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a b s t r a c t

The Italian National Annex (NA) to EN ISO 52016-1 is aimed at improving the simplified hourly
calculation method of the building thermal performance assessment by introducing different modelling
options. The present work deepens the influence of the Italian NA improved method on the thermal
energy needs for heating and cooling of a residential building-type in two different climate zones. In
particular, the Italian NA improved options are applied one-at-the-time, and their effect is evaluated
in comparison with the EN ISO 52016-1 standard method. The use of solar angle and time dependent
correction factors for the total solar energy transmittance of glazing proved to be the most sensitive
modelling option, among those analysed. Negligible variations were instead reported for the other
tested options.

© 2022 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

In the last decade, different calculation methods were de-
eloped to address the issue of improving the building energy
fficiency. According to the required level of accuracy or detail,
wide range of models for the determination of the building
nergy performance are available. To overcome the low accessi-
ility to detailed input data, which are usually required by the
etailed dynamic models, standardised calculation methods were
ntroduced. Among them, the EN ISO 52016-1 technical stan-
ard (European Committee for Standardization, 2017a), devel-
ped under CEN Mandate M/480 (European Commission, 2010),
rovides a simplified hourly calculation method that allows to
ake into account the effect of dynamic interactions, challenging
he need for too detailed input data from the user (van Dijk,
019). To address this challenge, the hourly calculation method
s based on assumptions and simplifications selected as to guar-
ntee a balance between the accuracy and the simplicity of the
ssessment.
Besides the assumptions generally adopted for the calculation

f the building thermal loads (European Committee for Stan-
ardization, 2017b), the EN ISO 52016-1 hourly method intro-
uces other simplifications regarding different aspects of the
uilding energy performance assessment. These include the use
f constant convective and radiative surface resistances derived
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from the EN ISO 13789 (European Committee for Standardization,
2017c), a simplified model for the distribution of mass in the
building components, and time- and solar angle-independent
glazing solar properties for the transparent building envelope
components. Nevertheless, errors in the predictions of build-
ing energy consumption can be generated by these modelling
assumptions. Thus, it is of primary relevance to validate the
standardised hourly method and its modelling simplifications,
also considering its possible application in legislative context
(e.g., checks of the compliance with the energy performance
requirements), which is currently under discussion in all Member
States. Therefore, further assessments need to be performed to
investigate the effects related to the various modelling assump-
tions.

1.1. Validation studies of the EN ISO 52016–1 hourly model

Since the release of the technical standard in 2017, the effect
of the model simplifications on the accuracy of the calculation
method has been the central topic of a growing, but not yet
sufficient, body of literature, in which the EN ISO 52016-1 method
has been compared to detailed numerical simulation models.
Among the simplifications introduced, the research of Ballarini
et al. (2020) showed that, for a single family house in northern
Italy, the main cause of the differences in the results between
the standard hourly method and the detailed dynamic calculation
of EnergyPlus was found in the use of constant "-values for
the surface convective and radiative heat transfer coefficients.
Similarly, the EN ISO 52016–1 modelling assumption related to
the definition and the temporal discretisation of the external
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Nomenclature

Quantities

b temperature adjustment factor
EP energy performance kWh m−2

F correction/reduction/view factor
Fo Fourier number
g total solar energy transmittance
H heat transfer coefficient/conductance

W m−2 K−1

I solar irradiance W m−2

Ncn number of nodes
p pressure Pa
R thermal resistance m2 K W−1

U thermal transmittance W m−2 K−1

x thickness m

Greek symbols

κ areal heat capacity kJ m−2 K−1

Φ heat flux W m−2

θ temperature ◦C

Subscripts/Superscripts

av average
C cooling
c convection
diff diffuse
dir beam
door door
ext external
floor floor
gl global
gl,n global at normal incidence
H heating
int internal
j layer identification number
mr mean radiant
nd need
obst obstacle
op operative
pli node identification number
re external radiation
ref reference
roof roof
sky sky
t timestep
v water vapour
W window
wall wall
wall,int internal wall
ztc conditioned thermal zone identification

number
ztu unconditioned thermal zone identifica-

tion number

Acronyms

DGU Double-Glazed Unit
EPB Energy Performance of Buildings
IWEC International Weather for Energy Calcu-

lations
7350
NA National Annex
R–C Resistive–Capacitive node
SHGC Solar Heat Gain Coefficient

convective heat transfer coefficients resulted to lead to significant
inaccuracies in De Luca et al. (2021a,b). In particular, the Authors
deepened the effects of the main modelling assumptions of the
standard hourly method related to the energy balance on the
indoor and outdoor surfaces for a residential and an office build-
ings archetype, sited in three different Italian cities. The analysed
modelling options were applied to a full detailed dynamic model
of EnergyPlus, and their effect on the thermal energy needs for
heating and cooling (De Luca et al., 2021a), as well as on the
indoor temperatures (De Luca et al., 2021b) were evaluated.

Zakula et al. (2019), analysing the simplification introduced
by the EN ISO 52016-1 hourly method on the modelling of the
transparent envelope components, underlined the significance
of using fixed windows solar properties; this assumption, in
fact, led to relevant differences in the results between the stan-
dard method and the detailed hourly method applied in TRNSYS
(Transient System Simulation Tool) for ten Croatian reference
buildings. These results were then confirmed by the same Au-
thors, by extending the analysis and applying it to more than
147 thousand case studies (Zakula et al., 2021). Similar results
were found by Magni et al. in Magni et al. (2022). The authors
applied both constant and variable windows thermal properties
(total solar energy transmittance and thermal resistance) in the
EN ISO 52016–1 calculation and compared the outcomes obtained
implementing the TRNSYS model. The results emphasised the
considerable deviation resulting from the application of constant
windows thermal properties. In fact, the use of these latter led
to consistent differences in the heating demand for an office
building, while the discrepancies between the two models are
significantly reduced if variable properties are considered (from
40% to 5%).

To date, a few research have analysed the effect of the sim-
plified mass distribution approach in the building components
introduced by the EN ISO 52016–1 technical standard. Summa
et al. (2022) have studied the variation in the indoor ambient
temperature, as well as in the indoor surface temperatures, re-
lated to the variation in the mass distribution in the external
walls for a room in a highly insulated residential building. Specif-
ically, they have tested four different structures characterised by
the same level of thermal insulation, but with different mass
positions (i.e., four out of the five mass distribution classes spec-
ified by the EN ISO 52016–1 technical standard). The Authors
observed that the extent of the errors in the prediction of both
indoor temperature and surface temperatures vary according to
the assumed mass distribution when compared to the results of
the detailed dynamic method of TRNSYS; the highest discrepan-
cies were found for the construction characterised by the massive
layer placed on the outer side. Differently, high discrepancies be-
tween the indoor surface temperatures calculated with the EN ISO
52016–1 and the finite difference conduction model implemented
in EnergyPlus were instead highlighted by De Luca et al. (2021c)
for the structures characterised by the main massive layer placed
on the inner side when stressed by sinusoidal internal constraints.

1.2. National annexes to EN ISO 52016–1 technical standard

To ensure the compliance with the requirements of robust-
ness, unambiguity, and transparency, all the technical standards
developed under mandate M/480 (European Commission, 2010)
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ollow specific rules (Van Dijk et al., 2016); they also provide
discrete flexibility that allows specific choices based on the
ational or regional context (European Committee for Standard-
zation, 2014) through the ‘‘National Annex’’ approach (EPB Cen-
er, 2022). In fact, all EPB standards contain a legislative annex
Annex A) – providing a template to be used to specify the
ational or regional choices (European Committee for Standard-
zation, 2017a) – and an informative annex (Annex B), which
rovides default choices for all options, boundary conditions and
nput data presented in Annex A. However, these choices are
ased on the expert awareness, and not on studies involving
ational preferences and limitations (EPB Center, 2022). Each
ember State can thus replace the default choices for the assess-
ent of the energy performance in the context of their building

egulations, and is obligated to describe the deviations of the
ational choices from the default ones (European Parliament and
ouncil of the European Union, 2018) by means of National An-
exes (NA) or National Data Sheets. Therefore, National Annexes
ay contain information on those data and options, such as
odelling options, parameters, and boundary conditions, where
lternatives are given in the EPB-standards (examples of the
ype of choices are presented in Van Dijk and Hogeling (2019)),
nd may refer to national standards in place of other EPB stan-
ards (EPB Center, 2022). This is the case of the Italian National
nnex to the EN ISO 52016-1 standard (Comitato Termotecnico
taliano, 2021), currently at the final drafting stage, which in-
roduces improved options on different aspects of the building
nergy performance assessment. In particular, an improved mod-
lling procedure that takes into account the characteristics and
ass distribution of the component layer was introduced for

he resistive–capacitive nodes determination. Moreover, hourly
ariations of the sky temperature and of the total solar energy
ransmittance of the glazed components were introduced. The
oupling of the thermally conditioned zones was also specified.
To date, the introduction of the aforementioned modelling

rocedures was evaluated in a few researches, therefore it is es-
ential to widen current knowledge of the modelling techniques
mplemented in the Italian NA. In the study of Mazzarella et al.
2020), the improved conduction model introduced by the Italian
A was compared to the exact analytical solution, and it showed
etter results with respect to the standard model in terms of
nternal and external heat flux amplitude and phase difference.
imilarly, De Luca et al. (2021c) compared the standard and the
mproved Italian NA conduction model to the finite difference
olution algorithm implemented in EnergyPlus. In this study, the
mproved conduction model proved to predict the indoor surface
emperatures with a high level of accuracy. The same Authors
lso analysed the effect of the algorithm introduced by the Italian
A for the calculation of the total solar energy transmittance of
lazed components (De Luca et al., 2021a) on the thermal energy
eeds for space heating and cooling of two building archetypes
n three Italian cities. The study demonstrated that this improved
lgorithm allows to predict the annual energy needs with a de-
iation lower than 10% compared to the full detailed dynamic
odel of EnergyPlus, for the considered case studies and cities.
sensitivity analysis to the Italian NA improved algorithms was
erformed by Bianco Mauthe Degerfeld et al. (2020) for a residen-
ial existing building in Rome (Italy), while a parametric analysis
o evaluate the influence of the NA improved method was per-
ormed for an existing office building (Bianco Mauthe Degerfeld
t al., 2021). Considerable variations in the thermal energy need
or space heating were observed for both NA improved models
pplied separately and for their combined application in the
onsidered case studies. Finally, Palladino et al. (2021) compared
he currently adopted calculation method in Italy (quasi-steady
tate model) with the simplified hourly method as transposed in
he Italian national standard, in terms of thermal energy needs of
hree reference nearly-zero energy building (nZEB) case studies.
7351
1.3. Aim of the research

The present study attempts to investigate the effects of the
improved methods and assumptions of the Italian National An-
nex on the EN ISO 52016-1 calculation method. In particular,
these effects are evaluated through a parametric analysis of the
thermal energy needs for heating and cooling of a residential
building archetype, sited in two different Italian climatic zones.
The research is thus intended to address the evaluation of the
proposed procedures to contribute to the enhancement of the
Italian standardisation activity. Although the body of literature
on the evaluation of the EN ISO 52016–1 hourly method and its
National Annexes has been growing in the recent years, there are
not yet sufficient data to generalise the findings, as the existing
works are generally based on specific case studies. For this pur-
pose, the present paper is intended to broaden this investigation
field, which includes also other works of the Authors (Bianco
Mauthe Degerfeld et al., 2020, 2021). In particular, the analysis
was extended to different building geometry and use, and –
compared to previous studies – more detailed investigations were
performed to address the aims of the research. Furthermore, in
the present work the effect of the Italian National Annex mod-
elling options on the computational effort of the calculation was
also addressed, since it has not been sufficiently investigated yet.
Moreover, the outcomes of the EN ISO 52016-1 simplified hourly
model are compared with those of a detailed dynamic simulation
(performed with EnergyPlus) as well, in order to understand the
causes of discrepancy between the two models, and to expand the
literature on the topic of the validation of the simplified hourly
methods.

The article was structured as follows: in Section 2, the im-
proved modelling options introduced by the Italian National An-
nex are described and compared to the standard method of EN
ISO 52016–1; Section 3 provides the methodology, concerning the
calculation model comparison and the parametric analysis, and
presents the case study; Section 4 deals with the results and the
discussion of the main findings.

2. Theory

As introduced in Section 1, the EN ISO 52016-1 hourly method
(European Committee for Standardization, 2017a) provides for
different assumptions and simplifications regarding different as-
pects of the building energy performance assessment. To increase
the accuracy of the standard hourly method, the Italian NA (Comi-
tato Termotecnico Italiano, 2021) instead introduces improved
options regarding the modelling of the conduction heat transfer
(Section 2.1), the extra thermal radiation to the sky (Section 2.2),
the shortwave radiation heat transfer (Section 2.3), and the cou-
pling of thermally conditioned zones (Section 2.4). The improved
modelling options are described in the following sections, and the
differences between the standard and the improved Italian NA
methods are highlighted as well. These improved methods were
previously described in Bianco Mauthe Degerfeld et al. (2021);
however, they are here presented for the sake of clarity of the
application section.

The improved options presented were evaluated in the present
study, except for the coupling of thermally conditioned zones,
which will be instead analysed in a future work.

2.1. Heat conduction model (NA-Cond)

Agreeing to the thermal–electrical analogy, both the European
standard and the improved Italian NA heat conduction models
assume a discretisation of the opaque building envelope compo-
nents into different resistive–capacitive nodes (R–C), which are
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Fig. 1. R–C model for an opaque building component according to EN ISO 52016–1.
Fig. 2. R–C model for an opaque building component of an example of stratigraphy according to the Italian National Annex to EN ISO 52016–1.
characterised by a heat capacity (κpli, with pli from 1 to 5) and are
nterconnected by internode conductances (hpli, with pli from 1 to
). According to the EN ISO 52016–1 heat conduction model, the
omponents are discretised into up to five R–C nodes, regardless
f neither the specific layers of the component nor their thermal
roperties. An illustration of the R–C model is presented in Fig. 1.
Two are surface nodes, placed on the internal and external

urfaces, while the other nodes are placed inside the construc-
ion component. Five mass distribution classes are introduced in
uropean Committee for Standardization (2017a), and are defined
n function of the mass position inside the component, as follows:
lass I (mass concentrated on the internal side), class E (mass
oncentrated on the external side), class IE (mass divided over the
nternal and the external side), class D (equally distributed mass),
nd class M (mass concentrated inside). Each opaque building
nvelope component is assumed to belong to one of these classes.
he component total areal heat capacity is distributed over the R–
nodes according to the assumed mass distribution class, while

ixed ratios of the total thermal resistances are associated to each
nternode conductance.

A more detailed approach for the opaque component discret-
sation into R–C nodes, which takes into account the thermal
roperties of the structure layers, is instead introduced in the
talian NA (Fig. 2) and validated by Mazzarella et al. (2020).

Differently from the standard method, the improved NA in-
roduces a specific procedure for the definition of the R–C nodes
umber and their position inside the structure. According to the
mproved conduction model, each layer is discretised into at
east one node, and the number of nodes in each layer (Ncni)
s calculated through a comparison between the Fourier number
or the layer (Foj) and a reference value (Foref) assumed equal
o 0,5, as defined in Eq. (1). A portion of the layer thickness
∆xj), of the layer heat capacity (κpli,j), and of the layer thermal
esistance (Rpli,j) is associated to each node, as defined in Eqs. (2),
3) and (4), respectively. Each node is placed in the middle of its
7352
associated portion of the layer. As defined in Eq. (5), the definition
of the internode conductance is performed considering half of the
thermal resistances of the adjacent nodes.

Ncnj = max

[
1; int

((
Foref
Foj

) 1
2

+ 0, 999999

)]
(1)

∆xj =
dj

Ncnj
(2)

κpli,j = ρj · cj · ∆xj (3)

Rpli,j =
∆xj
λj

(4)

hpli,j =
1

Rpli−1,j

2
+

Rpli,j

2

(5)

2.2. Solar gains through windows (NA-Fw)

As far as the heat flow rate due to solar radiation entering
into the zone through windows is concerned, both the European
standard and the improved Italian NA methods assume the total
transmitted solar radiation into the zone to be all short wave-
length radiation. Throughout the simulation period, a weighted
time average of total solar energy transmittance is assumed, cal-
culated as reported in Eq. (6), where ggl,n is the total solar energy
transmittance at normal incidence, and FW is the correction factor
that takes into account the angle dependence of g.

ggl = FW · ggl,n (6)

The solar properties of the windows are considered time inde-
pendent in EN ISO 52016-1, and the FW factor is assumed constant

and equal to 0,9. On the other hand, a solar angle dependent FW
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Fig. 3. Angle dependence of FW,dir for different glazings according to Karlsson
and Roos formulation (Karlsson and Roos, 2000).

is considered in the Italian NA, and it is calculated according to
Eq. (7),

FW =
FW,diff · Isol,diff,t + FW,dir · Isol,dir,t · Fsh,obst,t

Isol,diff,t + Isol,dir,t · Fsh,obst,t
(7)

here, FW,diff and FW,dir are the correction factors, respectively,
or the diffuse and for the beam incident solar irradiance on a
indow, Isol,diff,t and Isol,dir,t are, respectively, the diffuse and the
eam incident solar irradiance at timestep t, and Fsh,obst,t is the
eduction factor for the beam incident solar irradiance due to
xternal obstacles at timestep t. The FW,diff correction factor is
ssumed equal to 0,8 over the calculation period, while the FW,dir
orrection factor is calculated on a time-step basis according to
he empirical model introduced by Karlsson and Roos (2000).
ccording to this formulation, the FW,dir depends on the angle
f incidence of beam incidence solar irradiance, and on the type
f glazing considered (number of panes). The solar-angle depen-
ence of the correction factor is presented in Fig. 3 for a single
lazing (1 pane), a double- (2 panes) and a triple-glazed unit (3
anes).

.3. Extra thermal radiation to the sky (NA-Sky)

The longwave radiation heat transfer between a surface and
he sky is considered in both the European standard and the im-
roved Italian NA models by means of the extra thermal radiation
o the sky (Φsky), as follows (Eq. (8)),

sky = Fsky · hre · ∆θsky (8)

where, Fsky is the surface view factor to the sky, hre is the ex-
ternal radiative surface heat transfer coefficient, and ∆θsky is the
difference between the outdoor air temperature and the apparent
sky temperature. The apparent sky temperature is determined by
applying a direct model (Evangelisti et al., 2019) in both methods.
A direct correlation between the air and the sky temperature
is considered in the standard method; in particular, a constant
difference between the apparent sky and the air temperatures is
assumed (European Committee for Standardization, 2017a). Re-
ferring to an intermediate climatic zone, the difference between
the outdoor air temperature and the apparent sky temperature
is assumed to be equal to 11 ◦C. On the other hand, the Ital-
ian NA proposes a correlation based on the partial pressure of
water vapour (Aubinet, 1994). The apparent sky temperature is
calculated as in Eq. (9), where pv,e is the partial pressure of water
vapour (Pa).

−pv,e/1000
θsky = 18 − 51, 6 · e (9)

7353
2.4. Coupling of thermally conditioned zones

The standard hourly method of EN ISO 52016-1 performs a
multi-zone calculation without thermal coupling between zones,
i.e., it does not take into account any heat transfer between ther-
mally conditioned zones, neither by thermal transmission nor by
ventilation or infiltration. The heat transfer between conditioned
zones is instead considered in the Italian NA. In particular, the
heat flow through internal partitions between adjacent thermal
zones is calculated by considering an equivalent thermal resis-
tance and an outdoor surface temperature (seen from the thermal
zone being calculated) for each partition. As for the air flow
exchange, if the air flow is considered to pass from a thermal
zone ‘‘A’’ to a thermal zone ‘‘B’’ (mono-directional air flow), the
calculation is done first for zone ‘‘A’’, then its air temperature
is used to solve the thermal balance of zone ‘‘B’’. If instead the
air flow is considered to be bi-directional, zone ‘‘A’’ and ‘‘B’’ are
assumed to be a single thermal zone.

3. Materials and methods

3.1. Methodology workflow

A case-study approach was used to facilitate the achievement
of the research goals. The methodology applied is based on a first
phase, consisting in the comparison between the EN ISO 52016–1
standard method and a full detailed dynamic calculation model,
and a second phase in which the effect of the improved options
introduced by the Italian National Annex is evaluated.

The calculation model comparison phase consists in the cre-
ation of a full detailed dynamic energy model, by means of
the EnergyPlus (U.S. Department of Energy, 2022a) calculation
engine, and an energy model implementing the EN ISO 52016-1
standard method for the considered case study. A set of consis-
tency options are applied to both models to make their results
comparable, as described in Section 3.3. Then, the results in
terms of thermal energy needs for space heating and cooling are
compared. In particular, the percentage variation of the monthly
and/or annual energy needs is evaluated. Although the compari-
son of the EN ISO 52016–1 hourly method with the full detailed
dynamic model of EnergyPlus is not the main focus of the present
work, it is worth understanding the causes of deviation between
the two models. For this reason, additional simulations are per-
formed to evaluate the effect of specific modelling options or
driving forces in reducing the deviations between the calculation
models. The additional simulations performed for the considered
case study are presented in Section 3.4.

In the second phase, each improved modelling options de-
scribed in Section 2 (named with the IDs used, i.e., NA-Cond,
NA-FW, and NA-Sky) is implemented one-at-the-time to the en-
ergy model of the EN ISO 52016-1 standard method (which will
be referred as ‘‘test models’’), and the variation of the results
of each simulation is assessed in comparison with the European
EN ISO 52016–1 method (which will be referred as ‘‘standard
model’’) results. Moreover, a test model implementing all the NA
improved methods is evaluated as well (named NA).

The simulations referred to the full detailed dynamic model
were performed through the Python applicative pyEp
(pyEp 0.9.4.4, 2022), which implements the Ptolemy EnergyPlus’s
external interface; the standard and the test model simulations
were instead performed by means of the EPB Center Excel spread-
sheet (EPB Center, 2022), which was modified and implemented
for the sake of the current study.
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Fig. 4. 3D visualisation of the case study. South-West (upper) and North-East
(lower) orientation.

3.2. Case study

The considered case study is an archetype of a two-storey
ingle family, representative of the existing single-family house
uilding stock in Northern Italy, built between 1977 and 1990
Italian Ministry of Economic Development (MiSE), 2018). It is
haracterised by two conditioned storeys, for a net floor area and
olume of 198 m2 and 537 m3, respectively, and an unconditioned

basement (Fig. 4).
The East-, South- and West-oriented façades are characterised

by windows for a total transparent surface of 7,6, 10,8 and 7,6 m2,
respectively. The North-oriented façade presents an opaque door
of 2,4 m2. The external vertical components are hollow-bricks
walls with a partially insulated air-gap (Uwall = 0,76 W m−2 K−1,
κwall = 256 kJ m−2 K−1), while the windows are characterised by
a double glazing unit (DGU) with wooden frame (UW = 2,8 W m−2

K−1, g = 0,75). The opaque door is made of a double wooden
panel (Udoor = 1,70 W m−2 K−1, κdoor = 74 kJ m−2 K−1).
As far as the horizontal components are concerned, the roof
is a scarcely insulated pitched slab (Uroof = 1,14 W m−2 K−1,
κ roof = 270 kJ m−2 K−1), while the floor adjacent to the un-
conditioned basement is characterised a barely insulated slab
(Ufloor = 0,98 W m−2 K−1, κ floor = 306 kJ m−2 K−1). The internal
vertical partitions (κwall,int = 120 kJ m−2 K−1) and the intermedi-
ate slab (κ floor,int = 306 kJ m−2 K−1) were modelled for the sake
of internal mass. In the EN ISO 52016-1 energy models (standard
and test model), the envelope components were assumed to
belong to the I, E, and IE mass distribution classes, for the roof, the
floor adjacent to the unconditioned basement, and the external
walls, respectively. Neither external obstacles nor solar shading
devices were considered. The building was modelled as a single
thermal zone.
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A standardised user behaviour regarding occupancy, heat gains
and natural ventilation was considered. In particular, the sched-
uled hourly values were derived from the EN 16798-1 stan-
dard (European Committee for Standardization, 2019). A contin-
uously operating heating and cooling system was considered to
evaluate the thermal energy needs for heating and cooling of the
case study. A dead-band thermostat set-point was assumed, equal
to 20 ◦C and 26 ◦C for heating and cooling, respectively. The case
study was supposed to be located in Milan (Northern Italy), and
Palermo (Southern Italy). The evaluations were carried out using
the International Weather for Energy Calculations (IWEC) data
file (U.S. Department of Energy, 2022b) for the two cities.

3.3. Modelling consistency options

As introduced in Section 3.1, several consistency options were
applied to the EnergyPlus simulation and to the EN ISO 52016-1
standard method as to make their results comparable. In partic-
ular, the applied consistency options are described as follows.

(a) Weather data. The IWEC data file (U.S. Department of En-
ergy, 2022b) for the considered cities were used in both
the EnergyPlus and the EN ISO 52016-1 energy models. The
required weather data in the EN ISO 52016-1 model were
derived from the EnergyPlus model, in terms of external
dry bulb temperature and partial pressure of water vapour,
as well as the direct and diffuse solar irradiance incident on
each surface (orientation and tilt-angle), and incident solar
angles.

(b) Convection and radiative fractions of internal heat sources.
In all models, the heat flow from internal sources was
assumed 40% convective and 60% radiative, while fully
convective heating and cooling systems. In the EnergyPlus
baseline model, the so called ‘‘Ideal Load Air System’’ (U.S.
Department of Energy, 2020) was considered, while the so
called ‘‘Basic System’’ (European Committee for Standard-
ization, 2017a) was assumed in the standard and in the test
models.

(c) Set-points temperatures. Heating and cooling set-points for
all models are referred to the operative temperature.

(d) Internal partitions. In both models, the internal partitions
were explicitly modelled in terms of exposed area. In par-
ticular, 314 and 198 m2 exposed areas were considered for
internal walls and floor, respectively.

(e) Furniture heat capacity applied to the air node. The stan-
dard value indicated in the EN ISO 52016-1 (10 kJ m−2 K−1)
was modelled in the EnergyPlus tool by means of the
‘‘Zone Sensible Heat Capacity Multiplier Parameter’’ (U.S.
Department of Energy, 2020).

(f) Temperatures of the unconditioned basement. In the EN
ISO 52016-1 models, the effect of an adjacent uncondi-
tioned zone was taken into account by replacing the tem-
perature of the outdoor environment by the temperature of
the thermally unconditioned zone. For the determination of
the basement temperature, a constant temperature adjust-
ment factor (bztu) equal to 0,5 was assumed in the present
work. For the sake of the consistency between the EN ISO
52016-1 models and the EnergyPlus model, in the latter the
unconditioned zone was modelled by assuming a fictitious
conditioned thermal zone characterised by adiabatic exter-
nal envelope components, with the exception of the slab
adjacent to the conditioned space. The temperature in the
basement (θztu,t ) at each calculation time-step was set by
means of the EnergyPlus Energy Management System (U.S.
Department of Energy, 2020), and it was calculated as spec-
ified in the EN ISO 52016-1 technical standard (European
Committee for Standardization, 2017a),
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Fig. 5. Monthly thermal energy needs of the building from the standard and the full detailed model for Milan (a) and Palermo (b).
θztu,t = θint,op,ztc,t−1 − bztu ·
(
θint,op,ztc,t−1 − θext,t

)
(10)

here, θint,op,ztc,t−1 is the operative temperature of the condi-
ioned zone (at the previous timestep), θext,t is the outdoor air
emperature, and bztu is the temperature adjustment factor. In
oth models, no heat gains were considered in the unconditioned
one, as well as no distinction was done between the air and the
perative temperature.

.4. Additional simulations for the calculation model comparison

As introduced in Section 3.1, different additional simulations
ere performed for understanding the causes of discrepancy
etween the EN ISO 52016–1 standard method and the full de-
ailed dynamic method of EnergyPlus. These includes simulations
n which different modelling parameters are made consistent
etween the two models, as well as simulations in which differ-
nt driving forces are added or removed to analyse the effects
elated to their modelling. The considered additional simulations
named as ‘‘AddSim-n’’) are briefly described as follows, and are
ummarised in Table 1.

1. AddSim-1: consistency between external convective heat
transfer coefficients. The original EnergyPlus model is mod-
ified, and constant coefficients (hc) are considered – de-
rived from the EN ISO 6946 technical standard (European
Committee for Standardization, 2018) and implemented in
the standard model,

2. AddSim-2: consistency between internal convective heat
transfer coefficients. As in the AddSim-1 simulation, con-
stant coefficients (European Committee for Standardiza-
tion, 2018) are implemented in the EnergyPlus model,

3. AddSim-3: consistency between external and internal con-
vective heat transfer coefficients (AddSim-1 plus AddSim-2
simulations),

4. AddSim-4: consistency of the apparent sky temperature
between models. The simplified determination of the ap-
parent sky temperature of the EN ISO 52016–1 standard
method is implemented in the EnergyPlus model,

5. AddSim-5: removal of solar radiation. To analyse the effect
of the different modelling of solar absorption and solar
gains, the solar radiation driving force is removed in both
the EN ISO 52016–1 and the EnergyPlus model,

6. AddSim-6: removal of unconditioned thermal zones. The
effect of the modelling of the unconditioned thermal zone
is assessed by making the floor adjacent to the uncondi-
tioned thermal zone as an adiabatic component in both the
models.

For AddSim-1, AddSim-2, AddSim-3 and AddSim-4, the related
odified EnergyPlus models are compared to the original EN ISO
2016–1 standard model; for AddSim-5 and AddSim-6, the com-
arison is instead performed between the modified EnergyPlus
nd the modified standard models.
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4. Results and discussions

4.1. Standard EN ISO 52016- 1 model vs. EnergyPlus

In the present section, the thermal energy needs for space
heating and cooling resulting from the standard method are com-
pared with the results of the full detailed dynamic method of
EnergyPlus for the case study in Milan and in Palermo (Fig. 5).
The EN ISO 52016-1 standard method generally tends to over-
estimate the thermal energy need for heating, with respect to
the detailed model; on the other hand, the thermal energy need
for cooling is generally lower. This trend is shown in both the
Italian climatic zones. In winter months, the standard method
overestimates the thermal energy need for heating of around 10%
in Milan (e.g., 8% in January and February, and 6% in December),
while higher values are reported in Palermo (e.g., 20%, 31% and
22% in January, February, and December, respectively). Higher
discrepancies are instead reported in the mid-season months,
both in Milan and Palermo. As far as the thermal energy need for
cooling is concerned, a general underestimation of around 20% is
reported in Milan. On the other hand, a good agreement between
the standard and the full detailed method is reported for Palermo,
on both a monthly and a yearly basis. In fact, the thermal energy
needs for space cooling amount to 59,5 and 59,9 kWh m−2 for the
standard and the detailed method, respectively, with a percentage
difference of –1%. A difference of 34% is reported instead for the
space heating need on a yearly basis. As for Milan, the standard
model overestimates the thermal energy need for heating by 12%
(129,9 compared to 115,9 kWh m−2), while a –18% difference is
reported for cooling (22,5 compared to 27,4 kWh m−2).

As introduced in Section 3.1, additional simulations (described
in Section 3.4) were performed for the building in Milan to assess
the causes of deviation between the EN ISO 52016–1 standard
method and the full detailed dynamic model of EnergyPlus. The
results of the considered simulations in terms of annual thermal
energy needs for heating and cooling are reported in Table 2.

Among the considered simulations, the option that shows
the highest effect to reduce deviation between results is the
consistency of the convective external and internal heat transfer
coefficients in both models (AddSim-3). This simulation leads to
a good agreement between the models. In fact, the predicted
energy need for heating increases in the EnergyPlus simulation
(considering constant convective coefficient), while the cooling
one decreases, achieving a difference of 1% and 27% for heating
and cooling, respectively, compared to the standard model. In
the same way, a good agreement between the two models was
achieved by removing the contribution of the solar radiation
incident on the opaque and transparent envelope components
(AddSim-5). In fact, negligible differences result especially in the
thermal energy needs for heating (–3% in Milan).
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Table 1
Modifications applied to the energy models for comparison purposes.
Simulation ID EnergyPlus model EN ISO 52016-1 model

AddSim-1 Constant external hcs None
AddSim-2 Constant internal hcs None
AddSim-3 Constant external and internal hcs None
AddSim-4 Constant difference between apparent

sky and outdoor air temperatures
None

AddSim-5 No solar radiation No solar radiation
AddSim-6 Adiabatic floor Adiabatic floor
Table 2
Annual thermal energy needs for the additional simulation in Milan.
Simulation ID Calculation method EPH,nd EPC,nd

(kWh m−2) (%)a (kWh m−2) (%)a

AddSim-1 EnergyPlus model 129,0
+1% 16,7

+35%EN ISO 52016-1 model 129,9 22,5

AddSim-2 EnergyPlus model 123,7
+5% 29,1

−23%EN ISO 52016-1 model 129,9 22,5

AddSim-3 EnergyPlus model 130,6
−1% 17,7

+27%EN ISO 52016-1 model 129,9 22,5

AddSim-4 EnergyPlus model 113,3
+15% 28,9

−22%EN ISO 52016-1 model 129,9 22,5

AddSim-5 EnergyPlus model 188,4
−3% 0,0 0EN ISO 52016-1 model 183,4 0,1

AddSim-6 EnergyPlus model 103,1
+5% 32,2

−20%EN ISO 52016-1 model 107,9 25,8

aPercentage variation of the EN ISO 52016-1 model compared to the EnergyPlus model.
Fig. 6. Percentage variation of the thermal energy needs due to the implementation of the NA options compared to the EN ISO 52016 1 standard method for Milan
(a) and Palermo (b).
4.2. Improved Italian NA options vs EN ISO 52016- 1 standard
method

In the present section, the effects of the improved options
ntroduced by the Italian NA are evaluated. In particular, the
ercentage variation of the thermal energy needs for heating
nd cooling due to the implementation of the improved methods
ompared to the original approach are presented in Fig. 6 for the
onsidered case study in Milan and Palermo. Generally, the same
rend of variation can be highlighted in both climatic zones, even
f at different extents. Moreover, analysing each improved option,
he use of a solar angle and time dependent correction factor for
he determination of the total solar energy transmittance of glaz-
ng leads to the highest variation in the simulation results, while
ittle variations are reported for the other improved methods.

As far as the determination of the apparent sky temperature
s concerned (NA-Sky), the implementation of a correlation based
n the partial pressure of water vapour leads to an increase of the
hermal energy need for heating, and a decrease of the thermal
nergy need for cooling, in both climatic zones. In particular,
he annual thermal energy needs for heating increase by 1,9%
7356
and 2,3% in Milan and in Palermo, respectively; on the other
hand, a higher variation is reported for the space cooling need
in Milan (–4,2%). These variations in the annual thermal energy
needs for space heating and cooling can be explained by analysing
the profiles of the temperature differences between the apparent
sky and the outdoor air, presented in Figs. 7 and 8, for Milan
and Palermo, respectively. In particular, the green and the black
lines represent the hourly temperature difference, respectively
for the NA and the standard model; instead, the grey dashed
line represents the annual average temperature difference for the
NA model. As shown in the figures, the NA average difference
between the apparent sky and the air temperature is higher than
the reference value of 11 ◦C (i.e., equal to 13,2 ◦C for Milan, and
12,0 ◦C for Palermo), assumed in the EN ISO 52016-1 standard
method. Thus, an increase in the temperature differences (so a
decrease of the apparent sky temperatures) leads to an increase
of the heat flux exchanged between the surfaces and the sky.
Moreover, the higher difference between the apparent sky and
the air temperature leads to higher variations in the results for
the building in Milan than in Palermo.

Similar outcomes are reported for the correction factor of the
total solar energy transmittance of glazing (NA-F ). In fact, also
W
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Fig. 7. Outdoor air and apparent sky temperature difference in Milan. (For
nterpretation of the references to colour in this figure legend, the reader is
eferred to the web version of this article.)

Fig. 8. Outdoor air and apparent sky temperature difference in Palermo. (For
nterpretation of the references to colour in this figure legend, the reader is
eferred to the web version of this article.)

n this case, the thermal energy needs for heating are subject to
n increase with respect to the standard method, and a decrease
s instead shown for cooling. Nevertheless, the extent of the
ariation due to the implementation of this improved method is
he highest among the tested improvements. In fact, a decrease of
2,6% is reported for the thermal energy need for cooling in Milan,
nd of 8,1% in Palermo; the thermal energy needs for heating,
nstead, increase by 1,5 and 5,5%, in Milan and in Palermo, re-
pectively. As for the NA-Sky test, these results can be explained
y analysing the differences in the monthly average FW correction
actors between the standard and the improved method. In par-
icular, the monthly average FW values are reported in Figs. 9 and
10 for different orientations, respectively for Milan and Palermo.
The Italian NA formulation entails the use of a FW correction
factor equal to 0,8 in absence of incident beam solar radiation
on the windows, while a 0,9 reference value is assumed over the
calculation period in the standard method. Instead, the FW values
in presence of beam incident solar radiation on the windows
varies according to the window orientation, and to the climate
zone. In Milan, the monthly average FW values are lower than the
,9 reference value over the whole year for all orientations, except
or the South-oriented windows. For this orientation, the monthly
verage values for the correction factors are close to the reference
alue in the winter months (e.g., the F average values are equal
W
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Fig. 9. Monthly average correction factor of the total solar energy transmittance
(FW) for different exposures in Milan.

Fig. 10. Monthly average correction factor of the total solar energy
transmittance (FW) for different exposures in Palermo.

to 0,91 in January, 0,89 in February, and to 0,90 in November and
December), while consistently lower values are reached in the
summer months (e.g., 0,74 in July). For East- and West-oriented
windows, the correction factors reach the maximum monthly
average values in the summer months, specifically in July (equal
to 0,85 for both East- and West-orientations), while values of
around 0,80 are reported in the winter and intermediate months.
The same trend of the FW correction factors monthly average
can be highlighted in Palermo, even if lower values with respect
to what is reported for Milan. Thus, these trends lead to the
reported increases in the thermal energy needs for space heating
and decreases in thermal energy needs for cooling. In fact, the NA
formulation leads to an underrating of the solar heat gains with
respect to the standard method (lower FW values).

A general opposite trend is highlighted for the implementation
of the improved conduction model (NA-Cond). This in fact leads
to decreases in the thermal energy needs for both heating and
cooling. Nevertheless, almost negligible variations are reported
in the thermal energy needs for heating in Milan (–0,5%), and
in the thermal energy needs for cooling in Palermo (–1,1%). The
variation in the thermal energy needs for cooling and for heating
in Milan and Palermo are instead comparable with the results of

the NA-Sky simulations.
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Table 3
Computational time vs. thermal energy needs variation for Milan.
Simulation ID Computational time |EPH,nd variation| |EPC,nd variation|

(min) (%) (%) (%)

Standard model 8,1 – – –
NA-Sky 8,9 +10% 2% 4%
NA-Fw 10,3 +27% 2% 13%
NA-Cond 29,8 +268% 1% 4%
NA 33,0 +307% 3% 20%
Finally, the implementation of all the improved options (NA)
eads to considerable variation especially in the thermal energy
eeds for cooling (i.e., –20,3% and –10,8% in Milan and Palermo,
espectively). Variations within 5% are instead reported for the
hermal energy needs for heating in both climatic zones.

.3. Computational time

In Section 4.2, the variation in the thermal energy needs due
o the implementation of the improved Italian National Annex
odelling options was assessed, and negligible variations were
ighlighted for some of the tested options. Thus, to correctly ad-
ress the evaluation of the implementation of the proposed pro-
edures it is worth understating their influence on the complexity
f the calculation and on the computational time. Therefore, an
nalysis of the variation in the computational time is presented
n Table 3 for Milan, compared to the absolute variation in the
hermal energy needs for space heating and cooling. The NA-Sky
imulation leads to negligible variations in both thermal energy
eeds (2% and 4% for space heating and cooling, respectively) and
omputational time (from 8,1 to 8,9 min). A moderate increase
n the computational time is instead reported for the NA-Fw
imulation (10,3 min, +27%); however, such an increase can be
onsidered since it is linked to a consistent variation in the
hermal energy needs, especially for space cooling (+13%). On the
ther hand, the NA-Cond simulation takes a consistently higher
omputational time (from 8,1 to 29,8 min, +268%) in the face of
lmost negligible variations in the thermal energy needs (lower
han 4% for both space heating and cooling). Therefore, its im-
lementation should be carefully evaluated in order to guarantee
he simplicity of the assessment, as well as to avoid increases in
he computational time. Lastly, the simulation characterised by
ll the NA options (i.e., NA) leads to higher variations in both
omputational time (mainly related to the implementation of the
mproved conduction model) and thermal energy needs.

. Conclusions

In the present work, the main causes of deviation between
he EN ISO 52016–1 hourly method and the full detailed dy-
amic method of EnergyPlus were investigated. Moreover, the
mprovements to the standard method introduced by the Italian
ational Annex were evaluated as well. For both analyses, the
ifferences in the prediction of the thermal energy needs for
eating and cooling were assessed for a residential building-type
n two different Italian climatic zones. The main findings of the
epresent research are presented as follows.

Concerning the comparison between the simplified and the
ull detailed method, the results highlighted a general overes-
imation of the thermal energy need for heating by the former
ethod, while the thermal energy need for cooling are generally
nderestimated. To identify the possible causes of deviation be-
ween the two models, additional simulations were performed.
rom these analyses, the following considerations can be drawn.
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• The use of constant surface heat transfer coefficients was
detected as one of the main causes for the differences in
the outcomes between the EN ISO 52016–1 model and the
full detailed dynamic model of EnergyPlus. This result is
consistent with the findings of other research studies, such
as Ballarini et al. (2020) and De Luca et al. (Magni et al.,
2022; De Luca et al., 2021c,b),

• The discrepancies between the simplified and the detailed
method were also found to be influenced by the different
modelling of solar heat gains, as previously stated by De
Luca et al. (2019); however, this explanation should not be
limited to the different modelling of the solar gains through
windows, as it is also related to the modelling of the thermal
capacity of the building.

With regard to the evaluation of the improved modelling options
introduced by the Italian National Annex to EN ISO 52016–1
hourly method, it can be summarised that:

• The use of solar angle and time dependent correction factors
for the total solar energy transmittance of glazing proved
to be the most sensitive modelling option, among those
analysed, on the thermal energy needs of the considered
case study in both climatic zones. This finding complements
the results of the existing works on this issue (Zakula et al.,
2019, 2021; Magni et al., 2022).

• The other tested options, i.e., the apparent sky temperature
determination by means of a correlation based on the partial
pressure of water vapour, and a conduction model more
in line with the physical characteristics of the layers com-
posing the structure, showed little – or almost negligible –
variations. Thus, the use of such detailed approaches should
be evaluated to achieve a balance between the accuracy in
the outcomes and the simplicity of the assessment in terms
of both required input data and computational time. In fact,
in the present research it was proven that the improved
NA conduction model leads to significant increases in the
computational effort in the face of a slight variation in the
thermal energy needs. For the considered case study, the use
of a more simplified approach may be thus preferable.

Since the Italian National Annex is currently under a drafting
stage, the opportunity to expand the Italian NA should be ad-
dressed through the evaluation of other improved options. A
particular focus should be placed on the aspects of the building
energy performance assessment that proved to cause a decrease
in the accuracy of the EN ISO 52016-1 hourly method, such as the
use of constant heat transfer coefficients.

Future works will be focused on the evaluation of the effect of
the Italian National Annex modelling options on other buildings;
to assess whether the improved NA modelling options are appro-
priate for specific applications, different building uses, levels of
thermal insulation, windows-to-wall ratios, etc., will be consid-
ered. Moreover, other improved options, such as a more detailed
definition of the external convective heat transfer coefficients,
will be assessed as well to increase the accuracy of the simplified
EN ISO 52016–1 hourly method while guaranteeing the simplicity
of the building energy performance assessment.
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