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ABSTRACT

This study analyzes the energy performance of hundreds of Italian office buildings using data from mandatory
energy audits submitted by large banking and insurance companies. The database comprises 260 buildings and
512 retrofitting measures, reporting the most common strategies for reducing energy consumption and carbon
emissions. Installing new heat generators presents the highest energy and emissions savings-up to 30 %— but
also high upfront costs and long payback times. Retrofitting the lighting system with LED is the most frequent
intervention due to its low initial costs and fast returns, typically under five years. The cost-benefit analyses
show that the energy-saving potential of retrofitting interventions increases with building energy intensity and
size. Retrofitting the most inefficient buildings maximizes returns, but it requires multiple interventions and the
support of public incentives, such as the Conto Termico and White Certificates, to improve financial viability and
reduce unit costs. Our analysis provides policymakers and stakeholders with actionable guidance on designing
effective retrofit strategies and incentive programs, thereby accelerating progress toward national and European

climate goals.

1. Introduction

The service sector accounted for approximately 60 % of global value
added in 2023, while manufacturing accounted for less than 20% [1].
This share is equivalent to the combined output of several key service
sub-sectors, including retail, finance, and information and communica-
tions. Given the economic significance of the services sector, it is likely
to play a crucial role in the energy transition and drive improvements
in energy efficiency. Buildings account for over 40 % of the total energy
consumption and one-third of the greenhouse gas emissions of the Euro-
pean Union [2]. The Renovation Wave initiative shapes the efforts of the
Member States to retrofit their building stock [3]. The latest Directive
2024/1275/EU on the energy performance of buildings strengthens the
enabling framework for renovations and introduces the Building Ren-
ovation Passport schemes throughout the EU to help building owners
to plan retrofitting programs [4]. Furthermore, the Directive stipulates
that each Member State must develop its long-term building renovation
strategy, including plans and policies for renovating the national build-
ing stock, in line with the EU’s climate goals for 2030 and 2050. The
key initiatives for improving the energy efficiency of the Italian build-
ing stock are in the National Energy and Climate Plan and the Italian
Strategy for Energy Retrofitting of National Building Stock [5,6]. This
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study focuses on the European and Italian regulatory context, as it di-
rectly frames the dataset used and reflects the policy environment that
developed the analyzed energy audits and retrofit interventions.

These documents report the renovation rate needed to fill the gap be-
tween the current and target energy performance of the building stock,
indicating an urgent need for more ambitious retrofitting policies. The
estimated virtual deep renovation rate, based on the data from tax deduc-
tions for energy efficiency, represents the renovation rate that would
result if all interventions were associated with comprehensive building
and system upgrades. The virtual deep renovation rate for 2014-2018
is 0.85 %, yielding an energy savings of 0.332Mtoe/year, and a recent
study estimates the current renovation rates in Italy for residential and
non-residential buildings to 0.3 % and 0.6 %, respectively [2]. The target
renovation rate was estimated by cost-optimal data, distinguishing be-
tween residential and tertiary sectors and obtaining higher values in the
second case, equal to 2,8 % per year in the period 2020-2030 and 2,6 %
in the period 2030-2050; this overall renovation rate implies interven-
tions on about two-thirds of the national housing stock [6]. Although
the current renovation rate in Italy is higher than the EU average [7],
it needs to increase by more than three times to reach the targeted one.
The European Commission has expressed concerns about the feasibility
of such an ambitious goal [8].
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Insufficient investments may be the cause of such a slow building
renovation rate. Italy has been the third State in terms of investments
for non-residential buildings retrofitting between 2012-2016, investing
an average of €5.5 billion per year, of which €0.5 billion was for “deep”
renovation (more than 60 % savings) [9]. Investments in real estate were
approximately €2.05 billion for 2023 and increased to €3 billion in
2024; specifically for office buildings, the investments grew to €800
million in 2024 [10,11]. However, recent studies [12-14] estimate that
the annual investment to meet European climate targets ranges from
€23.6 to €31.4 billion (normalized for the 2020-2030 period), and,
accordingly to BPIE calculations [15], the total renovation investment
opportunity in the EU is estimated at €243 billion per year to bring the
building stock in line with climate-neutrality by 2050, of which €64
billion/yr are necessary for non-residential buildings renovation. These
figures show that the current investment trend is significantly below the
magnitude required to meet the EU’s climate goals for 2030 and 2050.

The lack of investments results from multiple barriers hindering the
building energy retrofitting. Rodriguez et al. [16] recognize financial,
informational, and administrative obstacles to energy-efficient design
practices in the construction sector. In particular, the administrative
barriers include regulatory complexity, fragmented schemes, and slow
approval processes for incentives, which lead to project delays, as ob-
served in Italy during the implementation of the Superbonus 110 % tax
credit [17]. The financial barriers, such as elevated initial costs of deep
energy renovations, discourage private investors, particularly when long
payback periods make returns uncertain [18,19]. Finally, the informa-
tional gaps result in poorly informed decision-making, a lack of invest-
ment transparency, and a shortage of skilled workforce [20]. Another
example of an informational barrier is when building owners, despite fi-
nancial incentives, hesitate to invest in retrofitting due to worries about
future energy prices and skepticism about financial returns [21].

Cost-benefit analysis (CBA) helps overcome barriers to retrofitting
by enhancing the transparency and predictability of energy-saving in-
vestments, reducing investor hesitation, and combating greenwashing.
Calculating long-term financial savings from energy bills and increased
property value makes the investor reevaluate the high initial costs and
long payback times [22]. Additionally, the CBA, which integrates mul-
tiple benefits of energy efficiency, such as improved indoor air quality,
enhanced occupant comfort, and safety, could strengthen investors’ in-
terest in large-scale retrofitting [23-25].

An incentive program supported by a CBA enhances the adoption
rates of retrofitting interventions since it helps policymakers refine
subsidy structures and optimize resource allocation for high-impact
energy measures, rather than those with short payback periods and
poor energy-saving potential [26-28]. However, cost-benefit analysis
presents the risks of incorrect estimation of costs and benefits, and is
susceptible to systematic bias. The study by Flyvbjerg and Bester [29]
analyzes over 2000 public investment projects, finding recurrent cost
underestimation and benefit overestimation that result in exaggerated
benefit-cost ratios that can mislead decision-makers. In the context of
building retrofits, such biases can lead to misallocation of incentives,
over-investment in technically unsuitable projects, and a loss of credi-
bility for retrofit programs. Recognizing the limitations of CBA and the
risks it poses is therefore essential to ensuring effective and equitable
policy design.

Non-residential buildings are, on average, 40% more energy-
intensive per square meter than residential buildings [30], and the
EU accounts for about 47 % of the global market for building energy
retrofitting, which will further grow [31,32]. In Italy, retrofitting non-
residential buildings has been the primary activity of the national con-
struction sector [33] 2023, with an estimated energy saving potential of
3.3Mtoe to 2030, surpassing that of industry or transport [13].

However, despite the opportunities for profitable investments, the
non-residential building sector received less attention than the resi-
dential sector. The most recent cost-benefit analyses (CBA) focus on
retrofitting the residential buildings sector [34-36], mainly on histor-
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ical buildings [37-39]. Recent works on non-residential buildings focus
on single and specific case studies. For instance, Di Turi et al. [40] dis-
cusses the feasibility of net-zero energy building offices in Italian climate
zones through an integrated energy-economic analysis. The CBA by As-
tiaso Garcia et al. [41] examines energy-efficiency measures in four se-
lected public buildings. We aim to fill this research gap by assessing the
energy performance of hundreds of office buildings distributed across
the national territory, seeking general trends and issues with the im-
plemented retrofitting strategies, and answering the following research
questions:

Q.1 What are the most common energy retrofitting interventions imple-
mented in Italian office buildings, and how do their technical and
economic characteristics vary by the building features and climate
zones?

Q.2 How does the pre-retrofit energy performance of Italian non-
residential buildings influence the energy and financial outcomes of
the retrofit action?

Q.3 Which strategies and tools (e.g., incentives) are most effective for
maximizing energy savings and addressing the barriers to energy
retrofitting of non-residential buildings?

This work examines the energy performance and retrofitting in-
terventions of 260 office buildings distributed over the national ter-
ritory. We collected data from the energy audits submitted by large
enterprises from the banking and insurance sectors (Chapter 2). We
created a database with various features, including building age, size,
heated space, and energy performance (Chapter 3.1). Also, the database
includes energy savings, financial returns, and payback times of the
energy-saving measures reported in the energy audits (Chapter 3.2). The
data analysis examines the primary variables that impact the energy per-
formance of the building stock and retrofitting strategies, addressing the
challenges that investors encounter. Finally, we investigate the condi-
tions that optimize energy savings and financial returns by the CBA of
the collected interventions, estimating the support of public incentives
to overcome economic barriers (Chapter 3.3 and 3.4). The ultimate goal
is to guide policymakers and investors in shaping or adhering to national
strategies and incentive programs for retrofitting office buildings.

2. Materials and methods
2.1. Legislative framework for data collection

The Energy Efficiency Directive 2012/27/EU (EED) establishes a leg-
islative framework for achieving the European energy efficiency targets.
of the EED introduced the obligation for large enterprises with over 250
employees and a budget of more than €43 million or a turnover of more
than €50 million to submit an energy audit of their production sites ev-
ery four years, starting from December 2015. The Legislative Decree
102 of 2014 transposed the EED in Italy, with , which entrusts ENEA
(the Italian National Agency for New Technologies, Energy, and Sus-
tainable Economic Development) with the task of collecting energy au-
dits and verifying their quality and legislative compliance. From 2015
to the present, ENEA has conducted over 40,000 energy audits. Most
are from manufacturing companies, but tertiary sectors have also sent
many energy audits to ENEA. In particular, large banking or insurance
companies submitted energy audits of their office buildings to fulfill the
obligations of the EED 2012/27, by December 2023, the starting year
of the third cycle of mandatory energy audits. We built our database by
analyzing these documents.

Since the Italian Legislative Decree 102/2014 Art. 8 disciplines the
audit obligation exclusively for private companies, the offices of public
administrations, government, and educational institutions are excluded
from our analysis. Additionally, our sample excludes smaller service
companies, whose energy use generally falls below the threshold de-
fined by the regulation.
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Table 1
Descriptive statistics of buildings and intervention features.
Variable Buildings
Min Median Mean Max Standard
Deviation
Heated Area [m?] 190 55x10° 11.7x10° 113.9x10° 155x10°
Electricity use [MWh/yr] 174 593.7 1.8x10°  241x10° 34x10°
Natural gas use [kSm®/yr] 0.03 45.4 144.1 5967 591.7
Total energy use [foe/yr] 45 1478 440 6250 808
Interventions
Min Median Mean Max Standard
Deviation
Investment [k€] 03 30 94.7 3734.5 282
Energy saving [toe/yr] 0.1 49 12.9 296.5 284
Payback time [yrs] 0.6 43 5.7 26.1 4.4

2.2. Database architecture

We collected energy audits from 260 office buildings, which re-
ported 512 retrofitting interventions. These constitute the records of our
database, which we structured into raw and derived data features. Raw
features are unprocessed inputs, directly extracted from the energy au-
dits [42]:

o Building features are the year of construction, building location,
heated floor area, and the amount of yearly purchased, self-
produced, consumed, and sold back energy, distinguished by source.

o Intervention features include a description of the intervention, its cost,
energy saving, and cash flows. Such data are based on estimates or
market benchmarks of the auditor.

The descriptive statistics of the raw data features are in Table 1.

Derived features were calculated from the raw data to compare
records and implement cost-benefit analyses; these are the heating and
cooling daily degrees, which identify the climate zone of the building
site; the Building Energy Performance Index (EPI), given by total en-
ergy use over the floor area; the annual CO, emissions, estimated by
referenced emission factors, and net energy use, derived from subtract-
ing on-site production from total delivered energy. We also derived
the payback times as the ratio of intervention cost to yearly savings.
Stratification variables, such as EPI quartiles, were also derived to sup-
port segmented analysis of retrofitting effectiveness (as shown in the
Section 3.4).

We have not incorporated data on occupancy patterns or usage in-
tensity because these variables are not required by the energy audits as
mandated by Legislative Decree 102/2014 and technical standard UNI
EN ISO 16247:2022 [42]. Occupancy-related input, such as the daily
operational electricity usage curve, encompasses all building systems,
including lighting in halls and corridors, server loads, and HVAC, at a
typically broader resolution than at the room level; further, the usage
curve dilutes spot yearly consumption (e.g., the electricity use of a con-
ference room during an event). Therefore, the extraction of occupancy-
related energy uses from the usage curve applies to a limited number of
samples and requires multiple assumptions, which can result in poten-
tially misleading outcomes.

2.3. Classification of the retrofitting interventions

The auditors outline retrofitting actions for improving energy effi-
ciency, using their terminology and selection of commercial products.
Thus, we classified interventions into four hierarchical classes to reduce
the variability and semantic complexity of 512 retrofit interventions,
allowing a consistent grouping and comparison of interventions across
buildings. The classes are groups of labels, indicating the intervention’s
saved energy source, the retrofitted building component, the retrofitting
approach, and the (eventually) new component:
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e Class 1 - Saved Energy Source indicates the energy source whose
consumption is reduced by the intervention. In our sample, the en-
ergy sources are just electricity and natural gas, and therefore, Class
1 comprises three labels: electricity, gas, and multi. The label
multi denotes interventions that reduce gas and electricity consump-
tion.

e Class 2 - Existing Building Component indicates the build-
ing component targeted for the intervention, and its labels are
the gasBoiler, heatPump, chiller, lighting, heatDistribution,
structure, and otherElectricityService. The latter refers to all
building energy services that consume electricity, distinct from light-
ing (e.g., servers, video surveillance, and general IT systems).

e Class 3 - Type of Intervention describes the nature of the retrofit
action by the following labels:

- renovation: the existing component is replaced with a more ef-
ficient version of the same technology (e.g., gas boiler replaced
by a condensing gas boiler).

- replacing: the component is replaced by a new technology of-
fering the same energy service (e.g., a gas boiler replaced by a
heat pump).

- installing: a new system is added to an existing one; for ex-
ample, the installation of a Building Energy Management System
(BEMS) to manage an existing heat distribution system.

e Class 4 - New Installed Component specifies the new
component installed by retrofitting. The labels are:
heatPump, LED, powerQuality, BEMS, walls, and
highPerformanceEngineOrFan.

windows,

The combination of four labels, each corresponding to a class, yields
a concatenated label that describes a retrofitting intervention. Some ex-
amples of the interventions classification are in Table 2.

2.4. Data quality check

As a first step in data validation, we checked the completeness of
our data by verifying that all essential fields-raw inputs—-were fully
populated. Records with incomplete key variables were excluded from
the analysis, and duplicate records were identified and verified based
on unique data labels for buildings and interventions. The outliers
were identified by combining interquartile range thresholds and visu-
alizing the data; implausible values were excluded from the analysis,
while extreme but valid observations were retained and analyzed sepa-
rately where relevant. In particular, we verified that all numerical data
are within plausible ranges; for example, the energy savings did not

Table 2
Examples of combined intervention labels with descriptions.

Combined Label and Description

1) gas_gasBoiler_renovation_gasBoiler: renovating an existing gas boiler with
a more efficient one (e.g., condensing boiler).

2) gas_gasBoiler_replacing_heatPump: replacing a gas boiler with an electric
heat pump.

3) multi_heatDistribution_installing_BEMS: installing a building energy
management system to optimize control of an existing heat distribution network,
reducing gas and electricity use.

4) multi_structure_renovation_windows: renovating existing windows with
high-performance windows that reduce heat losses, external gains, and improve
thermal comfort.

5) multi_structure_renovation_walls: enhancing the wall thermal insulation to
reduce heating and cooling demands.

6) electricity_lighting replacing_LED: replacing the existing fluorescent or
incandescent lamps with LED.

7) electricity_chiller_renovation_chiller: renovating the existing
compression chiller with a more efficient one.

8) electricity_otherElectricityService_installing_powerQuality: installing
equipment for power quality, such as voltage regulators, harmonic filters, or
dynamic voltage restorers in the electrical distribution systems to reduce losses,
stabilize voltage, and increase equipment lifespan [43].
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Fig. 1. The energy balance of an office building in energy audit.

exceed baseline consumption, the EPI values remained within accept-
able bounds, and payback times did not exceed the intervention’s tech-
nical lifetime. Based on standardized conversion factors, we ensured
Unit consistency by converting all energy data into comparable formats
(toe, kW h, Sm?).

Finally, we validated the consistency of the raw energy data by ap-
plying an annual energy balance model (Fig. 1) to each building, for the
k—energy source (e.g., electricity and natural gas):

2 Ui+ Erck + Eourk = Einvk — Einck — Gr) =0, @
3

where U is the net energy use of the building, E;, is the energy in-
put from the grid to the building and used by many energy services
(e.g., space heating, lighting, and IT), the E;, - is the grid input feeding
the cogeneration system, the term G is the energy generated by the on-
site renewable systems (e.g., photovoltaic panels or wind turbines), and
terms E,, - and E,, ; represent the (eventually) energy in excess given
back to the grid. All these terms were raw inputs from the energy audits,
and we verified them by balancing whether they indicated a physically
plausible energy use; this step ensured that derived data features were
calculated from consistent raw inputs.

From the net energy use U of the building, we calculated the CO,
emissions of each building related to the annual use of the k— energy
source as:

Eco, = X U7, @
k

where source-specific emissions factors y, are provided by the Italian
Institute for Environmental Protection and Research (ISPRA) [44]. The
energy savings, multiplied by emission factors, give the potential CO,
emissions that each intervention avoids. We assume no emissions for
the generation term G since all energy generation units are renewable
systems.

3. Results and discussion
3.1. The current state of the Italian office buildings

Italy presents six climate zones defined by heating degree days
(HDD) intervals [45,46], and most of the sampled buildings are located
in zones E and D, primarily in the central and northern regions of Italy
(Fig. 2). The headquarters of most real estate companies are located in
these zones, which feature a temperate climate that becomes colder as
they approach the Apennine and Alpine mountains. The warmest cli-
mate we mapped is in zone C, which includes the coastal southern area,
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with punctual coverage, as sampled buildings aggregate in the most
densely populated and urbanized regions of Campania, Puglia, and Si-
cilia. A few buildings are located in Zone F, which has the coldest cli-
mate. Despite the non-homogeneous data distribution, our sample rep-
resents the national office building stock and its energy use, as zones D
and E are the most populated and exhibit the highest thermal demand
[47]. Additionally, heat pumps offer the highest economic advantages
in zones D and E compared to other climates [48], and the heat demand
of the sample is indeed met by electricity.

We compare the energy performance of the sample to values from the
Italian Informative System on Energy Performance Certificates (SIAPE
in Italian), established by the Ministerial Decree 26,/06/2015 and imple-
mented by ENEA in 2016 [49]. The office buildings of our sample out-
perform SIAPE benchmarks, particularly in zones D and E, confirming
that large insurance and banking companies have effectively invested in
office retrofitting in recent years, prioritizing the sustainability of their
assets [11].

Most of the sampled buildings were built between 1955 and 2000,
consistent with the overview from SIAPE of the Italian building age [49].
Buildings of that period present poor attention to energy-saving mea-
sures and an urgent need for retrofitting since the first Italian regula-
tion introducing regulations for energy efficiency in the building design
took place in late 1991 [50]. The second most populous class comprises
buildings older than 70 years, which are part of the national heritage.
This class includes the historical headquarters of banks and insurance
in the old towns. The enhancement of their energy efficiency while pro-
tecting their historical value is challenging for many reasons [51,52]:
(i) their energy performance presents a great uncertainty due to the
heterogeneity of the construction materials and scarce knowledge of
their lifespan transformations; (ii) their retrofitting needs on-site analy-
sis, documentary research, and site-specific technical solutions (i.e., low
standardization) which affect their financial sustainability; (iii) the ad-
ministrative procedure for the approvals of the interventions increases
costs and works duration. Therefore, a suitable retrofitting strategy
should accept that historical buildings cannot reach the contemporary
standards on energy performance and focus on multiple benefits of en-
ergy efficiency, such as the safety and aesthetic preservation of histor-
ical neighborhoods, saving of fuel and emissions, and enhancing the
comfort of occupants, especially in future hotter climates [53]. A pri-
vate and public partnership should support the retrofitting of historical
buildings. Incentives and simplified administrative procedures could en-
hance the profitability of retrofitting interventions, allowing industries
and skilled workforces to experiment with non-invasive solutions for
energy efficiency.

The conservation of historical buildings with improvements of their
energy efficiency aligns with the core ideas of positive energy buildings
and districts, as defined by [54]. PEBs and PEDs play a crucial role in
making historic districts more efficient by integrating renewable energy
technologies in a way that minimizes their impact on individual build-
ings. For example, the case study by Gouveia et al. [55] estimates the
retrofitting measures to reduce the energy needs of the historical district
of Alfama (Lisbon) and produce renewable electricity decentralized, at
district scale.

3.2. Energy, emissions, and economics of the retrofitting interventions

The energy savings, emission reduction, and financial analyses of the
sampled retrofitting interventions are presented in Figs. 3-5.

Most interventions reduce electricity use, with the most frequent so-
lution being the replacement of fluorescent lamps with LED lamps (ex-
ample 6 in Table 2). This action reduces the building’s pre-retrofit en-
ergy use and CO, emissions by 1-10%, with the highest frequency in
the 5-10% range. As observed in financial analysis, the payback time
of LED installation varies with the initial investment, accumulating be-
tween 1 and 5 years for investments of €40k and increasing between 5
and over 10 years for more expensive investments. The main benefit of
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Fig. 2. The buildings (left), retrofitting interventions (right), and the geographic distribution of the sample by climate zones (bottom). The left graph groups buildings
by age, climate zone, and energy source used for heat generation. The right graph illustrates the energy sources that the retrofitting intervention saves, including
the actions implemented on heating generators and chillers, the BEMS installation, and general renovation (e.g., the installation of new fans or pumps) of the heat
distribution system, as well as interventions on the lighting system, building structure, and power quality.

LED installation is the reduction in electricity use. However, the CBA
can also include minor effects, such as a reduction in cooling loads and
an increase in heat demand and related CO, emissions, as LED lamps
reduce internal heat gains compared to fluorescent lamps [56].

Other measures that reduce electricity use include power quality so-
lutions and the renovation of IT systems (last example in Table 2), which

result in modest energy and emissions savings over the total use (1-5 %)
and present a payback time of 3 to 5 years.

The primary buildings’ energy consumption in the EU is for space
heating [57], and we consistently observe that retrofitting of heat gen-
erators presents the highest benefits, resulting in 10-30% of energy
and emissions savings. These interventions include revamping the heat
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generators or replacing the gas boiler with a heat pump (the first two ac-
tions of Table 2), and they are the least numerous in our database, likely
due to their high initial costs and extended payback times (>10 years).
However, when the initial investment (i.e., installed thermal load) in-
creases, the interventions reduce their payback time in the range be-
tween 5-10 years; this effect seems reasonable since the costs of a heat

generator decrease by increasing its size [58]; in the following para-
graph, we will further explore this effect.

Retrofitting the building’s heat distribution involves upgrading the
fan electrical engines or circulation pumps, as well as the installation of
automated building energy monitoring and control systems (example 3
in Table 2). Energy savings of these actions range mainly between 2.5 %
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Fig. 5. The left plot compares the total CO, building emissions related to its yearly energy use against the emission avoided by replacing or renovating (see labeling
in Table 2) heating generators, chillers, and heat distribution systems. The right plot shows the CO, emission analysis of LED installations and other electricity
services. Dashed lines represent the proportion of CO, emissions avoided relative to the annual CO, emissions of the building. Emission factors are by [44].

and 10 %, and the related CO, emissions between 5% and 10 %; their
payback times are between 5 and 10 years for investments over €50k,
and reduce to 1 to 3 years for lower investments. The energy savings of
the cooling system renovation (example 7 in Table 2) are low, as most
interventions reduce the pre-retrofit energy use and CO, emissions by
less than 2.5 %, and their payback time is around ten years. However,
we need more data for significant remarks.

We observed that revamping or replacing heat generators results in
the highest energy and emissions savings, as well as enhancements in
thermal comfort and indoor air quality.

The installation of BEMS and more efficient fans and pumps in the
heat distribution system moderately reduces energy use and CO, emis-
sions with short- and medium-term financial returns; also, these inter-
ventions enhance the awareness of the building owner on the energy
consumption and reduce exposure to noise of occupants.

All interventions present co-benefits beyond energy and financial
savings; for example, they enhance asset attractiveness and market val-
uation [59], facilitate compliance with sustainability requirements, and
support long-term regulatory resilience. All these benefits contribute to
the reputational branding value. Only a few renovations of heat genera-
tors and LED installations reduce energy use before retrofitting by 30 %,
fulfilling the technical regulation of the EU Green Taxonomy [60] by a
single intervention (Fig. 4). Indeed, the 30 % reduction in pre-retrofit en-

ergy use is a challenging goal that requires multiple energy-saving mea-
sures; for example, in the study by Yun et al. [61], the energy savings
resulting from various interventions vary between 17 % and 23 %. The
EU Green Taxonomy compliance enhances the multiple benefits men-
tioned before, as it unlocks access to green finance instruments (e.g.,
ESG-aligned funds and preferential loans), and improves asset attrac-
tiveness and market valuation [62].

3.3. Cost-benefits analysis of building retrofitting and incentives support

We present the cost-benefit analysis of the sampled interventions and
simulate the effects of existing incentive mechanisms. First, we assess
the cost-benefits of new heat generators - replacing existing gas boil-
ers with heat pumps as action 2 in Table 2 - since these interventions

present the highest energy and emission savings but are expensive and
present long payback times. Following, we aggregate the retrofitting
of heat distribution and lighting systems (merging actions 3 and 6 in
Table 2 to other interventions, such as the retrofitting of the HVAC fan
and circulator), focusing the analysis on the broadest population in our
database. The Italian incentives we considered are:

1. White Certificates: companies earn these tradable obligations for
each tonne of oil equivalent they save by energy efficiency inter-
ventions [63,64]. Then, companies can sell their white certificates
at the market price (which we assume equals about €250, the 2024
average price). All interventions in our cost-benefit analysis are suit-
able for requesting White Certificates if they guarantee a minimum
energy saving of 10toe. This type of incentive rewards exclusively,
for each technology, the additional energy savings compared to the
market average.

Conto Termico (v2.0)[65]: an incentive program that supports ther-
mal energy-saving measures in public and private buildings, cover-
ing from 40 % to 65 % of their initial costs [66]. Installing new HPs
is the only action in our database suitable for this financial support,
and the maximum available coverage is 45 % of the investment, since
all sampled buildings are from large enterprises. The financial sup-
port varies with the yearly heat demand and installed thermal power
of the building’s heating system.

The benefits of a new HP and related incentives support increase
with the installed thermal load (Fig. 6). We could explain this as a
combined effect of augmenting the HP size: (i) the efficiency, and
therefore the annual energy savings, enhance [67]; (ii) the cost per
kW of installed thermal load decreases [68]. The financial support
of white certificates increases with energy savings and, therefore, as
the installed thermal load increases. The heat pumps with the low-
est thermal load (< 35kW) have no support by white certificates since
they present insufficient energy savings (< 10foe). At the same thermal
power, Conto Termico supports heat pump installation more than white
certificates. The latter rewards additional energy savings compared to
the market average of the implemented technical solution. On the other
hand, the yearly financial rate of the Conto Termico is calculated per
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Fig. 6. Cost-benefits of a new heat pump by the installed thermal load (left), and cost-benefits of a renovated heat distribution and lighting systems by square meter

of the served surface (right).

kilowatt-hour (kWh) of thermal energy consumed. Furthermore, the
support of the Conto Termico increases with the heat pump size be-
cause (i) the annual rate is extended from two to five years when the
installed thermal load is more than 35kW, (ii) the cost per kW of ther-
mal load decreases when the HP size augments, and (iii) the HPs with
the largest capacities, installed in energy-intensive building complexes,
quickly reach the maximum incentive support.

The retrofitting of heat distribution encompasses interventions ap-
plied to all components of an HVAC system, including controllers, pipes
or ducts, and terminals (our terminology refers to the retrofitting do-
mains by Krajcik et al. [69]), excluding heat generation. The analysis
encompasses low-cost actions, such as adjusting the thermostat or in-
stalling zonal control systems, as well as more expensive investments,
including pipe and duct insulation, pump and circulator replacements,
and automation of building energy management and monitoring (BEMS
[70]1). The lighting systems retrofit replaces fluorescent lamps with
LEDs. Results show that these interventions become more convenient
when the building surface area increases (Fig.6), as their initial cost
per square meter decreases, and their resulting energy savings increase
when implemented in buildings with intensive energy use. Indeed, the
largest and most energy-intensive buildings of our analysis are office
complexes, also distributed over multiple floors in high-rise buildings;
this category presents an elevated energy demand that scales with size,
and it is also exposed to several penalties, such as lower temperature,
winds, and solar gains [71-73]. Renovating both the lighting system and
heat distribution is the only way to access white certificates, overcoming
the 10r0e minimum threshold of energy saving, and, nevertheless, the fi-
nancial aid is relevant only when retrofitting the largest buildings. Thus,
an alternative strategy for accessing public incentives involves combin-
ing the retrofitting of heat distribution and lighting systems with the
replacement of heat pumps.

The discussion in this paragraph highlights the fundamental role of
incentives, which is crucial in significantly reducing the payback times
of investments, especially those with very long payback periods that are
not attractive to companies. Decision makers should consider incentive
schemes that address the specific needs of different building types and
energy use profiles. For instance, larger buildings with higher energy

use could benefit more from long-term, large-scale interventions. At the
same time, smaller offices can see quicker returns from smaller mea-
sures, such as LED lighting retrofits.

3.4. Technical-economic analysis

This section presents the cost-benefit and energy analysis of
retrofitting heat generators, heat distribution systems, and lighting sys-
tems. We split the database into three sub-samples of buildings, each
implementing an intervention. We then calculate the energy benefits
and economic impact for sub-sample quartiles based on energy use per
square meter (EPI) before retrofit.

Buildings with the worst energy performance present an EPI higher
than Q; (Table 3). They start with few or missing energy efficiency mea-
sures, and their EPI is 1.5 times that of the following quartile and up to
2 times the energy use of the whole sub-sample; focusing on heat gen-
erators, this scale factor augments to 1.7 and 2.9 times, respectively.

Table 3

The savings of the retrofitting measures by the building energy use per square
meter before the intervention. The analysis begins with the fourth percentile of
buildings (the worst 25 % in terms of EPI) and expands to the whole sub-sample.
All figures are average values computed over quartiles.

Retrofitted Component Buildings EPI AEPI after %;;”:”
selection by EPI  [10e/1000m?] retrofitting  [1o¢/1000m?]
> 05 84,20 —4,7% 3,92
Heat generator 20, 48,33 —5,0% 2,42
8 >0, 35,40 —6,0% 2,12
all sample 29,14 —-6,9% 2,00
> 05 65,35 -1,8% 1,17
I >0, 42,96 -2,9% 1,25
Heat distribution >0, 38.58 319 L19
all sample 32,04 -3,1% 0,99
>0, 75,52 -1,3% 0,95
>0 51,89 -1,5% 0,79
Lighti t -= ’ ’ ’
1ghting system >0, 45,42 ~1.8% 0,84
all sample 35,07 -2,3% 0,81
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The cost-benefits, retrofit cost per square meter, and payback years of retrofitting measures by the building energy use before the intervention. We
included the support of the Conto Termico and White Certificates for each measure. All figures are average values computed over quartiles.

Retrofitted Component  Buildings selection % Retrofit cost with CT with WC Retrofit with CT with WC
by EPI [€/10e] [€/m’] [€/m’] [€/m*] pbck [yrs] [yrs] [yrs]
>0, 19.713,50 77,21 60,31 63,34 9,3 6,2 8,1
Heat generator 20, 16.557,66 40,10 29,69 33,53 10,1 6.9 9,1
8 >0, 13.137,35 27,89 19,81 22,98 9,6 6,5 8,7
all sample 13.859,28 27,78 20,36 23,31 9,6 6,6 8,6
> 05 6.825,00 7,95 - 6,66 5,1 - 4,8
>0 7.434,42 9,31 - 7,76 4,7 - 4,3
H istributi >0, s , , , s
eat distribution >0, 6.961,44 8,27 - 6,91 48 - 45
all sample 6.871,54 6,79 - 5,71 4,7 - 4,5
>0, 5.263,03 5,01 - 4,09 4,4 - 4,1
Lighting system >0, 5.066,77 3,99 - 3,28 4,5 - 4,2
ghting sy >0, 5.570, 14 4,67 - 3,89 45 - 42
all sample 6.033,82 4,87 - 4,08 4,6 - 4,3

Almost all these buildings were built between 1955 and 2000, the sec-
ond class by age we considered in our analysis (Fig. 2), revealing that
historical buildings can show competitive energy and comfort perfor-
mance, probably due to their natural ventilation systems and materials
with high thermal inertia [74].

Although the worst 25% buildings present the highest energy-
saving potential, the proposed interventions reduce their EPI less
than those in more efficient buildings. Indeed, inefficient buildings
have a higher energy-saving potential because retrofitting starts from
a low-performance baseline; however, the impact of a single inter-
vention on their energy use may be relatively small due to the
widespread inefficiencies. Such buildings require multiple interven-
tions or global retrofitting [75,76]. In contrast, buildings with pre-
viously implemented energy-saving measures present lower energy-
saving potential since many of the most effective efficiency measures
have already been implemented, diminishing the returns of further
interventions.

The retrofitting of the worst 25 % buildings presents the highest costs.
However, the financial support of both incentives is more effective than
in other quartiles: the average cost reduction is 22 % by Conto Termico
and 18 % by White Certificates (Table 4). The cost-benefits of retrofitting
decrease for more efficient buildings; in particular, we observe lowest
costs in the medium performance range (above Q, and Q,) showing
that retrofitting highly inefficient buildings faces prohibitive costs with-
out incentives or it becomes less convenient when multiple efficiency
measures have already been implemented [76,77].

This section showed that the main national incentive schemes, White
Certificates and Conto Termico, are based on the principle that the
greater the energy savings achieved, the greater the financial support
awarded. Incentive programs abroad, such as Germany’s KfW [78] and
the U.S. Section 179D [79], follow the same logic: they implicitly re-
ward deep renovation, but lack specific targeting based on building
type or pre-renovation EPIL. Although deep retrofits are implicitly fa-
vored, incentives may be applied inefficiently to buildings whose tech-
nical condition or structural obsolescence make renovation economi-
cally unjustifiable. To improve policy precision in the Italian context, we
propose the formalization of a new building category: pre-regulation,
non-historic buildings—constructed before the introduction of national
energy efficiency laws (L. 373/1976 or L. 10/1991) - but not subject
to preservation constraints. These buildings often have high energy de-
mand and low architectural barriers to intervention, making them ideal
candidates for well-calibrated, multi-measure retrofits. As a future re-
search direction, we plan to map this segment in detail, analyzing its
structural condition, geographic distribution, and retrofit feasibility, to
define technical thresholds for incentive differentiation. The goal is to
exclude degraded buildings from incentives (where demolition may be

preferable) while enhancing support for retrofit-ready assets with high
energy-saving potential.

4. Conclusions

The energy audit of an office building describes its energy services,
construction features, location, and final energy use; it also proposes
energy-saving measures to enhance the building’s energy performance.
ENEA collected mandatory energy audits of large banks and insurance
companies in Italy, constituting a database that accurately represents
the national office building stock.

Our analysis revealed that most buildings are located in cold-
temperate climate zones D and E, primarily concentrated in the Lom-
bardy region, and were built between 1950 and 2000, before the im-
plementation of national regulations on building energy performance.
The majority of buildings utilize electrical boilers, while gas boilers are
still widely used. The data revealed a building stock that requires reno-
vation to comply with the latest EU regulations on building energy use
and emissions reduction by 2050. We extended the analysis to energy-
saving measures from energy audits, aiming to support decision-makers
and investors in retrofitting office buildings through the most profitable
investment opportunities. Retrofitting the heat distribution constitutes
the dominant strategy for reducing the building energy needs (the 47 %
of sampled interventions), and it substantially takes place by replacing
the heat generator with modern heat pump systems and renovating the
heat distribution; these interventions could reduce up to 30 % of energy
needs and 10 % of emissions. However, new heat generators are expen-
sive and have extended payback times. Therefore, investors usually fa-
vor the renovation of lighting systems with LEDs, 37 % of the sampled
interventions, since these investments are cheaper than others and pro-
cure faster returns, reducing the building energy need by 2.5-5 % with
a payback time of about 4 years. Saving measures for data centers and
their cooling systems are residual, indicating that companies are migrat-
ing to cloud computing.

We analyzed the cost-benefits of retrofitting heat generators, heat
distribution, and renovating the lighting system. We compared the case
when the private investor covers the initial investment to the scenarios
with public economic support; the incentives we studied are Conto Ter-
mico (CT) and white certificates (WC). The cost-benefit ratio decreases
as the size of the installed energy system increases, since larger systems
result in greater energy savings (i.e., benefits) and lower unit cost of
the installed system (expressed in €/kW or €/m?). The support of CT
and WC depends on the yearly energy use and savings, making these in-
centives more advantageous for the largest energy systems. Compared to
the WC, the CT significantly reduces the cost-benefits of a new heat gen-
erator, as this incentive framework is explicitly designed for measures
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that save thermal energy. The WC could support multiple measures for
a global building retrofit, and it is less effective when exploited for a
stand-alone intervention.

We completed our analysis by investigating how the building’s en-
ergy use per square meter before the intervention (EPI) is a proxy indi-
cator of whether retrofitting is convenient in terms of financial costs and
energy savings. Buildings with poor energy performance are expensive
to retrofit, particularly without incentives, and a single action reduces
the initial EPI lower than in more efficient buildings. However, inef-
ficient buildings have the highest energy-saving potential and fastest
returns, so investors could maximize profits by combining multiple ac-
tions in a single investment to reduce the initial unit costs. In more
efficient buildings, new energy-saving measures are merging or replac-
ing those already implemented, and they inevitably yield slower energy
savings and financial returns than when implemented in less efficient
buildings. Therefore, retrofitting these buildings should prioritize the
interventions based on the state of the building before retrofitting (e.g.,
degree of degradation, structural transformation, and existing energy
systems), the interdependencies among interventions with their cumu-
lative impact, and generally ensure the best energy savings and financial
returns.

The analysis developed in this paper could be helpful to both pol-
icymakers and company investors in monitoring potential savings and
identifying the benefits associated with energy retrofitting for offices
having different EPIs and operating in various climatic zones. The EED
2023/1791 requires companies to develop an energy audit and draft
annual implementation plans of energy efficiency measures; thus, the
quantitative information provided in this work could help prioritize en-
ergy efficiency interventions at the company level.

The limit of our analysis is in the resolution of the database. The
energy audits track the energy use of the office building and suggest
measures for saving energy in that specific case; they lack many details
about the building features, such as insulation level, glazing, external
shading, and building orientation that could have been useful for study-
ing the cost-benefits of interventions aggregated by building typology.
Some audits include qualitative descriptions, but we have not incorpo-
rated them in our analysis since they are not consistent in format and
technical depth.

Additionally, we missed the small office buildings widely distributed
across the national territory, particularly in the climatic zones we
scarcely covered. Also, our analysis does not cover public offices,
as these fall outside the application parameters of Legislative Decree
102/2014, Art. 8 regarding the obligation of an energy audit. Even
within the banking and insurance sector, we included only the most
energy-intensive buildings. Therefore, caution is needed when gener-
alizing the results to smaller or public-sector offices: multi-tenant of-
fices or consulting firms often lack control over building-wide systems,
which limits retrofitting options to single, low-cost measures; govern-
ment and educational offices operate with fixed operating hours and
seasonal closures, lowering their baseline energy use and the relative
impact of interventions; finally, the smallest companies could not qual-
ify for incentives, and the cost-effectiveness observed in our analysis
cannot be downscaled to them.

Future studies will enhance the accuracy of the analysis since the
New EED 2023/1791 Art. 11, published in September 2023, has mod-
ified the previous Directive, linking the energy audit obligation to the
company’s energy consumption, rather than its size. This update will fur-
ther expand our dataset for future analysis and research. For example,
we will examine the temporal planning of interventions, establishing
a timeline for implementing these solutions following the EU’s emis-
sions pathway to 2050. Also, ENEA is developing a freely available en-
ergy management tool to conduct sensitivity analysis on key financial
parameters for the cost-benefit analysis of the interventions, such as
investment costs, energy prices, and discount rates. Furthermore, our
analysis considered only the economic and energy benefits associated
with the energy efficiency interventions reported in the mandatory en-
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ergy audits presented by the companies. We have not yet evaluated the
multiple benefits of energy efficiency, including reduced environmental
impact, social benefits, enhanced indoor environmental quality (IEQ),
and improved company green branding. Although these effects were not
quantifiable by our dataset, we consider their analysis critical for future
research since their positive impact on occupant productivity and com-
pany visibility can result in financial gains that exceed direct energy
savings.
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