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Transitioning existing urban neighbourhoods to Positive Energy Districts (PEDs) requires integrated planning
to address complex energy, cost, and lifecycle carbon emission challenges. Existing integrated methodologies
optimize buildings individually and overlook local energy systems potentials like shared renewables and battery
storage. Moreover, existing studies on optimization of on-site renewable energy sources and building retrofitting
often rely on simplified typical-day representations, falling short in capturing critical operational dynamics over
timOe. This paper introduces and applies an integrated urban building energy modelling and bi-objective mixed-
integer linear programming framework. The framework co-optimizes building retrofits and heating systems,
PhotoVoltaic (PV) systems, and Battery Energy Storage System (BESS) capacities over a 10-year horizon with
hourly resolution, targeting minimal lifecycle costs and total carbon emissions (operational and embodied).
Applied to a 1950s neighbourhood in Gothenburg, Sweden, the analysis demonstrated that achieving full PED
status (net-zero energy import, net-zero carbon, and energy surplus) with the evaluated interventions is highly
challenging. While optimized solutions reduced the grid dependency (to ~63 % with PV and BESS under volatile
prices) and overall carbon emissions (by ~13 % compared to baseline), neither complete net-zero energy import,
full carbon neutrality including embodied impacts, nor an energy surplus were realized. The study quantita-
tively identified critical trade-offs between investment costs, embodied carbon, operational performance, and
resilience. Optimal solutions were sensitive to local conditions, notably low-carbon district heating and elec-
tricity price volatility. The proposed framework provides a decision-support tool for strategic PED planning in
existing urban areas, enabling an exploration of complex techno-economic and environmental trade-offs.

Adopting a district-scale lens is critical to unlocking synergies—
such as thermal load diversity enabling efficient district energy systems,

1. Introduction

Cities are pivotal in the global energy transition, accounting for
around two-thirds of the world’s primary energy consumption and 75 %
of energy-related greenhouse gas emissions [1]. Being densely popu-
lated hubs of diverse activities [2], cities’ effective decarbonization is
crucial for meeting the climate mitigation targets outlined in the Paris
Agreement [3]. While concepts like Net Zero Energy Buildings and Net
Zero Energy Districts have marked progress [4-6], the Positive Energy
District (PED) concept has emerged as a more ambitious paradigm. Tra-
ditionally, PEDs are defined as districts achieving net-zero or surplus
annual energy production through an extensive integration of Renew-
able Energy Sources (RES), high energy efficiency, and smart energy
flexibility strategies [7-10].
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RES integration, energy flexibility, and shared electric vehicle charg-
ing infrastructure interacting with local grids—, which are fundamen-
tally obscured by a building-centric view [11]. This shift has led to
the development of the PED concept—an approach that aims for dis-
tricts to achieve annual net-zero energy imports and carbon emissions,
while ultimately generating a surplus of locally produced renewable
energy [7].

Despite dedicated research on building retrofitting [12,13] and ur-
ban RES deployment [14], a critical research gap persists: there is a lack
of validated, integrated methodologies specifically designed to plan,
optimize, and assess PED transformation pathways within the com-
plex constraints of existing urban districts [15]. Fragmented or purely
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Nomenclature

ASHP Air Source Heat Pump

BESS Battery Energy Storage System

BIPV Building Integrated PhotoVoltaic

DHS District Heating System

DOE U.S. Department Of Energy

DTCC Digital Twin Cities Centre

EPBD EU Energy Performance of Buildings Directive

EPC Energy Performance Certificate

EPDM Ethylene Propylene Diene Monomer

EPS Expanded Polystyrene

FCS Future Climate Scenario

GIS Geographical Information System

GSHP Ground Source Heat Pump

GWP Global Warming Potential

HVAC Heating, Ventilation, and Air Conditioning

ICT Information and Communication Technology

KPI Key Performance Indicator

MAPE Mean Absolute Percentage Error

MILP Mixed-Integer Linear Programming

MIT Massachusetts Institute of Technology

OSB Oriented Strand Board

PED Positive Energy District

PIR Polyisocyanurate

PV PhotoVoltaic

PVGIS PhotoVoltaic Geographical Information System

RCP Representative Concentration Pathway

RES Renewable Energy Sources

RP Retrofit Package

Setup 2022 A volatile electricity spot price scenario, from 2022

Setup 2023 A more stable electricity spot price scenario, from
2023

T™MY Typical Meteorological Year

UBEM Urban Building Energy Modelling

sequential planning often fails to capture the interplay between demand
reduction measures (i.e., retrofit strategies including lifecycle-wide car-
bon emissions), on-site RES generation, energy storage, and system-wide
operational dynamics, thereby missing techno-economic synergie [14].

While some electricity system investment models account for long-
term planning horizons and high temporal resolution [16], studies fo-
cused on optimizing on-site RES and building retrofitting often rely
on shorter planning periods or simplified typical-day representations
[17-19]. As a result, they fall short in capturing critical operational dy-
namics over time, such as investment capacity degradation, fluctuating
electricity prices, and the temporal behavior of energy storage systems.

These limitations in current modelling practices—fragmented plan-
ning approaches, restricted temporal horizons, and lack of integration of
retrofit and RES strategies—underscore the importance of place-specific
strategies that respond to local energy contexts, infrastructure, and plan-
ning traditions. In this regard, Sweden offers a compelling case study
due to its progressive climate goals and energy system characteristics.

Sweden’s national energy context significantly shapes the opportuni-
ties and challenges for implementing PEDs. The country is a recognized
global leader in climate action, pursuing ambitious targets including
net-zero carbon emissions by 2045 and pioneering market mechanisms
like the world’s highest carbon price. This commitment is reflected in
its electricity generation, which is over 96 % derived from fossil free
sources, predominantly hydropower (~40 %), nuclear power (~30 %),
and a growing share of wind power (~25%). With more than 96 % of
electricity generated from fossil-free sources, the Swedish energy sys-
tem is already low-carbon, creating challenges that differ from those in
regions where grid decarbonization remains the primary goal.
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Recognizing this advanced baseline, this study adopts the JPI Urban
Europe definition [8] of a PED as “an energy-efficient urban neighbour-
hood that generates a local surplus of renewable energy, achieves net-
zero greenhouse gas emissions annually, and actively integrates with
regional energy, mobility, and ICT systems to support broader climate-
neutrality goals”, as a conceptual starting point. An additional target is
introduced: a climate-positive district ambition that accounts for both
operational and embodied carbon emissions, capturing the greenhouse
gases associated with energy use during building operation and with
the production and installation of building materials (A1-A3 and B6 ac-
cording to EN 15978 [20]), recognizing that in a low-carbon electricity
system, material-related emissions represent a growing share of total
climate impact.

The heating sector, particularly in urban areas, relies on District
Heating System (DHS) networks, often utilizing bio-energy sources like
forestry residues and waste heat recovered from industries or data cen-
ters [21]. Solar energy currently plays a minor role, accounting for only
around 1 % of generation [22]. Moreover, Sweden presents specific ad-
vantages for PhotoVoltaic (PV) systems: cooler ambient temperatures
boost panel efficiency, and the low-angle solar radiation benefits verti-
cal PV installations, aiding self-consumption and peak shaving. There-
fore, designing effective PEDs in Sweden requires careful consideration
of these factors: leveraging the low-carbon electricity grid, improving
the existing DHS infrastructure, and strategically deploying solar PV,
acknowledging both its potential and its current limitations. Hence, the
study addresses the following overarching research question: How can
an integrated Urban Building Energy Modelling (UBEM) and Mixed-
Integer Linear Programming (MILP) framework be developed and ap-
plied to co-optimize building retrofits, on-site renewable energy gener-
ation, and shared energy storage over a long-term horizon, in order to
minimize lifecycle costs and carbon emissions while guiding the trans-
formation of existing urban neighbourhoods toward a PED status?

To address this research question, this study develops and demon-
strates an integrated framework combining UBEM with a bi-objective
MILP model for optimizing the transition of existing neighbourhoods
into PEDs. The primary contribution of this research lies in the estab-
lishment of a robust and replicable methodology that

1. employs a detailed, calibrated UBEM to accurately assess baseline en-
ergy performance, evaluate a wide array of building retrofit packages
(considering material properties in terms of their impact on heating
demand, embodied carbon, and material cost), and quantify the on-
site solar PV potential within an existing neighbourhood;

2. integrates these detailed UBEM simulation outputs into a strategic
MILP model designed for long-term (10-year) investment planning
with a high temporal (hourly) resolution. This model co-optimizes
the selection of retrofit packages, the capacities of PV systems, and
Battery Energy Storage System (BESS) to minimize the total lifecycle
costs and carbon emissions (embodied as well as operational).

Our integrated framework provides an advancement by offering a
decision-support tool capable of navigating the complexity of a si-
multaneous optimization of retrofitting strategies and RES integration
in established urban areas. The efficacy of the proposed framework
is demonstrated through its application to the Jéttesten neighbour-
hood in Gothenburg, Sweden—a typical mixed-use area with mid-20th-
century building stock. Our case study provides concrete insights into
the techno-economic and environmental trade-offs involved in pursuing
PED targets within the specific context of Sweden’s low-carbon energy
system.

2. Background and related theory
2.1. Building retrofit and neighbourhood energy planning

The transformation of existing buildings into PEDs presents sig-
nificant challenges, not only due to their generally poor energy



S. Abouebeid et al.

performance (e.g., [23]), but also because of the complex,
context-specific constraints that shape retrofit decisions. Existing
infrastructure—such as district heating networks or aging electric
grid—can limit the feasibility or cost-effectiveness of certain measures.
Buildings also vary widely in condition, meaning they do not all require
the same level or timing of renovation. Moreover, districts often include
a mix of residential and non-residential buildings, such as educational
and commercial facilities, each with different ownership structures and
renovation priorities. This diversity complicates coordinated interven-
tions and requires flexible, targeted strategies that reflect the technical,
functional, and institutional realities of the built environment.

Poor insulation remains one of the greatest challenges in the
European building stock, with an estimated 35 million buildings
(2012/27/EU) classified as energy inefficient due to inadequate ther-
mal performance; Mangold, Mikael[23]. The EU Directive on the
Energy Performance of Buildings (2002/91/EU; 2010/31/EU-EPBD;
EU/2024/1275) emphasizes an improvement of the energy perfor-
mance of existing buildings and advocates deep renovations; Erba and
Pagliano [24], D’Oca et al. [25].

The term 'retrofit" denotes processes involving the renovation,
modification, or enhancement of existing buildings, aimed at updat-
ing their components and systems to align with contemporary stan-
dards and functional requirements. These interventions also serve to
extend the buildings’ service life and overall performance; Citadini
De Oliveira et al.[12]. Compared to demolition and reconstruction,
retrofitting offers notable economic, social, and environmental advan-
tages; Citadini De Oliveira et al. [12], Langston [26] including reduced
waste generation, lower consumption of natural resources and preserv-
ing cultural values. As a result, retrofitting existing buildings contributes
to reducing energy consumption and greenhouse gas emissions, thereby
supporting the transition toward a more sustainable built environment.

Evidence from recent Swedish studies [27] underscores the dual
challenge of achieving deep energy retrofits and PED targets while safe-
guarding indoor comfort in a warming climate; it is shown that even
deep envelope upgrades can lower heating demand by more than 70 %
but have only a modest impact on future cooling loads, which are pro-
jected to increase up to six-fold by 2080 in the most severe climate path-
way. A detailed assessment of passive cooling strategies in a renovated
multi-family building in Gothenburg [28] further indicates that annual
cooling demand of only 0.46 kWh/m? in 2018 is expected to rise by
180-230% by 2030 and by 280-400 % by 2050 (to 1.3-1.9kWh/m?)
under RCP4.5 and RCP8.5 (Representative Concentration Pathways; Ri-
ahi [29]) with peak cooling demand increasing by up to 98 %. Overheat-
ing hours already exceed the 10 % comfort threshold and could reach
38% by 2050 without additional measures.

In addition, several countries are increasingly concerned about the
affordability of retrofitting and energy conservation measures; Ma’bdeh
et al. [30]. Numerous studies have highlighted the economic barriers to
such activities (e.g., [31,32]), with evidence that energy retrofitting can
also lead to socio-economic drawbacks, particularly increased rents and
housing costs [32-34].

2.2. Renewable energy sources (RES) integration

The concept of PEDs is fundamentally tied to the widespread use of
RES. The goal is to go beyond net-zero energy and achieve an annual
energy surplus, primarily from locally generated renewable energy. In
urban areas, solar PV technology is essential and effective strategies re-
quire deploying PV at multiple scales, from individual buildings to entire
district energy systems. The effectiveness of these systems depends on
several geometric and environmental factors, such as available surface
area, orientation and tilt, incoming solar radiation, and importantly,
shading from nearby buildings and vegetation within the urban setting.
Although solar energy has historically played a limited role in Swe-
den, PV technology offers favourable operational benefits there, such
as lower ambient temperatures. Therefore, strategic and well-planned
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PV deployment is considered crucial for developing successful PEDs in
Sweden. District-level PV deployment involves collective renewable en-
ergy generation and shared infrastructure, which supports more com-
prehensive energy ecosystems. Important technical and economic bene-
fits can be achieved by combining PV with energy storage, particularly
BESS, through which the misalignment of peaks of electricity demand
and electricity production can be bridged. This helps maximize the use
of self-generated solar power, increases energy flexibility, and improves
system resilience, especially when electricity market prices fluctuate.

However, implementing PV and other RES technologies in existing
urban districts presents significant challenges. These challenges include
the difficulties of working with established urban areas, like limited
space for new installations, a lack of validated, integrated methods for
comprehensive planning and optimization and tax system [35,36]. As a
result, accurately quantifying PV potential is essential. and it is increas-
ingly being done using advanced computational tools like UBEM and
specialized solar analysis software [35,36]. These assessments are vital
for PED planning and for realistically evaluating the ability to achieve
energy self-sufficiency.

2.3. Urban building energy modelling (UBEM) approaches in PED planning

As cities aim to decarbonize and increase resilience, UBEM has be-
come a crucial method for assessing district-scale energy performance
and for guiding PED development. Unlike conventional single-building
simulations, UBEM captures the interdependence through feedback
loops between multiple buildings, heating and electricity infrastructure,
and their surrounding urban context.

UBEM is classified into two main categories of modelling approaches:
top—down and bottom-up [37]. Top—down models utilize aggregated
historical data to estimate building performance through correlations
between energy consumption and various socio-economic, technical,
and physical parameters [37,38]. Top—down models are typically more
suitable for early-stage planning, where broad energy consumption
trends are analysed at a high level to inform strategic decisions. Con-
versely, bottom-up models employ detailed, physics-based simulations
at a disaggregated level, being valuable during the operation phase and
offering richer insights into nuances of retrofit planning for individual
buildings [39]. Their advantage lies in detailed energy flow representa-
tions that integrate multiple external influencing factors, enabling anal-
ysis across varying temporal resolutions unique to each building. By in-
corporating time-varying schedules and dynamic loads, bottom-up ap-
proaches allow for high-resolution simulations (e.g., hourly), which are
essential for accurately capturing variations throughout the day in en-
ergy demand and supply. This study focuses on the bottom—up approach.

Datasets required for bottom-up modelling include building
characteristics—e.g., geometry, material thermal properties—, energy
systems—e.g., Heating, Ventilation and Air Conditioning (HVAC) sys-
tems, lighting, and appliances—, occupancy schedules, and internal
loads [37,40-42]. These data types typically fall into geometric and se-
mantic categories but frequently originate from fragmented sources, in-
cluding national databases, Energy Performance Certificates (EPCs), and
metering records. Previous studies [43] have investigated how elements
of the urban context—such as neighbouring buildings [44], vegetation
[45], and other urban systems [46]—affect thermal and electricity de-
mands [47-49].

Various UBEM tools have been developed to assess energy efficiency
and flexibility in PEDs. Tools like EnergyPlus [50,51], Ladybug Tools
[52], and UrbanOpt [53,54] have been widely applied in this context.
These tools compute a range of energy-related metrics, such as en-
ergy demand, renewable energy generation, and overall energy balance,
for buildings interconnected with urban infrastructures such as district
heating and cooling systems. These metrics serve as key performance
indicators (KPIs) for evaluating PEDs’ energy performance. Addition-
ally, UBEM tools are capable of computing carbon emissions, climate
and thermal comfort KPIs, supporting a multi-dimensional assessment
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of PED performance. However, these tools differ significantly in spatial-
scale modelling, computational complexity, and output resolution, in-
fluencing their applicability for different PED criteria.

In summary, the existing frameworks lack two key areas as they have
a narrow focus on envelope configurations and excluding lifecycle per-
spectives of environmental impacts. In a review of 54 UBEM studies
published between 2001 and 2022, [55] found that most applications
focus on single-envelope configurations, typically analyzing only wall
structures and deriving thermophysical properties from window-to-wall
ratios while neglecting thermal bridging and multi-component effects
[56]. Furthermore, earlier studies predominantly report energy-related
outputs such as electricity consumption, heating demand, or energy use
intensity, without incorporating lifecycle assessment approaches that
consider the full environmental impact of interventions over time.

2.4. Optimization models

MILP modelling combined with mathematical optimization algo-
rithms provides an effective tool for identifying optimal or near-optimal
solutions in a large solution space. It is used in many energy system
planning applications to find optimal investments: Granfeldt et al. [16],
Goransson et al. [57], Wirtz et al. [58], McCarty et al. [59], and can be
adapted to large-scale problem instances, on the energy sector level
[16,571, down to a local scale on the building/district level [17,19].

Models of investments in and operation of energy systems can be
formulated as MILPs and are increasingly being used to find cost-
minimizing decarbonization strategies for building energy systems [60].
To exploit the interrelatedness of the effects of investments on energy
demand side (retrofitting) and investments in RES, many studies com-
bine these two types of investments in a single optimization framework;
e.g. [17-19,61,62].

These studies take different approaches regarding spatial resolution
(single building or whole district), scheduling of investments (single- or
multi-stage), and length of the planning period. The model presented in
[19] allows for investments in retrofit packages and technical systems
only at the beginning of the planning period, i.e., single-stage, and op-
erations are optimized over a single representative year. Buildings are
categorized based on age, size, and current retrofit state, and optimized
separately for each category. The authors of [61] present a multi-stage
optimization model in which investments can be made in several in-
vestment years, such that at the end of life of a technical component, a
new investment can be chosen to retain the capacity, which is an im-
provement compared to the static investment planning of [19]. While
[17,18] consider separate buildings for which investments and opera-
tion are optimized, [61] considers the simultaneous optimization over
multiple buildings, that are connected through the possible expansion
of a district heating system. The models consider planning horizons of
up to 30 years; the computational complexity being reduced via the use
of representative days for energy demands and solar radiation.

2.5. Research gap

The transition towards PEDs is a critical component of urban de-
carbonization strategies, and various facets of this transition have gar-
nered considerable research attention. However, despite these advance-
ments, several research gaps remain, particularly concerning the inte-
grated and holistic planning of PED transformations within the complex
fabric of existing urban neighbourhoods, where retrofitting the current
building stock poses technical, financial, regulatory, and logistical chal-
lenges that are largely absent in purpose-built developments [63].

High initial costs and uncertain returns on investment create signif-
icant financial barriers, while regulatory constraints, such as building
codes and zoning requirements, further complicate retrofitting efforts
[64]. The potential disruption to occupants adds operational difficul-
ties, and managing sustainable retrofitting projects is inherently com-
plex, involving multiple stakeholders, intricate planning, and detailed
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execution [65]. Such projects require close collaboration among archi-
tects, engineers, contractors, and building owners, each with distinct
priorities and challenges. Retrofitting also demands careful considera-
tion of structural limitations; unforeseen issues such as hidden structural
defects or outdated infrastructure often necessitate adjustments to the
original plan [64]. Existing buildings may offer limited space for in-
stalling insulation or renewable-energy systems, and internal insulation
can reduce usable floor area [66].

For optimization frameworks, there is a lack of methodologies to
optimize PED transformations that exploit the environmental and eco-
nomic advantages of local energy communities, enabled by shared BESS
and transmission of locally produced electricity within the district.
While some of the mentioned methodologies [17-19,61] combine, on
district level, demand side interventions with RES deployment, their op-
timization models decouple to optimization of individual buildings due
to the lack of interconnections between buildings (with the exception of
[61], where buildings connect in the spatial dimension. through mod-
eling of the expansion of district heating network). By not considering
the interconnected operation of buildings, and therefore interconnected
effects of investments, opportunities for holistic techno-economic and
environmental optimization, in line with the idea of PED, are missed.

Further, existing optimization frameworks applied to PED planning
frequently exhibit limitations in scope and resolution, particularly when
addressing long-term investment horizons. Many models either focus
on detailed building-level analysis with simplified district interactions
or address district-level energy systems using aggregated building data,
often neglecting the granular building-specific performance characteris-
tics crucial for accurate retrofit and RES assessment. Additionally, most
frameworks fail to optimize over a long planning horizon while main-
taining a high temporal resolution—many papers use representative
days which is not compatible with modelling of battery energy levels
and does not account for fluctuations in energy demand and prices on a
large scale.

Lastly, although multi-objective optimization is increasingly em-
ployed, there is a need for frameworks that more comprehensively in-
tegrate detailed lifecycle considerations for both costs and carbon emis-
sions in the optimization process. This includes the embodied carbon
associated with retrofit materials and energy system components, along-
side operational carbon emissions. Simultaneously optimizing the selec-
tion of diverse retrofit packages, the sizing and placement of PV systems,
and the capacity of BESS, while accounting for detailed lifecycle impacts
and costs over a long planning period, remains a complex challenge that
is not sufficiently addressed by current tools.

Hence, there is a need for an integrated decision-support frame-
work bridging detailed, physics-based building energy modelling with
district-scale multi-objective optimization. Such a framework should be
capable of co-optimizing investments in building retrofits, renewable
energy systems, and long-term energy storage with a fine temporal res-
olution. This study addresses this gap by developing and demonstrating
an integrated UBEM-MILP methodology tailored for the strategic plan-
ning and evaluation of PED transformation pathways in existing urban
neighbourhoods.

3. Methodology
3.1. Workflow

This study follows a three-step methodological workflow (see Fig. 1).
The first step involves a comprehensive data collection, encompassing
building attributes (e.g., geometry, use, orientation), baseline building
energy performance data (e.g., electricity and heating demand), and
economic and environmental data such as material prices, embodied
carbon values, and renewable system costs. These datasets serve as the
foundation for the UBEM setup, calibration, and optimization model.

The second step involves developing a district-scale UBEM us-
ing Rhino [67], Grasshopper [68], and simulation tools. The model
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Data Collection

Building data
- Buildings attributes
- Existing heating systems, remaining lifetime
- Current retrofit states

Calibration

UBEM Set up
- Buildings attributes, current
construction set, existing heating
systems data used to create UBEM
model of existing building stock

and PV and BESS capacity

Enviro-economic data
-Costs and carbon emission parameters
-Expected lifetimes
-Conversion efficiencies, degradation parameters

Retrofit Strategy Development
- Find and simulate Pareto optimal retrofit packages
minimizing cost, heat demand and embodied carbon

Photovoltaic Potential
-Annual solar radiation analysis to evaluate PV potential,
considering building geometry, orientation and shading
from nearby structures and vegetation.
-ldentification roof segments feasible for PV deployment.

District-Level Multi-Objective Optimization Model
-ldentification of district-wide Pareto optimal investment strategies for retrofit packages, heating systems,

-Pareto optimal operation in terms of energy imports and exports, battery utilization etc.

Fig. 1. Integrated UBEM-MILP framework for PED transformation.

replicates the neighbourhood’s existing conditions and evaluated retrofit
packages based on heating demand, material cost, and embodied car-
bon. The rooftop solar potential was assessed with PV production es-
timated via a PhotoVoltaic Geographical Information System (PVGIS)
[69]1.

In the final step, outputs from the UBEM and solar analysis are in-
tegrated into a district-level MILP optimization model to identify cost-
and carbon-efficient investment strategies over a 10-year horizon. The
model selects retrofit packages, PV deployment, and heating systems
while accounting for component degradation and shared infrastructure.
It follows a bi-objective approach, minimizing the total system cost and
both operational and embodied emissions, in line with PED goals.

3.1.1. Step one: Data collection

The implementation of the baseline energy model relies on the inte-
gration of a diverse set of spatial, geometric, and performance-related
data. The main data sources used are from the Swedish mapping, cadas-
tral and land registration authority (Lantmateriet[70];), which were pri-
oritized due to their authoritative and high-resolution geospatial data.
Additional key sources include the national database Gripen with EPCs
[71], U.S. Department Of Energy (DOE) commercial reference buildings
[72], the local energy provider [21], and OneBuilding [73].

To support the bottom-up UBEM approach, data inputs were com-
piled for multiple building attributes, including geometry, building en-
velope characteristics, occupancy schedules, and energy demand. These
datasets were essential for accurately replicating existing conditions,
calibrating energy models, informing retrofit packages, and PV sizing
strategies. Table 1 summarizes the primary data categories used in the
UBEM, their sources and access conditions. 0

To support the analysis, a predefined material database was devel-
oped in collaboration with the property owners of the case district; see
Tables A.6- A.8 in Appendix A for details. The database initially con-
tained 38 candidate materials for cladding, insulation, and air/vapor

barrier layers, selected based on market availability and technical feasi-
bility. During stakeholder workshops, participants scored these materi-
als by priority, reflecting both their current relevance and their curios-
ity to test emerging options, such as hemp-fiber insulation and recycled
cotton insulation, to observe their performance within the modelling
framework. Through this prioritization process, a subset of 18 materi-
als was chosen for simulation. Based on these stakeholder preferences,
retrofit packages were then formulated and integrated into the UBEM
simulation model. The database includes key attributes for each ma-
terial, such as embodied carbon emissions per unit (kgCO,e), thermal
conductivity (W/mK), average local market price (SEK), and available
thicknesses and dimensions (mm). These values were used to calculate
both the environmental and the economic impacts of the retrofit pack-
ages.

For the PV estimation, the annual electricity yield from rooftop PV
systems, a crystalline silicon panel with a system efficiency of 14 %
was assumed, based on PVGIS-SARAH3 database specifications [69].
The system was modelled with a nominal capacity of 1.0 kWp, and ac-
counted for azimuth and tilt of existing buildings (see Table A.10), as
well as shading effects from adjacent buildings and vegetation.

3.1.2. Step two: UBEM set-up

The second step focuses on setting up a UBEM replicating the neigh-
bourhood’s existing context through a 3D model and enabled simulation
of various retrofit packages targeting three key performance indicators:
heating demand, retrofit material cost, and embodied carbon emissions.
The model was developed using Rhino and Grasshopper, integrated
with Ladybug, Honeybee, Dragonfly, EnergyPlus, OpenStudio, and Ur-
banOpt. Rhino and Grasshopper were used for geometric modelling and
parametric control, enabling seamless integration of spatial and building
attribute data. Ladybug was used for solar analysis, while Honeybee and
Dragonfly translated the geometry and metadata into simulation-ready
inputs for EnergyPlus, which in turn served as the simulation engine
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Table 1

Data sources and availability corresponding to the input parameters used in the UBEM and simulation tools.
Dataset Description Attribute Source Availability
Building footprint 2D GIS data representing the Footprint geometry, Lantméteriet Open source

Building geometry and construction details

Context buildings

Urban vegetation

Weather data

Occupancy and internal loads

Heating system and demand

Electricity demand

outline of buildings at ground
level

Information on surrounding
buildings for shading analysis

Architectural 2D building
sections and floor plans

Building height, roof
slope/ orientation,

spatial coordinates

window-to-wall ratio,
materials, occupancy

program

and urban context modelling

Point cloud data and tree
inventory for shading analysis

Typical Meteorological Year for

Gothenburg

Standardized internal load
schedules and profiles

Energy performance certificates
and heating system info

Hourly metered annual electricity
consumption data

type

demand

Location, height,
dimension

Location, height,
diameter of trees

Hourly weather data

Occupancy schedules,
internal heat gains

Heating demand, system

Building-level electricity

Lantméteriet

OneBuilding

Stadsbyggnadsforvaltningen

Lantmdteriet/DTCC Platform

DOE commercial reference buildings

Boverket EPC database

Local energy provider

Access—on-request

Open source

Open source

Open source

Open source

Open source

Proprietary data

Table 2
Overview of UBEM: Simulation and analysis tools used in the study, including their operational scale, input and output data, and the design variables
they influence within PED.

Tool Simulation scale Data input Data output PED affected design variable

EnergyPlus [50]

Ladybug plugin [52]

Honeybee plugin [52]

Dragonfly plugin [52]

OpenStudio [74]

UrbanOpt [53]

Building

Building, district

Building

District

District

District

Geometry, construction materials,
HVAC systems, schedules, weather
data

Weather data, geometry, location

Geometry, materials, schedules,
HVAC templates, wea-ther data

Building geometry, site layout,
weather, program definitions

High-level energy models (geometry,
materials, systems, schedules), user-
defined measures for retrofits or
upgrades

Building footprints, types, metadata
(in Geojson file format), OpenStudio
models, retrofit package configuration

Heating/cooling demand, energy
use, thermal comfort

Solar radiation, sun path,
daylighting metrics
Energy use, thermal loads,
comformetrics

Aggregated urban energy models,
IDFs, and geometry for districts

Translated EnergyPlus model (in
IDF format), calibration, scenario
results

District energy simulation, load
profiles, PV potential, cost
analysis

Heating demand, retrofit impact

Solar analysis

Building thermal performance

District-scale energy modelling
setup

Testing different retrofit
packages, energy model
customization

Energy balance, cost
optimization, PV generation

for calculating heating demand and thermal loads, selected for its wide
adoption, robust physics-based modelling capabilities, and compatibil-
ity with parametric workflows. OpenStudio facilitated the preparation
and post-processing of EnergyPlus models and enabled integration with
UrbanOpt, which was used to support district-scale energy simulations
and scenario testing. Table 2 provides an overview of the UBEM and
simulation tools used in the study.

Baseline energy model.  As a starting point of the UBEM workflow, a base-
line energy model was developed to reflect the existing conditions of
buildings across the Jtattesten neighbourhood. The model aims to repli-
cate the current state of the site using detailed 3D building geometries
that incorporate building orientation and usage, as well ass shading ef-
fects from nearby structures and vegetation. To account for shading,
the digital model incorporated vegetation—particularly trees—based on
point cloud data from Lantm’ateriet. Baseline simulations were run us-
ing a typical meteorological year weather file for Gothenburg, sourced
from OneBuilding [73].

Air infiltration was set to a uniform rate of 0.00045 m>/sm?, derived
from on-site blower door testing conducted on representative build-
ings. Since the DOE reference buildings are based on U.S. standards,

modifications were made to reflect Swedish building practices and op-
erational patterns. For example, for commercial premises such as small
restaurants, and light-grocery shops matching the mixed-use activities
observed on site, daily operating hours were set to 08:00-21:00, reflect-
ing typical Swedish retail and food-service patterns. For educational fa-
cilities, separate schedules were developed for pre-schools and public
schools to account for their distinct opening times, closing times, and
internal gains, while public holidays and weekends were explicitly in-
corporated to capture periods of reduced or no occupancy. In addition,
the heating system was modelled using a theoretical district heating sys-
tem to estimate the heating energy required to condition the internal
spaces, with temperature setpoint 21 °C aligned with the Swedish indoor
climate regulations, and multi-family residential buildings included a
common laundry room schedule—usually operated 08:00-22:00—with
evening and weekend peaks typical of local user behavior.

The model was calibrated against 2023 heating demand data pro-
vided by Boverket, disaggregated by building use. The calibration accu-
racy was evaluated using the Mean Absolute Percentage Error (MAPE),
which quantifies the average relative deviation between simulated and
reference values. MAPE was selected for its intuitive percentage-based
interpretation and suitability for comparing energy magnitudes across
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buildings. Since the calibration targeted annual heating demand rather
than hourly meter data, simulated hourly results were aggregated to
annual totals before comparison. The calibration achieved a deviation
below 5%. Following calibration, a comprehensive UBEM was estab-
lished to support retrofit packages simulations and district-level energy
performance.

Annual solar radiation analysis was performed using Ladybug’s in-
cident radiation tools to calculate total solar exposure across all roof
surfaces, accounting for azimuth, tilt, and dynamic shading conditions.
The results were used to prioritize roof segments receiving the high-
est levels of incident radiation for further evaluation. To estimate the
potential annual electricity generation, the selected roof areas were
analysed using PVGIS, accessed programmatically to retrieve location-
specific hourly and annual yield data. A system derate factor of 14 %
was applied to account for inverter inefficiency, wiring, and temper-
ature losses. Snow effects were implicitly considered through Typical
Meteorological Year (TMY) weather data which provides representative
hourly meteorological values over one year for a specific geographic
location [75]. All studied buildings feature pitched roofs with angles
of 15° or 30°, which by design minimize prolonged snow accumula-
tion. Mounting constraints were not explicitly modelled, as the analysis
focused on strategic planning—assessing the balance between local en-
ergy production and demand under planned roof renovations—rather
than detailed installation design. This step enabled the estimation of
on-site renewable energy production under standard system configura-
tions.

Retrofit packages. Based on stakeholder consultations, the scope of
retrofit packages in this study was limited to the building envelope—
specifically roof and wall upgrades. The selected packages focused on ex-
ploring combinations of insulation, cladding, and air/vapor membrane
materials. Full deep retrofit packages—such as window replacements,
airtightness improvements, and mechanical system upgrades—were not
included, in alignment with building owner preferences and feasibil-
ity constraints to evaluate only roof and wall specific interventions.
This approach enables assessment of the marginal effects of these mea-
sures on heating demand, lifecycle cost, and embodied carbon. It facil-
itates analysis of the cost-benefit trade-offs of envelope improvements
without the confounding influence of simultaneous HVAC or window
retrofits. It also supports the identification of incremental renovation
pathways, where envelope measures can be implemented first and sub-
sequently complemented by additional upgrades if required. Such a tar-
geted strategy provides clear evidence of the individual contribution
of envelope retrofits, informing owners who favour phased investment
strategies over immediate full deep renovation.

To operationalize the retrofit packages at scale, an automated para-
metric simulation workflow was developed, enabling the generation
and evaluation of over 43 000 retrofit combinations for a representative
residential building. The workflow assessed three main objectives:op-
erational heating demand (kWh/m?year), material embodied carbon
(kgCO,e), and retrofit material cost (SEK/m?).

This significantly reduced input/output time and allowed rapid gen-
eration of thousands of simulations. Although the simulations were
based on a residential building, the resulting packages were gener-
alized to other building types in the district. Mixed-use buildings in
Jtattesten share similar envelope characteristics with the residential ty-
pology. Thus, performance improvements were extrapolated using nor-
malized baseline energy intensities, adjusted for each building category.
This approach was adopted to maintain computational feasibility while
ensuring representation of building stock diversity in the district-level
MILP optimization. A multi-criteria filtering process—developed col-
laboratively with stakeholders—was used to identify the most relevant
retrofit packages. Simulated configurations were ranked by (1) materi-
als cost, (2) embodied carbon for building materials, (3) materials effi-
ciency, and (4) practical feasibility, defined as technical constructabil-
ity and market availability rather than current market uptake. During

Energy & Buildings 352 (2026) 116783

stakeholder workshops, participants reviewed and scored top-ranked
packages, intentionally selecting a spectrum of solutions: cost-effective,
average, and high-performance ecological options. This participatory
approach was designed to demonstrate the study’s primary aim of
demonstrating the decision-support framework rather than to prescribe
a single “optimal” retrofit from an energy or carbon perspective.

3.1.3. Step three: MILP optimization

In the final step, the outputs of the UBEM and solar analyses were
integrated into a district-level MILP model. This optimization model
identifies cost and carbon-efficient investment strategies over a ten-year
planning horizon. Investment decisions—such as selecting retrofit pack-
ages, PV deployment, and heating system upgrades—are made at the
start of the planning period and automatically renewed upon reach-
ing the end of a component’s technical lifetime. For a component that
has not reached its technical lifetime at the end of the planning pe-
riod, the monetary value is credited in terms of a salvage value (see
(1), below), while its carbon emission footprint is proportionally scaled
down—accounted for in (2), below. The model is single-stage since in-
vestment decisions are made once, i.e., at the start of the planning pe-
riod. The model accounts for component degradation over time (e.g., PV
or BESS capacity loss) and simulates operations at the individual build-
ing level, with shared infrastructure modelled through intra-district
electricity transmission and a central BESS, with an hourly time reso-
lution over the complete planning period. The MILP framework adopts
a bi-objective optimization approach, minimizing (i) the total system
cost and (ii) operational and embodied emissions, in alignment with
the long-term goals of PED development.

Investments and operations are modelled using three types of vari-
ables: binary investment variables representing whether to install cer-
tain retrofit packages and technologies, continuous variables represent-
ing the capacity of the installed technologies, and continuous variables
representing energy flows within the district. While binary investment
variables and capacity variables are defined for each building and type
of investment, the continuous variables for energy flows are defined for
each building/BESS and time step.

The cost objective function is composed of investment costs, operat-
ing costs, and salvage values, primarily related to the buildings, denoted
i. Investment costs are denoted zfet for retrofit packages p, and z}?“h for
technical systems s (including discounted costs for replacement of sys-
tems that are expected to meet their end of life during the planning
period). The investment cost and discounted replacement costs of a dis-
trict joint battery energy storage system is denoted z,. The operating
cost, for each time step ¢, equals the difference between expenses for en-
ergy imports z,,* and income from energy exports z, " . For investments
that have not reached their technical life at the end of the planning
horizon, salvage Values—z;?h'Salv of technical system s, z5°"2V of the
energy storage system, and zf;"sa” of retrofit package p—are credited
back to the system. The cost objective is thus to minimize the sum of
costs, expressed as

z Z:_';t + z gtech + gstor
i,s

is

imp __exp
+ Z (Zit it )
it

i,p N—— . T N\ ————
it i technical invest, ~StOrage Invest. i
retrofit invest. - operation )
tech,sal stor,s t,sal
_ Zziz:c salv thor,balv _ sz; sav’
1,8 N et v i,p N——
salvage
salvage salvage

which includes all system costs, although in practice these are shared
between building owners and tenants. Technology investment costs are
composed by a fixed and a capacity dependent cost; the same costs (al-
though discounted) are assumed for replacements as for initial invest-
ments. Since data concerning the installed capacity of existing heating
systems might not be available, we follow the example in [18] and let
the model dimension the existing heating system “free of charge”, while
costs for replacement of an existing system with a retained capacity are
accounted for.
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The carbon emission objective function is composed of the embod-
ied emissions for each building i from the selected retrofit packages p,
denoted q{;t, and from technical systems s (including replacements), de-
noted q}SeCh, of the embodied emissions from the district joint energy
storage system, denoted ¢™°", as well as of emissions from imported heat
and electrical energy, denoted g;. The embodied emissions of techni-
cal systems and retrofits are defined as proportional to the share of their
technical life they were in operation. The technical lives of retrofits are
assumed to be 30 years. The embodied carbon emissions are considered
on levels A1-A3 and B6, according to EN 15978; see [20]. Levels A4-A5,
B2-B5, C1-C4, and D are excluded, due to lack of data availability, and
uncertainty for transportation and post-demolition impact. The carbon
emission objective is thus to minimize the sum of emissions, expressed
as

ret
2z dip
ip N—— i,s

retrofit emb. emiss.

+ 2 q}:ch + qstor

storage emb. emiss.

imp
+ 2 it
i N——

oper. emiss.

(2)

technical emb. emiss.

The constraints of the model can be divided into two broad groups.
The first group of constraints limits the installed capacity of technical
systems, and restricts the capacity to zero for systems that are not in-
vested in. These constraints connect binary investment variables and
continuous capacity variables, and are relevant for building PV systems,
building heating systems, and the district’s BESS. The second group of
constraints concerns energy balance and ensures that the energy de-
mand for electricity and heating is met through import, storage, intra-
district transmission, and PV production. Battery storage levels are con-
trolled by battery dynamics constraints. For electricity storage and trans-
mission, capacity degradation, maximum transmission capacity, and
transmission losses are taken into account. Due to lack of data, we as-
sume that there are no metering or tariff effects for the intra-district
transmission.

The computational effort required to solve the problem is reduced
by grouping residential buildings with regard to their normalized heat
demand (kWh/m?) in their current retrofit state. Buildings belonging to
the same group are bound to be assigned the same retrofit package and
heating system (see Fig. 7a), while PV investments are optimized for in-
dividual buildings. Other criteria for grouping, such as building age and
geometry, did not provide useful groups, since all buildings in the dis-
trict (except the school and preschool; see below) were built around the
same time, with roughly the same building geometry. Building orienta-
tion and incident radiation are implicitly considered, as these influence
the heat demand. A case study specific assumption is that no renovation
will be done of the school buildings, since these buildings were built so
recently that their renovation was considered economically infeasible
be the stakeholders. Therefore, they each have only one retrofit pack-
age defined, representing their current state, while their PV and heating
system investments as well as operation are still included in the opti-
mization.

To solve the optimization problem with a planning horizon of ten
years, a Benders decomposition approach [76] is utilized, by split-
ting the problem into a master problem—in which investments are
determined—and one subproblem per year—in which optimal opera-
tions are determined given investment values computed by the master
problem. Solutions to the subproblems are then utilized to update the
master problem, and the master problem and the subproblems are al-
ternately solved in a feedback loop. The years are decoupled by consid-
ering a yearly storage of energy in the battery instead of storage over
the complete planning horizon, according to the approach developed
in [57]. A weighted, normalized sum of the cost and emission objec-
tive functions is integrated with the Benders decomposition method to
find Pareto optimal solutions. The model is implemented in Julia [77]
with the JuMP package [78] for mathematical modelling and solved us-
ing the optimization solution software Gurobi [79]. The complete MILP
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model, decomposition and method development, implementation, ex-
tensive testing, and results are to be presented in a forthcoming article.

The retrofit packages identified using the UBEM model and the cor-
responding simulated yearly heating demands for each building are used
as input data. The heating demand is assumed to be reduced by 2 % per
year, to account for the effects of global warming. For electricity spot
prices, we use historical data from 2022, characterized by high prices
and volatility, and 2023, characterized by a mix of volatile and stable
periods. The income from exporting electricity to the grid is calculated
as the spot price minus 0.05 SEK/kWh. The district heating system is
assumed to become carbon neutral within four years from the start of
the planning horizon, based on information from the local DHS provider
[21]. The same cost data is used in each year, increased yearly by 2 %,
the target inflation rate in Sweden [80]. Technical parameters for ma-
terials and technical systems (heating systems, PV systems, and battery)
are provided by academic sources and industry; see Tables A.6-A.9 in
Appendix A for details.

3.2. Case study: J'attesten, Gothenburg

Jiattesten is a mixed-use neighbourhood in Gothenburg, Sweden,
comprising 22 residential buildings together consisting of approxi-
mately 500 housing units, two mixed-use buildings, one school, and one
preschool (see Fig. 2a). The buildings in the studied neighbourhood rep-
resent typical buildings in Sweden. Hence, there is a high replication po-
tential for the results to be implemented and upscaled in other Swedish
districts. The residential and mixed-use buildings were constructed in
the late 1950s, and the school was built in 1957, representing the older
building stock that may require an extensive retrofitting to enhance
the energy performance and efficiency. Each residential building con-
sists of a basement and three floors, characteristic of mid-20th-century
low-rise lamellar apartment building structures with plastered facades
and balconies. In contrast, the preschool (built in 2018) represents more
modern constructions with a timber facade following higher energy per-
formance standards. Building owners express a need for renovation to
align with the City of Gothenburg’s environmental and decarbonization
goals. The buildings on site are connected to the DHS network as the
primary heating system. The buildings feature pitched roofs with slopes
in the interval 15-40°, introducing a variability in their suitability for
PV systems. Roof areas differ between buildings, and the orientation of
each surface plays a key role in PV investment decisions and electricity
production.

This study examines energy efficiency improvements through retrofit
strategies targeting roof and wall assemblies, with the objective of re-
ducing heating demand, enhancing building envelope performance. In
parallel, the analysis also evaluates the integration of RES, with par-
ticular emphasis on assessing the solar potential of building roofs for
PV installations. Future PV deployment is guided by simulated solar ra-
diation data, prioritizing roof segments based on their orientation and
solar exposure. The aim is to assess whether local renewable energy pro-
duction can offset or exceed baseline electricity demand. The baseline
electricity demand includes both household electricity consumption and
the operational energy of the property owner, such as lighting and appli-
ances in shared spaces (e.g., stairwells, public laundries, and circulation
areas).

4. Results
4.1. Neighbourhood characterization and baseline modelling

Based on high-resolution geometric modelling (see Fig. 2b ), a base-
line energy model was developed for the J'attesten neighbourhood. The
baseline model was calibrated using EPC heating demand data for each
building type. The baseline model was calibrated using existing heating
demand data for each building type. The calibration process ensured
that the simulated results aligned closely with observed data, achieving
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(a) Site map highlighting different land uses.

(b) 3D model setup including context and surrounding areas.

Fig. 2. Site map and 3D model of the Jattesten neighborhood in Gothenburg, Sweden.

Average heating demand by building type
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Fig. 3. Average heating demand (kWh/m?) by building type.

an error margin below 59%. Simulated annual heating demand varied
significantly across the district, influenced by construction type, orien-
tation, and internal zoning. Among the building categories, mixed-use
buildings exhibited the highest average heating demand, at 120 kWh,/m?
a year (see Fig. 3). This was followed by school buildings at 108 kWh/m?
a year, residential buildings at 100 kWh/m? a year, and finally preschool
buildings, which showed the lowest demand at 89 kWh/m? a year.

For PV installation, roof segments with limited solar exposure—
primarily those with unfavourable orientations or extensive shading
receiving the least solar irradiance—were excluded from further con-
sideration. The priority was given south-, southwest-, and west-facing
segments with the highest annual solar gains. Under these conditions,
the estimated annual yield was 864.94 kWh per installed kilowatt-peak,
with total system losses—including temperature effects, angle of inci-
dence, and spectral losses—amounting to 22.59 %. These values served
as the benchmark for evaluating solar potential across all buildings in
the study area. These baseline models highlight the potential for energy
performance improvements through building envelope retrofit and in-
tegration of rooftop PV systems to produce electricity locally, and to
assess the potential of transforming J'attesten into a PED.

4.2. Buildings performance simulation and retrofit packages
From the over 43000 parametric simulations conducted (see

Fig. 4), the retrofit packages targeting heating demand reduction—
representing a medium-depth intervention—resulted in significant

performance gains. Across residential buildings, average normalized
heating demand decreased from 100 to 84.02kWh/m’year, represent-
ing a 15.98 % reduction. For mixed-use buildings, the same packages
yielded a greater reduction due to higher baseline demand: from 120 to
53.24 kWh/m?year, corresponding to a 55.63 % decrease. These results
reflect the amplified benefits of envelope improvements in high-demand
buildings.

In practice, retrofit decisions often require balancing energy perfor-
mance improvements with financial and environmental constraints. To
capture this complexity, two Pareto front analyses were conducted to
visualize the trade-offs between the three key performance indicators:
heating demand, material embodied carbon, and material cost. Fig. 5(a)
shows the relation between cost and embodied carbon, with color indi-
cating heating demand, while Fig. 5(b) displays the trade-off between
heating demand and embodied carbon, with cost as the color gradient.
These plots illustrate the wide spectrum of potential retrofit configu-
rations and highlight the diversity of optimal paths depending on the
selected priority—whether cost-efficiency, carbon reduction, or energy
savings.

From the full simulation set, six retrofit packages (RPs) were selected
for integration into the district-level MILP optimization model (see Ta-
ble 3). Limiting the number of RPs helped maintaining a feasible com-
puting time, which increases exponentially with the number of binary
variables in the MILP model [81].

The present UBEM framework extends beyond a static baseline by
incorporating Future Climate Scenarios (FCSs) to evaluate how today’s
renovation decisions may influence indoor thermal comfort, overheat-
ing risk, and future cooling demand under projected temperature in-
creases. Four shared socioeconomic pathways scenarios with escalating
levels of warming were used to assess the long-term performance of
retrofit and PV strategies, ensuring that measures designed for present
conditions remain effective in maintaining acceptable indoor tempera-
tures and mitigating overheating as the climate changes; detailed results
are presented in [27].

4.3. Solar potential

Fig. 7(b) presents the modelled nominal PV yield (in kWh/kWp) for
each building based on its geometry and solar exposure (see Fig. 7a).
Roof segments receiving less than 750 kWh/kWp annually were classi-
fied as low-performing and excluded from further analysis. Segments
with annual yields in the interval 750-900 kWh/kWp were categorized
as medium-performing, while those exceeding 900 kWh/kWp annually
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Fig. 4. Parallel coordinates plot visualizing the results of over 43 000 parametric simulations of roof and wall retrofit packages combinations run on representative
residential building. Each line represents a unique material configuration and is linked to simulated performance outcomes in terms of heating demand (kWh/m?year),

material embodied carbon (kgCO,e), and retrofit material cost (SEK).
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(a) Trade-off between cost (SEK) and embodied carbon
(kgCO»e), colour indicating heating demand (in kWh/m?year).
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(b) Trade-off between heating demand (kWh/m?year) and em-
bodied carbon (kgCO,e), colour indicating cost (SEK).

Fig. 5. Pareto front visualizations of simulated retrofit packages across three performance indicators: operational heating demand, embodied carbon (Global Warming
Potential, GWP), and retrofit cost. The plots highlight the diversity of retrofit outcomes and support the identification of optimal packages based on different

stakeholder priorities.

were considered high-performing and prioritized for PV installation.
The spatial distribution of yields reflects the influence of shading from
surrounding structures and vegetation, as well as roof orientation and
tilt—the latter is disclosed in Table A.10. This mapping process sup-
ported the identification of high-priority buildings for decentralized re-
newable energy generation within the PED strategy. The medium- and
high-performing roof segments made up the feasible PV investments in
the MILP optimization model described in Section 3.1.3. The total PV ca-
pacity installed across residential and mixed-use rooftops was estimated
at 2641.18 kWp, a substantial renewable energy integration considering
the roof pitch and shading constraints. Based on annual solar radiation
modelling and system performance estimates, PV systems could supply
approximately 60 % of the total electricity demand across the site. This
result underlines the critical role of passive building features, such as
roof orientation and shading conditions, in realizing PED ambitions. The
decision to prioritize south-, southwest-, and west-facing roofs ensured

10

that installed PV arrays operate close to their technical potential. Nev-
ertheless, the remaining 40 % dependency on external electricity supply
points to the need for complementary strategies, such as demand side
management, energy storage, or additional Building Integrated Photo-
Voltaic (BIPV) solutions.

4.4. District-level bi-objective optimization

The UBEM can exist as a standalone system and provide feasible in-
vestment configurations, although with no quality guarantee, while the
MILP engine requires a backhaul UBEM. The advantage of the MILP en-
gine is the possibility to explore the set of solutions that are guaranteed
to be Pareto optimal, i.e., no investment configuration can possess both
a lower cost and lower emissions than those of any Pareto optimal con-
figuration.
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Table 3
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Overview of the six retrofit packages (RP) selected from the Pareto analysis for inclusion in the district-level MILP optimization model.

Average heating

Carbon emission

Materials cost

RPID  Objective demand reduction (%) (kgCO,e/m?) (SEK/m?) Wall materials Roof materials
1 lowest CO, 7.45 0.97 509.56 Lime render, plywood Concrete tiles, plywood
sheets, & sheep wool sheets, & sheep wool
2 lowest CO, 7.44 0.97 496.38 Lime render, plywood Concrete tiles, OSB
sheets, & sheep wool panels, & sheep wool
3 heat reduction ~ 15.98 9.39 1062.97 Terracotta panels, spray Clay tiles, spray foam
foam barrier, & PIR barrier, & PIR
4 heat reduction 15.97 10.34 862.13 Fiber cement panels, Clay tiles, spray foam
spray foam barrier, & PIR barrier, & PIR
5 lowest cost 1.78 64.60 110.92 Lime render, Concrete tiles,
polyethylene sheets, & polyethylene sheets, &
EPS EPS
6 lowest cost 1.60 6.71 116.17 Lime render, Concrete tiles,
polyethylene sheets, & polyethylene sheets, &
EPS glass wool
=
\ kWh/m2
1317.84 = \
o 1266.05 \ éa
i 1214.27 T ’#)
1162.48 >
/ 1110.70
1058.92
1007.13

955.35
903.57

/ I851 78

- 800.00

High (<900 kWh/kWp)
B vedum
D Low/excluded

(b) Nominal PV yield (in kWh/kWp a year) per roof segment, calculated using PVGIS

(a) Incident annual solar radiation (in
kWh/m? a year) across all roof surfaces
based on the Ladybug analysis.

under standard configuration assumptions. The roof segments are classified into high-
(>900), medium- (750-900), and low-performing (<750), guiding the selection for
feasible PV deployment in the MILP optimization model.

Fig. 6. Solar performance mapping of rooftops in the Jiattesten neighbourhood.

The MILP requires a significant amount of input data, including tech-
nical and economical parameters, heat demand data for each building
and retrofit package, as well as solar irradiance and electricity demand
data, all with an hourly resolution. The connection to UBEM is therefore
necessary for running the optimization model. The quality and reliabil-
ity of the optimized solutions also depends on a high accuracy of the
simulated input data. The normalized heating demand for each residen-
tial building and the resulting grouping of buildings in the optimization
model are depicted in Fig. 7(a).

Two scenarios with different spot price profiles were tested: Setup
2023, with more stable spot prices, and Setup 2022, with volatile spot
prices.

The computed Pareto optimal solutions to the bi-objective MILP op-
timization model using Setup 2023 (lower left, green dots, 1-9) and
Setup 2022 (upper right, magenta dots, 10-22) are shown in Fig. 7(b).
The markers + (green) and « (magenta) represent the ’as is’ solution for
Setup 2023 and 2022, respectively; for these solutions, no new invest-
ments are made, while operation is optimized; hence, they serve as ref-
erence points for evaluating the benefits of further interventions. Note
that cost outcome for the ’as is’ solution differ between the two setups
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due to the variation in spot price profiles. For each setup, the end points
of the curve are computed by minimizing CO, emissions and total cost,
respectively. The points are numbered from left to right, with the mini-
mum emission solution numbered 1 (Setup 2022) and 10 (Setup 2023),
and the minimum cost solution numbered 9 and 22, respectively.

Details of the corresponding investment decisions for the Pareto op-
timal solutions are provided in Table 4 (Setup 2023) and Table 5 (Setup
2022), and include BESS capacity, PV area utilization (as percentage
of available area), and grid dependency ratio—defined as the average
proportion of electricity demand met through grid imports over the full
planning horizon. The selected retrofit package and heating system are
specified for each residential building group and solution, the retrofit
number indicating the selected retrofit package 0-6, with 0 correspond-
ing to “no retrofit”.

4.4.1. Results and analysis of the a scenario with more stable spot prices:
Setup 2023

Setup 2023 shows a clear trend to select Air Source Heat Pump
(ASHP) as heating system and to retrofitting residential buildings
when approaching the cost optimal solution. The retrofit investment
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(b) Computed points on the Pareto front of the emissions and cost mini-
mization objectives, as well as the "as is’ solution, for Setup 2023 (lower
left, green; Pareto points 1-9) and Setup 2022 (upper right, magenta;
Pareto points 10-22). See Tables 4-5 for solution details.

Fig. 7. Grouping of residential buildings and computed points on the Pareto front.

Table 4

Optimal investments for each computed Pareto optimal solution of Setup 2023; see Fig. 7(b). The columns G1-G3 (denoting
the three groups of residential buildings; see Fig. 7a) and Mixed-use contain the index of the selected retrofit package (#) and
the selected heating system (o DHS; « ASHP). The columns School and Preschool contain the selected heating system (o DHS; »

ASHP).

Pareto Cost Emissions Gl G2 G3 Mixed-use ~ School  Preschool  Grid dep. PV BESS capacity
point (#) (MSEK)  (ktCO,e) (package #) (heating system) (heating system) ratio (%) (kWh)
’as is’ 46.93 2.47 0o 0o 0o 0o ° o 100 0 0

1 47.05 2.15 0o 0o 0o 0o ° ° 86 100 0

2 43.54 2.33 60 60 60 0o ° ° 86 100 0

3 43.53 2.33 60 60 60 0o ° ° 86 100 0

4 42.39 2.69 6o 6o 6 o 0o . o 86 100 0

5 37.91 4.36 6 60 6 0o . ° 88 100 O

6 35.97 5.10 6 6 o 6 . 0o . ° 88 100 0

7 35.83 5.19 6 . 6 . 6 0. . . 93 100 0

8 35.75 5.33 6 6. 6. (O . . 96 56 0

9 35.72 5.51 6. 6 . 6. 0. . . 100 0 0

configuration to select package 6 (one of the lowest cost alternatives;
see Table 3) for all three groups of residential buildings is identical in
all Pareto optimal solutions, except the emission optimal solution with
notably no retrofit investment for any building.

The sole difference in investments between the emissions optimal
solution (Pareto point 1) and Pareto point 2 is the retrofitting of res-
idential buildings done in the latter. This retrofit investment reduces
the district-wide heating demand by 14 % and lowers costs by 7.5%
but increases the emissions by 8 % (see Table 4). This suggests that the
embodied emissions from the investments are not offset by the result-
ing reduction in heat demand—Ilikely due to the close-to carbon neutral
supply of DHS. In contrast, the monetary investments are recovered over
the planning period. The large distance between Pareto points 4 and 5
can be explained by differences in heating system investments. Starting
from Pareto point 2 and moving rightward along the frontier, invest-
ments shift from DHS to ASHP for all groups of buildings, while other
investments remain unchanged, implying that the choice of heating sys-
tem is the main driver of both cost and emissions.

PV systems are utilized in all Pareto optimal solutions, except the
cost-optimal point (Pareto point 9), which suggests that PV can reduce
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emissions at a relatively low cost. This can be found by comparing so-
lutions near the cost-optimal point: The solution of point 8 differs from
that of point 9 only in its PV investment, which results in 5.8 % lower
CO, emissions and 0.3 % higher costs. Similarly, the only difference be-
tween the ’as is’ solution and the emissions optimal solution (point 1) is
again the inclusion of PV, resulting in a reduction of carbon emissions
by 13% at a cost increase of 0.26 %.

The lowest grid dependency achieved is 86 %, when 100 % of the
available roof area is utilized for PV. As the selected heating systems
shift to ASHP the grid dependency increases due to an increased elec-
tricity demand: from 86 % in Pareto points 1 and 2—where all buildings
have DHS and 100 % PV—to 93 % in Pareto point 8—where all build-
ings have ASHP and PV utilization of 56 %. The cost optimal solution
has a 100 % grid dependency ratio.

The Pareto optimal solutions corresponding to points 2-9 possess an
export of electricity, which occurs when the produced electricity exceeds
the district’s total demand, and the spot price for selling electricity is
positive. The amount of exported electricity is the larger for solutions in
which most buildings keep DHS, and decreases as investments shift to
ASHP, due to an increased self-consumption.
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Table 5
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Optimal investments for each computed Pareto optimal solution of Setup 2022; see Fig. 7(b). The columns G1-G3 (denoting
the three groups of residential buildings; see Fig. 7a) and Mixed-use contain the index of the selected retrofit package (#) and
the selected heating system (o DHS; « ASHP; Ao GSHP). The columns School and Preschool contain the selected heating system

(o DHS; » ASHP; o GSHP).

Pareto Cost Emissions Gl G2 G3 Mixed-use School ~ Preschool  Grid dep. PV BESS capacity
point (#) (MSEK) (ktCO,e) (package #) (heating system) (heating system) ratio (%) (kWh)
’as is’ 58.86 2.47 0o 0o 0o 0o o o 100 0 0

10 56.87 2.15 0o 0Oo 0o 0o o ° 86 100 O

11 52.88 2.40 6 o 6o 6 o 0o o o 79 100 427
12 52.83 2.44 60 60 60 0o ° o 75 100 841
13 52.54 2.47 60 60 60 0o ° ° 74 100 761
14 52.49 2.48 6 o 6o 6o 0o o o 73 100 844
15 51.40 3.05 60 60 60 6 ° o 67 100 2092
16 30.19 16.93 60 60 60 1a ° o 63 100 26,988
17 29.30 17.53 6o 6 o 6 o 0o o A 64 100 26,988
18 29.06 17.65 60 60 60 0o o A 64 100 26,988
19 28.33 18.22 60 60 60 0o ° A 65 100 26,988
20 26.83 19.37 60 60 60 0o o ° 68 100 26,988
21 26.27 20.58 6 o 6o 6 o 0o o o 77 100 26,988
22 25.01 23.00 6 60 60 0o ° ° 64 100 26,988

4.4.2. Results for and analysis of the scenario with volatile spot prices:
Setup 2022

The solutions for Setup 2022 reveal a strikingly different investment
pattern as compared to Setup 2023, favoring investments that reduce
the impact of spot price fluctuation on total costs (DHS as opposed to
ASHP), and systems that can exploit and offer resilience against volatile
electricity prices (investments in BESS and PV).

As reported in Table 5, the heating systems largely remain DHS
across the Pareto points, with a few exceptions where Ground Source
Heat Pump (GSHP) is selected for the mixed-use building (Pareto
point 16) and the preschool (Pareto points 17-19). ASHP is selected for
the mixed-use building in Pareto point 15. An investment in ASHP is also
present in the cost optimal solution, for group G1 of residential build-
ings. This investment is combined with the largest possible investment
in PV as well as in BESS, exploiting the daily fluctuation in spot prices.

The PV utilization is 100 % in all Pareto optimal solutions, includ-
ing the cost optimal one (point 22). Further, there is a BESS invest-
ment in each solution except the emission optimal solution (point 10)
and solutions near the cost optimal solution possess the largest possible
BESS capacity investment. This indicates that BESS investments con-
tribute significantly to total emissions by a large amount of embodied
CO, emissions, while simultaneously offering a potential to reduce the
total system costs, through an effective charging policy. Both export and
import of electricity is considerably larger in Setup 2022 as compared
to Setup 2023, indicating a capitalization on volatile spot prices. Addi-
tionally, the solutions with large BESS investments achieve the lowest
grid dependency ratios, of ~64 %.

Similar to Setup 2023, the only difference between the ’as is’ so-
lution and the emissions optimal investment is the PV utilization, re-
sulting in a 13 % emissions reduction and a 3.4 % cost reduction. The
emissions optimal solution is thus both cheaper and less carbon intense
than the ’as is’ solution; the corresponding investments are identical to
those of Setup 2023, which is expected since the carbon emission data
are the same. Further, the retrofit investment trend across the Pareto
optimal solutions is the same as for Setup 2023: package 6 (one of
the lowest cost alternatives; see Table 3) is selected for all residential
buildings in all Pareto optimal solutions, except the emissions optimal
solution.

4.5. Solution analysis and PED compliance evaluation

This section evaluates the Jattesten neighbourhood’s potential to
achieve core PED tenets—i.e., net-zero annual energy imports, net-zero
carbon emissions, and local renewable energy surplus—by synthesiz-
ing the bi-objective optimization outcomes (Section 4.4) for the two
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electricity spot price scenarios—Setup 2023 (stable prices) and Setup
2022 (volatile prices)—against the ’as is’ solution for the respective sce-
narios.

4.5.1. Energy balance and self-sufficiency

A primary PED goal is to minimize reliance on external energy. While
an initial UBEM analysis suggested that rooftop PV could meet ~60 %
of Jiattesten’s electricity demand, the MILP optimization reveals a more
nuanced path to self-sufficiency. Under stable prices (Setup 2023), the
100 % utilization of PV in the carbon optimal solution still results in
86 % grid dependency over ten years, with BESS investments not being
optimal. Conversely, under volatile prices (Setup 2022), the cost opti-
mal solution combines 100 % PV with maximum BESS capacity, reduc-
ing grid dependency to 64 %; the most favorable dependency achieved is
~63 % with extensive PV and BESS. These findings highlight that while
rooftop PV and BESS integration substantially improves self-sufficiency
(particularly in Setup 2022), achieving net-zero annual electricity im-
ports solely with the evaluated rooftop PV and retrofit measures is a
considerable challenge. A significant import requirement persists, sug-
gesting the need for further interventions like BIPV or other local RES.

4.5.2. Carbon emission reduction

Considering both embodied and operational emissions, the baseline
"as is’ solution incurs 2.47 ktCO,e over ten years. The carbon optimal
strategy in both price setups (maximizing PV, retaining the existing,
soon-to-be carbon neutral DHS, and notably, avoiding retrofit embod-
ied carbon) reduces emissions by ~13% to 2.15 ktCO,e. Some Pareto
optimal solutions with shallow, low-cost retrofits combined with PV also
achieve lower lifecycle costs and emissions than the ’as is’ case. Strate-
gies prioritizing cost under volatile prices (Setup 2022)—especially
those heavily investing in BESS—can, however, lead to substantially
higher emissions (e.g., 23.00 ktCO,e for the cost optimal solution). Net-
zero carbon emissions, encompassing all lifecycle aspects, were not
achieved in any Pareto optimal solution. The embodied carbon from
retrofits proves challenging to offset against an already low-carbon DHS,
an effect magnified by the assumed future carbon neutrality of the DHS.
Additional optimization results showed the same investment configura-
tions in the cost and emissions optimal solution, also when the assump-
tion of a decarbonized DHS was removed, i.e., the emissions being at
today’s level over the complete planning period.

4.5.3. Surplus renewable energy generation

Achieving a net annual energy surplus—a defining PED aspiration—
appears unlikely for Jattesten with the evaluated interventions. Al-
though maximized rooftop PV meets up to 60% of electricity needs,
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optimized solutions still show considerable grid dependency (63-86 %).
While electricity export to the grid occurs in many solutions (often facil-
itated by BESS and price arbitrage), a net positive annual energy balance
was not realized. Reaching an energy surplus would require substan-
tially augmented RES capacity beyond the scope of this study.

4.5.4. Overall PED compliance

The Jiattesten case study demonstrates that achieving full PED status
(net-zero energy import, net-zero carbon, energy surplus) with the con-
sidered envelope retrofits, rooftop PV, and BESS capacities is a challenge
for an existing neighborhood.

e Net-Zero Carbon: Demonstrable progress is made, with optimized so-
lutions reducing emissions significantly compared to the baseline,
heavily relying on PV and DHS decarbonization.

o Reducing Energy Imports: Grid dependency can be markedly reduced
(from 100 % to as low as 63 % with PV and BESS).

o Energy Surplus: This remains out of reach without additional RES.

The PED transformation inherently involves critical trade-offs between
initial investment costs, embodied carbon of retrofits and systems, op-
erational carbon savings, and resilience to energy price volatility. Swe-
den’s low-carbon energy context means that the carbon optimal solution
is sensitive to embodied carbon, sometimes forgoing energetic retrofits.
Furthermore, electricity price volatility significantly influences optimal
investment strategies, incentivizing PV and BESS investments for cost
containment and energy arbitrage, which can enhance grid indepen-
dence but sometimes at the cost of higher overall emissions. Further
progress towards comprehensive PED compliance would require sup-
plementary RES, carefully selected deeper retrofits balancing embodied
and operational carbon, and integration with broader urban systems.

5. Discussion

This study employs an integrated UBEM and MILP framework to ex-
plore pathways for transforming the existing J'attesten neighbourhood
in Gothenburg, Sweden, into a PED. The results reveal complex trade-
offs and highlight critical factors influencing the feasibility and optimal
strategies for achieving PED targets.

5.1. Interpreting the path to PED compliance in an existing swedish
neighbourhood

A central finding is that achieving full PED status—encompassing
net-zero annual energy imports, net-zero carbon emissions, and a re-
newable energy surplus—presents substantial challenges for an exist-
ing neighbourhood like Jiattesten, even with extensive interventions,
in the form of investments in building renovations, new heating sys-
tems, and renewable energy production. While significant progress can
be made, particularly towards carbon reduction, the aspiration of en-
ergy surplus with rooftop PV as the primary local renewable source
appears largely unattainable. The simulations indicate that rooftop PV
could meet roughly 60 % of electricity demand. However, even in op-
timal solution with 100 % PV deployment, grid dependency remained
high (at 63-86 %), influenced by the price profile scenario (Setup 2023
or Setup 2022) and inclusion of BESS. This underscores a potential need
to re-evaluate PED definitions for existing urban contexts or to explore a
wider array of local renewable energy generation and storage technolo-
gies beyond building-integrated solutions if strict energy surplus targets
are to be met.

The Swedish energy context, characterized by a low-carbon electric-
ity grid and the prevalence of efficient DHS with high renewable shares,
profoundly shapes the optimization outcomes. The ’as is’ solution (no
new investments are made), with its reliance on existing DHS, demon-
strated total emissions (2.47 ktCO,e) remarkably close to the value of
the carbon optimal solution (2.15 ktCO,e). This suggests that in regions
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with already decarbonized energy supplies, the marginal operational
carbon benefits of deep energy retrofits can be diminished, bringing the
embodied carbon of retrofit materials and energy system components to
the forefront of decision-making. Indeed, the carbon optimal solutions
in both setups paradoxically involved no building envelope retrofits,
thereby avoiding embodied carbon, and instead prioritized maximizing
PV generation and retaining the DHS (assumed to become operationally
carbon neutral). This finding contrasts with contexts where fossil fuel-
based heating dominates, in which case deep retrofits typically yield
more substantial operational carbon savings that can more readily off-
set their embodied carbon.

5.2. The role of economic conditions and technological choices

The influence of electricity spot price volatility on optimal invest-
ment strategies is a key observation. Under the more stable price con-
ditions (Setup 2023), BESS did not feature in Pareto optimal solutions.
Conversely, the highly volatile prices in Setup 2022 rendered BESS in-
vestments economically attractive, significantly reducing grid depen-
dency (to 63%) and enabling cost savings through energy arbitrage.
In this volatile setup, PV utilization was consistently maximized across
all Pareto optimal solutions, including the cost-optimal one, and DHS
was more frequently retained, likely due to its predictable cost structure
compared to electricity-driven heating systems exposed to price peaks.
This highlights that the business case for BESS and the optimal heat-
ing system configuration is highly sensitive to local electricity market
dynamics and tariff structures. For PED development, this implies that
flexibility measures like BESS may be crucial not only for grid services
but also for economic resilience in markets with fluctuating prices.

Shallow retrofit packages (e.g., package 6, lowest cost) emerged as
economically viable and offered a good compromise, reducing heating
demand (e.g., by 14 % district-wide in Pareto point 2, Setup 2023) and
achieving lower lifecycle costs and emissions than the ’as is’ solution in
several instances. The decision to pursue deeper retrofits would require
careful consideration of material choices to minimize embodied carbon
or a longer-term perspective where energy prices might shift more dra-
matically, or where non-energy benefits (e.g., comfort, property value)
are more heavily weighted.

5.3. Synergies and trade-offs in system configuration

The interplay between PV generation, heating system choice, and
retrofit level was evident. Maximizing PV generation was a consistent
strategy for emission reduction across all Pareto optimal solutions. How-
ever, the increased electricity demand from electrifying heating (e.g.,
shifting from DHS to ASHP) could increase grid dependency if not ade-
quately met by on-site generation and storage, as seen in the rise from
86 % to 93 % grid dependency when shifting to ASHP in Setup 2023
(Table 4, Pareto points 2 and 7). The choice of heating system was a
primary driver of both cost and emissions in many Pareto optimal solu-
tions. While DHS offered a low-carbon baseline (especially with its fu-
ture decarbonization assumption), ASHPs provided a pathway to lower
operational costs in some Pareto optimal solutions, albeit with higher
electricity consumption and potentially higher emissions if the grid’s
carbon intensity does not decrease as rapidly as that of the DHS.

The results affirm the necessity of the integrated UBEM-MILP ap-
proach. The detailed building performance data from UBEM provided
essential inputs for the MILP, allowing for a nuanced evaluation of
retrofit packages. The MILP, in turn, could explore a vast solution space
of technology combinations and operational strategies that would be
intractable with simulation alone, thereby identifying Pareto optimal
solutions that reveal the critical trade-offs between economic and envi-
ronmental objectives.
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5.4. Implications for policy and practice

For policymakers and urban planners in Sweden and similar con-
texts, this study suggests that PED strategies should be carefully tailored.
Promoting maximal deployment of on-site renewables like PV is clearly
beneficial. However, incentive structures for building retrofits should
consider the embodied carbon of building materials and construction el-
ements accounting for the actual operational carbon savings achievable
given the local energy supply mix. A blanket approach favoring very
deep retrofits might not always be the most carbon-efficient strategy
if it incurs high embodied emissions that are not offset by operational
savings from an already clean heating source. Financial support mech-
anisms for BESS could be particularly effective in regions with volatile
electricity prices or where grid flexibility is highly valued. Furthermore,
the significant role of DHS decarbonization highlights the importance of
continued investment in and greening of district energy networks as a
cornerstone of urban energy transitions that is still affordable for ten-
ants and residents. Building owners, in turn, are presented with evi-
dence that even shallow, cost-effective retrofits combined with PV can
yield tangible benefits, while decisions on heating system replacement
require careful consideration of long-term energy price trends and car-
bon implications.

The findings of this study contribute to the understanding of PED
implementation in existing urban areas, particularly highlighting the
influence of local energy systems and economic conditions. While the
specific numerical results are context-dependent, the identified trade-
offs and the demonstrated utility of an integrated modelling and opti-
mization approach offer valuable insights for researchers, policymakers,
and practitioners working towards sustainable urban energy futures.

5.5. Limitations

A key challenge in this process was the lack of data on the cost, di-
mensions, embodied carbon, and thermal conductivity of recycled metal
panels and timber for external cladding, due to the scarcity of informa-
tion on reused materials within the Swedish context. Further research
outside of Sweden, along with direct inquiries to local retailers in the
reuse and recycling sectors, could provide insights into the cost and di-
mensions of these materials. While circularity is recognized as an im-
portant aspect of PED transitions, end-of-life scenarios, reuse, and recy-
cling were not explicitly modelled in this study because of scope and
data constraints.

While the DOE commercial reference buildings provide a standard-
ized framework for modelling occupancy schedules, they are based on
building usage patterns typical of the United States. These include as-
sumptions about operational hours, internal load densities, and occu-
pant behavior that may not align with Swedish practices, which differ
in terms of work hours, seasonal occupancy variation, and energy use
behavior. To address this limitation, the default DOE occupancy sched-
ules were modified in this study to reflect Swedish operational hours and
use patterns more accurately, as described in the methodology section
on UBEM setup (Section 3.1.2).

The present study focuses on demonstrating an integrated UBEM-
MILP framework for evaluating retrofit and PV strategies for PED. While
the UBEM extends beyond a static baseline by incorporating FCSs to
assess how today’s renovation decisions may influence indoor thermal
comfort, overheating risk, and future cooling demand under projected
temperature increases, detailed results of this analysis are reported sep-
arately in [27] and are hence not presented here.

For the optimization tool, there is a limitation in data availability
and predictability of future spot market electricity costs, district heating
costs, as well as the embodied carbon emissions of these energy carriers.
While two different scenarios for the spot price profiles were evaluated,
the DHS costs were assumed to be constant. For embodied carbon emis-
sions, the assumption was made that the DHS would become carbon
neutral during the planning period, but removing this assumption did
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not change the carbon optimal solution. The development of embod-
ied carbon emissions of grid electricity was not considered. Future work
could therefore include testing alternative development trajectories for
these parameters, providing a more comprehensive sensitivity analysis
beyond the cost sensitivity presented here.

The exclusion of the school and preschool from retrofit investments
and heating system investments was a case study specific assumption,
that makes our solutions pessimistic bounds on the actual cost and car-
bon optimal solutions, meaning that the objective value optimization
problem without this exclusion might be lower than the one attained by
us, and the emissions of the emission optimal solution might be lower
one attained by us.

Grouping of residential buildings for heating system and retrofit in-
vestments was done to achieve feasible computation times, but was also
assumed to be in line with building owners’ preference to reduce the
number of unique renovation investments within a district. Due to this
restriction, the solutions are pessimistic bounds on the optimal solutions
of the unrestricted problem (without grouping of residential buildings).

Finally, socio-economic consequences of deep renovation measures
for tenants and residents have been outside the scope of this study but
earlier studies showed that these effects can be significant for this stake-
holder group [30,32-34] and need to be acknowled in a sustainable
transition pathway.

5.6. Future studies

Building on this research, future studies could explore several key
avenues to further enhance the understanding and implementation of
Positive Energy Districts in existing urban neighbourhoods. Expand-
ing the portfolio of RES beyond rooftop PV, to include ambitious BIPV
strategies and other locally available RES technologies, is crucial for
approaching true energy surplus goals. Further investigation into com-
prehensive retrofit strategies should more deeply address the challenge
of embodied carbon, for instance by prioritizing innovative low-carbon
materials, systematically evaluating the potential of reused and recycled
building components and fully integrating circular economy principles
into the lifecycle assessment. Future modelling efforts could also yield
more holistic insights by integrating PED transformation pathways with
other critical urban systems, such as sustainable transportation networks
and waste-to-energy solutions. Moreover, enhancing the optimization
framework by incorporating stochastic methods to manage uncertainties
related to future energy prices, technological advancements, and occu-
pant behaviour would improve the robustness of long-term planning.
Finally, given the complexities of implementation, dedicated research
into adaptive governance models, novel financing mechanisms, and ef-
fective stakeholder engagement strategies will be vital for overcoming
the practical barriers to transforming existing urban districts into suc-
cessful PEDs.

6. Conclusion

This study developed and applied an integrated Urban Building En-
ergy Modelling (UBEM) and Mixed-Integer Linear Programming (MILP)
framework to optimize Positive Energy District (PED) transformation
pathways in an existing Swedish neighbourhood. The methodology co-
optimized building retrofits, PhotoVoltaic (PV) system, and Battery
Energy Storage System (BESS) capacities to minimize lifecycle costs
and carbon emissions (including embodied carbon) over a 10-year
horizon.

The Jattesten case study demonstrated that achieving full PED
status—encompassing net-zero energy imports, net-zero total carbon
emissions, and an energy surplus—is highly challenging with the
considered interventions (envelope retrofits, rooftop PV, and BESS).
While significant progress was shown, with optimized solutions reduc-
ing grid dependency from 100% to as low as ~63% (with PV and
BESS under volatile prices) and overall carbon emissions by ~13 %
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compared to the baseline, the goals of net-zero energy import and
complete carbon neutrality (including embodied aspects) were not
met. An energy surplus also proved unattainable with the evaluated
measures.

The findings underscore crucial trade-offs between initial investment
costs, embodied carbon of materials and systems, operational carbon
savings, and energy system resilience to volatile electricity prices. Op-
timal investment strategies were found to be highly sensitive to the
specific local energy context, such as Sweden’s low-carbon electricity
grid and the anticipated decarbonization of district heating, as well as
to economic conditions like electricity price fluctuations, which partic-
ularly influence the viability and impact of BESS. The primary con-
tribution of this research is a replicable decision-support methodol-
ogy offering useful insights and identifying promising strategies for
PED planning, enabling stakeholders to navigate the complex techno-
economic and environmental trade-offs inherent in transforming exist-
ing urban areas. By the use of a mathematical decomposition method,
investments and operations can be jointly optimized over a 10-year
planning horizon with hourly resolution, avoiding reliance on typical-
day representations. This integrated framework provides valuable in-
sights for policymakers, urban planners, and stakeholders in devel-
oping effective strategies for the sustainable energy transition of es-
tablished neighborhoods. Future work should explore broader RES in-
tegration and circular economy approaches to further advance PED
objectives.
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Appendix A. Materials, technological, and economical data

Table A.6

External cladding material parameters.

Energy & Buildings 352 (2026) 116783

External cladding Application  Environmental impact A1-A5 (kgCO,e)  Average initial product price (SEK) A-value (W/mK)  Dimension (mm)
Fiber Cement Panels walls 84.51429 1127.95 0.3 8x 1192 x 2500
Terracotta Panels walls 0.73612 46.89 0.6 19 x 185 x 380
Lime Render 6.4 85.81 0.9

Clay Tiles roofs 0.90342 31 0.6 30 % 266 x 420
Slate Tiles roofs 0.991413 37 0.29 7% 500 % 300
Metal Roofing (Steel/Aluminium) roofs 86.027439 438.375 50 0 x 1050 x 2500
Concrete Tiles roofs 1.09212 10.41 1.7 330 x 420

Green Roofs roofs 0.885 1336.27 0.29 90 x 1000 x 1000

Table A.7

Air and vapor membrane materials parameters.

Air & vapor membrane

Application

Environmental impact
A1-A5 (kgCO,e)

Average initial product
price (SEK)

A-value (W/mK)

Dimension (mm)

Polyethylene Sheets
Bitumen Membranes
EPDM Membranes
OSB Panels
Plywood Sheets
Spray Foam Barriers

walls, roofs
walls, roofs
walls, roofs
walls, roofs
walls, roofs
walls, roofs

40.0231
25.8158
74.2
10.63165
9.47936
26.6

499
917
1386
268
399
257.5

0.16
0.22
0.29
0.13
0.14
0.036

0x 2700 x 2500
3 x 1000 x 7000
4 x 1400 x 10000
11 x 1197 x 2500
12 x 1200 x 2500
80 x 1000 x 1000

Table A.8

Insulation materials parameters.

Insulation material

Application

Environmental impact

A1-A5 (kgCO,e)

Average initial product
price (SEK)

A-value (W/mK)

Dimension (mm)

Glass Wool Insulation
Hemp Fiber Insulation
Cellulose Fiber

Wood Fiber

Sheep Wool

Mineral Wool

Recycled Cotton Insulation
Expanded Polystyrene (EPS)
Polyisocyanurate (PIR)

walls, roofs
walls, roofs
walls, roofs
walls, roofs
walls, roofs
walls, roofs
walls, roofs
walls, roofs
walls, roofs

10.61325
2.06997
7.02195
4.73552
2,97
1.56066
7.767
24.864768
23.28

24.86
80.75
73.22
84.44
1058.4
74.8
94
60.4
739.5

0.035
0.04
0.036
0.038
0.0425
0.033
0.039
0.036
0.022

45 x 560 % 1160
40 x 1100 x 600
95 % 565 x 1170
95 X 565 x 1220
100 x 600 x 6000
45 %565 x 1170
100 x 600 x 1200
50 x 1200 x 2400
100 x 600 x 2400
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Table A.9
Input parameter data used in the MILP optimization model, with corresponding data sources, countries, and reference years.

Category Description Value Unit Source

PV Lifetime of PV system 27.5 Years [82] SE 2025
Area dependent cost of installing PV technology 2932.2 SEK/m? [83] SE 2025
Area dependent cost of PV technology 2400 SEK/m? [82] SE 2025
Area dependent embodied carbon emission factor 121.56 kgC02/m2 [84] SE 2024
Area dependent cost of work on roof 792 SEK/m? [82] SE 2024
PV conversion efficiency 20 % [85] US 2025

Battery Lifetime of BESS 10 Years [82] SE 2025
Capacity dependent cost of BESS, including installation 3500 SEK/kWh [82] SE 2025
Capacity dependent embodied carbon emission factor 45 kgCO,/kWh [86] SE 2023
Charging and discharging efficiency 96 % [18] CH 2022
Maximum charging and discharging rates 25 % [18] CH 2022

Heating Lifetime of GSHP system 20 Years [19] CH 2017
Lifetime of ASHP system 20 Years [19] CH 2017
Lifetime of electric heating system 30 Years [19] CH 2017
Capacity dependent embodied carbon emissions of GSHP system 273 kgCO,/kW [18] CH 2022
Capacity dependent embodied carbon emissions of ASHP system 364 kgCO,/kW [18] CH 2022
Capacity dependent embodied carbon emissions of electric heating system 75 kgCO,/kW [87] SE 2025
Fixed cost of installing GSHP system 262500  SEK [88]  SE 2025
Fixed cost of installing ASHP system 30000 SEK [88] SE 2025
Fixed cost of installing electric heating system 130670  SEK [19] CH 2017
Conversion efficiency for heating in GSHP system 400 % [19] CH 2017
Conversion efficiency for heating in ASHP system 300 % [19] CH 2017
Conversion efficiency for heating in electric heating system 100 % [19] CH 2017
Cost of district heating (DHS; energy import) during time step 7 (winter) 0.91 SEK/kWh [21] SE 2025
Cost of district heating (DHS; energy import) during time step 7 (summer) 0.4186 SEK/kWh [21] SE 2025

Electricity Cost of electricity imported from the grid at time step ¢ 0.6 SEK/kWh [89] SE 2023
Carbon emission factor of imported electricity at time step ¢ 0.157 kgCO,/kWh [21] SE 2024

Investments Interest rate on investments 3.3 % [90] SE 2025

Table A.10

Usable roof areas, azimuths, and roof tilt angles. Buildings #1-22 have just two roof segments; hence data
for roofs #3 and #4 are not applicable.

Building  Roof #1 Roof #2 Roof #3 Roof #4 Tilt of roofs #1-4
Azimuth Area Azimuth Area  Azimuth  Area  Azimuth Area
#) ©) (m?) ©) (m?) ©) m>) () (m?) ©)
1 75 447 —104 447 - - - - 15
2 70 262 -109 262 - - - - 15
3 157 198 -22 198 - - - - 15
4 165 198 —-14 198 - - - - 15
5 44 198 -135 198 - - - - 15
6 75 198 —104 198 - - - - 15
7 164 268 -15 265 - - - - 15
8 98 198 -8l 198 - - - - 15
9 75 198 —104 198 - - - - 15
10 158 182 -21 182 - - - - 15
11 107 261 -T2 261 - - - - 15
12 123 261 -56 261 - - - - 15
13 3 198 -176 198 - - - - 15
14 87 326 -92 326 - - - - 15
15 158 271 =21 271 - - - - 15
16 141 197 -38 197 - - - - 15
17 145 262 34 262 - - - - 15
18 165 261 -4 261 - - - - 15
19 45 198 —134 198 - - - - 15
20 145 196 -34 196 - - - - 15
21 59 199 -120 199 - - - - 15
22 70 198 -109 198 - - - - 15
23 75 111 -104 151 75 151 —104 151 30
24 173 185 -6 185 77 238 -102 238 30
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