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ABOUT THE ARV PROJECT

The vision of the ARV project is to contribute to speedy and wide scale implementation of Climate
Positive Circular Communities (CPCC) where people can thrive and prosper for generations to come.
The overall aim is to demonstrate and validate attractive, resilient, and affordable solutions for CPCC
that will significantly speed up the deep energy renovations and the dégyment of energy and climate
measures in the construction and energy industries. To achieve this, the ARV project will employ a novel
concept relying on a combination of 3 conceptual pillars, 6 demonstration projects, and 9 thematic focus
areas.

The 3 conceptual pillars are integration, circularity, and simplicity. Integration in ARV means the
coupling of people, buildings, and energy systems, through muklitakeholder cecreation and use of
innovative digital tools. Circularity in ARV means a systematic way of addressing circular economy
through integrated use of Life Cycle Assessment, digital logbooks, and material bar@saplicity in ARV
means to make the solutions easy to understand and use for all stakeholders, from manufacturers to
end-users.

The 6 demonstration projects are urban regeneration projects in 6 locations around Europe. They
have been carefully selected to represent the different European climates and contexts, and due to their
high ambitions in environmental, social, and economic sustainability. Renovation sébcial housing and
public buildings are specifically focused. Together, they will demonstrate more than 50 innovations in
more than 150,000 n# of buildings.

The 9 thematic focus areas are 1) Effective planning and implementation of CPCCs, 2) Enhancing
citizen engagement, environment, and welbeing, 3) Sustainable building re(design) 4) Resource
efficient manufacturing and construction workflows, 5) Smart integration of renewables andtorage
systems, 6) Effective management of energy and flexibility, 7) Continuous monitoring and evaluation,
8) New business models and financial mechanisms, policy instruments and exploitation, and 9) Effective
communication, dssemination, and stakeholder outreach.

COMMUNITY ENGAGEMENT
t

The ARV project is an Innovation Action that has received funding under the Green Deal CalQIz4-
1-2020 - Building and renovating in an energy and resource efficient way. The project started in January
2022 and has a project period of 4 years, until Dember 2025. The project is coordinated by the
Norwegian University of Science and Technology and involves 35 partners from 8 different European
Countries.
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EXECUTIVE SUMMARY

This deliverable evaluates the practical application of digital tools and computational methods aimed at
facilitating the establishment of Citizen Energy Communities (CECSs) in two urban demonstration sites
of the ARV project: Palma de Mallorca (Spain) arfdarvind (Czech Republic). The central focus is to
support municipalities and stakeholders in decisioamaking for CEC implementation through data
driven modelling, technoeconomic analysis, and the development of flexible workflows that account
for local climatic, regulatory, and infrastructural contexts. A simplified graphical summary of the
workflow is presented in Figure 1.

Workflow for CEC implementation
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Figure 1. A graphical summary of the CEC workflow in demos of Palma and Karvina.

In Palma de Mallorca, the approach isentered on geospatial modelling and simulation tools to assess
rooftop photovoltaic (PV) potential and optimise energy sharing within CECs. A 3D CityGML model was
developed using LIDAR data and SketchUp, enhanced with a PostgreSQL/PostGIS database and
TimescaleDB for efficient storage and retrieval of geometric and temporal data. Consumption profiles
for producer and consumer buildings were obtained via metered data or simulation with TRNSYS. A
tailored Python-based algorithm calculated energy balances, distribution coefficients, and financial
savings for various CEC scenarios. Multiplgsualisation formats, including reports, presentations, and
geopackage enabled actionable insights for public authorities.

In Karvina, a parametric simulation and optimisation workflow was developed using Rhino,
Grasshopper, and Ladybug Tools. This allowed for detailed analysis of building geometries, solar
irradiation, and PV system layouts. Dynamic energy modelling was conducted with EnergyPlus through
the Honeybee plugin, igorporating building envelope parameters, occupancy schedules, and HVAC
system types. A MATLAB toolbox supported the sizing of electrical energy storage (EES) and integration
of electric vehicle (EV) chaging stations with smart control strategies, including reattime energy
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pricing and grid services (e.g., Vehicleo-Grid). Key performance indicators were computed to assess
load matching, seHlsufficiency, economic viability, and flexibility.

The evaluation across both sites demonstrates that a modular, dataformed, and scenariebased
approach is essential to support CEC planning. The integration of geometry, simulation, and control tools
enables not only technical feasibility studies but als facilitates regulatory adaptation and economic
planning for municipalities and energy operators.

Beyond technical implementation, key lessons have been identified regarding data availability,
stakeholder involvement, and workflow usability. In both sites, the need for higlguality geometric and
consumption data posed challenges, often requiring manudahtervention. Despite this, the modular
nature of the tools enabled flexible adaptation to local contexts. Lessons learnt include the importance
of visual outputs for engaging municipalities, the benefits of automated yet customizable toolchains, and
the necessity of scalable workflows for expanding CECs from pilot sites to distritgtvel planning.

Based on these findings, a set of guidelines for replicability is proposed. They cover recommended tools
and practices for geometry processing, energy modelling, PV system configuration, and stakeholder
communication. Critical considerations for replication include the availability of geospatial and
consumption data, the selection of appropriate simulation platforms, and the integration of context
specific regulatory and financial assumptions. This deliverabletherefore, supports cities and
stakeholders nd only in the technical assessment of CECs but also in thecessary steps to plan
inclusive, sustainable, and economically viable community energy systems.
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1. INTRODUCTION

Citizen Energy Communities (CECs) represent a paradigm shift in the production and consumption of
energy, enabling locaked, collective ownership of renewable generation and active user engagement.
CECs based on renewables are key elements that facilitéte transformation of urban neighbourhoods

in Climate Positive Circular Communities (CPCC). To facilitate the formation and effective operation of
CEC:s, this report investigates and applies a set of digital tools and simulation workflows in two urban
contexts: Palma de Mallorca and Karvina.

In Palma, the challenge lies in integrating rooftop PV systems into a dense urban fabric while ensuring
efficient energy distribution among public and residential buildings. The focus is on geospatial
modelling, data harmonisation, and simulatiorbased dedsion support. Tools employed include
CityGML[1] for 3D urban modelling, TRNSY&] for simulating tertiary building energy consumption,
and Python scripts for computing photovoltaic yields, distribution coefficients, and economic scenarios.
The approach allows municipal stakeholders to evaluate different setfonsumption configurationsand
optimi se energy sharing strategies.

Karvina presents a distinct case with a focus on Positive Energy Distri@®ED)and energy community
concepts, integrating PV on roofs and fagades, battery storage, and smart EV charging infrastructure.
The methodological framework relies on Rhind3] for 3D geometry, Ladybug4] and Daysim[5] for
solar radiation modelling, and EnergyPlug6] for dynamic energy simulation. These tools are coupled
via the Grasshoppe(7] visual programming environment to enable multi-parameter optimisation. In
addition, a MATLAB toolbox incorporating load prediction and different control strategies assesses the
overall system based on EES sizing, retiine electricity market responsiveness, and ancillary service
provision.

The introduction of these workflows into realworld contexts allows for a highfidelity assessment of
CEC feasibility, taking into account buildingevel constraints, energy behaviour, and economic return.
Both approaches presented in this deliverable airto provide a comprehensive and structured workflow

to support the modelling, simulation, evaluation, and implementation of CECs within the urban contexts
of Palma and Karvina. The proposed methods and tools are intended to be modular, adaptable, and
replicable across a variety of urban environments, each with distinct regulatory frameworks, technical
constraints, and climatic conditions.

An additional objective of this deliverable is to extract and synthesise the lessons learfiom the
application of the workflows in both demonstration sites. These insights will inform the development
of practical guidelines for replicability, supporting researchers, consultants, stakeholders and decision
makers in other cities who seek to impgment similar strategies for CEC planning and operation.

The structure of this report is as follows:

1 Description of methods and tools: A detailed overview of the digital tools, computational workflows,
and data management strategies applied in the implementation of CECs in the Palma de Mallorca and
Karvind demonstration sites.

1 Application in demonstration sites:  Presentation of the case studies, including the specific
implementation contexts, O O A E A E linvolvdn@1,Sintegration processes, and graphical outputs
generated through the applied workflows.

1 Lessons learnt: Analysis of technical, operational, and contextual challenges encountered during
implementation, along with recommendations for overcoming these barriers.

1 Guidelines for replicability: A set of recommendations and methodological insights aimed at facilitating
the adoption of the workflows in different urban environments, tailored to support local decisiormakers
and planning authorities.
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2. OBJECTIVES

This report sets out to evaluate andralidate methodological workflows and digital tools that enable the
design, planning, and operational assessment of CECs in the demonstration areas of Palma de Mallorca
and Karvina. The key objectives are structured around tool integration, contextual adegbility, and
performance assessment.

Geometric and Solar Potential Modelling:
1 Develop accurate 3D building models using CityGML and Sketch[8p (Palma), and Rhino/Grasshopper
(Karvind), based on georeferenced information and light detection and ranging (LIDAR) measurements.
1 Assess rooftop and facade solar irradiation using LIDABerived geometries and radiancebased tools
(Ladybug, Daysim).
9 Extract roof properties (area, tilt, azimuth) as inputs for PV system design.
Energy Simulation and Consumption Profiles:
1 Estimate energy consumption using measured datasets (e.g., DATAD® in Palma) and dynamic
simulation (TRNSYS for tertiary buildings in Palma, EnergyPlus for Karvina).
9 Define archetypal profiles for residential and public users based on building typology and climatic
conditions.
Photovoltaic System Sizing and Energy Balance Computation:
1 Simulate PV system configurations under different spatial constraints (fleind tilted roofs, row spacing).
1 Apply multiple distribution coefficient strategies to evaluate shared energy allocation within CECs.
1 Quantify energy flows: sefconsumption, export, grid dependence, and net energy balances.
Financial and Economic Evaluation:
i Calculate annual savings based on energy tariffs, surplus compensation mechanisms, and-besefit
scenarios.
I Estimate payback periods, revenue from community participation fees, savings from direct self
consumption, and compensation for surplus energy (Palma).
1 Analyse net present value (NPV), return on investment (ROI), and payback periods under fixed and
dynamic pricing scenarios (Karvind).
Control Strategies and Flexibility Integration:
1 Implement smart energy management strategies incorporating dagphead market signals and peak
shaving control (Karvind).
1 Evaluate the impact of EV charging and vehict®-grid (V2G) services on energy autonomy and system
economics.
Visualisationand Stakeholder Communication:
1 Generate visual outputs such as net energy curves, PV layout maps, and key performance indicators (KPIs)
to facilitate stakeholder decisionmaking.
1 Support municipal planning with spatial data tools (e.g., gexackage and reporting templates.
1 Communication and presentation of the results to the involved stakeholders.

These modular components of the tools were validated through CEC assessments at the neighbourhood
scale, enabling multibuilding simulations and strategic scenario planning. This broader application
allowed the project teams to test interoperability betwean data management, simulation, and
visualisation modules. In doing so, it also highlighted specific limitations and areas for improvement,
such as the need for enhanced automation of data processing, more robust integration of regulatory
parameters, and béter linkage between PV sizing and flexibility options.

Lessons extracted from these applications have been used in tthevelopment of replicability guidelines,
ensuring that future implementations can benefit from a refined and more cohesive workflow.
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3. APPLICATION OF METHODS AND TOOLS IN THE DEMO OF PALM.,
DE MALLORCA

3.1. WORKFLOW FOR CEC IMPLEMENTATION
PALMA DE MALLORCA

IN THE DEMO OF

This chapter aims to introduce the methods and tools for the design, planning, and implementation of
CEC in the Palma de Mallorca demé&igure 2).
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Figure 2. Overview of the CEC workflow.
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3.1.1. DATA MANAGEMENT

This subchapter explains how the data collection and storage are carried out and which calculation
inputs are required.

Geometry construction

To construct the 3D geometry of the buildings in the neighbourhood, two main workflows have been
tested. The process of constructing the geometry employs a CityGML model of the area, with all building
structures systematically catalogued in a PostgreSQL0] database featuring PostGIfL1] extensions.

In the first method, the CityGML representation is generated by elevating building footprintaking from
cadastre[12] to their respective Lidar-determined heights using 3dfier[13], an opensource software

for creating 3D models. Once generated, the resulting .obj file undergoes processing through a Python
based workflow, transforming it into structured data. This data is subsequently stored in the CityGML
database in accordance wit standardised formats.

Additionally, the CityGML model employs constrained Delaunay triangulation to triangulate each
polygon forming the surfaces. As a result, buildings are depicted in Level of Detail 1 (LOD1), featuring
flat roofs and lacking window placements Figure 3). The database structure, however, is designed to
support future incorporation of LOD2 models.

LODO LOD1 LOD2 LOD3

Figure 3. Level of Detail (LOD) of the building model.

Six specific public buildings, primarily elementary and high schools with tilted roofs, were replicated in
SketchUp based on actual conditions and later transformed into the CityGML standard format using
RhinoCity [14], a plugin from the Rhino software that allows Citygml oriented operations. As an
example, the real geometry of the CEIP | ESO Pintor Joan Mird school, taken from Google E&sihis
compared with a 3D model made in SketchUg-{gure 4).

; e v y
Figure 4. A screenshot from Google Earth (left) and a SketchUp model (right) of the CEIP | ESO Pintor Joan Mird
school.
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As a result, the complete 3D representation of the area incorporates flat roofigure 5), with the
exception of certain public buildings that feature tilted roofs.

;(4

Figure 5. An example of the 3D representatinf the area (Ie and of the individual residential building (right).

As these tilted roof buildings are modelled in parallel, a second method for the automatic generation of
tilted roofs was tested. This workflow relies on two sources of data as input: the footprints of the
buildings and a classified layer of LIDAR data. lng CityForge[16], a plugin of QGIS, the extrusion is
performed, and the result is a CityJSON of the neighbourhodeigure 6).

por

Figure 6. An example of the 3D representation of the area (left) and of the individual residential building (right).

As this workflow relies heavily in the density of the LIDAR data, the test has been done with a LIDAR
data of point density of 0.5 points/?. Results are partially good, but most of the buildingdo not have
their exact geometry and are not accurate enough to use in the workflowigure 7).

Figure 7. An example of the 3D representation of the area with tilted roofs (left) and of the individual residential
building (right).
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More representative results may be expected if high resolution LIDAR (5 points/fh was available.
Therefore, a workflow will be further evaluated once improved Lidar data for Palma becomes accessible
(approximately in the second trimester of 2025)[17].

The essential information for each building is then extracted into a GML file directly from the database
utili sed for the PV calculation algorithm. This file serves as one of the inputs, providing the roof polygons
needed for the algorithm's operation. Given that roof surfaces are composed of multiple polygons, the
algorithm incorporates own developed functions todetermine the roof area, azimuth, and tilt, which are
essential for PV computations and will be stored in the database.

Data harmonisation

Theincident solar radiation data isused to calculate the photovoltaic output of the panel§he
climatic data,which includeshourly values of solar radiation and other meteorologicatlements, is
consistent with a typical meteorological year (TMY) in te climatic zone where the chosen roofs are
located. The original weather file is TMY2, which was created by Meteonoift8] for a TMY for Palma

de Mallorca.Then the file was run through a TRNSYS deck, which processed the weather data into a
suitable format to be read and used by the Python script.

Consumption profiles

For residential consumers (endusers), consumption data is downloaded from the DATADIS platform

[9] via an API, segmented by postal code and economic sector for the years 2022 and 2023. The retrieved
CSV data is then used to populate a PostgreSQL database. The data stored in the database is time series
data as it contains hourly values. To efficiently ppcess and analyse this type of data, another PostgreSQL
extension, TimescaleDB19], is used, which enables optimised management of time series data. The
data includes household energy consumption for the years 2022 and 2023, grouped by postcode and
economic sector.

To establish the average consumption profile of endsers, the consumption profiles across all Palma
postal codes in the residential sector were used. These profiles were contrasted with the average
consumption among all Palma postal codes and with monitorg data collected from 20 households in
the district. The details of this comparison will be elaborated upon in the case studies.

For the producer buildings, consumption data is obtained from two sources
1 Theavailable metered electricity consumption datgobtained from the internal source).
1 If metered data is not available, a building'lectricity consumptionis estimated usingthe
tertiary building simulation in TRNSYS adopted to the Palma demo conditions.

The simulation of the tertiary buildings was carried out using TRNSYS software with archetype models
of each typology. These follow a standard modelling template that defines common inputs and outputs
but allows parameters to be adjusted to represent theh@racteristics of each typology. The main blocks
of the models are the building geometry, the operational profiles (occupancy regimes, heating,
ventilation, and air conditioning (HVAC) schedules, and domestic hot water (DHW) profiles), the
weather data, am the outputs processing. The models run under an annual dynamic simulation with a
time step of 1 hour.

The models utilise TRNSYS Type56 detailed multbne building with 3D geometries developed using
SketchUp. These represent the archetypal geometry of the building in terms of shape factor, window
to-wall ratio, and type of areas per floor. Type56 allows #energy balance of each zone to be calculated,
considering thermal conduction through the surface, solar gains through openings, infiltration,
ventilation, and other heat gains. The balance considers sensible and latent heat gains.
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Each building typology has its own geometry and set of parameters. The characteristics of the building
envelope are taken from the IREC database for each building type and year of construction. Internal
gains for occupants, lighting, and appliances are defined according to the ASHRAE Fundameii28ls
for the corresponding typologies. Ventilation rates are defined according to Spanish regulations for
HVAC equipment[21] and take ventilation air heat recovery into account. Infiltration is defined
according to the year of construction. The weather file is the TMY2 obtained through Meteonorm, as
described in the "dataharmonisation” section.

Data storage

TimescaleDB and PostgreSQL were chosen because of their scalability, spatial capabilities, and efficient
time-series handling. PostgreSQL with PostGIS enables advanced geospatial queries, while TimescaleDB
optimises performance for historical building simulations, ensuring seamless integration and future
proof scalability.

In summary, the following data will be stored in the database:
1 Rooftop geometries reference roof surfacearea, azimuth, and tilt.
1 Consumption profiles: residential and producer buildings consumption.
1 PV production calculation: PV production of each geometry and other CE&lculations, such as an energy
balance.

Some data is stored prior to the calculations and retrieved during the process, while other data is stored
after the simulation. A schematic representation of the database structure is shown figure 8. The
tiger logo next to certain tables indicates that these tables use TimescaleDB.
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3.1.2. COMPUTATION

PV Potential

Once the geometries are obtained, a methodology is applied for PV system sizing, considering a standard
commercial PV module used in SpairT@ble 1).

Table 1. Information on PV module used (SR2MHLPro)[22].
General characteristics

Manufacturer Sunrise Energy Co. Ltd.
PV module SR72MHLPro
Cell technology monocrystalline Si

Electric al properties

Nominal power [Wp] 550
MPP Voltage [V] 40.99
MPP Current [A] 13.42
Opencircuit voltage [V] 49.65
Short-circuit current [A] 14.13
Permissible system voltage [V] 1500
PV module efficiency (STC) [%] 21.31

Mechanical properties

Width [m] 1.133
Length [m] 2.278
Height [m] 0.035

Temperature coefficients

Opencircuit voltage [%/°C] -0.282

The effective PV area of each geometry is calculated considering two reduction factors: the first
considers that not the entire rooftop will be available for the PV installation (e.g., shared uses, minimum
distances from edges and other constructive elemes), and the second considers the distance between

rows in the PV array.’ AT 1 AOOEAO xEOE A OOOZEAAA AOAA Oi Al1TAO
stored with an effective area of zero.

For flat roofs, there are 4 possible configuration modes for estimating the number of PV panels and the
second reduction factor and thus the effective PV area:

1 Mode 1: Flat roof: all parameters are entered manually (area reduction factors, PV array slope, and PV
azimuth).

1 Mode 2: Flat roof: PV south orientated (PV azimuth equal to 0), PV slope and area reduction factors are
entered manually.
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1 Mode 3: Flat roof: south orientated (PV azimuth equal to 0) and optimal tilt of the panel, calculated to
maximise the annual production. The distance between rows is calculated to avoid shading at solar noon
of the winter solstice day.

1 Mode 4: Flat roof: double oriented PV, eastest oriented with 10° PV slope. This configuration allows for
the reduction of the distance between rows, thus installing more power in the available surface. Distance
between rows is fixed.

In the case of tilted roofsgeometries are excluded from PV panel placement if they meet any of the

Al 11T xETC ATTAEOQOEI T Og OOOFAAA AOAA AAT T x 1 16h OE
absolute azimuth greater than 135°). The remaining area, after applying thedilters, is considered fully

available for PV installation. Therefore, only one reduction factor is applied, which accounts for the
distance to the roof edges and the minimum maintenance distance between panel rows.

The slope and azimuth of the PV panels are assumed to match those of the roof. In buildings with mixed
roof types, only the geometries corresponding to the predominant type are considered.

To estimate the electricity production of the PV system on an hourly basis, the weather file is used with
data from a TMY in the climate zone in which the selected roofs are located. It contains hourly values of
irradiation on a horizontal plane and other meteorological data such as wind speed and ambient
temperature. The irradiance on the tilted surface was calculated as the sum of the beam component
(according to Equation 1.8.1 from Duffie and Beckmal23]) and the diffuse component (based on the
isotropic model). To estimate the hourly PV production, the module temperature (Tm) and relative
efficiency are calculated based on the PVGIS modgH] for crystalline silicon (c-Si) modules, the
predominant technology on the market, and the dimensions of the selected PV module, which are listed
in Table 1. Additional losses caused by system losses (inverter, cabling) and module degradation are
considered with a value of 14%, as recommended by PVGIS.

Calculation of distribution coefficients

417 ATT pl AOGA OEA AT AOcuUu AAT ATAA T &£ A #%#h AEOOOEAO(
determine the share of produced energy that each participant is entitled to setbnsume. According to

Spanish regulation, distribution coefficientsmust be determined exante based on various criteria, such

as the contracted power of each user, their contribution to the initial investment, or any other agreement

mutually accepted by all participantsg[25].

Common approaches observed in real projects include equal distribution (i.e., assigning the same
coefficient to all participants) and allocation based on shares of installed power linked to an annual fee.

For instance, in the Palma demo case study, one Ba&o involved allocating 30% of the generated
electricity to the building with the PV installation, while the remaining 70% was distributed to nearby

El OOAET 1 AO AAAT OAET ¢ O OEAOAO T &£ p E7HPh AAAE AOO
coefficient modes applied in this case study are summarised ifiable 2.
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Table 2. Distribution coefficients modes.

Number of coefficients

Mode Drestig o (per producer/consumer)

Fixed coefficients

PV installation peak power is
distributed z 30% goes to
Base case the producer building and 1
70% to the residential
consumers

Optimised coefficients

Constant Same daily set all year 1
Constant WDWE Distinct sets for Weekday 5
and Weekend
Constant Monthly Distinct sets each month 12
Constant WDWE and Combination of WDWE and
24
Monthly monthly

CEC energy balance calculation

To calculate the CEC enerdyalance, the workflow can take various scenarios into account. For example,
the following scenarios were considered in the case studies presented:

f
f

No CEC scenarioa scenario with a single consumeproducer. All the PV generated goes to the producer
building.

Scenario 1: a selfconsumption community of a number of consumers (n). In this scenario, the PV
installation peak power is distributed z 30% goes to the producer building and 70% to the residential
consumers. The number of consumers is determined by allocating 1 kWpeach household.

Scenario 2 (if relevant): a selfconsumption community of nconsumers, that replicates Scenario 1,
however, the number of residential consumers is being recalculated, so that the total exported energy
doesn’t exceed 15% (in the cases where Scenario 1 gives more than 15% of theostqnl energy). The
goal is to maximse selfconsumption and reduce exports due to the low compensation price for surplus
energy. In this case, each user's power share is variable and is calculated by dividing the total peak power
by the number of users.

Variables that should be evaluated hourly for the producer building, for the consumers, and for the
energy community in total:

il

=A =4 =4 -4 4888 -8 -4 9

Total on-site produced energy (f, .)m

Onsite produced energy per participanti ( [, ..
Total primary energy consumption( ..

Primary energy consumptionper participant i ([r.).
Total self-consumption.

Selftconsumption per participanti.

Total delivered energy [m a

Delivered energyper participant i ( fm g

Total exported energy [rg e L.
Exported energyper participant i ([rg« L

Total netenergy [ 2«
Net energy per participanti (. .L
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In addition, a set of KPIs should be evaluated as well as some indicators related to the PV installation
Distribution coefficient per participant i (13.).

Total grid delivered factor (7 , )m '

Grid delivered factor per participanti (7 »)m

Total load cover factor( 7, . ym

Load cover factor per participanti (5 . 4m

Total supply cover factor( Ay ¢ —a «

Supply cover factor per participanti (Ayo — «

Number of potential residential consumers (in the case of CEC with residentials).
PV installation area.

Total number of PV modules.

Peak power of the installation.

=A== -8_-8 -4 -8 -85 -4 4"

Financial outcomes

Hourly energy balances of the producer building (in case it is a prosumer) and residential users serve
asthe foundation to calculate yearly energy savings in the electricity bills, thanks to direct self
consumption of the collective PV and compensation sfirplus energy.

In Spain, electricity charges and fees fluctuate depending on the time of day and the season. These
variations affect both the "power" (kW) and "energy" (kWh) components of the electricity bilHowever,

only the energy term isconsidered in the economic calculation of the workflow, given thatontracted
power is likely to remain unchanged. Regarding electricity rates, for the producer building aeriod
tariff, commonly contracted by tertiary buildings,was applied with values obtained by the Palma City
Council plus a fix surplus rate.

For the residential users, PVPC (small user regulated hourly tariff) based on 2024 values was applied
both for the grid and surplus rate. The economic calculation considers the simplified surplus
compensation mechanism, based on the ndilling scheme currently in place in SpainThe value
calculated previously in the hourly net energy balance is evaluated, and the cost is calculated for each
hour: if the net energy is positive, it is multiplied by the grid energy rate and if it is negative, by the
surplus rate. The costs are aggregated monthly and if the balance is negative, the value assigned is 0,
given that the final bill cannot be negative.

Finally, taxes are added (5.113% for IEE and 21% for IVA). The savings are calculated by comparing the
calculated cost with the previous cost, which is the total consumption multiplied by the corresponding
grid rate, with taxes added. Then, individual sanigs are aggregated to obtain total community savings.

A summary of the economical parameters is introduced imable 3.
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Table 3. A summary of the economical parameters used in the Palma demo workflow.

Parameter

PV initial investment

PV yearly maintenance
cost

Public subsidies for the
initial investment

Tariff for residential users
- grid

Tariff for residential users
- surplus

Tariff for tertiary
buildings - grid

Tariff for tertiary
buildings
- surplus

Taxes on electricity
bought from the grid

ResidentialO O Aye#dIj
participation fee

Future energy prices

Time of analysis

Discount rate

Value

OFEv E7DPd pocgo
v E7P I 0 TE ¢mn E
¢m E7B I 0 FE vum
vm [ 0 FE pnn E7
pnm [ 0 FE =
vnm [0

FE pmm
re
n/a

PVPC time series grid

PVPC time series surplus

6 period tariffs for Baleares with values
P1:0.192360, P2:0.171376,
P3:0.164509, P4:0.156908,

P5:0.142812, P6:0.123433 (all in
OTE7EQ

11T A
5.113% IEE, 21% IVA

PpMIMOTE7D

25 years

2.5%

CLIMATE POSITIVE CIRCULAR COMMUNITIES

rl v E°
FE pmnnmn E

E7
FreE ovmm E7
Ne pnmn E

OET ¢c1 A OAIl OAd

Reference

Values retrieved from an analysis

| based on values of grants given for

PV installation on the residential
sector in Catalunya

Values calculated considering
n8puvOTE7D DBl 00
replacement of the inverter once

ET OEA OUOOAI

Hourly data from year 2024
provided by REE

Hourly data from year 2024
provided by REE

Values given by the municipality
used for the Gabriel Vallseca case
study

Values given by the municipality
used for the Gabriel Vallseca case
study

Current values in Spain

IBE[26]

Methodology used in
comunitatenergetica.caf27],
considering one part of thetariff is
fixed and the other varies with the
OMIP predictions for the next 10
years, after this period no
variation is considered

PVestimated lifetime

Hypothesis used in
comunitatenergetica.catf27]
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3.1.3. USE OF TOOL ANWISUALISATION

Several options are considered and tested for sharing results to the Palma City Council as the main user
of the tools and methods proposed in the workflow. As some degree of expertise is needed to use the
planned tools andthere is no interactive graphical user interface, several optios for sharing pre-
calculated values are provided.

Detailed studies have been carried out for theublic buildings (mostly for public schools) to provide
systematic advice to the stakeholders. The photovoltaic potential of school buildings and costs were
assessed to facilitate the decisiomaking process for the design of an energy community. Examples
graphical visualisation, such as diagrams, and detailed results, such as KPIs, can be found in the case
studies section.

Another option is a report based on the results of the workflow application on specific case studies,
containing three main blocks: technical characteristics of the PV system, analysis of the potential case
studies with KPIs and graphs, and economic analigs An example of such a report is given for the first
case study.

Another possible outcome is the presentation of the results of the study for the whole neighbourhood.
This can be done through a geopackage, where a map with the analysed buildings and the PV potential
of their roofs can be shownas well as any other selected data available in the databa&eother aspect

that can be considered is the number of residential users that each building in the neighbourhood may
have, as well as a summary of the energy (energy balance) and economic (monetary savings) results. An
example of such a map is given for the second case study. Sharing a geopackage that can be imported in
QGIS gives city council technicians some freedom vgsualise specific data and build new calculations

on top of provided results, if needed.

3.2. ASSESSMENT OF POTENTIAL CECS

The proposed methods and tools for the CEC were used throughout the duration of the project and were
adapted to the different needs of the various stakeholders.

The focus of the study in the first year of the project was to analyse the potential of photovoltaic
installations on the roofs ofpublic and non-profit organisations” buildings (Table 4), and the creation
of CEC in the Llevant Innovation District in Palma. This study has been published as an ar{8, which
analysed different options for the sharing of renewable energy generation between buildings and the
potential individual participants in a CEC of a district. Preliminary results have shown a potential for
renewable electricity generation of 1 358 NVh per year, with a maximum capacity of 816 kWp, which
could be installed on the roofs of 10 buildings in the district Table 5). The selected buildings include
publicly owned buildings (such as schools and museums) and privately owned tertiary buildings

The study analyses the different options for the creation of CEC, taking into account the energy surpluses
of the different buildings and the involvement of the citizens in the communities, with the aim of
increasing the level of seliconsumption and the e€onomic profitability of the communities. The article
analyses different options for the sharing of renewable energy generation between buildings and the
potential individual participants in a CEC of a district. Depending on the characteristics, it is pdds to
optimise different parameters, including the distribution coefficients for energy allocation to prosumers
and consumers, which depend on whether the objective is to maximise the setinsumption of one of
the parties, minimise exports to the gridor maximise the number of residential users allocated to the
energy community. Therefore, there is no generalised solution that is optimal for all cases.
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Table 4. Potential buildingsfor the PV installationin the neighbourhood.

Building Type
Bl IES Antoni Maura School
B2 CEIP Camilo José Cela School
B3 CEIP | ESO Pintor Joan Mir6 School
B4 Polideportivo Borja Moll Sportcentre
B5 Museu Krekovic Museum
B6 Fundacié Montision Solidaria Pergola
B7 Centro de dia Can Ribes Civiccentre
B8 CS Emili Darder Hedth centre
B9 Edificio de IBAVI en calléTous 1 Public social housing building
B10 IES Aurora Picornell School

Table 5. A summary of the PV potential of the buildings in the neighbourhood-gD).

B1 B2 B3 B 4 B5 B 6 B7 B8 B9 B10 Total
Number of 1
Pvmodules 203 227 106 220 245 218 55 61 30 126 o
Peakpower 111 154 58 121 135 119 30 33 16 69 816
[kwp]
Annual
energy 185 216 102 192 214 208 51 53 27 110 -
production 358
[MWh]
Specific 1 1 1
energy yield 1663 1736 1750 oo 1585 1525 1710 .o 1664 oo -
[KWh/KWp]
Annual No
energy No = No No energy , No No No i
consumption data LB | B data data  consump 7t data data data
[MWh] tion
Total 1
. 234 233 109 217 252 54 60 34 124
'”Veftfge,?'[‘t 465 880 560 948 205 216080 u5n 300 650 740 ggg

2|n cases where no information on actual consumption was available, interpolations were made to obtain hourly data.
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For example Figure 9 illustrates how the solar factor or selfsufficiency level (Fs) varies with different
values of the selfsharing coefficient (in kWp per dwelling) for two scenarios: 41 dwellings (left) and 52
dwellings (right). The seltsharing coefficient represents theshare of installed PV power allocated per
dwelling. The curves show how Fs evolves for the building (blue line), the dwellings (orange line), and
the energy community (grey line). The values plotted include the share of power assigned to each
dwelling.

0.45

045
043
041
039

—— Edificio Viviendas

Comunidad energética

— Edificio Viviendas

043 Comunidad energética

041 F
039 F
037 F
w035 f
033 F
031 F

037

w035 F
033
031

029

029 |

027 027 F
025 L L L L . 0.25
03 035 0.4 045 05 0.55 0.6 03 035 04 0.45 05 0.55 0.6
(1) (0.92) (0.85) (0.78) (0.71) (0.64) (0.57) (0.78) (0.73) (0.67) (0.61) (0.56) (0.50) (0.45)
Coeficiente de reparto propio (kWp por vivienda) Coeficiente de reparto propio (kWp por vivienda)

Figure 9. Sensitivity of Fs as a function of the sslfaring coefficient, 41 dwellings (left) and 52 dwellings (right).

In addition, several presentations and targeted analyses were carried out for specific buildings (suaé
Camilo Jose Cela and El Temple schools) to support decisioraking by key stakeholders, primarily
Infraestructuras (infrastructure department which is in charge of the public buildings in Palma)EMAYA
(the municipal utility company responsible for investing in the PV system)and the ARV team in Palma.
These activities took place mainly between fall 2022 and summer 2023.

Further, this chapter describesthe implementation of suggestedworkflows in different case studies in
the Palma deMallorca demo. There will be an overvievof the ways in which suggestedvorkflows have
beenincorporated into eachcontext, along withsome graphicadrepresentation.

3.2.1. ASSESSMENOFCECIMPLEMENTATIOMNN A SINGLE BUILDING

The first case study selected is the elementary and the primary schamlled "Gabriel Vallseca({Figure
10). It’s a twostory building that consists of several blocks with an available roof space for the PV
installation.

Figure 10. Gabriel Vallseca school case study.
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This building was chosen after checking the availability of public roofs on various publiuildings in the
area. Further, the ARV project team, the city's infrastructure department and EMAYA agreed on this
building to promote the first pilot project for a city-owned CEC. EMAYA invited tenders for a ppoject

for the PV system. Later this semd to test the workflow, compare the results with the actual project
and provide the company with more information about the benefits of using distribution coefficients
and the financial savings for the energy community members.

Data collection and calculation inputs

The geometry of the selected building has been extracted from the CityGML model of the area. Even
though the available roof area consists of three available roofs, only two of them have been chosen for
the case study (1 020.5 mand 294.5 n?) due to the agreement with the company, resulting in 1 315 tn

of available area for the PV installation.

Figure 11. Geometry of the building extracted from CityGML (left) and selected roof areas (right).

The climaticdata, which includes hourly values of solar radiation and other meteorologicaélements, is
consistent with a typical meteorological year in the climatic zone where the chosen roofs are located.

As far as the consumption profiles are concerned, the consumption data for the producer building is
obtained from the measured electricity data and result in an annual energy consumption of 66.8 MWh.

For the residential buildings, the average consumption profile was selected by comparing different
postcodes of Palma with an average between all postcodes (3305 kWh per household in 2023), resulting
in a selection of postcode 7010 (with 3302 kWh per houd®ld) (Figure 12).

Energy Consumption by year Postal Code

== 7001

= 7002

4000 = 7003
- S— . — J =mm 7004

== 7005

3000 - = 7006
== 7007

= 7008

2000 4 = 7009

=== 7010
== 7011
= 7012
== 7013
. 7014
= 7015

1000 A

Energy Consumption (kwWh/contract)

Year

Figure 12. Comparison of residential consumption profiles in Palma for different postal codes (in 2022 and 2023).
Source: IREC, based BATADIS datd9].
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As the last step, relevant geometry data such as reference roof surface, azimuth, and tilt of the roof, as
well as residential and producer buildings consumption data, are stored in the database.

Computation

A simplified methodology is applied for PV system sizing, considering a preliminary project for the PV
installation provided by EMAYA. With 1 315 rhof available area for PV installation, Mode 1 for the flat
roof has been applied with manually entered parameters: area reduction factor, PV panels slope (10°)
and PV azimuth {41°).

Taking into consideration the dimensions of the PV panel chosen and applying a formula for the distance
between rows, a total number of PV modules is 157 and 49 PV panels are for surface 1 and 2,
respectively, resulting in 206 panels in total. To recreate¢his result in a graphical way, the external
software Sunny Desigr29] has been used.

TN
s o N e,

b o |
Figure 13. Roof PV inst

allation (SunnyDesign software).

The photovoltaic calculation is executed using Pythoprogramming language. Technical characteristics
of the PV installation are summaged in Table 6. In addition, resulting PV generation (146.9 MWh) has
been compared with the results of the similar PV installation in PVGIS td@0] (154.2 MWh).

Table 6. Technical characteristics of the Piistallation.
Characteristic Number

Total number of PV modules 206 (157+49)

Peak power of the installation [KWp] 111.2
Annual energy yield [MWHh] 146.9
Specific energy yield [KWh/kWp] 1321.04
Annual energy consumption [MWh] 66.8
PV panels angl¢°] 10
PV panels azimuth [°] -41
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To complete the energy balance of a CEdifferent community scenarios have been analysed, which are
summarised inFigure 14.

. 9, ®
P CEC scenario - 77 users CEC scenario - 114 users
A self-consumption community of A self-consumption community of
No CEC scenario 77 consumers 114 consumers
A single consumer-producer scenario
PV installation peak power distribution PV installation peak power distribution
. (IRE Modal) - 30% to producer (~33 kWp) / {IBE Model) - 30% to producer (~33 kWp) /
00% of BV generation goes to the 0% to consumers (~77 kWp) - 77 users 70% to consumers (~77 kWp) - [14 users with
producer building with | kWp 0.68 kWp
(CEIP Gabriel Vallseca)
2% of PV generation qoes to the export 15% of PV generation goes to the export

72% of PY generation goes to the export 7 e .
50 — 77users 100 —— 114 users
= Qetlmpurted

o

Creation of CEC by adding residential users = ""“\"“’\
-50 Net Exponcd\\

-> more effective use of PY installation and
SEV|ngS u" BlEEtFlElty hI”S fur‘ lhE USEFS o 1000 2000 3000 4000 5000 6000 7000 8OO0 o 1000 2000 3000 4000 5000 6000 7000 8000
Equivalent hours Equivalent hours

Net Imported

Net Energy (kWh)
o
Z

Net Energy (kWh)

\
b
2

Reducing PV export by 13% maximum Testing case with 77 users and 114 users with
by adding more users to the community different distribution coefficients

Figure 14. Citizen Energy Community scenarios.

Through a Python simulation, a thorough analysis of each case has been conducted by determining
variables that should be assessed on an hourly basis and a set of KPIs for pheducer building,

consumers, and the energgommunity. Additionally, some crucial graphics illustrating energy balance
have been added to make it easier to analyse the outcomes of the scenarios.

As an example of the results that can be obtained by applying a workflow, a comparison between three
scenarios is summarised through the following indicators:

91 Graphical support: net energy duration curve andenergy consumption and PV production average daily
curve (Table 7).

1 KPIs: supply cover, load cover, and grid delivered factoréTable 8).

Analysing results of these three scenarios for the energy community, it can be concluded that net

exported energy has reduced from 72% (Casez0no residential users) to 25% (Case % 77 residential
users) to 15% (Case 2114 residential users).

The next step in the workflow was an application of optimised distribution coefficients to analyse how
different distribution modes for the PV generation will benefit producer and consumer buildings, as well

as thecommunity. The following sets of optimised coefficients have been calculated in Python for the
producer and consumers buildingg Figure 15 and Figure 16).

NRV CLIMATE POSITIVE CIRCULAR COMMUNITIES 26/ 74



Table 7. A graphical comparison between three scenarios.

Energy consumption and PV production

Case Net energy duration curve .
average daily curve
40 -
N 0 [ 27 poremmrer
= et Importe 40 PV production
No CEC & O m mmmmmmmmmmmmmmmmmmmmmmmmnm o s mm e
i & 20 Net exported = 30
scenario % - =
= 20
(Only [ 40
= 60 10
producer)
-80 0
0 1000 2000 3000 4000 5000 6000 7000 8000 0123 4567 8 91011121314151617 1819 20212223
Equivalent hours Hour of the day
& _Uzers 50 Self-consumption
= - 7:3325 : Consumption
CEC = 40 PV production
-
scenario = g 30
(77 g 20
residen- g 10
tial users) o
0 1000 2000 3000 4000 5000 £000 7000 8000 0123 4567 8 91011121314151617 181920212223
Equivalent hours Hour of the day
CEC
scenario 150 eore
W|th 15% 7 users 60 ielf—ccnsti_mptmn
- . -onsumption
limit to § 100 114 users 50 PV production
& 40
the = &= 2w
5]
exported ] Net Imported 20
= O o e e e e e e e e e
energy = Net Expor 10
(114 0 0
reS|den- 0 1000 2000 3000 4000 5000 6000 7000 8000 012 34567 8 910111213141516 1718 19 2021 22 23
tial USEI’S) Equivalent hours Hour of the day
Table 8. A summary of KPlIs for different scenarios.
Scenario
KPI
114 users 77 users No CEC
rionn 0.85 0.75 0.28
[ load 0.29 0.35 0.62
[ grid 0.71 0.66 0.38
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« Base: 0.3 - producer. 0.7 - consumers « Base: 0.3 - producer, 0.7 - consumers

+ ‘Constant’: same daily set all year « 'WDWE". distinct sets for Weekday and Weekend

M Residential ™ Producer

! ! H Em

77 users 114 users 77 users 114 users

1.00
0.50
0.80
070 ==
0.60
0.30
0.40
0.30
0.20
0.10
0.00

Case 1 (77 users) Case 2 (114 users)

m Residential — m Producer WD WE

Figure 15. Constant (left) and WDWE (right) optimised distribution coefficients applied in the case study.

Base: [.3 - producer, 0.7 - consumers
'Monthly'": distinct sets each month

W Residential M Producer

» Base: (.3 - producer, 0.7 - consumers

* "WDWE and Monthly": combine WOWE and monthly
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Figure 16. Monthly (upper part) and WDWE/monthly (lower part) optimised distribution coefficients applied in the
case study.
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By applying these distribution coefficients and calculating energy balances, two main KPIs (supply cover
factor and grid delivered factor) were chosen to compare the scenarios. Graphs illustrating these KPIs
for each of the distribution modes are illustraed in Figure 17.

Supply Cover Factor

0.920
0.870
0.820
0.770
0.720
0.670
0.620
Base Constant Monthly WDWE Monthly WDWE
@ - - Residential_77 users --®--Producer_77users  --<®-- Community_77 users
Residential_114 users ==@== Producer_114 users e=®==Community_114 users
Grid Delivered Factor
0.720 . o
0.670
0.620
0.570
0.520
Base Constant Monthly WDWE Monthly WDWE
--®--Residential 77 users --®--Producer 77 users «.®-- Community 77 users

Residential_114 users ==#==Producer_114 users ==#==Community_114 users

Figure 17. Supply cover and grid delivered factors calculated for the case studies.

The distribution coefficients in this case study did not significantlyaffect the performance of the
community. But they have an impact on the performance of producers and consumers. For instance, the
distribution coefficients have a large impact on the performance of the producer building with a self
consumption of more than 70%. Of the different distribution co#ficient modes, the monthly WDWE
scenarios have shown the best performance.

As the final part of the computation workflow, monthly and yearly savings have been calculated for each
of the energy community members toestimate the benefits of sharing energy. Applying concepts
described in the financial outcomes chapter of the workflow, the following results have been obtained
for each of the case studies:

1 4EA 06 OUOOAI x1 01 A OAOGA OEA bpOI AGAAO AOEIAETQ Opp

T )& Al AT AoOcu AT i1 061 EOU xAO AOOAAI EOEAAN EA OAOET G«
o ¢ vwe ®Ppuv OTUAAO /E'I'C) OEA E)Od)fﬁn@eﬁeétr@tyélIDElA'TC i AOIT
o ¢me OFTUAAO £ O AAAE OAdthefeledridtgEll). OOAO j AOT OT A oo
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system (without subsidy) = 12.1- 10.7 years.

In parallel, NTNU developed a model to predict future prices for energy in Spain based on historical data.

This analysis provided insights into the potential savings of participants in the CEC depending on
different energy price scenarios. The analysiassumedthat the fee for participation in the energy

Ali1 1 60T EOQU EO Opnmm DPAO E7P8 ' 0O A OAOOI 6h OEA OAOEIT
favourable scenario in the period 2025¢ mom OT  A24 pdr @2@r inith&Ewdst scenario in the

period 2041-2045 (Figure 18). These results highlight that economic feasibility is highly dependent on
electricity tariffs, including both grid and surplus rates.

Net Profit Heatmap by Year Groups and Scenarios

100
1.5 =7.9 -8.9 -24.0
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Monte Carlo Low Quantile
]
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Monte Carlo Average
Net Profit (EUR/year)

-20

Monte Carlo High Quantile

2025-2030 2031-2035 2036-2040 2041-2045

Figure 18. Heatmap of net profit by year group and price scenafii].
Use of tool and visualisation

To support municipal decisionmaking and promote transparency, results generated through the Palma
demo workflow have been compiled into the twepage report (Figure 19 and Figure 20).

This report combines technical specifications, performance indicators, and economic analysis in a
concise format. Designed as visual tool for stakeholders, it enables quick assessment of the suitability of
different buildings for PV installation and their potential role within a future energy community. The
following example illustrates how the workflow outputs for the Gabriel Vallseca case study were
structured and communicated to the Palma City Council.
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Citizen Energy Community (CEC) Tool Report

Building name: CEIP Gabriel Vallseca
Address: Carrer Mare de Déu de la Victoria, 36

Technical characteristics ofthe PV installation

Total number of PV modules 206 (157+49)

Peak power of the installation [kWp] 111.2

Annual energy yield [MWh] 146.9

Spedific energy yield [kWh/KWp] 1321.04

Annual energy consumption [MWh] 66.8

PV panels angle [7] 10 {
PV panels azimuth [°] -41 Radius for the installation

Analysis of the Citizen Energy Community scenarios

Yearly averaged energy consumption and

Case Net energy duration curve
By PV production
40 s0 Self-<consumption
e Net Imported " PV prodection
No CEC & 0
N g > 30
scenario B N Z
= 20
(Only e
2 60 10
producer)
#o 0
1000 2000 000 000 5000 000 7000 mwoo 01 23 4567 8091001213151 17 101920202228
Equivalent hours Hour of the day
= e

S i 50 > gL
CEC § ‘f \_ == 40 : o o
scenario E Qﬂ Imported 230
(77 E M%\ = 20 T
residential Z « \ 10
users) s 0
0 1000 2000 1000 00 5000 &0 000 8000 01 23456720 910NIZ1314150617T 1819021222
Equivalent hours Hour of the day
CEC
scenario -
with15% - |
limitto £ T
the ? % 230 /
exported  : “ m "
energy 3 Net st .
(114 5% 0
users)
Scenario
KPI
114 users 77 users No CEC It can be concluded that net exported
energy has reduced from 72%
¥ supply 0.85 0.75 0.28 (Case 0 - no residential users) to 25%
(Case 1 - 77 residential users) to 15%
Lioad wa? 045 62 (Case 2 - 114 residential users)
y grid 0.71 0.66 0.38

Figure 19. An example of the CEC report for the Gabriel Vallseca case study (page 1).
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Analysis of the distribution modes

Grid Delivered Factor

Supphy Cover Factor

== Producer_114 us — 615 i PrOGUCET_ 114 USE15 e

The distribution coefficients in this case study did not significantly change the performance of the community (2.5-
4.29).

Eut they have an impact on the performance of producers and consumers For instance, the distribution
coefficients have a large impact on the performance of the producer building with a self-consumption of
mare than 70%. Of the different distribution cogfficient modes, the monthly WDWE scenarios have shown the
best performance.

Economic analysis

Scenario 1: all PV generated energy consumed by the producer building

Con:ii:l:ll:ticn PV available Self-consumed sLeﬁ.:-?:f::f;ﬁiI::: Surplus energy Yearly savings [€]
[(kWh] [kWh] energy [kWh] (%] [kWh]
Producer 66 797 146973 41131 62 105843 11539
Residential (1
user x77) 3202 0 0 0 0 0
Total 69959 146973 41131 62 105843 11 539

Scenario 2: 30% PV generated energy consumed by the producer building and 70% by residential users (1 kWp each-77

residents)
Con:zz:l:l:tion PV available Self-consumed SL:I.:-?::r:LT:;iI::: Surplus energy Yearly savings [€]
[kWh] [kWh] energy [kWh] (%] [kWh]
Producer 66 797 44092 27813 42 16278 6599
Residential (1 3202 1336 1063 33 272 205
userx77)
Total 313372 146973 108725 35 37248 22397

Scenario 3: PV generated energy distributed with optimized monthly coefficients (CEC + 77 residents)

Con‘;zi:::tion PV available Self-consumed SL:;.:-?::::S:;:::: Surplus energy Yearly savings [€]
[(kWh] [kWh] energy [kWh] (%] [kWh]
Producer 66 797 44282 28415 43 15866 6715
Residential (1 3202 1333 1078 34 254 206
userx77)
Total 313372 146973 111484 36 30488 22631

If an annual participation fee of €60 - €100 is charged to each resident. the additional income of the
CEC (EMAYA) would amount to €6 160 - €7 700. The net savings for each residential user would
be €126 - €106.
Annual savings with revenue from the sale of shares of €12 759 - €14 460 /vear. Simple
amortisation of the system (withoutsubsidy) =12.1 - 10.7 years.

Figure 20. An example of the CEC report for the Gabriel Vallseca case study (page 2).
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3.2.2. ASSESSMENT G@HEC IMPLEMENTATION IN A NEIGHBOURHOOD

Building upon the detailed analysis conducted for an individual building in the previous case study, this
section applies the developed workflow at a broader neighbourhood scale. The aim is to assess the full
potential for establishing CECs across multipleuildings within the Llevant Innovation District in Palma.
Unlike the earlier case, which focused on facilitating CEC design for a specific site, this approach enables
strategic urban planning by identifying suitable producer buildings, estimating PV potegial across
several building typologies(tertiary and residential) , and calculating energy and financial performance

at a large scale. This information is particularly valuable for the Palma City Council, supporting
prioritisation and planning of the CEC initiatives.

Assumptions and methodological approach

It is worth noting that the methods and tools have been explained in detail in the methodology section
and the first case study. Therefore, this section will primarily focus on presenting the application of the
workflow at the neighbourhood scale.

Given the scale of the analysis, sonmethodological adjustments were made:

I Selected buildings: mode 1 from the PV computation module was applied, allowing manual entry of roof
parameters (azimuth, slope, reduction factors), using refined geometries and data from stakeholders and
previous PV project designs.

1 Residential buildings: due to the large number ofbuildings (401), Mode 3 was selected, automating
south orientation and optimal tilt to maximise annual production, while avoiding shading at the winter
solstice.

1 Energy distribution: for selected buildings acting as producers, 30% of PV output is allocated to the
producer, with the remainder distributed to residential users under a 15% export limit for the whole
community. Since no real consumption data is available for the producer building, the same consumption
profile of dwellings from DATADIS, as previously explained, will be used. Therefore, it is not necessary to
differentiate between dwellings within the producer building and those located elsewhere in the dtrict.

Results for the selected buildings simulation

Simulations were performed for nine selected buildings, and the results were compiled into a structured
database andvisualised via QGIS to deliver to the municipality as a part of the visualisation strategy.
The resultinggeopackagencludes nine layers reflecting main technical and economic outputs, allowing
easy comparison between buildings. These layers include:

1 Number of dwellings that can be included in the collective setfonsumption as consumers (number of
dwellings).
Peak power of the installation (kWp).
Annual energy yield (MWh).
Installation costs (euro).
Yearly savings per producer building (euro).
Yearly savings per dwelling (euro).
Yearly revenues municipality (euro).
Payback (years).
Type of the building(per type).

E e I N ]

As an example of the results, two key thematic layers are illustrated below: annual energy yield and the
number of residential users that can besupplied by each producer building. These areisualised in
Figure 21 and Figure 22, respectively.

The annual energy yield layer [igure 21) highlights the technical performance of each simulated
building. The PV potential varies significantly, with energy yields reaching up to approximately 417
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MWh per year in the most favourable case. These differences reflect variations in roof characteristics
such as size, orientation, and slope.

The second layer Figure 22) represents the estimated number of residential dwellings that could be
O00PpPI EAA xEOE Al AAOOEAEOU #&£01i1 AAAE OAlI AAOGAA AOQE
sharing scheme (i.e., 30% of generated energy allocated to the producer buildingtiwihe remaining

70% distributed among residential users, subject to a 15% export limit for the whole CEC). The results
indicate that smaller selected buildings can support energy sharing with fewer than 50 residential users,

while large public buildings, such as secondary schools or civic centres could supply energy to over 400

dwellings.

/ i
‘ téi:‘“'f'“““'“”"}

ﬁj 50 - 150 (MWh)

[ 150- 250 mwh)

'y 250 - 450 (MWh)

L «4" ﬁ ; S NS TF. /[ 450 - 750 (MWh)
Figure 21. A 3D map representing the annual energy yield (in MWh) of the selected buildings.

0 - 50 dwellings

50 - 100 dwellings
100 - 225 dwellings
225 - 425 dwellings

AAAE OAI AAOAA AOEI AET G680 06 OUOOAI 8

In addition, Figure 23 E1 1 OOOOAOAO ODAOEAI OAOOI 6Oh OET xAAOET
Spain, energy communities can benefit from collective setbnsumption within a 2 km radius of a
renewable energy generation installationTherefore, buffer circles of 2 km radus were plotted to

OEOOAI EOA OEA AOEI AET ¢cO6 AT AOcu ET & OAT AA xEOEEI
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Figure 23. Potential CECs with a radius 6f 2 km around selected buildings in the Llevant Innovation District (left).
The total area that will be affected by the selected buildingight) .

Overall, these maps help identify key buildings that are best suited to become central points in future
#%# 08 7EAT OOAA ET OEA AEOQOUS80O bPIiATTETC OilT1 Oh
solar energy systems are both technically possibland useful to many residents nearbyBy combining
information on building performance and location, the maps facilitate collaboration between engineers
and city planners, helping them set clear priorities and determine where and when to initiate the

creation of CECs based on collective PV selinsumption in the neighbourhood.

Table 9 summarizes key metrics for selected buildings in Palma, integrating PV sizing, annual savings,
and investment returns.Building 7 (Fundacié Montision Solidaria) doesiot have its own consumption
(as itis a pergola), therefore, yearly revenues for the municipality in this case are equal to O.

The cost assumptions are based on detailed inputs provided ifable 3, including investment costs

ranging from 836zpoc o OFTE7H AT A AT 1 OA1 1 AET OAT AT AA AT 60O

economic analysis was conducted using the simplified compensation mechanism, which credits surplus
energy fed into the grid, a schemeommonly used in Spain for PV installations below 100 kWp. While
some systems in the study exceed this threshold, the use of this simplified compensation approach
provides a conservative yet realistic estimate of project viability.
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Table 9. A summary of the key technical and economic indicators for selected buildings.

Building Building
name type
CEIP | ESO
Pintor Joan School
Mir6
CEIPCamilo
Jose Cela School
Centro de dia L
Can Ribes CivicCentre
Poldeportivo
Borja Moll SportsCentre
IES Antoni School
Maura
IE_SAurora School
Picornell
Fundacié
Monti-sion Pergola
Solidaria
CIFP
Francesc School
Borja Moll
Manuel
Azana 9 Office

(IBAVI office)

Peak power
of the

installation
(kWp)

69

114

50

166

134

141

230

201

78

Annual
energy yield
(MWh)

100.3

167.4

75.8

258.3

2111

211.2

351.9

416.9

119.9

Yearly
savings per
consumer
(euro)

66

62

73

55

64

50

71

49

73

CLIMATE POSITIVE CIRCULAR COMMUNITIES

Yearly
revenues
municipality
(euro)

5034

7789

4 343

659

9 340

8019

16 359

6 949

Yearly
savings per
CEC (euro)

14 239

23597

11012

31923

30 161

29 012

45 280

57 335

17 433
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Payback CEC
(years)

3.6

3.2

3.7

3.1

3.0

3.1

3.1

3.2

3.5

NPV for the
municipality
(euro)

107 212

184 644

85 432

122 711

220 583

199 602

217580

408 531

143 277

Number of
residential
users

67

126

44

315

179

223

315

420

68



From these results, several conclusions can be drawn:
1 Schools and civic buildings can host large PV systems (up to 291 kWp).
T - 01 EAEPAI OAOGAT OAO BRAanay.OA OAAAE Ob O ©Ope
T #1171 001 AO OAOGEIzg® BAAOCETCAODAEWI A AT T OAI 1T UR Al
for being a member of the CEC.
1 Payback periods are mostly under 3.5 years.
T .06 OAI OAO Ai 1 £ZEOI DI OEOCEOA ET OAOOI AT O OEAAEI EOUhR /

T OEAAOEI

Residential buildings

In parallel with the selected buildings, all 401 residential buildings in the neighbourhood were also
simulated using assumptions described above, and the results were incorporated into the overall
analysis. These buildings, together with the 9 selected bdings, form the complete dataset visualised
in the final 3D model of the area.

Like the previous section, two key thematic layers are illustrated below: annual energy yield and the
number of residential users that can be connected to each producer building. These a&isualised in
Figure 24 and Figure 25, respectively.

‘E
' 1] 0-somwn)
/ | ] s0- 150 (w)
I 150- 250 (v
Bl 250 450 mwny
. 450 - 750 (MWh)

0 - 50 dwellings

50 - 100 dwellings
100 - 225 dwellings
225 - 425 dwellings
P . e A 425 - 625 dwellings

Figure e 25. A 3D map representmg the number of residential dwellings that could be supplied elgbtricity from
AAAE OA1 AAOGAA AOQOEI AET C80O 06 OUOOAI 8

T Larrer ste Callso

By integrating both residential and selected buildings into the same simulation and visualisation

AT 6eOoi 11 AT Oh OEA xI1 OEA&I T x bDHOT OEAAO A AT i DPOAEAT OF
potential. This allows for better assessment of how produceconsume relationships can be established

based on proximity, available rooftop space, and estimated demand. Additionally, the combined model

helps identify clusters of buildings that may be suitable for forming interconnected CECs or participating

in shared renewable energy schemes.
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A summary of the main technical and economic results, aggregated by the residential building type, is
presented in the table below. The values for yearly savings per consumer and payback period are shown
as averages.

Table 10. A summary of the main technical and economic results, aggregated by the residential building type.
Peak

Tthr)]Z o Num- power of Annual s\(a(\a/?rzlys Yearly Pay- ler\]/efor Nur;r:fber
residen - SE7 0 e energy erg SELTES BRES munici -  residen -
tial buil - installa - yield conr;umer per CEC CEC ality tial
o dings tion (MWh) (euro) (years) P
buildings (kWp) (euro) (euro) users
Big 2933
multifamily 27 3314 5319 7.7 676 385 3.1 302 4533
building
Small
multifamily 77 1769 2 840 77.1 372 473 3.8 577 904 1615
building
Medium
multifamily 53 742 1189 77.1 156 328 3.7 608 924 1491
building
Single 1014
family 198 3 685 5914 77.0 757 733 3.9 145 3175
building
Others 46 1123 1800 77.1 235 959 3.9 215 742 673

Across the entire neighbourhood, the following conclusions can be drawn:
I The potential annual energy yield exceeds 16.5 GWh.
1 Nearly 11 500 households could be supplied under CEC arrangements. It is worth noting that the
neighbourhoods targeted by the ARV project accommodate a total of 3 217 dwellings: 2 317 in Poligon de
Llevant and 900 in Soledat Sud. Therefore, the selected@Ehave the potential to fully cover the energy
needs of the area.

71T O0A1 OAOET ¢cO PAO Ai1T00I A0 OAi AET AT 1T OEOOAT O jx OX X
E

1
T 471 OAl AT i1 O1T EOU OAOET CcO OAAAE 1 OAO ©0O¢8p 1 EITETI
1

The payback period remains below 4 years, indicating solid economic feasibility.
Finally, Figure 26, Figure 27, Figure 28, and Figure 29 represent the aggregated energy balances
across the year, illustrating seasonal variations in PV generation and grid interaction. Summer months

show strong energy autonomy, while winter highlights periods of net import from the grid. This output
provides key insights for planning complementary storage or load management measures.
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Figure 26. Monthly aggregated energy balance for all buildings (selected and residential), where all consumers are
represented (producer buildings and dwellings).
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Figure 27. Monthly aggregated energy balance for all selected buildings across the year, where only the producer
buildings are represented. Only the assigned PV production to the producers is considered.
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Figure 28. Monthly aggregated energy balance for all selected buildings, where producer buildings + dwellings are
represented.

4500 7
Total Consumption
Self Consumption
4000 Grid Export

3500
3000

2500

MWh

2000

1500

1000

500

° Jaln Féb Mlar A;)r Méy Juln JLlrI ALlrg Sép OcI:t Név Dtlzc
Figure 29. Monthly aggregated energy balance for all residential buildings, where all consumers are represented (in
this specific case, the producer buildings do not have consumption).

Key conclusions

The neighbourhoodscale application of the workflow confirms its value as a decisieaupport tool for
urban energy planning, in particular:
1 The spatial analysis of CEC potential enables identification of higierforming producer buildings.
1 Visualised metrics in QGIS allow intuitive engagement with technical and financial data by nerpert
stakeholders.
1 The workflow demonstrates that PV systems on both tertiary and residential buildings can offer
meaningful energy autonomy and payback periods under 4 years.
91 Significant municipal revenues and household savings indicate strong incentives for both public and
private participation.
1 These insights support strategic phasing and prioritisation for CEC deployment in Palma.

It should be noted that the PV production estimates presented in these case studies may be optimistic.
The simulations were based on simplified 3D models without detailed obstruction modelling (e.g.,
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shading from trees or adjacent structures), nor were full shading analyses conducted. Additionally, the
panel placement in many cases assumes optimal conditions for tilt and orientation. Although general
reduction factors were applied to partially accountfor these issues, they may not fully reflect realorld
conditions. For residential buildings, the reduction factor 1 applied in the workflow corresponds to an
estimated 25% usable surface area, assuming setbacks and other spatial constraints. This vahmukl

be adjusted during real project planning based on higheresolution geometries and sitespecific
constraints.

Despite limitations (e.g., building geometries, need for prprocessing), the approach offers a robust
framework for the Palma City council to assess CEC feasibility and benefits at scale. Enhancing
automation and visualisation features would further increase the tool's applicability and impact in
municipal planning contexts.

3.3. LESSONS LEARNT

This section analyses and discusses the lessons leafrom the application of the methods and tools,
focusing on the experience of the Palma City Council as a main stakeholder, workflow limitations, and
the prospects for improvement.

In summary, the results of the workflow were useful for the decisiommaking process before starting the
implementation of an energy community:

1 A preliminary analysis of the available rooftops of private and residential buildings in the neighbourhood
helped identify potential buildings for installing photovoltaic systems and implementing energy
communities.

1 Detailedinformation about the solar potential of the roof and the technical and economic feasibility of the
PV system helped to better communicate the idea of the energy community and its benefits to the building
owners.

1 The analysis of the different distribution coefficient modes showed strategies on how to maximise the
self-consumption of the different members of the energy community.

1 In addition, the application of the distribution coefficients helped to assess the economic viability of the
project depending on the different strategies. This economic viability also served to understand the
potential monetary savings of the individual nembers of the energy community, such as prosumers and
consumers.

At the same time, several limitations were identified during the development of methods and tools and
testing on case studies. As a first limitation, the methods and tools developed by IREC cannot currently
be used independently by the City Council, as tieeparation of inputs (such as preparation of building
geometry, data to be stored in the database, etc.) requires ppgocessing and the main calculation
module (including energy balance and economic calculation) iprogrammed in Python. Therefore,
integrating this workflow into a more automated process with functions that can be easily manipulated
without having to access the source code of the tool could help to make the tool more available to the
municipality.

Severalvisualisation and dissemination options have been evaluated for sharing the results of the
workflow with the Palma City Council. All these options rely on prealculated data stored in a
structured database. Among them, the most effective and readily implementable stan was the
provision of a geopackage file, accessible via QGIS, a tool already widely used by municipal staff. This
approach ensures greater independence for the City Council, enabling internal teams to access, explore,
and analyse esults autonomously. QGIS facilitates both 2D and 3isualisation, supports further
calculation of KPIs, and enables the development of pseutieb applications based on the stored data.

Other graphical interfaces, such as PowerBl, CESIUM, or CityLayers, were also considered. While these
offer appealing possibilities for publicfacing applications or integration into spatial data services, they
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require additional development effort, particularly in selecting and customizing KPIs to beisualised.
These alternatives remain promising options for future expansion, especially in contexts where broader
citizen engagement or citywide energy planning tools are desired.

From another side, an important advantage of the workflow is its flexibility in adapting to data
availability. In cases where complete datasets, such as electricity or gas consumption, were not
accessible, the methodology allowed for the estimation of engy use through the application of tertiary
building archetypes. This ensured that simulations could still be conducted consistently across all
buildings, maintaining continuity in the analysis and enabling informed decisioimaking even under
conditions of limited measured data.

In addition, the workflow proved effective in identifying technically viable buildings for PV system
deployment and energy community participation. In several cases, this assessment revealed promising
sites that met the technical criteria. However, it alsdnighlighted the importance of crossreferencing
this data with information on the structural condition of rooftops. For instance, many buildings
constructed in the 1970s and 1980s required roof repairs before PV installation could proceed. This
insight underlines the added value of interdepartmental coordination, particularly between energy
planning and infrastructure units, to streamline the identification of suitable sites and align energy
initiatives with ongoing maintenance planning.

Finally, some other technical limitations were encountered during the development and testing of the
methods and tools:

91 Flexibility: the results for the case studies are provided by prsimulation and with fixed parameters.
Therefore, if a change in parameters is required, the simulation must be run again.

1 Geometry: CityGML works with triangulations, which are complicated to handle in the calculation model.
Rectangles that are easier to handle will be possible with a change in workflow. However, this will only be
implemented when better LIDAR data is available for the Palma site (expected later in 2025). The
currently available LIDAR data is not suitable duéo the lack of data and low point density.

However, the workflow is designed to benefit significantly from the use of highedensity LIDAR data in
the future, which will streamline and enhance the accuracy of rooftop geometry modelling. With improved
LIDAR resolution roof geometries can be generatemore automatically and precisely, reducing the need
for manual refinement. This advancement will help avoid timeconsuming tasks and dependence on
specialised software tools such as Rhino or SketchUp, thereby improving efficiency and accessibility for
non-expert users.

1 PV dimensioning : standard area reduction factors are used for the dimensioning of the PV installation,
and they are applied to the total area of the geometries (without considering their particular shape or
dimensions). However, thanks to the structured geospatial databasthe workflow allows for the easy
creation and application of tailored rules for PV sizing. This enables rapid adaptation of calculations to
specific building typologies, improving the accuracy of dimensioning while reducing the need for manual
adjustments based on shape or spatial constraints.

However, despite the limitations discussed in this section, CEC is a relatively new concept in the energy
system and is underrepresented in most of the methods and tools available on the market. From the
previous studies of the existing method and tools fothe design and implementation of the CEC, there
are several common limitations in different categories. A summary of these limitations and how they
were addressed in the workflow can be found ifable 11. Therefore, the main objective to propose and
test a set of innovative methods and tools to support the design and planning of CEC in Palma Demo was
achieved.
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Table 11. A summary of common limitations of the existing methods and tools for CEC and how they were
addressed in the Palma demo workflow.

How is it approached in the

Category Limitation workflow
3D geometry greaﬂon and No optlon to import 3D models in 3D models with CityGML
modelling different formats

Creation and calculation of PV Limited database for selectinga  The parameters of the PV system

systems PV system can be changed if required
. . No calculation with distribution Different distribution coefficients
Calculation and reporting of CEC . .
coefficients modes are available
Userfriendly and visual Not open source: requires a The geopackage does not require
environment license a licence (open source)

Implemented TimescaleDB for
advanced timeseries data
management, integrated with
PostgreSQL and PostGIS; tested
materialised views to generate
and quickly access aggregated
KPIs

Efficient handling of time-series

DEIEIEEE data for results storage
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4. APPLICATION OF METHODS AND TOOISIEREMO OF KARVINA

4.1. WORKFLOW FOR CEC IMPLEMENTATION IN THE KARVINA DEMO

The framework for implementing a CEC comprises three core pillars, as illustrated Figure 30. The
first pillar focuses on obtaining building geometries and creating a 3D model of the neighbourhood,
district, or city. Many cities have already developed these models and are ready for direct use. Where
models are not available, methods such as Geaghic Information Systems (GIS) data combined with
LIDAR or photogrammetry can be employed to construct these mod€l32]. These 3D models facilitate
the extraction and calculation of urban and geometric characteristics essential to defining the energy
community concept. Furthermore, historical weather data or TMY data should be incorporated to
support the solar radiation model in the subsequent steps.

The second pillar involves estimating the solar radiation reaching building surfaces, which is essential
for calculating the potential of PV generation. Several computational mode[83], [34] have been
developed to account for direct, diffuse, and reflected solar radiation components. In urban settings,
tools commonly used for solar irradiation assessment include Radiance, Daysim, and ArcGIS Solar
Analyst [35]. However, highrise urban areas can pose challenges for PV installations, as shading from
surrounding structures may reduce available rooftop areas. An accurate assessment of usable rooftop
space, considering shading impacts, is crucial, especially in dgenurban environments. Additional
factors such as panel spacing, shading from adjacent panels, and service and maintenance requirements
must be accounted for flat roofs, an ofteioverlooked aspect in urban rooftop PV potential studies.

The third pillar concerns converting solar radiation into electricity and techneeconomic analysis,
depending on the technical specifications of the overall energy system. The performance of PV panels is
influenced by radiation, temperature, and panel chacteristics. Furthermore, the model should account
for potential losses, inverter efficiency, soiling, and degradation over time. Equivalent electrical circuit
models, such as single or doubldiode models, are commonly used to simulate PV system performam
These models, with varying computational complexity and input requirements, aim to assess system
efficiency under diverse operating conditions. InKarvina's approach, MATLAB is used to extract the
necessary parameters for these models. Additionally, smart energy management strategies, which
consider various business models, will be implemented to evaluate overall system performance and
optimize PV design.

1. Geometry 2. Solar Potential 3. Technical Potential

3D Modelling

Electrical Simulation Yield and
Losses

G M =

‘l; ; Sh
P13

Business model

=D

The detailed workflow schematic integrating the various tools is shown inFigure 31. Building
footprints and 2D maps are extracted using GIS applications. A 3D model of the CEC is then developed
in Rhinoceros, a commercial CAD software, emalysebuilding roofs and urban characteristics. This step
involves evaluating roof types (flat or pitched), available area, slope, and orientatiencritical
parameters for PV system design. Following this, Daysim, accessed via the Ladybug Tools plugin, is
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employed to conduct gridbased solar irradiation analysis. Daysim, a Radiandmsed backward ray
tracing tool, is designed to simulate daylight by generating a sky dome based on climate data and
calculating daylight coefficients. The sky dome is generatextcording to the Tregenza sky subdivision
and modelled using the Perez alveather sky model [36]. Then, different PV layouts and design
alternatives can be prepared based on building and roof characteristics (e.g., construction type, shading
patterns, orientation, and tilt). Panels are automatically positioned to meet constraints such as size,
spacing, and maximised PV area, aligning with specific design objectives. The Grasshopper visual
programming tool for parametric modelling allows quick and efficient generation and comparison of
these PV layouts.

In parallel, building energy consumption for heating, cooling, ventilation, and lighting is simulated in
EnergyPlus, a widely used building energy simulatioprogram. This simulation is executed in the
Grasshopper environment through the Honeybee plugin. The model accounts for envelope transmission
losses, infiltration, ventilation, solar gains, and internal heat flows from occupants and equipment. As
these internal flows are not always balanced, the simulation determines the heating, cooling, and
ventilation requirements necessary to maintain a comfortable indoor environment. Users can test
various materials and design parameters to identify options thatinimise the building's Energy Use
Intensity (EUI) within the CEC. Investigated parameters include; (a) envelope characteristicsuch as
insulation, thermal mass, windowto-wall ratio (WWR), glazing Uvalues, Solar Heat Gain Coefficient
(SHGQC), visible transmittane (TVIS), and shading; and (b) system characteristizdike artificial lighting
density and dimming controls, heating/cooling systems (e.g., gafired boilers, electric heaters, heat
pumps), and ventilation strategies. The fully parametric simulation inputs can be coupled with
optimisation algorithms in Grasshopper to identify the most efficient designs. The results from these
strategies are then combined with findings from previous stages to guide Building Integrated
Photovoltaics (BIPV) system designs aimed at achieving ZekEmergy balane.

Finally, the MATLAB toolbox developed within this project optinges energy community performance
and increases system flexibility. This tool addresses electrical energy storage sizing and accounts for the
role of electric vehicles (EVs) operating within the community. Additionally, it evaluates KPIs related to
energy bdance, economics, and sustainability.
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4.2. APPLICATION OF THE WORKFLOW IN THE DEMO OF KARVINA

The proposed workflow was implemented in the vicinity of the Czech demonstration building located

ET +AOOGET U8 )1 AIECIi AT O xEOE OEA [ 01 EAEPAI EOU2O
urban environment, innovative concepts such as Positive Ergy Districts (PEDs) and Energy
Communities will be evaluated. The selected districtRigure 32) features a diverse mix of municipal

and residential buildings. These include schools, sports facilities, a nursing home, a healthceeatre,

etc, and a significant proportion of residential buildings.

Detailed information about implementing the proposed workflow is provided in the following
subsections.

=

Figu>rre 32. Satellite image of the selected district.
4.2.1. ELECTRICAL CONSUMPTION OF THE SELECTED AREA

Understanding the electrical energy consumption of buildings is crucial for evaluating the potential of
PEDs and CECs in the selected area. To achieve thisysiematic approach has been implemented,
starting with identifying and categorising all buildings in the area. This step ensures proper referencing
and facilitates data collection.

Energy consumption data can exist at varying levels of resolution. Ideally, hourly or stiourly
consumption data provides the highest level of detail. However, only monthly or annual consumption
values are often available due to data sensitivity and limgid public access. In certain cases, access to
consumption data may not be possible at all. For buildings where actual data are available (highlighted
by a greencircle in Figure 33), the measured consumption values are presented iable 12. For the
remaining buildings, energy consumption values are estimated based on similarity in building
typologies and usage profiles.
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To estimate the hourly energy load profiles, normasied electricity consumption patterns were extracted
from the Czech electricity and gas market operator (OTHRB7]. These profiles are derived from
measured data and categosed according to the most relevant building typologies and energy supply
systems in the Czech RepublicT@ble 13). These profiles are adjusted based on the monthly or annual
energy consumption records to tailor these profiles to specific buildings. The developed MATLAB
application is used to fit the measured consumption data of a building to the norma#d profiles and
generate hourly consumption values for a defined period (months, years, etéigure 34 illustrates the
application, showcasing its functionality and the different load profiles that can be generated.
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Figure 33. Considered buildings and their reference in the selected district
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TDD1

TDD2

TDD3

TDD4

TDD5

TDD6

TDD7

TDD8

Table 12. Municipal buildings with measured annual consumption.

Building reference

7C

8B

8C

8D

8E

8F

8G

8H

8J

8L

Consumer category

Floor area (m 2)

2720

9410

5391

4253

X

4301

1389

2071

442

3803

Annual elect. consumption
(MWh)

195.5
403.8
844.4
121.59
91.47
40.45
508.2
383.6
5.08

605.67

Table 13. Electricity load profiles categories by OTE.

Commercial

Commercial

Commercial

Residential

Residential

Residential

Residential

Commercial

Type of consumption

- Consumption without using electricity for heating.

- Consumption with accumulation appliances.

- Consumption with hybrid heating.

- Consumption with electrical heating system.

- Consumption without an electrical heating system.

- Consumption with heat pumps.

- Consumption with accumulation appliances.

- Consumption with hybrid heating.

- Consumption with electrical heating system.

- Consumption with heat pumps.

- Consumption of public lighting.
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Figure 34. Load profile generator based on OTE electricity profiles.

4.2.2. SOLAR ANALYSIS AND PV GENERATION ESTIMATION

The workflow for assessing the PV generation potential of the study area begins with the extraction of
building footprints and heights from OpenStreetMap data. The building heights are validated using
photogrammetry, which also provides insights into roofshapes. Additional details regarding building
facades, fenestration, and surrounding context® such as trees and nearby structures are
incorporated into the analysis to ensure an accurate representation of shading and obstruction effects
(Figure 35).

Figure 35. 3D model of the district showing building footprints, heights, and roof shapes derived from
OpenStreetMap and photogrammetry. The model includes detailed representations of facades, fenestration, and
surrounding context (e.g., trees amighbouring structures) to evaluate solar potential and shading effects for PV
integration accurately.

The solar assessment employs a radiandmsed grid analysis on each building surface. This method
calculates the hourly solar irradiation (in Wh/m?) for every sensor on the analysis grid over the course
of a year. The grid analysis considers critical facts such as surface orientation, tilt angle, and shadows
or reflections caused by neighbouring objects. Simulation outputs are visusdid as irradiation maps
(e.g.Figure 35, Figure 36), which highlights the distribution of solar potential across building surfaces.
These maps allow for easy identification of areas that are suitable for PV integration.
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To refine the assessment, an irradiation threshold is applied to exclude surfaces that do not meet the
minimum requirements for PV system efficiency. Additionally, surfaces with fenestration or geometrical
aspects unsuitable for PV installation are excludkfrom consideration. The irradiation threshold is
determined based on financial viability using the following equation:

0" 4 5 1)
Where:
1 PBT: Payback Time
T PVesd #7100 1T £ OEA 06 OUOOAI DPAO OTEO AOAA jO PAO 106qQ
1 Threshold: Minimum annual solar irradiation required for effective PV installation (kWh/mz2-year).
1 sref: Reference efficiency of the PV module
1 PR: Performance ratio of the PV system
1 Ewsg #1 00 1T &£ AT AOCU 1T 0O COEA OAITEIC POEAA jO PAO ETE

For the assessment, a threshold of 1000 kWh/mz-year is generally applied for roof surfaces, while 600
kWh/mz2-year is considered suitable for facades. These values, though conservative, account for
technological advancements and the significant decline in PV system costs over recent years, which
makes lower irradiation levels financially viable. The PR anthe PV module efficiency were set to 0.8

AT A n8ch OAOPAAOGEOAI U8 4EA AT OO0 1T £ OEA 06 OUOOAI
square meter, depending on whether the installation was on the roof or fagade. For the electricity selling

price, onlyA AZE@AA OAOA xAO AiI 1T OEAAOAAh xEOE A OAI AAOGAA

By combining the annual irradiation values with the applied threshold and geometrical exclusions, the
potential PV capacity for each building surface can be accurately estimategiqgure 36). The results
provide a detailed overview of the solar potential for the energy community, enabling informed
decisions about PV system design and integration.

Figure 36. 3D model of some selected buildings highlighting solar potential of their facades (left side), generated
layout of the installed PV panels on the roof (right side).

4.2.3. ELECTRICAL ENERGY STORAGE ASSESSMENT AND EVALUATION

Considering an energy storage system in CECs is essential to ensuring the efficient and effective use of
renewable energy sources and mitigating the effects of their volatility linked to changes in weather
conditions. The proposed approach includes assessgj the required electrical energy storage system to
enhance the resiliency of the CEC, cut peak demand, increase flexibility, and provide services to the grid.
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The methodology for assessing and sizing the EES system relies on evaluating the energy balance
between generation and demand38]. The EES can be sized in a CEC containing multiple generation
sources and for a defined sizing period (e.g., sizing the EES system to provide some services during a
specific period of the year). The selection of the sizing period depends on the ambitioasd needs of

the CEC, and it can be in the range of days or up to several years. Furthermore, the methodology allows
the determination of the minimum EES size that enables the achievement of autonomous (standalone)
CECs, the usage of the EES in gddnneded CECs to support the grid stability, and the sizing of the EES
according to the future operation of the CEC.

Considering the Czech demo building and the currently installed innovations, the methodology was used
to determine the minimum battery size to respect the maximum grid power for the month of November
based on monitored dataFigure 37 shows the results obtained when using the 50 kWh secorde
battery for peak-shaving purposes.
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Figure 37. Control of the 2d life battery storage system for peaghaving

The section on the electrical storage systems sizing and evaluation integrates smart management
control strategies, which can further improve the energy efficiency of the building anthaximise the
potential benefits of energy storage.Figure 38 shows another example of the energy systems
implemented in the demo that are managed in a way that responds to dahead market (DAM)
electricity prices while respecting the conditions of the maximum grid limit and the ban on injecting
excess energy fronrenewable energysources RESS) to the grid. The Net Duration Curve, represented
below in the same figure, shows the grid power evolution along the selected period, confirming that the
upper limit (100 kW) and lower limit (0 kW) were respected. It also shows that more than 90% otie
demand is supported by the grid, and the rest is covered by the PV and battery.
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4.2.4. EV CHARGING OPERATION

The proposed workflow includes a detailed assessment of EVs at the energy community level,
recognising their potential as valuable assets for providing flexibility and managing surplus renewable
energy generation. EVs are expected to play a critical role in future energy communities, not only as
energy consumers but also as dynamic storage units thatc@nhance grid stability through services
such as Vehicldgo-Grid (V2G) and Vehiclgo-Home (V2H).

In the considered district, there is only one EV charging station connected to the Czech demo building.

This station is equipped with two charging slots to support EV energy needs. Additional technical
specifications and details regarding the charging in&structure can be found in deliverable D6.4.

The possible operation of the EV charging station under a higtemand scenario is illustrated inFigure

39 and Figure 40. The developed workflow can accurately predict the hourly energy demands of the
charging station while monitoring critical parameters such as occupancy rates and the number of EVs
charged throughout the day. This capability ensures effective managementssfergy flows and supports
decision-making for integrating EV infrastructure within energy communities.
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4.2.5. CEC EVALUATION AND OUTPUT RESULTS

The proposed urbanscale workflow for planning, implementing, and evaluating CECs is used to assess
the selected Karvina 8 district across multiple scenarios, considering various energy management
strategies, storage configurations, EVs, and DAM price dédricity signals to evaluate technical and
economic impacts.

The following scenarios have been developed to analyse the selected CEC's performance thoroughly:

1 Scenario 1: Full utili sation of solar PV potential (roof and fagade installations), representing a Positive
Energy District (PED).

1 Scenario 2: Full PV potential with 10 public EV charging stations without smart control.
il

Scenario 3: Full PV potential combined with 10 smartcontrolled EV charging stations, incorporating
DAM electricity prices and V2G operations.
1 Scenario 4: PV potential is limited to roof installations only, and PED status is no longer achieved.
1 Scenario 5: Roof PV installations with 10 public EV charging stations without smart control.
l

Scenario 6: Roof PV installations combined with smarcontrolled EV charging stations, including DAM
pricing and V2G capabilities.

Each of the six scenarios is evaluated using a range of EES capacities and two energy management
strategies: a simple Load Following Control Strategy (LFCS) with fixed electricity prices and a Smart
Energy Management Strategy (SEMS) based on DAM pricesiiaimi se CEC operation costs.

The area of the selected CEC spans approximately 0.6 kamd includes 40 types of buildings,
predominantly multi -family apartment blocks (Figure 33). The calculated total energy consumption of
the aggregated buildings, including the consumption of 10 EV charging slots, is 12.48 GWhl/year.

The application of the first two pillars (3D modelling and solar potential analysis) of the proposed

x] OE&EI T x OAOAAI AA OEAO OEA AOQOEI AET CO6 O T £ AAI1
time, facades can support 9.48 MWp, resulting in a total annual energy generation of 12.96 GWh. The
analysis of PV installations showed that the annual energy yield per installed PV capacity is 1028 hours
for rooftop PV, 616 hours for facade PV, and 781 hours when considering rooftop and facade PV
together.

Considering the full potential of roof and fagade PV installations and without any EES, the district will
meet the PED standard, achieving a renewable energy ratio of 104%. This case will result in a huge
amount of excess energy, which is sent back to tigeid. The peak power delivered from the grid is 2364
kW, and the peak power exported to the grid is 8131 KWF{gure 41).
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Figure 41. Monthly energy balance (left) and the net duration curve of the CEC without the storage sy(sigint) .
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Load matching indicators analysis

Observing the loadmatching (self-sufficiency (Ss)and self-consumption (SQ) indicators, it can be seen
that both of these metrics reach their maximum values only when simple control strategies, such as
LFCS, are applied (left side dfigure 42). The development of these indicators shows a steady rise as
the EES capacity increases up to 15 MWh, after which the rate of increase slows. With both roof and
facade PV installations combined with an EES capacity of 30 MWh, Ss values greater than 90%bea
achieved. However, with full PV potentialScvalues of up to 74% can be reached when EVs are taken
into account.

Alternatively, when the PV installations are confined to the roof alone, the Sc indicator improves,
potentially above 80% for an EES capacity of 10 MWh, while the Ss indicator is approximately 50%.

On the other hand, for the case of SEMS strategies focused on masiimgi economic benefits, the Sc and
Ss indicators become less relevant. As the battery size increases, both indicators tend to decrease (right
part of Figure 42). This is because the energy management system priosés selling electricity to the
grid during high-price periods by discharging the battery directly to the grid, rather than using the
stored energy for onsite consumption.
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Figure 42. Load matching indicators evolution for the different scenarios
Economicindicators analysis

The analysis of the economic KPIs provides valuable insights into the viability of investments in PV and
EES systems. It also highlights the potential constraints on technical KPls, particularly in cases where
energy systems are oversized. Additionally, ievaluates the operation of the CEC under different
electricity pricing structures.

The results of the cumulative Net Present Value (NPV) over a-g@ar operational period were analysed

for different energy management strategies (LFCS and SEMS) while considering both fixed and DAM
electricity prices. In the scenario where the CEC operatamder a simple LFCS strategy, aimed at
maximizing the selfconsumption (Sc) indicator with fixed electricity prices (as shown in the left part of
Figure 43), the evolution of the NPV differs depending on whether the full PV potential is utsid or if
only the rooftop PV capacity is used. When employing the full PV potential, the analysis suggests that
increasing the EES capacity up to 8 MWh is economically beneficial. However, beyond this threshold,
further EES expansion negatively impacts thBIPV, eventually leading to a decline into negative values.
A similar trend is observed in the simple payback period (SPP), calculated as the initial investment
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divided by annual savings. The lowest SPP value of 9.2 years is achieved when adding 6 MWh of EES to
the EC, demonstrating an optimal balance between investment and economic viability.

Conversely, when PV capacity is limited to rooftop installations only, better NPV values are achieved
when paired with a maximum EES size of 1 MWh. Increasing the EES capacity beyond this point results
in diminishing benefit returns, lowering the NPV. A canparable pattern is observed in the SPP evolution,
where the lowest SPP occurs when no EES is installed.

In contrast, when the EC is operated under a SEMS to optimielectricity costs, the NPV exhibits a
completely different behaviour. In this case, a linear correlation is observed between NPV and EES
capacity? higher investments in EES vyield greater revenues. Furthermore, the difference between
utilising the full PV potential versus only rooftop PV installations is less pronounced than in the LFCS
scenario. The SPP trend in this case also differs significantly, showing a distinction between PV sizes.
However, the reduction in SPP becomes marginal when tlES capacitys increased beyond 10 MWh.

«10° LFCS (Fix icity price) «107 SEMS (DAM electricity price) 74
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Figure 43. Cumulative 20year NPV values and SPP evolution for the different scenarios.

The evolution of the electricity bill under the LFCS strategy favours the utiation of maximum PV
potential rather than restricting it to rooftop installations only. As shown on the left side oFigure 44
increasing EES capacity contributes to reducing operational costs. However, beyond 15 MWh, the rate
of reduction in electricity costs diminishes despite further increases in EES capacity.

The ROI follows a similar trend to NPV, with a maximum ROI of 10.8% observed for EES sizes ranging
between 5 MWh and 10 MWh in the full PV potential scenario. In contrast, when the PV capacity is
limited to rooftop installations, the highest ROI is achieve when no EES system is installed.

On the other hand, the electricity bill trends obtained under SEM&which maximises exporting energy

to the grid during peak price periods, by directly discharging the battery toward the grid instead of
covering local deman@ show a steady decrease as EES capacity increases. In some cases, this even
results in negative electricity prices, particularly when combining the full PV potential with an EES
capacity of around 10 MWh or the rooftop PV capacity with an EES size of approximately 20 MWh. Under
this scenario, ROI gradually increases as EES capacity expands, with the difference in ROI between the
full PV potential and rooftop PV configurations remaining within a 23% range.
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Figure 44. Electricity bill and annual ROI ratio evolution for the different scenarios.

EV operation in CECs

The evaluation of EV integration within the CEC was conducted by incorporating four additional public
charging stations, each with specifications similar to the one installed at the Czech demo site. This
expansion resulted in a total of 10 available chargg slots, offering charging capacities of 22kwW
alternating current (AQ and 50kWdirect current (DQ.

Various operational modes for the public EV charging stations were considere&i¢ure 45). The first
mode involved uncontrolled charging, in which EVs were randomly connected throughout the day,
primarily during working hours, and charged without optimisation. This scenario is represented as the
LFCS gridto-vehicle (G2V) mode. The second mode implemented smart charging, where users could
access DAM electricity prices and strategically charge their vehicles during letariff periods.
Additionally, in this mode, EV owners could discharge energy back to the grid during higariff periods,
thereby supporting the utility grid while receiving rewards or discounts for future charges. This
scenario is represented as SEMS G2V and V2G mode.

The analysis showed that annual EV consumption in G2V modes fluctuated around 950 MWh, while V2G
OAOOGEAAO AT OI A OOPPI U OP O ppm -7E AAAE O OEA ¢
The results demonstrated that integrating EVs into the mergy community enhances both seif
consumption and economic viability. This is achieved by increasing the NPV while simultaneously
reducing the payback period, making the investment more financially attractive.

Figure 45. EV charging stations operation based on different control strategies, #somart (LFCS) and smart
(SEMS).
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