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Abstract

Artificial lighting accounts for roughly 30% of total electricity use in supermarkets and
significantly affects product perception, customer experience, and purchasing behavior.
Increasing the availability of natural light, combined with appropriate architectural energy
retrofitting strategies, offers a major opportunity to reduce electricity demand. This study
proposes a data-driven framework for evaluating energy retrofit strategies in commercial
buildings, integrating Building Information Modeling (BIM) and Building Energy Modeling
(BEM). A parametric methodology is used to evaluate multiple architectural retrofitting
scenarios aimed at enhancing daylighting and reducing artificial lighting demand, while
improving energy efficiency and environmental performance. The scenarios investigated
include variations in skylight geometry and orientation, glazing type, photovoltaic inte-
gration, and advanced lighting controls. Three Key Performance Indicators (KPIs)—real
energy effectiveness, lighting control performance, and environmental impact—are used to
assess how design modifications influence energy use, indoor lighting quality, and environ-
mental performance. The methodology is applied to three real food-retail buildings in Italy.
Results show that lighting energy consumption can be reduced by up to 60% in scenarios
combining LED technology with smart control systems, while total building electricity
savings vary across case studies depending on building characteristics and usage patterns.
Environmental impact reductions of approximately 15-20% are achieved, reflecting both
operational and life-cycle improvements. The study demonstrates the potential of para-
metric architectural retrofitting to support multi-criteria decision-making for sustainable
refurbishment of food-retail environments.

Keywords: natural lighting; energy saving; environmental impact reduction; food-retail
trade building; building energy modeling

1. Introduction

The building sector is responsible for about 34% of the final energy demand and
contributes to 37% of global CO, emissions [1]. According to the Paris Agreement, non-
residential buildings must improve their performance by 16% by 2030 and by 26% by
2033 [2] to pursue this goal. Climate change and natural resource depletion are at the base
of the European environmental policy. The European Green Deal targets the mentioned net-
zero GHG emissions in Europe by 2050 [3], and building environmental energy efficiency
has become a vital strategy in the low-carbon economy.
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In this framework, the food-retail sector is highly energy-intensive and contributes
significantly to GHG emissions, particularly in large-scale retail buildings [4], which play a
crucial role in the energy transition. These stores are the most energy-intensive building
types (i.e., energy consumption per unit of floor area) [5]. They have high energy consump-
tion due to different refrigeration uses (i.e., different thermodynamic levels) of the cold
chain, which account for approximately 30-60% of total energy use. This is followed by
lighting (around 30%), Heating, Ventilation, and Air Conditioning (HVAC), food prepara-
tion, and transportation [6]. Moreover, the operational phase is the most significant factor
for environmental impacts, particularly due to heating, cooling, lighting, and refrigera-
tion. The operative energy use accounts for around 90% of the total embodied energy and
Global Warming Potential (GWP) in these buildings [7]. Prior literature highlights that
implementing energy-efficient technologies, renewable energy systems, and optimized
building design solutions can significantly reduce the environmental footprint by up to
80% [8]. Tomporowski et al. [9] have assessed the environmental impact of LCA imple-
mentation. They reported, for instance, that natural lighting systems should be designed
precisely since the electricity used for lighting covers a large percentage of the building total
energy consumption (about 30%). Existing literature—including both simulation-based
analyses and field measurements across various building types—demonstrates the impact
of daylighting and lighting control strategies on lighting energy consumption [10-13].

The energy end-use demand of food-retail buildings is usually met by a combination
of electricity and natural gas. However, typically, natural gas accounts for less than 20% of
the total energy demand [14]. Most of these buildings have begun the energy transition
towards using only electricity. To analyze the environmental impact, the energy mix used
by the building is of outmost importance. This is because the various sources of energy
supply have a different impact on the environment. Specifically, the Italian energy mix
satisfies about 59% of its energy demand from fossil fuels and the remaining 41% from
renewables [15].

Energy-efficient strategies are gaining importance in reducing both CO, emissions and
energy use. However, few studies address the integration of daylighting, and those that do
often do not use real energy use data for their assessment, calibration, or validation models.
Furthermore, existing studies rarely propose alternative design strategies for daylighting
and energy retrofitting. In the prior literature, several modeling-based studies have reached
consistent conclusions regarding the energy saving, while relying primarily on simulated
rather than measured energy-use data; in fact, Heschong et al. [16] and De Luca et al. [17]
investigated daylighting and energy performance of a single-story commercial building,
combining and comparing different skylight and window solutions. In these studies,
the result reported lighting energy savings, with stores integrating daylight consuming
approximately 20-30% less electricity. However, no further analysis of the drivers of energy
consumption or environmental impacts was performed. Galvez-Martos et al. [5] found that
optimizing lamp operation through advanced control systems and daylight integration can
reduce lighting energy consumption by up to 40%. Frate et al. [18] and Chen et al. [19] have
studied an automatic energy management system and demonstrated a reduction in lighting
energy use of about 30%. Ibrahim et al. [20] studied trapezoid louver shading systems
to balance energy savings, daylight autonomy, and glare control. Results showed about
42% of lighting energy savings for south-facing facades, compared to about 34% for flat
louvers. Ibrahim et al. in [20] also reported that the optimal glass area must be evaluated
by balancing lighting and HVAC energy use. Shading systems can support the reduction
of cooling loads and let daylight into the building when needed [21,22].

While several studies have investigated daylighting retrofit strategies and the impact
of advanced lighting systems on building energy performance, these approaches are often
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limited to single-domain analyses, focusing primarily on lighting energy savings without
fully integrating broader building performance aspects. Many studies assess energy effi-
ciency by examining alternative lighting retrofit solutions, often within simulation-based
frameworks that do not explicitly incorporate measured energy-use data, feasibility consid-
erations, or context-specific urban-planning and building-services constraints. Analyses
grounded in existing building information and measured energy data can support the
practical applicability of retrofit strategies.

Compared to previous studies on daylighting retrofit, the proposed approach extends
the analysis beyond lighting performance by integrating energy and environmental in-
dicators within a unified parametric framework. This allows for a more comprehensive
evaluation of retrofit strategies and highlights trade-offs that are not captured in single-
metric analyses. Based on these observations, in the existing literature, there is a gap in
integrated, data-driven methodologies capable of simultaneously evaluating daylighting
strategies, energy performance, and environmental impact within a unified framework,
particularly for real-world commercial buildings.

From this perspective, the present study investigates improvements in the energy
and environmental performance of food-retail buildings through architectural retrofitting
strategies that promote daylighting, high-efficiency artificial lighting, control systems,
and renewable energy systems using measured energy data for model calibration. The
investigated strategies include variations in skylight geometry and orientation, glazing
types, photovoltaic integration, and advanced lighting controls. Furthermore, compared
to existing studies on daylighting retrofit, which typically rely on simplified assumptions
or reference buildings, this work is grounded in real case studies and measured data,
enhancing the reliability and practical applicability of the results. This integrated and
data-driven approach represents an advancement over methodologies focused on isolated
performance aspects. It proposes a multi-parameter assessment integrating three Key
Performance Indicators (KPIs) accounting for energy efficiency, lighting control, and envi-
ronmental impact. The proposed retrofit scenarios focus on the improvement of the roof
system, which represents the most effective building component for introducing daylight
in this building typology. In addition, the roof is the primary surface for the integration of
renewable energy technologies, such as photovoltaic (PV) panels. Given the specific focus
on lighting-related energy consumption, the analysis also evaluates the interaction between
natural daylight availability and high-efficiency artificial lighting systems equipped with
smart control strategies.

The principal novelties introduced in this study can be articulated as follows:

e  The investigation is grounded in measured energy and environmental performance
data, ensuring that the findings reflect actual operational conditions. These data are
used to calibrate the energy simulation models, thereby enhancing the reliability and
robustness of the analytical outcomes.

e A parametric design approach was adopted to systematically model and evaluate
variations in skylight configurations, allowing for a comprehensive assessment of their
influence on daylight performance. Parametric design is not commonly applied in the
existing literature, which typically considers only a single skylight configuration. In
particular, parametric Building Information Modeling (BIM) models are applied to
evaluate the impact of roof retrofit solutions on overall electricity use and environmen-
tal performance, to identify retrofit scenarios that maximize the selected KPIs.

e  This research is focused on food retail trade buildings because this typology ex-
hibits highly variable and intensive operational patterns, including extended opening
hours, a considerable number of occupants, high lighting energy use, and substan-
tial plug loads associated with display equipment and refrigeration systems. These
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characteristics often result in high energy consumption and complex load profiles
that make retail facilities an important case study for evaluating advanced energy
management approaches. Three case studies located in different urban and climatic
contexts, each characterized by distinct boundary conditions, are analyzed using the
proposed methodology.

2. Materials and Methods

A parametric approach is proposed to evaluate energy effectiveness, lighting control,
and environmental impact in large-scale food-retail trade buildings. The workflow process
used in the analysis is visualized in Figure 1, and the steps are described in detail in the
following subsections.

MATERIALS AND METHOD
BEM [ BIM ROOF
BEM to predict the monthly energy (BIM to create and manage digital PARAMETERIZATION
consumption, the annual encrgy representations of the physical and Parameterization of the roof and
consumption, compare and contrast functional characteristics of modelling of different skylight
the proposed efficiency strategies. buildings and to analyze daylight configurations.
distribution.

STRATEGIES
CONFIGURATION

- Roof architectural upgrading;

- Skylights orientation;

- Glazing type (clear or pohotochromic);)
- PY pancls (yes or no);

- DALI system (yes or no).

S

v ;T/

ENERGY ANALYSIS ) CO: EMISSIONS IMPACT OF SOLAR
IRRADIATION
Assess the impact of proposed CO2 analysis which enables the Evaluation of the impact of incident
retrofit interventions on energy of the envir solar radiation on the proposed roof
savings. impact in comparison to the upgrading scenarios.
baseline.
PHASE OF ANALYSIS
|
1 1 1
Y
REAL ENERGY ENVIRONMENTAL LIGHTING
EFFECTIVENESS IMPACT CONTROL
v

RESULTS: KEY PERFORMANCE INDICATORS

Figure 1. Flowchart of the methodology. The arrow colors in the flowchart are connected to the
different areas of application of the methodological process: blue for BIM application, purple for
BEM application, dark green for the area of improvement strategies and related parameterization,
light blue for the area of energy, light green for environmental impact, and orange for solar radiation
analysis (both thermal and luminous contributions).

The proposed method introduces a calibrated BIM-BEM-based parametric framework
that integrates multiple performance dimensions, moving beyond conventional daylighting
retrofit analyses focused on single indicators. It begins with a building energy diagnosis and
employs a BIM-based approach using Autodesk Revit 2022 to document the building char-
acteristics. This process results in an accurate virtual model that serves as a comprehensive
database for multiple analyses, including the development of retrofit scenarios.

After developing the BIM model, its interoperability with RevitToRhino enables the
building roof to be integrated and parameterized within Grasshopper, allowing the explo-
ration of various proposed configuration scenarios. The energy balances and simulations
are developed by the BEM through the interoperability between Revit and DesignBuilder
v.6, and the lighting analysis is developed via Revit.
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2.1. Data Compilation

All inputs required for the building energy model are to be compiled, includ-
ing monthly energy-use records (HVAC, refrigeration, lighting, ventilation, and food-
preparation loads), architectural geometry, construction and envelope characteristics,
HVAC and lighting system specifications, occupancy schedules, local climate data, and
relevant information on the building’s surrounding context.

While the total electricity consumption is based on measured data, some input data
and information—such as occupancy schedules, internal gains, and system schedules—are
deduced from standards and technical documentation. These data are tested and changed
during the calibration process to ensure consistency with real energy use.

2.2. Key Performance Indicators

To evaluate the performance of the tested variations of skylight geometry and orienta-
tion, glazing types, photovoltaic integration, and advanced lighting controls, three KPIs are
defined and computed:

1.  Real energy effectiveness;
2. Lighting control;
3.  Environmental impact.

The first two KPIs are derived from simulated annual electricity consumption, while
environmental impact is computed using emission factors and life-cycle assessment for all
the investigated scenarios.

The value of 1 represents the maximum achievable value for all KPIs, indicating the
optimal performance for the considered parameter. The meaning of each considered KPI is
explained in detail in the following subsections.

2.2.1. Real Energy Effectiveness

The real energy effectiveness performance indicator is defined as the ratio between the
actual electricity savings achieved and the maximum achievable savings, corresponding
to the baseline electricity consumption in the existing condition. It provides a quanti-
tative measure of how effectively energy performance improvement strategies perform
relative to their theoretical potential. It also quantifies the ability of a retrofit scenario to
reduce total electricity consumption compared to the baseline condition. It represents the
actual energy savings achieved, accounting for interactions among all end uses (lighting,
HVAC, refrigeration).

The KP1is calculated by dividing the realized energy savings by the maximum possible
savings. Using this metric, the effectiveness of architectural upgrades and technological
interventions in reducing energy demand can be assessed. It is defined as:

Energy Saved [kWh]
Maximum possible electricity saving [kWh]

1)

Real energy effectiveness =

where Energy Saved is the annual baseline electricity use minus electricity use after retrofit,
and maximum possible electricity saving is the baseline electricity use, because this repre-
sents the maximum energy that could be saved if the building did not consume electricity
from the grid.

This dimensionless parameter enables consistent comparison of energy savings and
helps identify and manage the main drivers of energy consumption. A value equal to 1 is
the theoretical maximum energy saving, and 0 equals no improvement.
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2.2.2. Lighting Control

This KPI is calculated as the ratio between the lighting energy use after implementing
the retrofit solution and the baseline lighting energy use. It measures the effectiveness
of lighting control strategies, including natural lighting use, effective integration with
artificial lighting (i.e., Light Emitting Diode (LED) with Digital Addressable Lighting
Interface (DALI) systems, and IoT integration). A higher ratio indicates a more efficient
lighting system, reflecting improved energy performance while still maintaining adequate
illumination levels for different visual tasks. Appropriate levels of illumination are assessed
by internal solar radiation level analysis. In addition, the design of retrofit solutions with
indoor solar irradiation analysis is evaluated as not reaching levels of discomfort or harmful
levels for food products. It is defined as:

_ Lighting scenario energy use [kWh]

Lighting control = 1 Baseline lighting energy use [kWh]

()

where lighting scenario energy use is the annual electricity consumption only for lighting
after retrofit, and baseline lighting energy use is the electricity use for lighting before
the retrofit. A value equal to 1 is the theoretical maximum energy saving and 0 equals
no improvement.

2.2.3. Environmental Impact

Environmental benefits refer to the impact reduction quantified with CO, emissions
linked to energy consumption or life cycle assessment (LCA) metrics. These benefits are
directly connected to energy saving and the adoption of more efficient technologies. This
KPI quantifies the emissions, resource use, and environmental and health impacts of each
scenario. It accounts for all the exchanges with the environment (materials, land use, water,
energy, and emissions) and is expressed as the ratio of CO, saved to the global warming
potential (GWP) of the baseline scenario, calculated using Eco-Indicator 99 [23].

The environmental impact assessment is based on simulation outputs obtained using
DesignBuilder, which provides annual electricity consumption for each scenario through
EnergyPlus-based calculations. The GWP, calculated with proper emission factors, allows
the estimation of annual CO, emissions associated with building operation, considering
the emissions produced during both the construction and use and disposal phases of the
building materials. The analysis primarily focuses on the use phase (B6) of the building
life cycle, which represents the dominant contribution to environmental impact in energy-
intensive commercial buildings.

This is a sustainability indicator that can be applied to compare the efficacy of CO,
emission reduction of different daylighting and energy performance strategies. It is

defined as:
COssaved [kg COse]

GWP effect [kg CO,e] ©)

Environmental impact =

where COpqqveq is equal to the CO, emission in the baseline condition minus the CO,
emission after implementing the retrofit scenario, and GWP effect indicates the potential of
its contribution to greenhouse gas emissions during its whole life cycle. A value equal to
1 indicates greater environmental benefits, while 0 indicates the worst conditions.

2.3. BIM and BEM

A building energy diagnosis is proposed, employing a BIM-based [24] workflow to
document the existing building characteristics and generate a virtual model that serves
as the central dataset for retrofit scenario development. It includes the urban context,
construction components, energy systems, technologies, and energy data. The BIM shall
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integrate different interior zones with different end-use, i.e., selling areas for specific
products (fruits and vegetables, meat and fish, refrigerated products, bakery, general
products, and payment area), warehouse, and office spaces, as well as the need for the
regulation of circulation and accessibility (e.g., employees vs. customers). Also, the
interaction of different systems, such as building and structural components, lighting
systems, the HVAC system, refrigerated display cabinets, and management and regulation
systems, has to be considered.

Thanks to the interoperability of BIM with energy modeling software such as the
widely used EnergyPlus 8.9 with DesignBuilder v.6 graphical interface [25], a Building
Energy Model (BEM) of the building systems is developed. This allows for detailed
simulations of lighting, HVAC performance, and environmental impact. Dynamic energy
simulation is used to accurately represent the building baseline performance and assess
the impact of proposed retrofit interventions on energy savings and environmental impact.
The built-in tool of DesignBuilder for CO, emissions analysis is used for comparison with
the baseline. Therefore, the energy and environmental performance of each scenario can be
assessed using the BEM. In this method, the environmental performance is computed as
CO; saved, enabling a comparative assessment of the sustainability of alternative design
and retrofit scenarios.

2.4. Parametric Design Workflow

The BIM model is interoperable between Revit and Rhino [26], enabling the building
roof—including its architectural geometry and thermo-physical properties—to be trans-
ferred to Grasshopper [27] for parametric modeling. Within this environment, constraint-
based relationships allow the rapid generation of alternative retrofit configurations and the
dynamic reconfiguration of roof components.

The roof geometry is parametrized to explore different skylight configurations by vary-
ing geometry, orientation, glazing type, and control strategies. This approach automates
the generation of design scenarios and enables their evaluation of indoor thermal comfort,
energy performance, and environmental impact under different climatic conditions and
usage profiles, using Grasshopper within the Rhinoceros v.8 3D environment [28].

The parametric approach used refers to a modeling and simulation framework in
which a set of key design variables is explicitly defined and systematically varied, while all
other parameters are kept constant to isolate their influence on building performance. In
particular, parametric modeling enables the exploration of multiple design configurations
by controlling a limited number of independent variables (e.g., skylight geometry, lighting
system characteristics, and control strategies) while maintaining consistency in boundary
conditions, operational schedules, and building characteristics.

Therefore, the parametric framework is implemented using Grasshopper, which is
employed to generate and manage variations in the skylight geometry. The parametric
model controls geometric variables such as skylight dimensions, spacing, distribution, and
orientation. The generated configurations are then transferred to the BEM developed in
DesignBuilder, where dynamic simulations are performed. Each parametric iteration corre-
sponds to a distinct simulation scenario, allowing a consistent comparison of performance
indicators across the explored design space.

By maintaining a controlled set of fixed parameters and systematically varying selected
variables, the proposed approach ensures that the observed differences in performance can
be attributed to the parametric modifications introduced, improving the interpretability
and robustness of the analysis.
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3. Case Studies

This section presents three case studies selected for the application of the proposed

methodology. They are all located in central Italy but have different boundary conditions,

structure, urban context, and climatic context. Anyway, a few similar characteristics can be

identified, as clarified in Section 3.2. The characteristics and the data collected concerning

the three case studies are summarized in Table 1 and Figure 2.

Table 1. Main features of the case studies.

Case Study 1 Case Study 2 Case Study 3
ID C1 C2 C3
Anagni, Italy Rome, Italy Assisi, Italy
Location (N 41.73,E 13.13, (N 41.88, E 12.54, (N 40.03, E 12.34,

226 m above sea level)

42 m above sea level).

218 m above sea level)

Italian climate zone
(DPR 412/93) [29] and
Law 10/91 [30]

D
1911 Heating Degree
Days (HDDs)

D
1415 HDD

E
2289 HDD

Koppen-Geiger Climate
classification [31]

Warm-Temperate (Csb)

Warm-Temperate (Csb)

Sub-Coastal
Temperate (Csc)

Urban context

Commercial neighborhood.
The supermarket is located
on the ground floor of a
residential building.

Residential neighborhood.
The supermarket is located
on the ground floor of a
residential building as part
of a shopping center with
other non-food retail shops.

Commercial neighborhood.
The supermarket is located
in a detached building as
part of a shopping center
with other non-food

retail shops.

Building density

High

Low

Low

Year of Construction

2012

2001

2012

Building type

It has a single floor, with a
structural system composed
of cast-in-place concrete
pillars and beams. The sales
area is covered by a flat
concrete roof with a thermal
transmittance of

0.345 W/m?K, while the
central portion features a
double-height element with
a 5 m span wooden
structure (U-value:

0.211 W/m?K). The
external walls have a
thermal transmittance of
0.351 W/m?K. Window
frames are made of PVC
with reflective double
glazing (3-16-3 mm), located

It has a single floor, with a
supporting structure in cast
concrete pillars and cast
concrete beams. The roof of
the sales area is flat with a
concrete structure. The
U-value is 1.147 W/m? K.
Existing external walls have
a U-value of 0.904 W/m? K.
The existing windows,
placed only in the perimeter
walls, have PVC frames,
shock-proof fixed elements,
and reflective double glass
(3-16-3 mm).

It has a single floor, with a
supporting structure in
cast concrete pillars and
cast concrete beams. The
roof of the sales area is a
double-pitched roof with a
wooden structure covered
with prefabricated
insulating panels (U-value:
0.331 W/m?K). The
external walls have a
U-value of 0.302 W/m? K.
The existing windows,
located only on the
perimeter wall, have PVC
frames with reflective
double glass (3-16-3 mm).

on the building facade.
Gross floor area 1279 m? 1816 m? 1852 m?
Air-conditioned volume 6155 m? 9580 m°> 11,782 m3
Gross Volume 6662 m3 9600 m3 11,833 m?
Window area 57 m? 55 m? 126 m?
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Table 1. Cont.

Case Study 1

Case Study 2

Case Study 3

There are two different
HVAC systems. The first
works for the sales area and
has five air-handling units
(AHUs) and five heat
pumps. The characteristics
of each heat pump in this
system are 3200 m3/h air
flow rate, COP equal to 3.05,
EER equal to 3.11, total
heating capacity equal to
19.5 kW, and total cooling

There are four AHUs and
four heat pumps. The
characteristics of each heat
pump in this system are

There are two different
HVAC systems. The first
system works for the sales
and food preparation area
and has five AHUs and
five heat pumps. The
characteristics of each heat
pump in this system are
5340 m3 /h air flow rate,
COP equal to 3.05, EER
equal to 3.01, total heating
capacity equal to 27 kW,

. 1920 m3 /h air flow rate, and total cooling capacity
HVAC capacity equal to 16.5 kW. COP equal to 3.74, EER equal to 25 kW. The second
The second system serves .
. equal to 4.10, total heating ~ system serves the
the food preparation area. . .
. capacity equal to 20.6 kW, warehouse. This system
This system has one AHU d 1 cooli . h AHU and a h
and a heat pump. The and total cooling capacity as one and a heat
- ) equal to 40 kW. pump. The characteristics
characteristics of the heat of each heat pump in the
pump in the se'cond system second system are a
are 930 m3 /h air flow rate, 10,260 m? /h air flow rate
COP equal to 3.42, EER COP equal to 438, EER
equal.to 321, total heating equal to 4.31, total heating
capacity e;qual to 8.kW, and capacity equal to 22.4 kW,
total cooling capacity equal and total cooling capacity
to7-1kW. equal to 25 kW.
Fluorescent lamps (storage
area and cash area) and
Fluorescent lamps with ]Igfils)tiliglglslc()izlsecseiiel:;ps Fluorescent lamps with
power equal to 18 W, 35 W, with power equal to 18 W, power equal to 18 W, 32 W,
R and 58 W. . 35W, 58 W, and 70 W.
Lighting System Lichti . 36 W, and 56 W. Existing L .
ighting system without an LED lamp with power Lighting system without
omaedIghing S and o, 2nauemated g
y ' Lighting system without an y '
automated lighting
control system.
Every day of the year Every day of the year Every day of the year
(except for a few holidays),  (except for a few holidays), (except for a few holidays),
p y p y p Y
open to the public from open to the public from open to the public from
Opening hours 8:30 a.m. to 8:30 p.m. The 8:30 a.m. to 8:30 p.m. The 8:30 a.m. to 8:30 p.m. The

locker room for employees
is open from 6:00 a.m. to
9:00 p.m.

locker room for employees
is open from 6:00 a.m. to
9:00 p.m.

locker room for employees
is open from 6:00 a.m. to
9:00 p.m.

Annual electricity use

376 MWh per year

768 MWh per year

827 MWh per year

Energy mix used
for electricity
[32]

Renewable: 51.83%
Carbon: 1.52%
Natural gas: 42.01%
Petroleum: 0.47%
Other: 4.17%

Renewable: 51.83%
Carbon: 1.52%
Natural gas: 42.01%
Petroleum: 0.47%
Other: 4.17%

Renewable: 51.83%
Carbon: 1.52%
Natural gas: 42.01%
Petroleum: 0.47%
Other: 4.17%
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C3

Figure 2. Location, photos, and model of the case study buildings.

3.1. Energy Model Calibration

To ensure a realistic analysis, the dynamic simulation model was calibrated following
the procedure proposed in ASHRAE Guideline 14-2014 [33], which relies on a manual
approach informed by the modeler’s professional experience. Input parameters were
iteratively adjusted using measured operational data and energy consumption records, with
simulated results continuously compared against collected real data to ensure the reliability

https://doi.org/10.3390/en19092097
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of the BEM. This process, aimed to minimize error intensity, calculates two calibration
indexes: Normalized Mean Bias Error (NMBE) [%] and Coefficient of Variation of the Root
Mean Square Error (CV(RMSE)) [%]. The calibration procedure is applied considering
the monthly electricity consumption from the bills data. The calibration is carried out
by an iterative approach expressed in the methodology outlined in ASHRAE Guideline
14-2014 [33]. In particular, if M; represents the monitored data point, S; denotes the
corresponding simulation result, N is the total number of data points, m is the mean of
measured values, and p is equal to 1 according to the M&V methodology, the NMBE index
can be defined by Equation (4).

Ea(Si= Mi) 400 10 (@)

The NMBE quantifies the cumulative deviation between measured and simulated
data across the entire measurement range. It serves as a strong indicator of the overall bias
within the model, capturing the average discrepancy between measured and simulated
data points. Since positive and negative biases can offset each other, an additional error
metric is calculated to provide a more comprehensive assessment of model accuracy, by
Equation (5).

n L N2
CV(RMSE) = % i—ll(\‘lsl_p]\/ll)

According to [33], the tolerance thresholds for energy use calibration are CV(RMSE) < 15%
and —5% < NMBE < 5%.

The BEMs are calibrated using monthly electricity consumption data from 2022 energy
bills—including HVAC, refrigeration, general lighting, specific lighting, food preparation,

x 100 [%] ®)

ventilation, and secondary processes—to ensure realistic predictions. Real weather data
from the local weather station for the same year served as boundary conditions for the
calibration process. The measurements refer to buildings located in Anagni, Rome, and
Assisi, in central Italy, as described in Section 3. The selected year (2022) was chosen as a
representative operational period with complete data. To ensure data reliability, anomalous
values and inconsistencies in the energy bill data records were checked and filtered. The use
of monthly data implies that the calibration focuses on reproducing seasonal and annual
energy trends, rather than short-term dynamic behavior.

To achieve an accurate BEM, various modifications to the initial model are required,
leading to an iterative calibration process. Specifically, the input data for energy systems
were dynamically adjusted, including machinery power and system operation schedules.

The calculated NMBE and CV(RMSE) indices are shown in Table 2. According to [33],
the models can be considered calibrated for monthly values since CV(RMSE) is below 15%
and NMBE falls within the range —5% <+ 5%. The good agreement between simulated and
measured data, as demonstrated by the low values of NMBE and CV(RMSE), confirms
that the models are able to reliably reproduce the real energy behavior of the buildings.
Therefore, the calibrated models can be considered sufficiently valid and reliable to be used
for the following analyses.

Table 2. Calibration indexes values for the three case studies.

NMBE CV(RMSE)
[%] [%]
C1 —-3.05 3.01
C2 —3.53 3.51
C3 —0.63 0.68
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3.2. Group Classification

A group classification is developed to identify similar characteristics between the case
studies. This step supports the generalizability and replicability of the results. The case
studies are grouped based on key parameters that affect daylighting integration and the
overall building performance.

Table 3 presents their classification based on four parameters that influence energy
performance and daylighting potential, namely climate zone, urban density, gross floor
area, and lighting system. For each parameter, two cases with the same characteristics are
grouped. This allows the identification of the most suitable retrofit opportunities across
different supermarket typologies and contexts with similar characteristics.

Table 3. Group classification of case studies by key characteristics.

Parameter Group Case Study Shared Features
Climate zone A C1,C2 Zone D, Warm-Temperate (Csb)
Urban density B C1,C3 Low population density and commercial neighborhoods (suburban)
Gross floor area [m?] C C2,C3 >1800 m? and High consumption (>750 MWh/ year)
Lighting system D C1,C3 Fluorescent lighting only

3.3. Retrofit Scenarios

This section provides the architectural and technological retrofit scenarios designed
to enhance daylighting use and minimize electricity use and environmental impact. The
proposed retrofit scenarios focus on the improvement of the roof system, where daylight can
be most effectively introduced in this building typology using skylights. Different glazing
types for the skylights were investigated. The roof was considered the primary location
for the integration of renewable energy systems, such as photovoltaic (PV) panels. A
combination of high efficiency and smart systems for the control of artificial lighting is also
evaluated. The proposed retrofit scenarios involve the variation of skylight (integration,
geometry, orientation, glazing type) and the integration of advanced lighting controls
and PV panels. The analysis is carried out using a one-parameter-at-a-time approach,
meaning each scenario is developed by varying only a single element while keeping all
other factors constant. Initially, scenarios are created that include only skylights with
different configurations. This allows us to assess the impact of various skylight designs
independently. Regarding the skylight glazing, the study proposes two different glass
configurations. The clear glass is characterized by a visible light transmittance (ty) of
80%, a solar heat gain coefficient (SHGC) of 0.70, and a U-value of 2.8 W-m~2.K~!. In
contrast, the photochromic glass exhibits a lower visible light transmittance (ty) of 50%
and a reduced SHGC of 0.20, while maintaining the same U-value of 2.8 W-m~2.K 1
Once these base scenarios are established, PV panels with a peak power of 440 W facing
south and an inclination of 30° are added to the roof in each case, enabling the evaluation
of the combined effect of skylights and on-site solar energy generation. All the existing
lighting fixtures are replaced with LED lighting and DALI systems in each scenario. This
step-by-step approach ensures that the influence of each intervention—skylights, glass type,
PV panels, and lighting upgrades (integrated daylight-energy roof retrofit strategy)—can
be clearly understood and compared.

Table 4 shows the different retrofit scenario configurations. The scenarios are devel-
oped considering feasible interventions that balance energy efficiency with practicality,
considering the existing structural conditions of a typical building. A total of 27 retrofit
configurations are generated using parametric modeling, for the rapid exploration of design
alternatives under different boundary conditions.
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Table 4. Retrofit scenarios and their configurations.
Roof Architectural Skylights . PV LED and
D Upgrading Orientation Glazing Type Panels DALI System
Glass skylights and Southwest— Clear glass + Argon +
51 polycarbonate ceiling inside northeast Clear glass + Argon + No No
Clear glass (3-6-3-6-3 mm)
. Clear glass + Argon +
Glass skylights and Southwest-
52 polycarbona’?e cgeiling inside northeast Clear glass + Argon + Yes No
Clear glass (3-6-3-6-3 mm)
Glass skylights and Southwest— Clear glass + Argon +
53 polycarbonate ceiling inside northeast Clear glass + Argon + Yes Yes
Clear glass (3-6-3-6-3 mm)
S.4 Glass skylights Sr(:;l;cglvg;e::— Photochromic glass No No
. Southwest— .
S.5 Glass skylights northeast Photochromic glass Yes No
. Southwest— .
S.6 Glass skylights northeast Photochromic glass Yes Yes
. Clear glass + Argon +
S.7 poly?alsli(s)rsll;’?eh(i}ilffn?gniisi de East-west Clear glass + Argon + No No
Clear glass (3-6-3-6-3 mm)
. Clear glass + Argon +
S.8 poly?alflif)ril;’zglc%e}illtisnagniisi de East-west Clear glass + Argon + Yes No
Clear glass (3-6-3-6-3 mm)
. Clear glass + Argon +
5.9 poly?alikif)rsll;’gfehi}ilfisn?gniisi de East-west Clear glass + Argon + Yes Yes
Clear glass (3-6-3-6-3 mm)
5.10 Glass skylights East-west Photochromic glass No No
S.11 Glass skylights East-west Photochromic glass Yes No
S.12 Glass skylights East-west Photochromic glass Yes Yes
. Clear glass + Argon +
5.13 poly(c;al?ljf)rslla?ehi}illtisnagniisi de North-south Clear glass + Argon + No No
Clear glass (3-6-3-6-3 mm)
. Clear glass + Argon +
S.14 poly?aljlizrs;lz:’z,ehcge}ilfisnagniisi de North-south Clear glass + Argon + Yes No
Clear glass (3-6-3-6-3 mm)
. Clear glass + Argon +
S.15 poly?alslj(s)ila(’zlehfe}illtisnagniisi de North-south Clear glass + Argon + Yes Yes
Clear glass (3-6-3-6-3 mm)
S.16 Glass skylights North-south Photochromic glass No No
517 Glass skylights North-south Photochromic glass Yes No
S.18 Glass skylights North-south Photochromic glass Yes Yes
. Clear glass + Argon +
Glass skylights and Southeast—
519 polycarbonate ceiling inside northwest Clear glass + Argon + No No
Clear glass (3-6-3-6-3 mm)
. Clear glass + Argon +
5.20 Glass skyhght§ an.d . Southeast- Clear glass + Argon + Yes No
polycarbonate ceiling inside northwest

Clear glass (3-6-3-6-3 mm)
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Table 4. Cont.
Roof Architectural Skylights . PV LED and
D Upgrading Orientation Glazing Type Panels DALI System
Glass skylights and Southeast— Clear glass + Argon +
521 olycarbonate ceiling inside northwest Clear glass + Argon + Yes Yes
POty & Clear glass (3-6-3-6-3 mm)
. Southeast- .
5.22 Glass skylights northwest Photochromic glass No No
5.23 Glass skylights Southeast- Photochromic glass Yes No
' yig northwest &
5.24 Glass skylights Southeast- Photochromic glass Yes Yes
' yHis northwest &
- Clear glass + Argon +
5.25 Replaii?}?r;tsc})fezxiit;rflg roof - Clear glass + Argon + No No
Clear glass (3-6-3-6-3 mm)
i Clear glass + Argon +
5.26 Replac‘flri?ﬁr;ts%fezxitérflg roof - Clear glass + Argon + Yes No
Clear glass (3-6-3-6-3 mm)
- Clear glass + Argon +
5.27 Replacement of existing roof - Clear glass + Argon + Yes Yes

with a shed roof

Clear glass (3-6-3-6-3 mm)

Retrofit scenarios are defined in a three-by-three sequential manner. For instance, 5.2
contains the strategies of S.1, and 5.3 contains the strategies of S.1 and S.2. 5.5 contains the
strategies of 5.4, and S.6 contains the strategies of 5.4 and S.5, and so on.

4. Results

The comparative analysis of the 27 retrofit scenarios across the three case studies offers
valuable insights into the effectiveness and limitations of skylights for daylight integration,
glass type, PV panels, and lighting upgrade strategies. The results show how retrofit
strategies can be customized based on building typology, climatic context, and operational
characteristics, providing a replicable framework for energy-efficient design.

Figures 3-5 report the results of the different proposed scenarios applied to case
studies C.1, C.2, and C.3, respectively. The plots in Figures 3 and 5 show that the same
scenarios applied to case studies C.1 and C.3 provide suitable and useful comparable
results. The three vertical axes in Figures 3-5 represent the KPIs, respectively, the real
energy effectiveness, the lighting control, and the environmental impact.

In C.1, the most favorable scenarios are S.9, i.e., glass skylights east-west oriented
and polycarbonate ceiling inside with PV panels and LED and DALI system, and S.6,
i.e., photochromic glass skylights southwest-northeast oriented with PV panels and LED
and DALI system. S.9 has the same values for the real energy effectiveness and the
environmental impact, but the value for lighting control is further improved (0.84). This is
due to the orientation of skylights in 5.9, namely, east-west orientation. This orientation
allows the entrance of natural light during all hours of the day, greatly reducing energy
consumption for artificial lighting. S.6 shows a high value of the environmental impact
indicator (0.85) along with favorable performance in lighting control (0.58) and real energy
effectiveness (0.53).

https:/ /doi.org/10.3390/en19092097


https://doi.org/10.3390/en19092097

Energies 2026, 19, 2097

15 of 25

Real energy Lighting Environmental
cffectivencss control impact
0.60 0.84 085

0.4

0.20

0.10

0.00

—0.10 =0.10]

-0.13 -0.07 ~0.36
—8.1 s.4 8.7 ——8.10 ——S.03 ——S.06 ——S.19 ——822 525
---82 --=88 --=-88 —==-§.dl ==='S8.4 ==='SI7 ===:520 ===523 ~ -~ 526
s §F e G 8.9 e §.12 w18 e S.18 e §21 e s 827

Figure 3. Results of each scenario applied to C.1.
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Figure 4. Results of each scenario applied to C.2.

Most scenarios applied to C.2 have low energy performance values and negative envi-
ronmental impact values. Indeed, the interventions to be carried out for the improvement
of operational energy performance may entail a greater environmental impact at the stage
of production or disposal of the materials and components. 5.27, i.e., replacement of the
existing roof with a shed roof with PV panels and LED and DALI system, and 5.21, i.e.,
photochromic glass skylights southeast-northwest orientation with PV panels and LED
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and DALI system, are the configurations that allow the best result when applied to C.2,
considering the three KPIs. These scenarios involve a lighting control value equal to 0.67 in
5.27 and in 5.21, a real energy effectiveness value equal to 0.20 in 5.27 and 0.11 in 5.21, and
an environmental impact value equal to 0.55 in S5.27 and 0.31 in S.21.

Real cnergy Lighting Environmental
effectiveness control impact
0.60 0.84 0.85

=0.10 ~0.10 -0.30
-0.13 -0.07 —0.36
— 8.1 S.4 87 —S8.10 ——8.13 ——8.16 —— S8.19 ——8.22 8.25
===:82 --=-85 ---88 ===-8.11 ———814 ———8.17 ———-8520 ———-8.23 S.26
BRI s 8.6 e 8.9 v §12 e 8.15 #55aT S.18 e S.21 e 8.24 8.27

Figure 5. Results of each scenario applied to C.3.

In case C.3, S5.21 and S.27 show the most favorable performance. When applied to
C.3, they show a high value of lighting control (0.67 in 5.21 and 0.64 in S.21), while the
real energy effectiveness (0.32 in S.21 and 0.60 in S.27) is effective only in S.27, while the
environmental impact shows worse results (0.20 in 5.21 and 0.23 in 5.27).

Comparing lighting control performance, it is expected that the same scenarios applied
to the different case studies give similar results. However, the results in terms of the
overall real energy effectiveness are different. Indeed, in many scenarios, the lighting
control values are the same, but the real energy effectiveness and environmental impact are
different. In fact, the real energy effectiveness of a building is influenced by the interaction
of all end-use energy demands. While increased daylight availability can reduce electric
lighting loads, it can simultaneously lead to higher solar heat gains, which may increase
cooling energy demand. In some buildings, the additional cooling load induced by greater
daylight penetration can outweigh the lighting energy savings, leading to a net increase
in total energy consumption. The environmental impact is not only influenced by energy
consumption but also by the type of construction of the building: the construction of
skylights on the roof may have a greater environmental impact than others.

Figure 6 compares some key scenarios with the most significant results for the three
case studies. S.21, S5.24, and S.27 show similar results for lighting control in all three
case studies. This confirms the effective use of natural light for reducing lighting energy
consumption by 60%. In these three scenarios, the environmental impact is reduced by
around 20%.
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Figure 6. Comparison of the results for scenarios S.21, 5.24, and S.27 applied to the different
case studies.

Finally, Figure 7 presents the comparison of the scenarios with the most significant
results for the different case studies divided into groups. This analysis allows us to
identify potential correlations between the most suitable strategies and the identified
similar boundary conditions, to possibly generalize the results.

Cluster A Cluster B

Real energy

effectiveness
Real energy

effectiveness

BC.1 - Scenario 27

BC.1 - Scenario 27
BC.3 - Scenario 27

BC.2 - Scenario 27

Lighting Lighting
Lea control Lea control
Cluster D Cluster C
Real energy
Real energy effectiveness
effectiveness
BC.2 - Scenario 24
BC.1 - Scenario 21
B)C.3 - Scenario 24
BC.3 - Scenario 21
LCA Lighting Lighting

control LCA control

Figure 7. Comparison of the results of scenarios S.21, S.24, and S.27 applied to different groups.

In all the proposed scenarios, daylighting strategies through roof-based solutions may
lead to increased solar heat gains, which can result in higher cooling loads under certain
conditions. Simulation results indicate that, while lighting energy demand is significantly
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reduced, an increase in cooling energy may occur, depending on building orientation,
glazing properties, and control strategies. However, the overall energy balance remains
favorable, as the reduction in lighting consumption outweighs the potential increase in
cooling demand. These results highlight the importance of adopting an integrated design
approach, where daylighting strategies are optimized not only for artificial lighting reduc-
tion, but also considering their impact on thermal loads and consequent consumption of
the air conditioning system. The combined use of efficient glazing systems and appropri-
ate control strategies can ensure the reduction of synergistic effects by finding the best
overall solution.

In group A, case study with same climate zone (C.1 and C.2), 5.27 and S5.24 achieve
similar lighting control results in C.1 and C.2 (about 0.59 for C.1 and 0.67 for C.2 for S.27 and
0.67 for C.1 and 0.58 for C.2 for 5.24). However, in C.1 the value of real energy effectiveness
is higher (0.41 in S5.27 and 0.42 in S.24) than in C.2 (0.20 in S.27 and 0.11 in S.24), while the
opposite is noted for the environmental impact value, higher in C.2 (0.55 in 5.27 and 0.31
in S.24) than in C.1 (0.20 in S.27 and 0.22 in S.24). This is because the roof construction
typology of C.2 achieves a greater environmental impact than C.1 during the construction
phase of the scenario.

Both group B, the case study with same urban density, and group D, the case study
with same lighting system, involve case studies C.1 and C.3. For group B the two case
studies are compared when implementing S.27. In this case, the results show values of
similar lighting control and environmental impact indicators, while the value of real energy
effectiveness of C.1 (0.41) is lower than the value of C.3 (0.60). On the other hand, for group
D, the two case studies, which have the same lamps, are compared in S.21. In this case, the
application of the same scenario shows again similar results in terms of lighting control
(0.62 for C.1 and 0.67 for C.3) and environmental impact (0.26 for C.1 and 0.20 for C.3), while
C.1 shows a slightly higher value of real energy effectiveness (0.54) compared to C.3 (0.32).
Stores located in similar urban settings, in terms of urban density and building shading,
can achieve similar results of lighting energy use due to the exploitation of daylight and
environmental impact reduction. Moreover, the presence of the same technology for lamps
in the baseline scenario further supports these results. On the contrary, different sizes and
associated total energy consumption affect overall energy performance, which is not only
dependent on similar characteristics.

The results of group C, involving case studies C.2 and C.3 (namely, scenarios with
similar size and energy consumption), are analyzed for S.24, i.e., photochromic glass
skylights southeast—northwest orientation with PV panels, LED lighting, and DALI system.
The results show the same lighting control values (about 0.67 for C.2 and 0.64 for C.3),
but different results in terms of real energy effectiveness and environmental impact. The
value of real energy effectiveness for C.2 is 0.11 and for C.3 is 0.36, while the environmental
impact value is 0.31 for C.2 and 0.15 for C.3. This is because the scenario construction phase
has a greater environmental impact in C.2 than in C.3. The roof typology construction of
C.2is less adaptable to the implementation of the proposed scenarios because the disposal
of the existing roof has a higher environmental impact compared to the other case studies.

By recognizing that the greatest environmental impact in supermarkets is due to
energy consumption during the operational phase [7], a non-negligible improvement of
the environmental impact can be achieved thanks to the improved energy performance. In
fact, by reducing energy consumption for lighting, CO, emissions generated during the
operational phase of a three-case study can be significantly decreased. This is particularly
evident in scenarios where high-efficiency LED technologies and DALI systems are adopted.
These solutions lower the building’s electrical demand and consequently the emissions
associated with electricity production.
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The obtained results are strongly influenced by several contextual and design factors.
These include the overall size and geometry of the building, which determine the lighting
demand, the baseline electricity consumption, which affects the relative impact of efficiency
improvements, and the characteristics of the lighting systems themselves, as well as control
strategies. In addition, external variables—such as a specific type of neighborhood (urban,
suburban, commercial, or mixed-use)—play a key role, since they influence available
daylight, shading patterns, and typical occupancy profiles. These factors shape the potential
energy savings and emissions reductions achievable through optimized daylight design.

Comparative Analysis of Daylighting

This section shows a comparative analysis of daylight distribution in the three case
studies under different scenarios. All simulations refer to 21 June at 11:30 a.m., representing
one of the periods of maximum solar radiation. The daylighting analysis is performed for
21 June at 11:30 a.m., corresponding to the summer solstice and near-peak solar elevation
conditions. This time is selected as a reference condition representing maximum daylight
availability, allowing the evaluation of the potential effectiveness of roof-based daylighting
strategies under optimal solar exposure. The choice of this reference scenario enables a
consistent comparison between different design configurations, particularly in terms of
daylight penetration and lighting energy reduction potential. The daylighting analysis
on 21 June at 11:30 a.m. represents the worst condition for discomfort glare. This day
corresponds to the summer solstice, characterized by the maximum solar altitude and
longest daylight duration of the year.

In particular, the solar altitude angle at 11:30 a.m. is close to its maximum, exceeding
65-70°, in all the case studies. This condition ensures high daylight penetration through
roof openings and maximum potential for daylight utilization. In addition, this period is
characterized by high global horizontal irradiance values, linked to optimal daylight avail-
ability conditions. For these conditions, the chosen day is an effective and representative
reference for different daylighting strategies assessment, allowing a consistent compari-
son between different parametric configurations, also taking into account the connected
energy performance.

Figure 8 provides daylight distribution by the simulation of illuminance levels (lux).
The values of illuminance range from 0 to 600 lux, with the color gradient from dark red
(low illuminance) to bright yellow (high illuminance).

In the baseline condition, all case studies exhibit very limited daylight penetration,
with illuminance levels remaining mostly below 100 lux throughout the sales area, except
for a small portion near the southern openings reaching approximately 200-250 lux. This
indicates a clear dependence on the combination with artificial lighting for a good visual
comfort strictly connected to visual tasks.

In 5.3, for all the cases studied, there are lighting levels above 300 lux and up to 600 lux
in large portions of the area, especially in C.2, 5.6 and S5.12 in C.2 and C.3 show a more
balanced distribution, with most of the interior areas between 200 and 400 lux, suggesting
a more controlled daylight penetration and uniformity of distribution that can mitigate
discomfort and disability glare risk. However, in C.1, some concentrated areas where
natural lighting reaches lighting levels of 600 lux can be identified, even if the average level
of illumination is below 200 lux.

In S.21, for C.2 and C.3, the overall daylight availability significantly increases, with
extensive areas exceeding 500 lux and the rear areas still reaching 300 lux. In C.1, this
configuration provides a more uniform daylighting distributed across the main retail area,
maintaining central zones above 300 lux and reducing the extent of underlit areas.
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Figure 8. Comparison of the results of daylight scenarios 3, 6, 12, 21, 24, and 27 applied to different
case studies—21 June at 11:30 a.m.
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S.24 shows lighting levels for C.2 and C.3 below 300 lux. Therefore, it allows artificial
lighting use reduction while maintaining lighting levels suitable for the sales area. For C.1,
this configuration provides very low lighting levels, around 100 lux.

S.27 for C.1 and C.2 achieves the highest overall illuminance, with nearly the entire
central area exceeding 500 lux. In C.3, illumination levels are mainly around 300 lux, with
high energy saving potential, ensuring good visual comfort.

The comparative analysis highlights the effectiveness of daylighting strategies in
enhancing the luminous environment of retail spaces, ensuring the quality of vision for the
required visual tasks and the control of glare phenomena, improving energy consumption.
The analysis of the baseline scenario confirms the necessity of daylighting interventions
to reduce dependency on artificial lighting, achieving lighting design improvement and
energy efficiency solutions, through the effective and controlled combination of natural
and artificial light. This also highlights the need to also assess visual comfort conditions
in parallel to energy performance to identify the most effective solution for the energy
and environmental performance of the building. An efficient daylighting design strategy
should aim for a distributed illuminance range of 300-500 lux in sales areas [34], ensuring
both energy efficiency and user’s comfort.

5. Discussion

The proposed methodological framework introduces several innovative aspects com-
pared to conventional approaches to integrated daylight—energy roof retrofit strategy
assessment in food-retail buildings. First, the integration of BIM-based parametric mod-
eling with calibrated dynamic energy simulations enables a multi-scalar and data-driven
evaluation of retrofit configurations, allowing the geometric and thermo-physical prop-
erties of the integrated daylight-energy roof retrofit strategy to be varied parametrically
and tested in a controlled and comparable manner. Unlike other studies, with simplified
lighting calculations or static data energy assumptions, this methodology accounts for the
real data energy consumption, the urban context, and material factors, linking daylight
incidence to energy consumption and environmental impact over the building’s life cycle.
The use of three complementary KPIs—real energy effectiveness, lighting control, and envi-
ronmental impact—represents an additional advancement, as it allows the identification of
solutions that are not only visually efficient but also energy-effective and environmentally
sustainable. The simulation models are calibrated and validated using experimental data
and/or experimental evidence from literature, ensuring reliability, accuracy, and therefore
consistency with real physical phenomena.

The findings demonstrate that this methodological structure ensures a comprehensive
and reliable evaluation of retrofit strategies under different boundary conditions. Its
effectiveness lies in the ability to simulate realistic operational profiles, to incorporate real
energy consumption into calibration procedures, and to quantify the trade-offs between
operational savings and embodied emissions.

Our method can be easily used to compare buildings characterized by different layouts,
energy equipment, and climatic exposure, revealing that the transferability of retrofit
solutions depends on a combination of architectural, technological, and urban context.
Results for scenarios S.3, S.6, S.12, S.21, and S.27 across multiple case studies confirm a good
methodological approach to identify retrofit strategies with a consistent balance between
lighting performance, energy efficiency, and environmental benefit.

The group classification analysis (that identifies similar and comparable features
between different case studies) shows that different retrofit scenarios (e.g., S.21 (roof archi-
tectural upgrading with glass skylight orientation southeast-northwest and polycarbonate
ceiling inside with PV and DALI) and S.27 (replacement of existing roof with a shed roof
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with PV and DALI)) applied to food-retail trade buildings with similar climatic or urban
contexts produce comparable results. Results concerning lighting control systems vary in
real energy effectiveness and environmental impact outcomes. Therefore, e.g., S.21 and
S5.27, can be considered as reference solutions for similar supermarket typologies, offering
replicable retrofit strategies adaptable to diverse boundary conditions.

Certain skylight orientations and glazing configurations—notably those used in S.3
(skylight orientation southwest-northeast and polycarbonate ceiling inside), S.6 (pho-
tochromatic glass skylight with orientation southwest-northeast), S.12 (photochromatic
glass skylight with orientation east-west), 5.21 (skylight orientation southeast-northwest
and polycarbonate ceiling inside), 5.24 (photochromatic glass skylight with orientation
southeast-northwest), and S.27 (replacement of existing roof with a shed roof)—produce
illuminance levels in the recommended range of 300-500 lux over large portions of the
sales area. This enables important reductions in artificial lighting use, guaranteeing energy
saving without compromising visual comfort.

However, the study also presents several limitations that should be acknowledged.
The analysis is conducted on three case studies located in the same geographical region. In
addition, while the lighting mapping allowed a qualitative interpretation of spatial usability,
further work is required to establish quantitative correlations between daylight distribution
and occupant perception, product degradation risk, and merchandising strategies.

Future developments should aim to expand the number of case studies, test the
methodology across different climatic zones, and integrate additional life-cycle indicators
and comfort metrics. Including economic and maintenance-related variables would further
strengthen the decision-making capability of the tool. Nevertheless, the proposed frame-
work represents a replicable methodology for predicting the performance of an integrated
daylight-energy roof retrofit strategy and for guiding energy-conscious design decisions,
also at a large scale.

6. Conclusions

A BIM-BEM integrated methodology is presented to evaluate the energy and envi-
ronmental performance of architectural retrofit strategies in supermarkets. The approach
is applied to three real supermarkets located in central Italy, representing different ar-
chitectural typologies, technical characteristics, boundary conditions, and operational
profiles. Using calibrated dynamic energy models and a KPI-based evaluation framework—
including real energy effectiveness, lighting control, and environmental impact—the anal-
ysis identifies effective retrofit solutions and highlights key performance trade-offs. This
highlights the importance of evaluating retrofit measures within an integrated framework,
as building systems are highly interdependent and individual interventions may produce
interacting or counteracting effects. Therefore, assessing measures in isolation may lead to
misleading conclusions.

The novelty of our study is the provision of a tool that allows for the identification
of easily determinable indicators. Therefore, although it is not a deterministic tool, it
allows for a homogeneous scale of easily and directly comparable parameters. Moreover, it
provides an easily implementable practical method—from the point of view of a digital
twin construction—that is fundamental to a network circular energy management.

This approach allows the identification of robust performance trends and supports
more reliable decision-making. Daylighting retrofits combined with high-efficiency LED
fixtures, DALI-based control systems, and on-site photovoltaic installations provide a light-
ing control value by up to 60% while improving overall environmental impact performance
by approximately 20%.
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The results highlight the complexity and interdependence of building parameters in
determining the success of daylighting retrofits. In this study, the real energy effective-
ness quantifies how effectively energy performance improvement strategies perform in
comparison to their theoretical potential; the lighting control measures the effectiveness of
lighting control strategies, including natural lighting use, effective integration with artifi-
cial lighting; and the environmental impact quantifies the CO, emissions associated with
materials and construction processes across the building’s life cycle. While lighting control
performance was relatively consistent across different case studies and scenarios, both real
energy effectiveness and environmental impact showed significant variation depending
on urban context, building size, energy use, and construction features. In particular, case
study C.2 (supermarket in Rome, located in the urban context) demonstrated high energy
performance in several scenarios. However, it involved higher environmental impacts due
to embodied carbon and material choices.

Findings of daylight analysis further strengthen these conclusions by demonstrating
how the quality, distribution, and intensity of natural light significantly influence both
energy performance and visual comfort outcomes. The comparative daylight distribu-
tion maps also showed that similar retrofit scenarios can yield markedly different results
depending on building layout, surrounding obstructions, and the baseline availability of
natural light, reinforcing the importance of case-specific analyses before implementation.

The proposed approach enables a multi-criteria and data-driven assessment of retrofit
solutions, improving upon conventional single-indicator analyses. However, another limit
of the method is due to the simplified daylighting representation and environmental as-
sessment. Future work will focus on extending temporal analysis and enhancing life cycle
modeling. Nevertheless, the integration of parametric design, BIM-based modeling, and
calibrated energy simulations proves to be a powerful framework for decision-making
in building retrofit strategies. The study emphasizes the importance of a context-aware,
multi-criteria approach in achieving energy efficiency and environmental sustainability
in the food-retail sector, where operational demands are high and environmental stakes
are significant. It can be a useful tool for identifying strategic choices aimed at control-
ling /designing the architectural form for the control of the energy aspects of a building,
which are strongly connected to the correct lighting of the rooms, especially in the case
of retail buildings, the visual comfort of the occupants and workers, and environmental
impact reduction.
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