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The present study examines the role and the impact of building retrofitting and distributed energy resources (DERs) in urban power
grids, utilizing the buildings as active nodes. A district energy model was developed using a bottom-up approach to represent realistic
energy demand and system interactions. Two models were employed: a steady-state investment optimization model to determine
optimal DER capacities and a dynamic model to assess power flows and voltage stability. The results showed that retrofitting reduces
electricity demand by 33.3%, with heating loads dropping by over 50% and peak load decreasing from 209.5 kW to 116 kW.
Furthermore, the integration of a PV-battery system increases self-consumption from 45% to 57%, optimizing system performance
while reducing total PV and battery capacity needs. Economic analysis indicates that aggregated DER investments lower costs,
maintaining a payback period of 6.69 to 6.79 years compared to 6.74 to 8.68 years for decentralized systems. Moreover, voltage
stability issues in high PV-penetration networks are mitigated using smart inverter-based reactive power control, reducing
overvoltage conditions and enhancing grid resilience. The findings highlight the value of coordinated retrofitting and DER
deployment in achieving cost-effective decarbonization, energy efficiency, and power system stability.
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across multiple buildings, improving overall
INTRODUCTION economic and environmental performance.

Buildings are the cornerstone of worldwide Although significant  research  has  been

urban systems, contributing with a substantial share 'conduct'e d on cnergy retrgﬁjctlng and DFTRS
of global energy consumption of around 40% of integration at an individual building level, there is a

total energy use [1]. Moreover, 80% of the lack of comprehensive studies examining buildings

buildings projected to be in use by 2050 already interactions gs part of energy districts or
exist today [2], highlighting the importance of the communities [3].

performance of this aging building stock to enhance di ts.e \;ergldstudles deﬁlonsAtrat:: thf plotintlal (1>f su(;:h
energy efficiency towards a sustainable future. istrict-wide approaches, Aruta et al. [4] explored a

Retrofitting constitutes a core strategy for these Eommunalber}ggy sys'tetm for retroflittmg 29 social
needs through enhanced insulation, high-efficiency ousmng bunidings Imto a nearly —zero-encrgy

HVAC systems, and smart energy management community, introducing a sustainability index and
technologies ’ applying multi-objective optimization. Their results

Beyond  conventional energy efficiency indicated that 85% to 95% sustainability levels are
measures, integrating distributed energy resources achievable through retrofit investments of 150-200

) . . :
(DERs), such as PV and battery storage systems, €/m?>. C0.51c et al. LS] examined an Austrian energy
- : community, showing that optimal operation of
can transform buildings from passive energy hared bl led o a 15% reduct;
consumers into active energy nodes. These shared renewable resources 'ed 1o a o reduction

. o ; :
buildings have the potential to generate, share, and in energy costs and 34% reduction in CO:

o . e emissions. Lerbinger et al. [6] assessed long-term
store energy, contributing to grid stability and peak ) ; . .
load reduction. Specifically, the so-called energy investment planning for energy neighborhoods in

districts can benefit from DERs systems providing Switzerland, concluding that deep retrofitting and

. o district heating are key to cost and emissions
coordinated energy management and optimization .
reductions in dense urban areas.
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Beyond retrofitting, several studies emphasize
the role of DERSs in optimizing energy districts. Liu
et al. [7] proposed a novel district energy system
(DES) for a nearly zero-energy community,
demonstrating up to 63.3% reduction in annual
carbon emissions through sensitivity analysis on
electricity price, carbon tax, and technological
options. Marquant et al. [8] introduced a district
clustering method for large-scale energy planning,
enabling sub-optimization and analysis of
distributed vs. centralized energy systems, while
Liu et al. [9] integrated electric vehicles with DER
systems across 12 energy communities, identifying
building typology as a primary driver of energy
savings, achieving up to 53% reductions under
public building scenarios.

An important emerging aspect of energy districts
is the use of DER assets for grid support and
voltage regulation. Recent studies have highlighted
the role of PV systems utilizing Q/V control
techniques for wvoltage stability and enhanced
hosting capacity of renewable energy [10-12].
Buildings equipped with smart inverters and
storage systems can actively participate in voltage
regulation, reducing network losses and mitigating
voltage  fluctuations, thus contributing to
distribution grid resilience. These functions require
advanced optimization algorithms and control
strategies, as shown by recent works focusing on
system-level coordination [13].

Despite the growing body of literature, several
gaps remain unaddressed. First, there is a need to
evaluate the aggregated benefits of DERs and
retrofitting at districts, particularly concerning
cost-effectiveness, energy self-sufficiency, and grid
impact. Second, the systemic effects of retrofitting
entire urban building stocks on power grid stability
and energy consumption remain underexplored, as
most studies focus on individual buildings rather
than neighborhoods or districts. Third, the role of
buildings as active participants in ancillary service
provision, such as dynamic voltage control in
high-renewable-penetration networks, has yet to be
thoroughly examined.

This study addresses these gaps by developing
and applying a custom methodology that combines
building retrofitting, aggregated DERs, and
coordinated control strategies at the district level.
The research focuses on a synthetic urban district
case to analyze the impact of comprehensive
retrofitting on total energy demand, the economic
and operational comparison between individual and
aggregated DER deployment, and the capacity of
active buildings to provide ancillary services,
especially voltage regulation.

MATERIALS AND METHOD

The dynamic building model developed in this
study is based on the INTEMA .building component
library, implemented within the Modelica
environment.
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Fig.1. Developed reduced order building system model
in the Modelica environment.

The developed model (Fig.1) utilizes a
simplified box geometry representing the building's
thermal zone, including walls, slabs, windows, and
thermal bridges, along with ambient weather
conditions, internal heat gains, and domestic hot
water consumption. A reduced-order building
model was developed in Dymola (Fig.1) to address
the district-level evaluation, balancing modeling
fidelity and computational efficiency. This
approach allows multiple building models to
operate simultaneously within the simulation
environment, supporting aggregated analysis of
neighborhoods or energy communities.
Additionally, the model utilizes five typical
building usage profiles derived from EN
16798-3:2017 [14] and EN 12831-3:2017 [15],
namely, apartment, apartment (retired), retail,
office, and restaurant.
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Fig.2 Weekly Occupancy profiles for all the examined
building usages.



Fig.2 illustrates the weekly occupancy profiles
for these buildings, capturing the temporal
variations specific to each building function.

The individual building models were
synthesized to form a representative district,
enabling analysis at the community level. To avoid
speculative assumptions about district layouts, the
modeling approach adopts a modified version of the
low-voltage (LV) European residential feeder
proposed by CIGRE [16], which is widely used for
distribution system studies.

Tab.1. Community district structure and calculated peak
power per node.

Ref. Peak Power Resulted Peak
N Apartment  Retir Retail  Offi Restauran
ode [kvA] [29] partment  Retired Retail Office Restaurant Power [VA]

R11 15 3 1 1 0 0 154
R15 52 524
R16 55 56.9
R17 35 375
R18 4 473
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The district is divided into five primary nodes, each
aggregating multiple buildings. The number of
buildings at each bus is aligned with peak demand,
ensuring that load distribution reflects realistic
urban patterns, as seen in Tab.l. Two
complementary models were developed to analyze
this district:

® A steady-state investment optimization model
to identify optimal distributed energy resource
(DER) capacities and configurations.

e A dynamic grid operation model to simulate
power flows and voltage behavior under
time-varying conditions, including DER
interaction and demand response.

The optimal sizing and operation of DERs,
including PV and battery systems, are addressed
through a Mixed-Integer Linear Programming
(MILP) formulation using the PyPSA module [17].
The optimization minimizes the total system cost
(SC), incorporating capital expenditures (CAPEX)
and operational costs (OPEX) while ensuring that
energy demand is met at every time step. The
dynamic analysis of grid operation was realised
based on a detailed Modelica model developed
using the TransiEnt library [18] (Fig.3). This model
enables high-resolution simulations of time-varying
power flows and voltage profiles.

A key focus is voltage regulation through PV
inverter-based Q/V control. This method, aligned
with IEEE 1547 standards [19], operates without
complex communication, enhancing grid stability
under high PV penetration.

BE

e

transfo.

-t
A T
e
e
e J
N7
e
Bl 4>
IR
==
|
[ =3)
—r
ke
RN
-.'g_——@‘—:l—- o2
w1 E
T
2
il

Fig.3. The dynamic model of the district
developed in Modelica

In the present research, four scenarios are examined
to assess the interactions between building
retrofitting and DER integration:

1. Old-Decentralized: Non-retrofitted buildings,
each with independent PV and batteries.

2. Old-Aggregated: Non-retrofitted buildings with
shared district-level DERs.

3. Retro-Decentralized: Retrofitted buildings with
individual PV and batteries.

4. Retro-Aggregated: Retrofitted
sharing centralized DERs.

buildings

These scenarios capture the combined effects of
building energy efficiency and system architecture
across individual and community levels. Investment
optimization determines optimal DER capacities
and operation, while dynamic simulations evaluate
voltage stability and grid interaction under each
scenario.

RESULTS AND DISCUSSION

The examined scenarios include five distinct
building types, reflecting a diverse urban energy
mix. The annual electrical loads for each scenario
and building type were computed using dynamic
simulations within the INTEMA.building model
library, integrated into the Dymola environment.
These simulations were performed hourly
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granularly for an entire year under climatic
conditions in Athens, Greece.
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Fig.4. Total electrical loads per building usage for
reference and renovated scenario.

Fig.4 presents the calculated electrical loads,
presenting a detailed breakdown of heating,
cooling, appliances, lighting, and DHW energy
consumption across the different building types. In
both  scenarios, residential buildings (i.e.,
apartments and retired households) provide nearly
double the total electrical loads compared to
commercial buildings (i.e., retail, restaurants, and
offices). This difference is primarily attributed to
the more intensive occupancy schedules, which
lead to higher demand. Additionally, the total
electrical loads decrease by more than 50% when
transitioning from the reference to the renovated
scenario, with the most notable reductions observed
in space heating, appliances, and lighting loads.

Investment optimization was conducted to
determine the optimal distributed energy resource
capacities in decentralized and aggregated
frameworks, including PV and battery storage. The
objective was to minimize system costs while
ensuring high self-consumption of solar energy.
First, the analysis begins with the investment
optimization of decentralized PV-battery systems
across different building usages for both reference
and renovated cases, evaluating their performance
in terms of sizing, operation, and financial
feasibility, as seen in Fig.5
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from retrofitting. For example, in residential
apartments, PV capacity decreases from 2.37 kW to

2.06 kW, and battery capacity drops from 9.24 kWh
to 7.48 kWh, indicating that retrofitting reduces
both grid dependence and initial DER investments.
Additionally, self-consumption rates improve
notably after retrofitting, with values exceeding
60% in most cases. Specifically, for apartments, the
self-consumption rate increases from 49.0% to
62.8%, and for restaurants, it rises from 47.5% to
56.0%. These improvements are driven by a better
alignment of reduced energy demand with PV
generation and optimized battery operation.

In terms of financial performance, although
CAPEX for PV and batteries is lower in renovated
cases, annual savings also decrease slightly since
less grid energy is displaced. For apartments,
annual savings drop from €521 to €442
post-renovation. Nevertheless, the payback period
remains consistent, ranging between 6.7 and 8.6
years across all building types and scenarios,
confirming that DER investments remain
financially attractive even when paired with energy
efficiency upgrades.

To compare the decentralized and aggregated
cases from the individual building standpoint, the
aggregated values are linearly split based on their
load to total district load share, as seen in Tab.2.

Tab.2. Installed PV (kW) and Battery (kWh) capacity
per building usage for the case of individuals and
community districts.

. PV (kw) Battery (kWh)
Scenarios C i Jividual. C
Usage District District
Apartment 2.37 2.33 9.24 9.17
Retired 2.56 2.52 9.96 9.91
Reference Retail 1.14 1.42 6.16 5.58
Office 1.52 1.39 12.48 5.46
Restaurant 2.12 2.15 9.32 8.45
Apartment 2.06 1.97 7.48 7.37
Retired 221 213 8.12 7.96
Renovated Retail 0.89 1.20 4.4 4.49
Office 1.19 1.18 7.84 4.39
Restaurant 1.57 1.82 6.64 6.79

Moreover, Fig.6 presents the resulting capacities
per building of this approach and compares them
with the corresponding ones of the decentralized
case.
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Fig.5. PV (kW) and Battery (kWh) capacities per
building usage and scenario.

An interesting finding is the payback period in
years for the examined optimum PV-battery system
per building wusage and scenario for the
decentralized and community district case (Fig.6).
All buildings have the potential to benefit from
their participation in a community coalition,
reducing the payback period to 6.79 and 6.69 years
for the reference and renovated scenario,
respectively. Moreover, buildings with relatively
low total electricity demand and flexible occupancy
schedules, such as the office and retail, result in the
highest payback periods in the case of decentralized
control and consequently benefit the most in the
case of a community district.
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Fig.6. Payback Period (Years) per building usage and
scenario from the standpoint of individuals in the
decentralized and community district cases.

Finally, dynamic power flow simulations for the
district model in Modelica take place, analyzing
voltage stability under both scenarios. Simulations
show that building retrofits significantly improve
voltage stability, with reduced demand leading to
higher and more stable voltage profiles across the
distribution network. At the most distant node
(R18), voltage drops from 396 V to as low as 375 V
(0.9375 pu) in the reference case, highlighting
potential grid stability issues. In contrast, voltage
levels remain higher and more stable in the
renovated scenario, as seen in Fig.7.
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Fig.7. Yearly variation of voltage magnitude at the
most distant node (R18).

Fig.8 illustrates the resulting voltage magnitude
at the same network node for both cases. When PV
and battery systems are installed, voltage profiles
experience overvoltage events, especially during
low-load periods (spring/autumn), caused by
reverse power flows from PV generation. Battery
operations, optimized for time-of-use tariffs,
contribute to peak loads during discharge periods,
intensifying voltage fluctuations and drops.
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Fig.8. Yearly variation of voltage magnitude at the
most distant node (R18) for the scenario of PV and
battery installation

To mitigate these issues, Q/V control strategies
are implemented in PV inverters. The results show
that Q/V control reduces voltage deviations and
improves stability, cutting the RMS Voltage
Deviation (RMSVD) from 11.14 V t0 9.85 V in the
reference case and from 10.34 V to 8.79 V in the
renovated case. Voltage standard deviation also
improves while compliance with allowable voltage
limits (360—440 V) reaches 100%.

These findings demonstrate that combining
building retrofits with smart inverter controls
significantly enhances grid stability, underlining
urban districts' need for integrated energy efficiency
and DER management strategies.
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Tab.3. Resulting metrics for the voltage regulation
improvement.

Metric Reference Renovated
No Q/V Q/v No Q/Nv
Q/Vv

RMS Voltage
(RMSVD) [V]

Maximum Voltage Drop - 10 - 11.72
Reduction [V]

Voltage Standard Deviation 7.92 6.59 9.74 8.25
1

Percentage Within Limits 99.77 100 98.82 100
[%]

Deviation 11.14 9.85 1034 8.79

CONCLUSIONS

This study demonstrates the critical role of
building retrofitting, distributed energy resources
(DERs), and advanced inverter control in creating
sustainable and resilient urban energy systems.
Through detailed Modelica-based simulations and
investment optimization, we assessed the combined
impact of building energy efficiency strategies and
PV-battery system integration on individual and
community levels, focusing on energy savings,
economic performance, and grid stability. The
results  highlight that building retrofitting
significantly reduces total and peak electricity
demand, achieving a 33.3% reduction in annual
electrical consumption (i.e., from 482.4 MWh to
323.1 MWh) and cutting peak load from 209.5 kW
to 116 kW. Heating demand was reduced by over
50%, driven by improved insulation and
high-efficiency heat pumps. Significantly, these
reductions ease stress on the power grid, enhancing
voltage stability. Additionally, self-consumption
rates of PV energy improved significantly
post-retrofit, reaching 62.8% for residential
apartments, compared to 49.0% in the reference
case, demonstrating better alignment of on-site
generation with reduced demand.

From an economic perspective, aggregated
PV-battery systems at the district level proved more
cost-effective than decentralized installations. The
aggregation strategy reduced installed capacity
needs from 144.51 kW for PVs and 568.16 kWh for
batteries in the reference case to 122.23 kW and
456.64 kWh, respectively, in the renovated case,
while improving self-consumption from 45% to
57%. The payback period for aggregated solutions
also improved from 6.69 to 6.79 years, compared to
6.74 to 8.68 years for individual systems,
underscoring the benefits of shared DER strategies.

Dynamic simulations revealed that high PV
penetration  introduces  voltage  instability,
particularly overvoltage events during low-demand
periods. However, implementing Q/V control in PV
inverters effectively mitigated these issues,
reducing voltage deviations by up to 11 V and
ensuring compliance with grid limits without
additional hardware.

One key limitation of the study is the
assumption of perfect foresight in investment and
operational optimization. In reality, uncertainties in
electricity prices, solar generation, and demand
fluctuations can significantly impact PV-battery
systems' financial and technical feasibility. Future
work should explore adaptive or predictive control
strategies, enabling inverters to dynamically adjust
reactive power based on forecasted grid conditions
and coordinated optimization frameworks
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