heating generation equipment in the DH case would
be reduced as explained in more depth in Section 4.3.1. This contemporaneity e�ect, together with the
presence of usable waste heat, might justify a DH installation, but this has to be a case by case decision.
Due to the assumed static electricity tari� and their expenses, batteries play a minor role in the PED
scenarios, as the pro�t will not change between low demand and peak times.

Table 11: Optimised Annualised Cost (AC), associated technology portfolio (Photovoltaic (PV), Battery
(Bat), Heat pump (HP) - Air/ground source (AS/GS), Electric including Boiler (EB), and Heat Storage (HS))
andCO2 emissions without EV charging consumption

Scenario AC [EUR] PV [kW] Bat [kWh] HP [kW] EB [kW] HS [m3] CO2 [t]
Baseline 4,420,915 � � � � � 6,175
PED_noret_el 4,078,779 15,622 � (AS) 6,356 1,150 741 2,320
PED_noret_dh 4,630,354 13,805 � (GS) 6,888 657 975 1,999
PED_socret_el 3,668,899 10,365 � (AS) 3,021 1,125 392 1,556
PED_socret_dh 4,503,130 9,649 686 (GS) 3,246 1,136 548 1,337

Figure 9 shows the comparison of the considered scenarios according to their annualised costs (AC) and
its composition. Building envelope retro�tting adds signi�cantly to the total annualised cost. However,
it reduces the CAPEX of energy generation and storage technology. Retro�tting reduces the costs for
electricity import even more and, thus, is economically feasible under the assumptions of this study. On
the other hand, district heating adds an almost equal cost as retro�tting, while generating only very little
cost savings in our scenarios. Therefore, a district heating system is not economically feasible under this
study's assumptions.
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