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Abstract

In response to the pressing need to increase energy efficiency in buildings, new regulations
are continually being introduced to enforce higher standards. The recent recast of the
Energy Performance of Buildings Directive (EPBD IV) emphasizes the establishment of
national performance standards, which will supposedly be based on the national Energy
Performance Certificate (EPC). However, energy certifications across several European
countries rely on a quasi-steady state approach, which fails to accurately represent real-
performance conditions due to inherent limitations. This is more evident in buildings
located in warm climates, where actual energy demands far exceed those predicted by
energy certifications. To address these discrepancies, a shift towards dynamic performance
assessment methods is pivotal. This research compares the heating and cooling energy
demand of an office building using two approaches: the quasi-steady state, prescribed by
the Italian standard, and the dynamic state. After calibrating the dynamic model, it was
employed to perform a simulation incorporating more detailed user profiles and boundary
conditions than those used in the quasi-steady state method. This approach allows the
preservation of both reasonable accuracy and practical applicability. Finally, a sensitivity
analysis of influential parameters seeks to elucidate the main causes of divergence between
simulated and measured performance and to identify opportunities for improving EPC.
The simulation outcomes indicate that, while the stationary model yields heating energy
demand relatively aligned with the measured data, it shows substantial discrepancies
(about 50%) in the cooling predictions. Moreover, the findings reinforce the inadequacy
of the simpler approach and advocate for the integration of dynamic state simulation in
energy performance assessment, aligning with the objectives of the recent EPBD.

Keywords: energy performance certificate; office buildings; dynamic state simulation;
quasi-steady state simulation; energy performance gap

1. Introduction
The building sector accounts for the largest share of global final energy consump-

tion and carbon emissions, equal to about 40% and 37%, respectively, in the European
Union (EU).

The decarbonisation of the building stock is one of the most important goals of
sustainable development, considering the impact of buildings even on a global scale [1]. In
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response, the recent release of the Energy Performance of Buildings Directive (EPBD IV) [2],
imposes that from 2030 all new residential buildings in Europe must be zero-emission
while aiming to have the entire building stock climate-neutral by 2050.

The Energy Performance Certificate (EPC), as mandated by the EPBD, plays a piv-
otal role in the EU’s decarbonisation strategy. By standardizing the assessment of energy
performance across Member States, EPCs enable the benchmarking and comparison of
building efficiency, thus promoting energy-conscious decisions among stakeholders. More-
over, accurate and reliable energy performance assessments are essential for identifying
opportunities for efficiency improvements.

Furthermore, as a priority objective, the Directive requires a reduction of more than
20% in the energy consumption of the entire building stock of each Member State by
2030. The starting point for this huge, efficiency improvement operation will therefore
be the data on current consumption. In such a context, in the absence of more complete
data regarding the real consumption, Member States will supposedly base their threshold
on the estimation derived from energy performance certification of the existing building
stock, predominantly performed with the quasi-steady state (QSS) method. It should be
noted that, although this method offers a simplified and standardized approach to carry
out a preliminary assessment, it fails to capture the dynamic nature of buildings’ energy
performance, simulating the energy use under standard conditions and assumptions [3].

More in detail, while it seems reasonable to have a slight variation (less than 5–10%)
between predictions and real data [4], the actual gap observed in QSS seems too wide to
be acceptable [5,6].

The performance gap between real consumption and EPC estimation is even more
exacerbated in the case of structures located in the Mediterranean area, where QSS simula-
tions may exhibit a notable underestimation of energy need [7]. This discrepancy arises
from the oversimplification of dynamic thermal behaviors inherent in constructions [8].

QSS simulations, by their nature, assume a constant and uniform thermal state, ne-
glecting the multiple interactions between building envelope, internal heat gains, and
fluctuation of weather parameters. Among the limitations of quasi-steady state methods,
one major drawback lies in their inability to capture dynamic phenomena, for example,
to accurately reflect short-term fluctuations, thermal capacity of the envelope, occupancy-
internal heat gains patterns and system operations. Consequently, this method relies
heavily on empirical or pre-calculated utilization factors, based on the thermal inertia of the
building envelope and the ratio of gains/losses in heating and cooling [9], and solar shad-
ing coefficients to approximate the dynamic effects. This reliance introduces a significant
degree of uncertainty and diminishes the overall transparency of the methodology [10,11].

Moreover, such method also proves inadequate for evaluating advanced and respon-
sive technologies whose performance is highly dependent on hourly variations and interac-
tive behaviors, such as adaptive facades, night-time ventilation strategies and systems with
load-dependent efficiencies [10,11]. The dynamic nature of solar irradiation, temperature,
relative humidity and occupant behavior, introduces complexities that are not adequately
captured by QSS models, which systematically underestimate cooling loads [12].

For such reason, some authors pointed out that the cooling energy need should be
calculated by using a different approach from that used for heating need [13]. However,
among European countries, more than half of the EPCs are currently based on the QSS
method (Figure 1).

This paper aims to highlight the critical limitations of the quasi-steady state approach.
It emphasizes how these limitations, already significant, are likely to be exacerbated un-
der temperature rise due to climate change, potentially leading to greater underestima-
tion of cooling needs. On a large scale, such inaccuracies could distort national energy



Energies 2025, 18, 6015 3 of 21

consumption estimates and misrepresent actual CO2 emissions [14], thus compromis-
ing both the robustness of policy decisions and the feasibility of achieving long-term
decarbonisation targets.

 
Figure 1. European countries which adopt a QSS or DS method for the implementation of the EPC.

In such respect, this paper seeks to underline the cruciality of implementing dynamic
state (DS) calculation in EPC. Firstly, a comprehensive overview of the state-of-the-art on
the shortcomings of EPC based on the quasi-steady state method is reported. After that, in
order to underline the limitation of EPC, a comparative energy estimation analysis through
both the methods of the performance of an office building case study located in Milan
(Italy) is carried out.

The paper is structured as follows: Section 2 presents an overview of EPC in Europe;
Section 3 shows the main limitations of the QSS simulation and makes a comparison with
DS one; Section 4 offers a brief description of the case study; Section 5 outlines the energy
simulation assessment, Section 6 presents the main results and discussion, while Section 7
outlines the conclusions with the main outcomes of the study.

2. Energy Performance Certificate in the EU
The EPBD EU Directive 2002/91/EC [15] and its recasts, 2010/31/EU firstly and

2018/844/EU subsequently, foresee that “Member States shall lay down the necessary measures
to establish a system of certification of the energy performance of buildings. The energy performance
certificate (EPC) shall include the energy performance of a building and reference values such as
minimum energy performance requirements in order to make it possible for owners or tenants of the
building or building unit to compare and assess its energy performance” [16].

The transposition in each national legislation gave rise to two approaches to assess
and predict energy performance in EPC: QSS and DS. While both methods serve the same
purpose, they differ significantly in their approaches and the level of detail they provide.
The first one assumes that the building operates under steady-state conditions, meaning
that internal temperatures and heat flows remain constant over time. This approach
simplifies calculations by averaging energy consumption over specific periods, generally
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on a monthly basis. In contrast, dynamic state models consider the transient behavior
of a building’s thermal environment, accounting for time-varying external and internal
conditions. These models take into account changes in solar radiation, outdoor temperature
fluctuations, building occupancy, and energy gains or losses during the day and night. This
results in a time-dependent simulation that captures the thermal response of the building
in real-time or on a fine temporal scale (hourly or sub-hourly).

In general, the simulation models used in EPC schemes in EU countries are mostly
based on the quasi-steady state monthly energy balance calculations. However, in some
countries, the EPC methods are based on dynamic calculations on an hourly basis [17]. More
in detail, in some of them, like Hungary and Portugal, dynamic simulation is mandatory for
specific typologies of buildings, while in Finland, dynamic energy calculation is mandatory
only for buildings with a cooling system. Also in Spain, dynamic simulation is already part
of the methodology for the EPC, even if it is still possible to officially perform a calculation
with an annual balance.

In the following figure are shown the European countries which adopt a quasi-steady
or a dynamic state method for the implementation of the EPC.

3. Limits of Building Energy Simulation for EPC
In this section, the main differences between quasi-steady and dynamic state simula-

tions used for EPC are highlighted; nonetheless, the main sources of discrepancy in energy
simulation are discussed.

3.1. Overview of the Main Sources of Discrepancy in Energy Simulation

First of all, regardless of the simulation method adopted, it is important to high-
light the main sources of discrepancy between simulated and real data, as summarised
below [6,18,19]:

• the lack of precise information about input parameters such as the thermo-physical
data of envelope components;

• calculation limits of the tool used to describe the geometric features (e.g., in the
presence of thermal bridges and a heat flow model restricted to one-dimensional flow);

• the adoption of inaccurate or incomplete models of certain physical phenomena (e.g.,
the capability to model the vapour and water transfer through the building envelope
components, etc.).

While the first issue is related to the availability of information during the design stage
as well as to the user behavior during the building operation, the other two are strictly
related to the methodology and tool adopted to carry out the simulation.

3.2. Performance Gap Comparison Between QSS and DS Methods

The QSS typically relies on average monthly climatic data and simplified boundary
conditions to estimate energy needs, whereas the DS method uses an hourly calculation
timestep, allowing for detailed simulations that reflect real operating conditions and climate.
However, due to a common need for oversimplification of the EPC procedures, the first
method, with a large number of assumptions and generic standard inputs, is a widely
adopted procedure in EU countries (Figure 1).

In particular, QSS approach lacks the precision required to fully capture building
performance under actual operating conditions [20]. In fact, it allows relatively quick eval-
uations, requiring less detailed input data compared to transient simulation approaches,
making it more accessible and practical for widespread use in energy performance certi-
fication across different building types and scales. The ease of use of the QSS method is
paradoxically counterbalanced by performance estimation far from real values.
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Several studies have reported that the quasi-steady state approach can overesti-
mate heating needs [21–24] and yield inaccurate results during the cooling season, es-
pecially in warm climates [3,12,25] and in buildings with high thermal inertia with
intermittent heating [26].

Furthermore, key inaccuracies have been demonstrated in the QSS method for esti-
mating thermal gains [27] due to its simplified assumptions. Using a “black body cavity”
model (EN ISO 13790:2008 [28]), it overestimates solar gains through windows and un-
derestimates those through opaque surfaces. Unlike dynamic simulations, it also neglects
radiative losses and simplifies surface temperature estimations, affecting internal gains and
infrared radiation calculations.

In a work that analyses buildings located in Mediterranean areas [3], the authors
stated that a detailed dynamic simulation model in the form of certified software should
be preferable to verify buildings’ EPC requirements [13,23]. In the comparison between
the two approaches [3], the first one incorrectly estimates the energy demand in all case
studies and the differences in the cooling demand varied depending on the climate and
operational time.

Similarly, in a European project [29] where four types of buildings were analysed
(single house, apartment block, office and school) in various European cities with QSS
and DS methods, the authors stated that the main sources of discrepancy between the two
approaches are the modelling differences in schedules of internal gains, air infiltration, the
simplified calculation of solar gains and capacitive behavior of the building components in
quasi-steady state method, which is more significant in warm climates.

Substantial differences have also been observed in a case study building located in
Zagreb (Croatia) [25], which shows that, for all building geometries and uses considered
in the analysis, the QSS model’s deviation reaches a value of about 30% in heating and
between 11–114% for the cooling demand.

Another study [12] thoroughly analyzed the accuracy of the two approaches across a
range of building types located in the centre of Italy, different envelope characteristics and
climate conditions. The findings reveal that these two methods can produce annual energy
requirement differences of up to 40% for heating and 18% for cooling.

Similarly, simulations conducted on six-story residential buildings in various cold
climate zones in China [24] further examined the applicability and differences between QSS
and DS methods. The analysis shows substantial variations in heat loss between the two
approaches, with differences ranging from 16.6% to 43.8%, especially in high-altitude areas
with strong solar radiation and large diurnal temperature swings. Based on these findings,
the authors recommend using dynamic energy simulations rather than quasi-steady state
calculations, to more accurately assess building energy demand.

A case study in Athens, Greece [14], examined the energy performance gap between
both methods, revealing significant discrepancies. The authors emphasize the necessity
of using DS simulation to enhance EPCs in the building sector, minimize unnecessary
investments from overestimated energy efficiency measures, and improve CO2 emissions
predictions, which are essential for EU energy policies in this sector.

Similarly, a case study in Naples [30] underscores the importance of dynamic simula-
tions within the regulatory framework for energy-efficient buildings. Researchers note that
the QSS method may overestimate a building’s energy class, potentially inflating expected
economic savings from refurbishment measures. Comparable findings were reported for
an older building in central Italy [31], where QSS simulations showed discrepancies of up
to 12–14% compared to DS results.

Although the dynamic model allows for an accurate evaluation of the energy de-
mand [10,11], in many EU countries it has not yet been implemented because it generally
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requires a greater amount of information and an excessive workload for the user. Moreover,
it should also be adapted to the national context. For such reasons, in most of the EU
countries the quasi-steady method is employed, both in winter and in summer, despite the
calculation of cooling needs in the Mediterranean area has shown significant deviances if
compared with the DS approach [7,32–34].

As highlighted in another work [35], which compared the annual energy use for space
heating and cooling through QSS and DS simulations, the first method overestimates the
energy need for heating and underestimates the energy need for cooling. In particular, the
results show that the cooling need underestimation is higher for the Southern Italian cities
(it ranges from −23% to −36%). High deviations in percentage also appear in the heating
demands, especially in the warmer climates, although the result is amplified by the low
energy demand.

It should be noted that the abovementioned works do not compare the results of
different simulation methods with real acquired data. According to the literature analysed,
few research papers deal with such topic, while most of the publications compare QSS and
DS simulations.

With regard to the comparison with real data, it has been demonstrated that the
heating monitored data of an nZEB in the Mediterranean context is, on average, about 35%
lower than the results obtained through dynamic simulation, and about 60% lower than
the ones calculated with the QSS method [31]. The authors also noted that DS simulation
more accurately reflects real conditions by properly accounting for solar gains and the
temperature setpoints of technical systems.

A study that used the QSS method for the assessment of some dwellings located
in Cyprus [36] reveals a significant gap between calculated energy demand and actual
measured consumption. In particular, the cooling loads deviation is about 150% of the real
data because the method is not able to take into account the users’ habits, since in summer
they activate the cooling system only in some occupied rooms. On the contrary, for heating,
simulations showed good alignment (since normally the entire dwellings are heated in
winter), although heating needs were still overestimated. In summary, the study highlights
the importance of validating simulation models against measured data, especially for
cooling, to ensure realistic energy performance assessments.

In contrast, another work [37] analyzed a nearly Zero Energy Building (nZEB) in a
cold climate. According to the findings, real energy consumption monitored over a short
winter period was approximately 4.5–6% higher with respect to the performance predicted
by QSS and DS simulations.

In a student accommodation complex in Melbourne, Australia [38], the results show
that the QSS approach overestimates heating demand and underestimates equipment and
lighting use.

Furthermore, when calculations rely on simplified standard values for occupant
behavior and airflow rates, as is common in EPCs, significant differences between simulated
and actual energy consumption can arise, ranging from 50% to 150% [28].

Most of the studies comparing QSS and DS methods focus predominantly on buildings
located in cold climates [5,12,22,37,39–42], while limited research has investigated their
performance in warm or Mediterranean regions [3,36,43,44]. This geographical imbalance
represents a significant gap, particularly as, due to climate change, cooling demands rise
globally, but especially in areas that already have a hot climate.

The QSS method, although widely used for its simplicity and lower input data re-
quirements, suffers from key limitations, as mentioned above. On the other hand, DS
simulations offer a more accurate representation of building behavior, as confirmed by the
literature that generally recognizes such models as more reliable for predicting real energy
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performance [11]. Moreover, in recent years, the introduction of the hourly calculation
method based on EN ISO 52016-1: 2017 [45] has led to the enhancement of accessibility and
transparency of such method, with the advantage of the use of similar input required by
the monthly approach [46]. Such standardization efforts aim to make dynamic calculation
methods more reliable and accessible. In detail, a primary goal was to handle dynamic
effects without significantly increasing the burden on the end-user, keeping the extra input
required from the user to a minimum compared to the monthly calculation method. Sec-
ondly, the increased complexity inherent in dynamic simulation (such as hourly operation
schedules and hourly weather data) must be introduced by standards, not by the end-user.
This approach enhances large-scale feasibility by mitigating the need for the user to provide
highly detailed, dynamic operational data [46].

Implementing dynamic simulations on a large scale requires specialized software
capable of robust and consistent calculations. A key aim of the EPB standards revision was
to make procedures unambiguous and software-proof. The simplified hourly method in
EN ISO 52016-1 is more advanced than its predecessor (EN ISO 13790:2008). The main
difference is that the building elements are not aggregated to a few lumped parameters but
are kept separate in the model. This increases transparency and makes the method more
widely usable, for instance, by allowing the thermal mass of the building or building zone
to be specified per building element. The drawback of this increased detail is that due to
the much higher number of nodes, a robust numerical solution method (and software) is
required [46,47].

In such regard, in Italy, some software companies have already started to implement
this procedure in their products, although it is not yet mandatory. However, the continued
widespread adoption of the QSS approach in regulatory frameworks may lead to some
uncertainty for the estimation of building performance, from which greenhouse gas emis-
sions are also derived. This study aims to address this gap by focusing on the differences
between the two methods, with particular emphasis on discrepancies in cooling energy
demand estimation.

3.3. The Cooling Demand Paradox

The adoption of QSS raises the paradox that it may seem that there is no need for
cooling. In fact, while monthly average temperatures in European capitals during the
warmest months are below the setpoint temperature (26 ◦C), except Athens and Cyprus,
hourly daily peak temperatures often significantly exceed this comfort threshold. However,
QSS models, which operate based on monthly averages, cannot consider the peaks. As a
result, these models might suggest that the heating system should be turned on even on
summer days. For example, considering a city like Warsaw, where the average temperature
in August is around 16 ◦C, the heating systems might need to be turned on to achieve a
comfortable temperature (considering negligible gains). However, on the hottest days of
summer, hourly maximum temperatures exceed 33 ◦C. In such respect, the QSS could para-
doxically suggest triggering the heating system despite outdoor conditions that demand
cooling or ventilation instead.

As can be noted by the Table 1 shown hereafter, such a discrepancy is even more
exacerbated considering countries at lower latitudes. This is a very critical issue that
needs to be highlighted, as energy consumption for cooling has been growing steeply, and,
according to the IEA, will continue to rise in the face of climate change.
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Table 1. Average and maximum temperatures for different European capitals.

Country Capital City Tmax [◦C] Taverage [◦C] Latitude

Austria Vien 31.40 21.82 48.19
Belgium Brüssel 30.50 17.83 50.90
Bulgaria Sofia 37.00 20.43 42.69
Croatia Zagreb 37.10 22.59 45.81

Republic of Cyprus Nicosia 42.10 30.13 35.15
Czech Republic Prague 31.80 19.09 50.06

Denmark Kopenaghen 27.90 16.93 55.61
Estonia Tallin 27.00 16.11 59.41
Finland Helsinki 23.60 17.47 60.17
France Paris 32.30 20.03 48.82

Germany Berlin 28.50 17.89 52.46
Greece Athen 38.00 27.61 37.91

Hungary Budapest 30.00 20.09 47.51
Ireland Dublin 21.90 15.26 53.42

Italy Rome 31.80 24.24 41.90
Latvia Riga 27.40 17.16 56.95

Lithuania Vilnius 29.70 17.21 54.63
Malta La Valletta 27.60 25.79 35.85

Netherlands Amsterdam 26.10 17.79 52.31
Poland Warsaw 33.20 16.60 52.25

Portugal Lisbon 34.70 22.88 38.71
Romania Bucharest 37.00 23.98 44.41
Slovakia Bratislava 33.60 22.07 48.16
Slovenia Ljubjana 35.50 20.77 46.06

Spain Madrid 39.20 25.59 40.45
Sweden Stockholm 29.50 18.20 59.35

3.4. Main Issues to Overcome

In general, the main reasons for discrepancies between QSS and DS methods can be
summarized as follows:

• different resolution of weather data (average monthly values used in the quasi-steady
state method cannot capture the effects of climatic variations over time);

• estimation of solar and thermal gains in the quasi-steady state method results in
significant deviations in the building’s energy performance;

• the dynamic properties of a building and their effect on the building’s energy perfor-
mance are modelled with quasi-steady state methods using empirically determined
gain utilization factors, which approximate the results of cooling energy demand;

• a fixed air set-point temperature is used in the quasi-steady state methods for the
whole calculation period, whereas intermittent heating and/or cooling is treated as
continuous with adjusted set-point temperature;

• scheduling the infiltration/ventilation rate is not possible in the quasi-steady
state method.

4. Case-Study Description
To demonstrate the above, namely the inadequacy of QSS models compared to DS

ones, especially about summer cooling, this paper presents a detailed analysis of an office
building case study.
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The selected building, which is the Italian headquarters of a major insurance company
located in Milan, northern Italy, is highly representative because: (i) it has been the subject
of several scientific studies over the last 15 years [48,49], so there is detailed and validated
information and data available on it over a significant period of time; (ii) due to its size and
construction characteristics, it is representative of the large number of tertiary buildings
constructed in Europe in the 1980s and 1990s, which have poor energy performance and
large glazed surfaces; (iii) it is located in Milan, whose climate is significant because it is
characterized by fairly cold winters and hot summers, thus allowing the behavior in critical
winter and summer conditions to be highlighted.

Originally constructed in 1998, it was representative of glazed office buildings of
the 1990s, and it underwent an energy retrofit intervention in 2008. It consists of two
rectangular blocks: a low-rise structure and a tower, with a total gross volume of 45,500 m3.
The heated/cooled net volume is around 33,300 m3 (Figure 2).

 

Figure 2. Plan and street view of the case study building in the pre-retrofit status.

The original construction quality of the building was generally poor, particularly in
terms of durability, thermal insulation, and energy efficiency, which was common in Italian
commercial buildings in the late 1900s. The external facades were constructed using layers
of bricks with insufficient insulation and covered with clay tiles, while glazing elements
were constituted by aluminium frames and outdated reflective double glazing. Some parts
of the opaque facades were covered with spandrel panels, consisting of reflective glass and
an insulating panel on the inner side.

Detailed features of the envelope components, as well as a detailed description of
the HVAC system, are described in a previously published work [48], while the main
parameters are summarized in Table 2.

Monitoring data related to the year 2006, adopted as a reference, reveals that the
building was characterized by a heating and cooling energy demand equal to 50.9 kWh/m2

and 64.0 kWh/m2 respectively.
The data presented above are used as basic boundary conditions for the simulations

that are described in the next section.
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Table 2. Main parameters of the selected case study in the pre-retrofit status.

Main Building Information

average U-value Light walls|Massive walls|Roof 0.47 W/m2K|0.94 W/m2K|0.48 W/m2K

glazing U-value|SHGC|τv 1.8 W/m2K|0.35|0.28

thermal heat load for electrical equipment|
artificial lighting 10.3 W/m2|9.4 W/m2

Air Changes per Hour (ACH) 0.9 h−1 for 14 h per day

Technical System Efficiencies

summer period winter period

emission average efficiency 0.85 0.85

control average efficiency 0.90 0.90

distribution average efficiency 0.95 0.95

generation average efficiency/COP 2.53 0.85

global average seasonal efficiency/COP 1.84 0.62

5. Energy Assessment Procedure
This chapter describes the procedure for energy simulation and assessment applied in

this work to the above-described case study.
As an initial clarification, it must be specified that according to EN 15603:2008, two

different approaches can be distinguished [50]. The first is called “standard”, which is based
on conventional climate, use, surroundings and occupant-related input data, defined at the
national level and adopted for EPCs; the second is called “tailored”, which is calculated
with data adapted to the specific actual building and the purpose of the calculation. These
two approaches were compared within three different simulation rounds, as described in
detail below.

The goal of this analysis is to evaluate different simulation approaches and the related
energy gap with respect to measured data, with a focus on heating and cooling services, to
identify the main issues related to the proper estimation of the building energy performance.
In such regard, it was decided to compare heating and cooling energy demand rather than
the energy consumption or the primary energy.

However, before proceeding to show the results of the three simulations mentioned
above, the DS energy model was calibrated and validated against actual data collected
during the 2006 energy audit.

5.1. Calibration and Validation of the DS Energy Model

Model calibration represents a pivotal step in enhancing the accuracy of a simulation
model by comparing its predicted output with measured data under identical boundary
conditions [51]. In this work, calibration was performed by comparing the measured energy
demand, obtained from the energy audit, with the simulated results provided by the DS
energy model. The fine-tuning procedure has been done adjusting several input parameters
of the model; for example, providing detailed information of the building envelope and
thermal bridges, implementing internal gains due to people/artificial lighting and ACH
due to infiltration/ventilation based on real conditions, creating a customized weather file
for 2006 through climate data downloaded from Juvara-Milano weather station related
to the ARPA (Regional Agency for Environmental Protection) database. After multiple
simulation runs, the iterative refinement of input parameters provided satisfactory results.
The parameters adopted in the calibrated simulation are reported in Table 3.
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To assess the reliability of the simulation model, its accuracy has been evaluated by
calculating the statistical indexes, such as the Normalized Mean Bias Error (NMBE) and
the Coefficient of Variation of the Root Mean Square Error (CVRMSE), both computed
with respect to the measured data. The obtained results were then compared against
the threshold values recommended by ASHRAE Guideline 14 [52]. In such regard, the
measured and simulated monthly energy demand (both for heating and cooling) has been
compared in Figure 3, and the estimated NMBE and CVRMSE results are about 3% and
13%, respectively, which fall within the acceptable limits defined by ASHRAE Guideline 14
(NMBE ± 5% and CVRMSE < 15%).

 

Figure 3. Comparison of monthly heating and cooling energy demand measured and simulated.

Although the calibration and validation of the dynamic model yielded energy demand
results that closely matched the measured data, it should be noted that calibration may
not be an appropriate approach for the widespread implementation of dynamic simu-
lation engines within the EPC framework. As discussed above, this method would be
difficult to apply in practice and would significantly increase the time and cost associated
with certificate generation. The necessity of collecting highly detailed information on
building characteristics, climatic conditions, and occupancy profiles, combined with the
requirement for advanced user expertise, makes this approach impractical for large-scale
or routine applications.

A more feasible strategy would involve maintaining the DS simulations while employ-
ing standardized usage profiles and boundary conditions. This would preserve compatibil-
ity with dynamic modelling tools while ensuring wider applicability. For example, the use
of differentiated daily profiles across building types and regions, coupled with continuously
updated climatic datasets, could enhance realism without compromising practicality.

In such regard, the following Simulation B will explore an alternative procedure
capable of providing results that, although less precise than those obtained through full
calibration, achieve an acceptable level of accuracy when compared with the QSS procedure.

5.2. Simulation A—QSS Simulation with Standard Boundary Conditions

The first simulation carried out was done using the Italian protocol for EPC, a QSS
calculation method in accordance with UNI TS 11300 [53], which represents the national
application of the ISO 13790:2008 [28]. The latter requires the use of specific certified tools
in compliance with the national procedure and building/user conditions, as summarized



Energies 2025, 18, 6015 12 of 21

below in Table 3. The chosen simulation tool is Termolog [54], which is one of the most
used among those formally accredited at the national level. Figure 4 shows a view of the
model geometry.

 

Figure 4. View of the quasi-steady state energy model.

The model geometry consists of 18 thermal zones (subdivided into different rooms)
served by the technical system and some unheated spaces for the underground levels, the
stairs, the services area, etc. The subdivision of the thermal zones has been done mainly
according to the type of system that characterizes the different rooms, the function and the
floor level.

About the thermal bridges, 20 elements were built for connection nodes between the
wall and floor slabs, roof, windows, etc., using the Finite Element Method (FEM) module
provided by Termolog software v. 2024.12 [54].

Regarding the weather data, according to the national procedure, each region in
Italy can integrate the EPC regulation by adopting stricter parameters with respect to the
national law and using a more accurate dataset for the climate conditions of the specific
location. In such respect, data for the Lombardy region are taken from the Regional Decree
18546/2019—Annex H [55]. Such data is based on monthly average values of the following
parameters: dry-bulb temperature, solar irradiation, wind speed and vapour pressure.

The calculation of latent energy demand is performed for each thermal zone based on
the enthalpy of water vapour present in the zone due to air exchanges with outdoor and
the vapour produced by occupants, processes and electrical equipment. In particular, the
average water vapour for each square meter due to the presence of people and electrical
equipment (e.g., dishwashers, etc.) is equal to 6 g/h×m2, as reported by the standard UNI
11300-1 for office spaces.

5.3. Simulation B—DS Simulation with Tailored Boundary Conditions

The second simulation model has been built using a DS calculation method through
EnergyPlus v9.2 software [56]. Such a tool can be considered one of the main references
for building energy analysis by the international scientific community [18]. This approach
allows for defining building utilization profiles with greater flexibility and detail, enabling
to replicate of real operating conditions, in contrast to the quasi-steady state method.

In detail, the model geometry was built by dividing the spaces into thermal zones
similar to the process adopted for Simulation A. It should be noted that the floor area
difference between the models made is about 1%. Such aspect is of particular importance,
because it makes the comparison of the results of the two energy models possible. Figure 5
shows a view of the DS energy model.
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Figure 5. View of the EnergyPlus dynamic energy model.

Internal loads due to the people occupancy, electrical equipment and artificial lighting
were implemented into the model by adopting a detailed profile provided by the standard
UNI/TS 11300 for office spaces [53], as described in Table 3. Within the EnergyPlus envi-
ronment, different alternatives are available to perform the thermal bridge calculation [18].
In this work, since the linear thermal transmittance (ψ) for about 20 thermal bridges was
already calculated with Termolog software, these were used for the estimation of the modi-
fied U-value (Umod) to take into consideration the additional heat losses through thermal
bridges in dynamic conditions, as suggested in [18]. The calculation of Umod involves
adjusting the conductivity of one layer in the multi-layered envelope component so that its
thermal transmittance matches the effective overall U-value of the envelope that includes
thermal bridge effects.

Regarding weather conditions, in this analysis the TMY (Typical Meteorological Year)
of Milan for the period 2000–2009 was adopted. In the dynamic simulation, latent energy
demand has been calculated on an hourly basis, considering the exterior conditions from
the weather file and water vapour emissions from occupants. To determine the water
vapour supply, an occupancy density of 0.06 people/m2 for single office spaces [57] and a
vapour production rate of 80 g/h per person (seated people with average activity level)
were used according to [53].

5.4. Simulation C—DS Simulation with Standard Boundary Conditions

Finally, a performance gap analysis was also performed to identify the most influential
parameters in energy simulation and quantify the gap between actual consumption and
simulated values through a downgraded process of the DS model (Simulation C), as
described hereafter.

In this simulation step, the same EnergyPlus model described in step B was adopted,
but implementing standard boundary conditions, which are considered constant, as in
the quasi-steady state method. In fact, due to the intrinsic limitations of the QSS proce-
dure/simulation tool to vary the boundary conditions along the simulation time step, the
set of constant parameters and boundary conditions adopted in the QSS approach has
been applied to the DS model. In essence, for the purposes of comparative analysis the
dynamic state method has been downgraded by using the conditions implemented in
the Italian protocol for EPC in order to reduce the differences with the quasi-steady state
model. In detail, the parameters modified in this simulation phase compared to step B are
listed below.
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• weather file (WF): rather than utilizing the hourly weather file (TMY 2000–2009), the
monthly average conditions are adopted as fixed values;

• ground temperature (GT): instead of using temperature profiles provided in the EPW
file related to Milano, the equivalent ground temperature estimated from the heat flow
calculated through UNI EN ISO 13370 in the quasi-steady state method is adopted.
It should be noted that such derived temperatures are usually higher than the one
provided in the EPW used in the dynamic simulation;

• user profile (UP): rather than using a detailed tailored profile, a fixed daily average
value is applied for the whole year.

The details of the implemented conditions for Simulation A, B and C are listed
in Table 3.

Table 3. Comparison of real building conditions with respect to the simulation setup adopted in the
quasi-steady and dynamic state simulations (tailored and standard).

Parameter Unit of
Measure

Real Building/
Model Calibration

Simulation A:
QSS Simulation

(Standard)

Simulation B:
DS

Simulation
(Tailored)

Simulation C:
DS

Simulation
(Standard)

simulation tool - - Termolog EnergyPlus EnergyPlus

climate data various

measured climatic
data from 2006

(downloaded from
ARPA [58])

standard average
monthly data

hourly data from
Milan TMY
2000–2009

standard average
monthly data

heating degree days
(HDDs) - 2403 2404 2272 2404

cooling degree days
(CDDs) - 472 366 462 366

ground temperature ◦C / estimated monthly
profile

monthly measured
profile provided in

the weather file

estimated monthly
profile

internal gains due to
people,

electrical equipment
and artificial lighting

W/m2

h/day
days/year

19.7
14
261

(1.3–2.7 W/m2 for the
remaining time)

6
24
365

20
10
261

(2 W/m2 for the
remaining time)

6
24
365

infiltration +
ventilation

h−1 0.9 0.72 0.72 0.72
h/day 14 8 8 8

days/year 365 365 365 365

heating
◦C 20 20 20 20

h/day 24 24 24 24

days/year 15 October to 15
April

15 October to 15
April

15 October to 15
April

15 October to 15
April

cooling

◦C
h/day

days/year

26
depending on the

space request

26
depending on the

space request

26
depending on the

space request

26
depending on the

space request

Subsequently, a comparison of energy demand from measured data and the val-
ues calculated with Simulations A, B and C has been carried out and discussed in the
following section.

6. Results and Discussion
The simulation results were compared with the actual energy demand, as reported in

Figure 6. It must be noted that the results of Simulation C are split to highlight the influence
of the change of different parameters, as described above in Section 5.
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Figure 6. Space heating and cooling energy demand comparison between measured data, quasi-
steady state (Simulation A), dynamic state (Simulation B) and dynamic state downgraded with
the combined effects of the parameters (Simulation C). The light colors of the bars in Simulation C
indicate the intermediate steps. The estimated error % for each step is calculated with respect to the
measured data.

In particular, as already reported, the energy demand for heating and cooling de-
termined according to monitored data is about 50.9 kWh/m2 and 64.0 kWh/m2, which
corresponds to a primary energy for heating and cooling equal to about 91.6 kWhEP/m2

and 90.3 kWhEP/m2, respectively. The primary energy factors adopted for the conversion
from consumption to primary energy are, respectively, equal to 1.05 and 2.42 for natural
gas and grid electricity [55].

Regarding simulation results, the quasi-steady state (Simulation A) provides 47.3 kWh/m2

for heating and 30.6 kWh/m2 for cooling energy demand, with an underestimation com-
pared to measured data of about 7% and 52%, respectively. The dynamic simulation with
tailored boundary conditions (Simulation B) instead provides 43.7 kWh/m2 for heating
and 61.8 kWh/m2 for cooling, with an underestimation of about 14% and 3%, respectively.

As is noticeable, in the quasi-steady state simulation, there is a considerable underesti-
mation of cooling energy demand. Hereafter, some of the factors that could contribute to
this discrepancy in compliance with the literature review are discussed.

One of the primary causes of this discrepancy can be attributed to the average monthly
temperatures used in the quasi-steady state simulation. In fact, the average temperatures
assumed in the simulation range from 3.5 ◦C in December to 24.5 ◦C in July. These
conditions do not account for temperature peaks, resulting in an underestimation of energy
needs, particularly during the summer period. Indeed, the maximum exterior average
temperature is 24.5 ◦C, while the analysed TMY outdoor temperatures exceeded 30 ◦C
several times during the summer months.

Regarding winter conditions, the estimated HDD of the QSS weather file is 2404,
which closely matches the value for the reference year (2006) based on measured data
(see Table 3. In contrast, the DS simulation used a weather file (TMY 2000–2009) with
a lower HDD value, equal to 2272. This difference may explain why the dynamic state
simulation (tailored conditions) predicts lower heating energy consumption compared to
the quasi-steady state simulation.

A second contributing factor could be the underestimation of internal loads (due to
people, electrical equipment and lighting) compared to the actual building profile. In
accordance with the quasi-steady state method specified in the UNI/TS 11300 standard, a
constant average value of 6 W/m2 has been assigned. However, this value significantly
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diverges from the real internal loads estimated through comprehensive energy audits,
which reveal 19.7 W/m2 for electrical equipment and lighting, operating for 14 h daily. This
disparity in internal load estimations may result in an overestimated heating energy con-
sumption during winter in the quasi-steady state simulation. However, its more significant
impact lies in the notable underestimation of cooling energy consumption during summer.

In contrast, the DS simulation shows results closely aligned with measured energy
consumption, due to the similarity in the internal loads used in the detailed tailored
dynamic state simulation.

Furthermore, the enhanced reliability of the results is due to the adoption of a more
detailed heat load profile for occupants, equipment and lighting through the use of an
hourly profile. The implementation of a comprehensive load profile is a standard practice
in dynamic simulations, allowing for the definition of realistic conditions across all seasons.
This profile closely aligns with parameters defined in energy audits, resulting in outcomes
that closely correspond to measured data.

More in detail, results obtained by Simulation C help to better assess the influence of
the above-mentioned parameters. In such respect, the results of Simulation C in Figure 6
show the downgraded simulations with the progressive effects of the different parameters
analysed, while Figure 7 shows the results of the influence of each parameter taken individ-
ually. It must be noted that in both figures, the estimated error % is calculated with respect
to the measured data.

Figure 7. Space heating and cooling energy demand comparison between the dynamic state (Simula-
tion B) and the dynamic state downgraded, with the individual effect of each parameter analysed
(the light colors of the bars in Simulation C). The estimated error % for each step is calculated with
respect to the measured data.

As evidenced by the results of Simulation C (WF), the adoption of average monthly
conditions instead of hourly data has a sensitive effect on heating (15% difference) due
to the higher HDD of the average monthly temperatures adopted by the energy standard
with respect to the TMY weather file used in DS simulation and given that QSS models do
not consider the temperature peaks. Furthermore, it significantly impacts cooling, leading
to a 37% underestimation compared to the initial simulation.

The simulation carried out with the adjusted ground temperatures, Simulation C
(GT), shows a notable reduction in heating energy demand by approximately 28% and a
corresponding 2% increase in cooling energy demand compared to the initial simulation.
This outcome is primarily attributed to the adoption of higher derived ground-temperatures
than those employed in the DS model. Such a discrepancy can be especially pronounced
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in buildings with a considerable floor area exposed to the ground, as observed in the
case study.

Finally, one of the parameters that significantly influences the simulation results and
therefore carries significant weight in estimating the energy consumption of buildings is
the user profile of internal loads Simulation C (UP). The adoption of a constant and average
value throughout the year provides an overestimation of heating by 21% (due to lower
internal gains) and an underestimation of cooling by 26%. This outcome is particularly
evident in buildings where internal loads may consistently deviate from the standard
values adopted in energy certification, as typically occurs in office buildings.

The simulation that combined the average monthly weather file and the adjusted
ground temperatures (WF + GT) shows a notable reduction both in heating and cooling
energy demand by approximately 34% and 30%, respectively, compared to the measured
data, for the same reasons discussed above.

Finally, incorporating the weather file featuring average temperatures, adjusted
ground temperatures and average internal loads constant for the whole year, Simula-
tion C (WT + GT + UP), led to a 16% and 48% underestimation in energy demand for
heating and cooling, respectively, compared to the measured data.

It is important to highlight that the outcomes derived from the DS model, incorporating
the conditions usually adopted in the QSS method, show heating and cooling values
consistent with those estimated from the effective quasi-steady state simulation for the EPC
(Simulation A).

This underscores the notion that when a dynamic simulation model is run with
simplified and poorly detailed input data, it produces results that closely align with the
quasi-steady state ones. It should be noted that the remaining discrepancy between the
results of the two models can be correlated to the different calculation methodologies
employed by the two software, with specific reference to the dynamic behavior of the
building due to its thermal mass. In the specific analysed case, since the building has
a large, glazed fraction and walls with low thermal inertia, the influence of its thermal
mass, especially on the cooling performance is limited and thus the error introduced by the
quasi-steady state method is not so relevant.

It must be noted that the results obtained for the Milan case study may be compared
with similar buildings in the Mediterranean region. In fact, from a comparison of the
average and the maximum temperatures presented in Table 3, it can be depicted that
average and maximum temperatures in other cities in the Mediterranean area, such as
Madrid (Spain) and Athens (Greece), exceed those of Milan. These differences suggest that
the potential gap in the QSS simulation for the case of Milan, especially for cooling, could
be even more pronounced in warmer cities.

Finally, it must be highlighted that, although the selected case study building is highly
representative, as better explained in Section 4, the considerations outlined in this paper
are based on the analysis of a single building. Therefore, in order to strengthen the results
obtained, it will be necessary to extend the analysis methodology to other buildings in the
continuation of the research.

7. Conclusions
The current reliance on QSS simulations in EPC, due to a significant uncertainty and,

in particular, to an underestimation of the consumption for cooling in warm climates,
allowed a disproportionate spread of buildings characterized by high efficiency class rating,
but also high actual consumption.

The future scenario is even worse from a social point of view: since the EU member
state will define the new energy consumption thresholds based on EPC values of existing
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buildings (carried out mainly with QSS procedure) and, contextually, the dynamic energy
simulation will be adopted as the main EPC procedure, to reach the new energy require-
ments will become challenging. This is because the reference basis will be the previous
overly optimistic calculations.

This research, hence, emphasizes the shortcomings of the QSS energy certification
method and the pivotal need to embrace DS energy calculation techniques to carry out
EPC, with a special reference to assessing buildings’ performance in warm climates.

Moreover, considering the obtained outcomes, the following recommendations for
carrying out reliable EPC can be outlined:

• adopting DS simulation makes it possible to account for the mutual interactions
between the building, occupants and the external boundary conditions;

• from the perspective of increasing temperatures due to climate change, there is a
preference in the use of dynamic simulations and to update the reference weather file
for estimating energy consumption, avoiding the use of weather data that includes
too outdated climate datasets;

• providing more detailed user profiles for appliances, lighting and occupancy, instead
of relying on constant average values throughout the year, enables obtaining a more
precise estimation of energy demand (and thus energy consumption);

• the DS method offers superior capabilities in accounting for building envelope proper-
ties, such as heat capacity, and their impacts on energy performance. In contrast, the
QSS method approximates these effects through utilization factors, resulting in less
accurate results;

• in recent years, the introduction of new standards based on the hourly calculation
method has improved the accessibility, transparency and reliability of dynamic simula-
tions by minimizing user input while shifting complexity to standardized procedures
and robust software capable of detailed, consistent calculations;

• although model calibration enhances the accuracy of dynamic simulations, its applica-
tion within large-scale EPC frameworks is impractical due to excessive data require-
ments, computational costs and user expertise demands. A more viable approach
involves employing dynamic simulations with standardized and tailored boundary
conditions and usage profiles, which maintain methodological consistency and realism
while ensuring scalability and operational feasibility.

In conclusion, ensuring increasingly accurate results in energy certification is pivotal
for effectively assessing the energy consumption and environmental impact of the building
sector. The latest EU directive aligns with this goal; however, there is a critical need for
Member States to not only embrace but also expedite the integration of dynamic calculation
tools and methods into their established national EPC procedures, especially in warm cli-
mates. Moreover, it may be necessary to reassess the current minimum energy performance
requirements for buildings, which are currently based on the QSS calculation method.
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Abbreviations

EPBD Energy Performance of Buildings Directive
EPC Energy-Performance Certificate
QSS Quasi-steady state
DS Dynamic state
TMY Typical Meteorological Year
U-value Thermal transmittance
Umod U-value modified
SHGC Solar Heat Gain Coefficient
τv Visible Transmittance
ACH Air Changes per Hour
HDDs Heating Degree Days
CDDs Cooling Degree Days
NMBE Normalized Mean Bias Error
CVRMSE Coefficient of Variation of the Root Mean Square Error
ARPA Agenzia Regionale per la Protezione dell’Ambiente
Taverage Average exterior temperature
Tmax Maximum exterior temperature
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