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Building dynamic simulation tools, traditionally used to study the hygrothermal performance of new buildings
during the preliminary design steps, have been recently adopted also in historical buildings, as a tool to inves-
tigate possible strategies for their conservation and the suitability of energy retrofit scenarios, according to the
boundary conditions.

However, designers often face with the lack of reliable thermophysical input data for various envelope
components as well as with some intrinsic limitations in the simulation models, especially to describe the geo-
metric features and peculiarities of the heritage buildings. This paper attempts to bridge this knowledge gap,
providing critical factors and possible solutions to support hygrothermal simulations of historical buildings.

The information collected in the present work could be used by researchers, specialists and policy-makers
involved in the conservation of building’s heritage, who need to address a detailed study of the hygrothermal
performance of historical buildings thorugh dynamic simulation tools.

scarce knowledge about their thermal behaviour.

First of all, in order to identify the subject of the present work, it is
pivotal to clarify the differences between “historical” and “historic”
buildings: the first expression is related to buildings built in the past that
however may be not important from the History’s point of view, whereas
a historic building is important by definition [25]. In such respect, the
present paper deals with historical buildings that, even if not charac-
terized by artistic or aesthetical significance, are built with different

1. Introduction

In the last decade, the issue of energy efficiency in historical build-
ings has become increasingly important. Proofs of this increasing in-
terest are the constant growth in the scientific literature [1-12], the
funded project at European level [13-17], the publication of several

guidelines for the improvement of energy efficiency on historic build-
ings [18-21], together with the campaign “Class An Unesco sites” [22]
in the framework of the “2018 European year of cultural heritage” [23].

The popularity of the topic is due to many factors: (i) the amount of
buildings considered as historical, which is equal to 30% of the total
amount of the existing stock [24], (ii) the need to balance energy effi-
ciency improvement with the requirements of preservation, and (iii) the
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materials and techniques than modern one, and as such perform in a
different way.

Historical buildings, in fact, were traditionally built using local re-
sources and materials to take advantage of every potentiality that a
correct shape, location and exposure can offer. Modern designers and
building modellers are often not enough aware of the adopted
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Abbreviations

ACH air change rate per hour
BES building energy simulation
CFD computational fluid dynamics
HFM heat flow meter

IRT infrared thermography
LDT Low Destructive Testing
NDT Non Destructive Testing

VI visual inspections

s specific heat [J -kgfl-Kfl]
€ thermal emissivity [—]

A thermal conductivity Wm LK)

u vapour resistance factor [s-m2-Pa-kg 1]

p density [kg-m~3]

Ty visible transmittance [%]

x point thermal transmittance [W-K™ 1]

W linear thermal transmittance [W~m’1~K’1]
n pressure difference [—]

g solar transmittance factor [%]

k constant [—]

r reflection factor [%]
U-value thermal trasmittance [W-m~2-K ']
SHGC solar heat gain coefficient [%]

construction techniques and material properties, and for this reason,
historical buildings show very different features compared to new
buildings, resulting in a very complex hygrothermal behaviour [26].

Consequently, dynamic simulation tools must be used in the field of
historical buildings in order to Refs. [27-35]: (i) analyse the possible
degradation risks to materials determined by specific environmental
temperature and relative humidity ranges; (ii) estimate some phenom-
ena that cannot be easily evaluated such as the verification of surface
condensation; and (iii) assess multiple energy retrofit scenarios.

Now, although building dynamic simulation tools are potentially a
suitable way for accurately assessing the thermal performance of
buildings, they are more time-intensive, usually need several data in-
puts, require a period of user training and are not specifically designed
for historical buildings. In general, a discrepancy between simulated and
real behaviour can be observed (and accepted) for each kind of new or
existing building [36-401; however, in historical ones the discrepancy
between actual performance and simulations seems to be too large to be
acceptable [41-45].

Particularly, three major limitations in the simulation of historical
buildings can be highlighted [46]: (i) the lack of reliable information
about input parameters such as the thermo-physical data of envelope
components, (ii) calculation’s limits of the tools used to describe the
geometric features (e.g. in presence of thermal bridges and the con-
struction heat flow model restricted to one dimensional flow) and (iii)
the adoption of wrong or incomplete models of certain physical phe-
nomena of interest in historical buildings [47].

In such respect, bridging the gap between predicted and measured
performance is pivotal in order to provide serious and reliable advice to
designers, architects, buildings’ owners and policy makers, on the real

EnergyPlus
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22%

IDA-ICE

10% 5

- Wufi-Plus
12%

IESVE
4%

number of aticles

performances of the buildings.

This will increase the awareness amongst clients and design teams on
the energy behaviour and performances of the building, estimating the
effectiveness of different energy efficient solutions and ensuring the
achievement of the forecasted energy performance.

Moreover, such information can be adopted to plan and to schedule
effective interventions and maintenance programs as well as to reduce
the risk for owners and investors (i.e. damage, structural problems, and
so on). The enforcement of energy performance guarantee, in fact, allow
the decreasing of the uncertainty about the final outcome. This latter
factor can offer a significant contribution to the development of new
rules and strategies for real estate and energy finance, innovating the
traditional conservative approaches (i.e. restoration or planned
conservation).

In this framework, even if a large number of simulation tools have
been developed over the last few decades (the Building Energy Simu-
lation - BES tool web page lists over 200 tools [48]), only few of them are
able to take into account properly some specific issues related to his-
torical buildings. According to this literature review, in approximately
half of the analysed papers the code used to evaluate the thermal per-
formance of historical buildings is EnergyPlus (26%) or other tools
based on its calculation engine, such as DesignBuilder (22%), while the
other half uses a great diversity of codes: Trnsys (15%), Wufi Plus (12%),
IDA-ICE (10%), HAMbase (7%), IESVE (4%), ENER-WIN, DOE, AECO-
sim (see Fig. 1).

Moreover, as shown in Fig. 1, it should be also noted that the number
of articles published yearly dealing with dynamic simulation of histor-
ical buildings, counting only the publications identified by using the
keywords “Simulation”, “Historical building” and “Cultural heritage”, in

30

Fig. 1. Percentage of the most adopted simulation tools in the simulation of historical buildings (left); Number of published articles per year dealing with dynamic

simulation of historical buildings
(the papers dealing with CFD analysis are not included) (right).
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Google Scholar, Scopus and Science Direct, are increasing exponentially.
However, no complete and deep review of the main issues related to the
use of simulation tools for historical buildings has been yet developed.

Indeed, although several conferences on building simulation (e.g.
Building Simulation — BS, Building Simulation and Optimization — BSO,
ASHRAE Building Performance Analysis Conference, etc.) and energy
efficiency of historical buildings (e.g. International Conference on En-
ergy Efficiency in Historical Buildings — ECHB, etc.) are arranged sepa-
rately, and thus some papers dealing with both issues are presented, no
events, conferences or other academic initiatives with the aim to
develop a shared research agenda about simulation of historical building
have been presented.

This paper attempts to bridge this knowledge gap, providing critical
factors and possible solutions to support thermal hygrometric simula-
tions of historical buildings. In such regard, in the framework of the
International Energy Agency (IEA) Task 59, “Deep renovation of historic
buildings Towards lowest possible energy Demand and CO5 emission
(nZEB)” and more in particular in the subtask B.5 “Characterization and
simulation of historical buildings”, the most significant researches in
building simulation applied to historical buildings have been reviewed,
studying issues of model creation, set up, and experimental validation. It
should be noted that the use of CFD software in the built heritage has
been already addressed in other works [49-57], and a deep review has
been already published [58]. For this reason, this topic is not covered in
the present review.

2. Material and methods

The general purpose of the paper is to discuss common themes,
problems, and research needs concerning the dynamic simulation of
historical buildings with BES. In detail, this paper aims to identify and
quantify the most critical factors that affect the simulation outputs
through a detailed state-of-the-art review.

The paper tries to answer the following questions [59]:

e Model realism: how well (and to what resolution) does the model
represent reality?

e Input parameters: what values should be used in the absence of
measured data?

e Simulation program capabilities: what uncertainties are hidden in
the algorithms used to model the various heat and mass transfer
processes?

The research methodology is based on two steps: (i) literature review
based on keywords to determine the most important issues that affect
BES for historical buildings (i.e. opaque and transparent envelope,
thermal bridges, thermal inertia, damages, infiltrations, comparison
between in situ measurement and predicted data, geometric features);
and (ii) deeper investigation of specific topics suggested by the
literature.

The literature background includes academic studies (i.e. scientific
papers, conference proceedings, published books on conservation, en-
ergy efficiency, building simulation, and engineering), “grey literature”
(i.e. professional guides, technical reports, and governmental guide-
lines), to consider scientific aspects and theoretical approaches as well
as technical advice and practical methodologies. The selection process
started with searching main keywords (“Simulation”, “Historical
building”, “Historic building” and “Cultural heritage”) in titles, abstracts
and keywords of papers within journal papers indexed in Sciencedirect
and Scopus. Amongst all retrieved papers only relevant papers related to
the use of BES tools in historical buildings have been selected. Finally, in
the last step, the references of previous reviewed papers have been
included, in order to ensure that all relevant published papers are
covered in the present study.
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3. Main sources of uncertainty in the simulation output

Virtual modelling of historical buildings is generally considered
identical to that of new buildings, since it requires the same steps,
hereafter listed [60]:

o realization of a geometric virtual model;

e description of thermo-physical properties of the building envelope,
such as thickness of the walls, conductivity, density, specific heat,
emissivity, infiltration rate and optical properties of glazed surfaces;

e setting up the operational schedules of the building in terms of in-
ternal gains, ventilation patterns, human behaviour and HVAC sys-
tems set point;

e definition of the outdoor climate data relative to the study location.

However, according to the features and complexity of historical
buildings, several simplifications have to be introduced [2,61]; these
represent uncertainties to take into account in the interpretation of the
results.

In fact, historical buildings are generally characterized by a complex
geometry that involves both the organization of the internal space and
the external envelope. Some elements of the architectural language of
the past, such as basements, columns frames, portals, cornices, are in-
tegral parts of the building and may affect its thermal behaviour. Their
presence is often overlooked by current modelling tools because these
have been developed to represent more recent buildings. This excess of
simplification can unintentionally lead to underestimate thermal
bridging effects, whose magnitude may not be negligible [62]. The ac-
curate representation of all discrete spaces comprising the historical
building, including zones such as ceiling voids, shafts, staircase etc., also
affects the amount of thermal mass in the building and thus its thermal
performance [63]. Finally, in the simulation of historical buildings, the
shape of openings such as double/triple arched-windows is often
simplified [64]: even if the total glazed surface is kept constant to
consider the effect of solar radiation and ventilation, this simplification
can introduce errors to be considered in the interpretation of the results.

Once the geometrical model is ready, the description of the proper-
ties of the building envelope, which include all the thermo-physical
features of the technological components, is required. In this regard,
the knowledge of the technical and constructive solutions adopted, such
as the thickness of the wall (e.g. the bricks texture), the roof, ceilings and
floor typology, and all the elements which allow to describe the stra-
tigraphy of the building’s components, are pivotal to obtain reliable
results [65]. However, the collection of these data can very often be
difficult, and several assumptions must be made (Section 3). In addition,
the difficulty to assess the correct air change rate of interior spaces -
often with huge volume - and the air leakage through wall’s cracks,
windows’ frames or chimneys, add further errors to the final result.

After the envelope characterization, the operation of thermal zones
(related to the building function and the users’ behaviour) must be set.
The function of historical buildings may range from private/residential
to public buildings such as museums, libraries, schools and universities.
However, this variety requires to record this information in situ with
interviews and questionnaires submitted to the occupants, or to assume
reference values from Standards [46]. For this reason, the parameters
related to user behaviour are not deeply discussed in the present work.
Moreover, it should be noted that the temperature set point and the
human behaviour are typical uncertain variables even in modern
building [66], while the paper aims to underline the peculiarity of the
historical building.

Similarly, the choice of weather data does not depend on the features
of the buildings, and the corresponding uncertainty has the same
magnitude as in new constructions, so it will not be explored in the
present paper.

Finally, since some errors can also be due to the numerical model
that may not adequately capture certain physical phenomena, the
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Table 1
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Main geometrical and topological constraints for several BES software (adapted from Ref. [75]).

Ref. Geometrical and topological constraints Effect’s description
[76] Walls should not contain holes. Is not possible to model holes or voids without a virtual applicant of a glazed
component
[76, Thermal zones should ideally be convex Not convex surfaces have to split in convex surface
771
[77] Curves should be avoided Curves should be discretized as several segments
[78] The direction of the outward-facing normal for the roof overhangs should be -
downwards.

following further limitations mentioned in the Standard [67] are dis-
cussed along the work:

the thermo-physical properties of the materials are time independent
(i.e. phenomena like degradation along the time is not considered);
the various surfaces of the room or zone elements are isothermal (i.e.
the walls are considered homogeneous);

the heat conduction through the room/zone elements is assumed to
be one-dimensional (i.e. thermal bridges cannot be considered in the
overall simulation);

the air temperature is uniform throughout the room or zone (i.e. the
air stratification in big volumes such as in churches are not take into
account).

In the following sub-sections, the main above-mentioned un-
certainties related to opaque and glazed envelope (Sections 3.1 and 3.3),
thermal bridges (Section 3.2), air infiltration and air stratification
(Section 3.4) are discussed.

3.1. Opaque envelope

The ISO 13789 Standard defines the thermal envelope area as the

“(...) total area of all elements of a building that enclose thermally condi-
tioned spaces through which thermal energy is transferred, directly or indi-
rectly, to or from the external environment” [68]. The building envelope
provides a thermal barrier between the indoor and outdoor environment
and hence the characterization of its thermal properties is a key issues
with possible serious effects on the simulation outcomes [62,69]. Heat
losses through the opaque surfaces play a predominant role in the energy
balance of the building [2,70-72]: in historical buildings, they are re-
ported to range from 10% to 45% [73], depending on climatic condi-
tions, geometry of the building, wall surface area and degree of material
degradation.

The most important challenges for the thermal assessment of his-
torical opaque walls are related to the correct definition of (i) the ge-
ometry of the building; (ii) the technical features of the envelope; (iii)
the thermal properties of the materials. The following paragraphs will
discuss the way researchers and designers deal with these issues in the
attempt of adopting reliable input values.

3.1.1. Geometric features

The main geometrical features of historical buildings are related to:
(i) irregular and complex shapes (e.g. vaults, arches, tapered wall, pi-
lasters, moldings, ornamental parts); and (ii) variable thickness of walls

WALL |MAIN USED MATERIAL 2
T J
TYPES CATEGORIES CONSTRUCTION TECHNIQUES FINISHING LAYERS
Two main brick Several different brick layers Different thickness and
categories: number of bricks
2 bricks wall e o]
BRICK 3 bricks wall ﬁ%
WALLS e  Clay brick =
e  Raw earth brick b Lig
oo | With plaster®
5 bricks wall [Nl (both sides)
U= | o With exterior or
— interior plaster*®
Ranepe Biuopest Rough Stones Cut stones e Without plaster
stone types:
STONE e  Sandstone
WALLS | ° Limestone *mostly lime plaster
e Tuff stone
e  Others
Several walls types:
MIXED | ° Rubble wall
iV ALLS | ® Stone with brick
lines
e  Wattle and daub

Fig. 2. Classification of historical building masonries according to the studies on construction history.
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and ceilings, in some cases also due to damage problems.

This geometric features can be detected using geometrical surveys
but, in many studies, a simplified geometry and a mean wall thickness
were considered as an acceptable approximation [62,74], whereas
inaccuracies due to oversimplifications in the geometrical features (e.g.
columns, barrel vaults, etc.) are instead reported in a research paper
about the influence of different architectural configurations on the in-
door microclimate of the Malatestiana Library in Italy [62]. Here,
although a validation of the thermal model was not performed, the
simulations carried out through the CFD module in IESVE presented
differences in terms of indoor air temperature and air velocity up to 3 °C
and 0.15ms !, respectively, due to geometrical simplifications.
Another study underlined that oversimplifications about the thickness
and the thermo-physical properties of the envelope significantly modify
time shift and weekly peaks of the simulated temperatures [72].

In conclusion, the main geometrical simplifications required by
EnergyPlus, shared by several other BES software (e.g. Trnsys, Open
Studio) [75], are outlined in Table 1, which suggests that idealized
models are required rather than detailed building geometries.

3.1.2. Technical features

The knowledge of the technical features (e.g. stratigraphy and
composition, homogeneity of the building element) is very important for
defining the thermo-physical proprieties of the materials.

As a first step, one can rely on historical research based on the
knowledge of the local materials and construction techniques. Indeed,
the selection of construction materials in the past was related to the
geographical location and to the availability of quarries in the local
territory, especially for natural stones and cobbles [79]. The studies on
construction history classified the historical masonries in three main
types: brick walls, stone walls, mixed masonry. Each of them can be
divided into further sub-categories, depending on the type of material,
the constructive composition and the presence or absence of the plaster
(Fig. 2).

Then, a survey based on visual inspections (VI), Non Destructive
Testing (NDT) or Low Destructive Testing (LDT) is necessary [2,80]. VI
and NDT allow the analysis of the following characteristics: (i) type of
building elements; (ii) stratigraphy and masonry wall texture; (iii) wall
typology and random nature of its amalgamation; (iv) percentage and
proportion of different materials; (v) construction details (i.e. presence
of steel chain, connections between vertical and horizontal elements);
and (vi) damage, cracks and moisture problems. Particularly, the
infrared thermography (IRT) survey provides useful information to
identify the thermal anomalies related to the presence of: (i) different
thicknesses in the same building element [69,81] (ii) materials with
different thermal properties (i.e. concrete/bricks, stone/bricks, steel/-
stone); [69]; (iii) masonry wall and ceiling textures [80,82-84]; (iv)
thermal bridges and excessive heat loss areas [80,81,85,86]; (v) thermal
insulation [80-84]; (vi) air leakages [80,81,84,85,87]; (vii) damage,
moisture and water [80,86]; (viii) thermal emissivity (¢) [—] of the
surface materials [80].

Such information is at the basis of BES for historical buildings [2,19,
32,71] but, unfortunately, the above-mentioned techniques provide
mainly qualitative data. Therefore, more in-depth tests (e.g. LDT such as
endoscopic examinations and extraction of core samples) are needed to
have a complete knowledge of: (i) stratigraphy of building envelope; (ii)
thicknesses and dimensions of building components; (iii) percentage of
materials used; (iv) thermal properties of building materials; and (v)
moisture content of building materials. In addition, the extracted sam-
ples can be subject to the gravimetric test for an accurate assessment of
moisture content [88,89]. However, because of their traditional nature,
LDT are not feasible or should be limited to few parts especially in
building characterized by aesthetic or historic significance.

3.1.3. Thermo-physical properties of the materials
The most important thermo-physical properties needed to describe
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Table 2
Classification of bricks used in historical buildings [70,71,95-103]

Type A-value (W/ Density (kg/  Notes
mK) ms)

Pre-industrial 0.50 +0.55 1400

bricks (XIII-

Due to clay composition, and
to the proportion of sand, raw

XVIII materials and air
Centuries)
XIX Century’s 0.41-0.83 1400-1600 Manufactured with pre-
bricks industrial or industrial
techniques
XX Century’s 0.72 1800-2000 -

bricks

the behaviour of a building material are: (i) thermal conductivity -\ or
\-value; (ii) density - p; (iii) specific heat - cp; (iv) thermal emissivity - €;
(v) reflection factor - r and (vi) vapour resistance factor — p [80,90].
Although these values can be either calculated or measured, in the
practice of BES the users normally relies on tabulated values provided by
various standards [91,92], which are typically obtained from laboratory
tests on real building materials. These standards also provide corrective
coefficients to consider the impact of the humidity content on the
thermal properties [91,92].

To identify the specific thermal properties of a historical material,
several methods are available [93]. As an example, the A-value can be
measured through the guarded hot plate method, an experimental testing
box that imposes on a plane sample a one-way heat flow, and measures
the temperature difference -AT at its boundaries while also preventing
the heat transfer by convection [94]. However, this test requires the
extraction of building samples, which is not always possible on heritage
materials. For this reason, in several cases, the A-value is estimated based
on the results of heat flow meter (HFM) measurements: indeed, if one
knows the thickness and the percentage of building materials from
geometric reliefs and historical analysis, the measurement of the heat
flow transferred through the wall under a certain -AT leads to the
calculation on an (equivalent) A-value.

Table 2 reports an attempt to classify the bricks used in historical
buildings, based on the results of HFM measurement. On the other hand,
the diversity of stones makes it difficult to establish a range for their
thermal performance [95-97]. Some general data was reported by
Ref. [73], without details about the type of stone (p=2500kg/m?;
A =2.40 W/mK). Data were reported also for walls made of bricks and
stone: (i) brick (60%) and stone (40%) (s =0.80 m; p =2080 kg/m3;
A=1.40W/mK); (ii) brick (20%) and stone (80%) (s=0.80m;
p = 2360 kg/m>; A = 2.06 W/mK).

As for historical plasters, they are divided in internal (p = 1400 kg/
m3; A=0.70 W/mK) and external (p=1800 kg/mg; A =0.70 W/mK)
[103]. No measured data are available for historical mortars. The same
applies also to other properties such as p and c,, for which it is usual to
rely on available published data and refer to the properties of the ma-
terials more similar to that under study [41]. To this purpose, a study on
a medieval building located in Bolzano (Italy) verified the impact of the
use of a same p and c;, for all stone walls on BES, also neglecting the
variability of the mortar. The impact was respectively of 19% and 37%,
compared to a calibrated model [72].

Apart from the thermal properties of the single materials, building
modellers often need to assess the thermal transmittance (U or U-value)
of the envelope components as a concise way to characterize them. The
U-value is usually assessed through different approaches [80]: (i) by
using the standard calculation method, (ii) through analogies with other
coeval buildings; and (iii) by measuring it through the HFM or the IRT
surveys.

The procedure for the “analytical calculation” for homogeneous and
multi-layer masonries is standardized by theISO 6946 [90]. This
approach requires detailed input data on stratigraphy, position, and
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thermal properties of each building material [80,90]. In absence of
specific values, their estimation refers to standard values [91,92] or
databases [104-106]. The standards also introduce simplified methods
to consider the effect of different hygrothermal conditions [90-92];
however, a “standard” surface resistance [90] is adopted, which does not
consider the presence of decay, dirt or superficial injury [79].

The analogy with coeval buildings assumes the U-value by referring
to similarly-aged buildings with well-known materials, masonry tex-
tures, geometric features and thermal characteristics [70,80]. In his-
torical and existing buildings this approach has several uncertainties
related to wrong information on construction features, possible un-
awareness of refurbishments, and presence of damages, ageing, and
moisture [71,80]. Moreover, one main limitation of this approach is that
the European databases [104-106] identify only one age-class for his-
torical constructions (building built before 1945).

To overcome the inaccuracies related to the methods previously
described, HFM measurements are used [2,32,71,72,107,108], accord-
ing to the standard ISO 9869 [108] to avoid errors affecting the mea-
surement accuracies. These affects are related to: (i) location of the
probes; (ii) non-homogeneity of the materials; (iii) heat flux perturba-
tion generated by the HFM itself; (iv) thermal inertia of the wall; (v) data
processing techniques; and (vi) influence of boundary conditions.
Furthermore, the literature suggests some further advices for the proper
installation of the probes in order to reduce their impact, especially on
massive and historical masonries [79,95,98,99,108-110].

The measured U-values of historical masonries with various thick-
nesses and showing different stone to mortar ratios have been compared
in several papers [79,95,96,98,100,102]. A further comparison among
measured and standard values from the Italian technical norm [111]
showed that, in the case of brick walls, the norm usually overestimates
thermal transmittance values in the range by 2%-57%, according to the
specific brick composition and construction technique.

On the contrary, the diversity of stones and the proportion of air
voids or gaps make it very hard to establish a range for their thermal
performance [100]. In particular, the U-values of stone masonries can
vary by + 8-10% when considering the presence of mortar, whereas, if
accounting also for the numerous small air gaps, this variation can reach
70.5% [79,100]. This has been confirmed by Ref. [108]: here, the
U-values were measured for calcarenite stone walls in a monumental
building of Palermo (Italy) over a two-year period, and the results
turned out to be 48.6% lower than the calculated values where voids and
moisture content are neglected. Hence, when it comes to appraising the
heat transfer through walls, the A-value should be defined in terms of
stone porosity as well. Particularly, this value for porous materials is
affected also by deterioration mechanisms such as black crusts, which
depend on the random presence of voids [112,113]. Finally, some
research has been conducted proposing a method for accounting the
influence of moisture on the thermal performance of such masonry
structures [114], an aspect that will be more closely dealt with in the
next section.

3.1.4. Moisture transfer and humidity content in the materials of the
building envelope

The humidity content of the envelope materials may have a signifi-
cant influence on heat transfer calculations, as well as on the appraisal of
moisture transfer mechanisms and indoor thermal comfort conditions.
As hygroscopic materials may be widely found in historical buildings,
phenomena such as moisture buffering effect and varying A-values
depending on moisture content, should be taken into account.

Moisture buffering is the ability of indoor surface materials to
moderate the indoor air humidity variations through adsorption and
desorption cycles. In historical buildings, examples of materials with
high buffering capacity are lime plaster, wood, gypsum plaster, daub
and cob walls. To analyse these cycles, the concept of Moisture Buffer
Value (MBYV), indicating the amount of moisture uptake/release from a
material when it is exposed to diurnal relative humidity variations [115,
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116]. When it comes to simulate moisture buffering effects, Zhang et al.
[117] indicated the combined Heat And Mass Transfer dynamic model
(HAMT, refs. [117,118]) as the most appropriate to account for moisture
exchange between the enclosure surfaces and the indoor environment.
The HAMT model is available in several building simulation tools like
EnergyPlus and TRNSYS, which could be used to assess the impact of
moisture buffering on building energy consumption.

When considering a building’s energy consumption, the impact of
humidity content could be relevant especially during the cooling season
in hot and humid climates, as demonstrated by Qin et al. who developed
a model for predicting the whole building multi-zone hygrothermal-
airflow transfer in MATLAB-Simulink [119]. Findings show that mois-
ture transfer through hygroscopic envelope materials may have a strong
influence in mitigating summer indoor relative humidity values in
various climates. Moreover, the use of such materials can be successfully
simulated only if considering the combined heat and moisture transfer.
In fact, under these circumstances, the predicted cooling energy demand
and the peak cooling loads in hot-humid climates have been found to be
16% and 33% lower respectively than those simulated using traditional
BES tools. On the other hand, heating needs and peak load are almost
unaffected by the different calculation approach. In addition, in dry
climates, models that ignore moisture transfer may overestimate con-
duction peak loads up to 210% and underestimate the yearly integrated
heat flux up to 59% [4]. This can lead to oversize the HVAC equipment
and to underestimate the energy consumption in humid climates.

As far as variations in the A-value of the materials through time are
concerned, Stazi et al. [120] reported that the properties of mineral wool
insulation layer in a historical building has been largely modified
through 25 years of services. In particular, the degradation of the
polymeric binder has caused the decrease of the hydrophobicity of the
material allowing for a greater water sorption.

However, most BES software tools consider the A-value of the
different materials — along with other properties such as p and cp —
through constant values. These values usually refer to the “dry” mate-
rial, or to standard humidity content. Some research has been conducted
in this field to define an effective (or apparent) A for hygroscopic ma-
terials. As an example, a study on [121] the apparent A-value of normal
concrete, aerated concrete and clay bricks showed a correction of 2.0%,
6.7% and 4.3% respectively on the dry value when the water vapour
pressure of outdoor air increases from 1000 Pa to 4000 Pa. Gomes [122]
presented an investigation on the influence of moisture content on the
thermal conductivity of seventeen external thermal mortars. The dif-
ferences between dry theoretical values and operational conditions
under actual moisture content, appraised via on-site measurements on
seven points, showed that a correction is needed to account for
increasing humidity contents. This correction can be done analytically
by following the ISO 10456 Standard [92] without a significant loss in
accuracy.

Finally, because of the heritage and cultural value of many historical
buildings, for facades that are considered for interior insulation retrofits,
the potential for moisture related damage due to driving rain and
moisture penetration must be carefully assessed [123]. Particularly in
cold climates, the addition of interior insulation to historical
load-bearing masonry walls can significantly alter the thermal gradient
within the walls such that a greater portion of the masonry is colder
[124,125] and has less drying potential [126]. This can lead to masonry
freeze-thaw damage [127] as well as salt migration when water evap-
orates leaving behind salts [17]. When the masonry experiences
freeze-thaw and wetting cycles, damage and accelerated erosion of the
masonry can occur, which may change the material properties of the
masonry [128]. This is because interior insulation lets the masonry wall
have less drying potential to the outside in cold weather while showing a
larger potential to transport moisture towards the warmer inside and
thus leading to unwanted moisture accumulation [129,130].
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Table 3
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Software tools for numerical calculation of thermal bridges (the list does not include those tools

that are not available in English, and that are used only on a national basis).

Software Software house 2D/3D Capabilities™” Mesh shape® Psi-value’ License
ANTHERM Kornicki 3D HT, SS/TR R YES Commercial
BISCO/BISTRA Physibel 2D HT, SS/TR FF YES Commercial
FLIXO Infomind Gmbh 2D HT, SS FF YES Commercial
HEAT 2 Buildingphysics.com 2D HT, SS/TR R YES Commercial
HEAT 3 Buildingphysics.com 3D HT, SS/TR R YES Commercial
THERM LNBL 2D HT, SS FF NO Free
TRISCO/VOLTRA Physibel 3D HT, SS/TR R YES Commercial
WUFI 2D Fraunhofer IBP 2D HAM, TR FF NO Commercial

@ HT: Heat transfer only; HAM: Heat, Air and Moisture Transfer.

b 8S: Steady state calculation; TR: Transient calculation.

¢ R: Rectangular mesh only; FF: Free Form mesh.

4 This field indicates if automatic calculation of the psi-value is provided.

3.2. Thermal bridges

According to the EN Standard 10211 [131], a thermal bridge is “a
part of the building envelope where the otherwise uniform thermal resistance
is significantly changed by full or partial penetration of the building envelope
by materials with a different thermal conductivity, and/or a change in the
thickness of the fabric and/or a difference between internal and external
areas”. Thermal bridges are called “linear” when they show a uniform
cross-section along one of the three orthogonal axes, and their size can
be described in terms of length (e.g. a balcony or a pillar). However, in
some cases point thermal bridges can be identified, such as small metal
studs or dowels: even if their size is small, their effect can be
non-negligible.

In a portion of the envelope affected by a thermal bridge, the tem-
perature field shows significant deviations from the otherwise mono-
dimensional profile typical of homogenous walls. This implies a local
increase in the heat transfer rate by conduction. In order to quantify the
influence of a linear thermal bridge on the total rate of heat flow
transferred through the envelope, the linear thermal transmittance is used,
which is also called “psi-value” (y) [W~m_1~K_l], and quantifies the rate
of heat flow transferred through the thermal bridge per unit length and
per unit temperature difference, in addition to that transferred through
the undisturbed envelope component. Analogously, a point thermal
transmittance () [W~K’1] is associated to a point thermal bridge.

When dealing with linear thermal bridges in BES, a major difficulty is
the possibility to identify a reliable psi-value. To this aim, the ISO
Standard 10211 [131] suggests that numerical calculations using a
two-dimensional geometrical model of the detail including the thermal
bridge should be used. In case of point thermal bridges, even
three-dimensional numerical calculations are needed.

Many software tools are available to perform this kind of calculation;
the most widely used are reported in Table 3. Their reliability has been
validated by comparison with the results of some test reference-cases
reported by the ISO Standard 10211, meaning that the resulting point
or linear thermal transmittance diverges by no more than 5% from
reality.

As an alternative to numerical calculation, which in some cases may
be arduous and time-demanding, it is possible to make use of databases
or “atlases”. Here, the linear thermal transmittance for a high number of
common linear thermal bridges is provided through tables or by means
of simplified analytical formulations. However, their validity is nor-
mally limited to an assigned range of the most relevant parameters
describing the envelope components (s, U-value, A-value of the insu-
lating material); moreover, a deviation by around 20% from reality
should be expected. Examples of this approach can be found in
Ref. [132] or in the so-called “CENED atlas” [133], which is imple-
mented in many software tools for energy certification of buildings in
Italy. Finally, other “default” values for the linear thermal transmittance
of a limited number of common and rather simplistic thermal bridges

can be found in the ISO Standard 14683 [134]; however, these values
are affected by a deviation by up to 50% from reality. A special case of an
interactive atlas is “KOBRA”; in this atlas, the dimensions, the thermal
conductivities and the boundary conditions of predefined topologies can
be changed and the value of the linear thermal transmittance is accu-
rately recalculated for the precise case.When it comes to the dynamic
energy simulation of the whole building, it must be observed that most
of the common software tools do not allow rigorous addressing of the
heat transfer through thermal bridges. In particular, since each surface
of the building is described by only one temperature node, the equations
to calculate the heat transfer by conduction in the opaque components
cannot explicitly include thermal bridging effects.

In this case, the user has to resort to expedients to bypass this limi-
tation and to include the effect of thermal bridges. As an example, in
EnergyPlus and OpenStudio it is possible to introduce small sub-surfaces
with no thermal mass, whose thermal resistance is assigned by the user
so that the same heat transfer rate as in the thermal bridge occurs. Of
course, in this case the user needs to perform a preliminary calculation
of the thermal bridge through other tools. Similarly, in DesignBuilder
and IES it is possible to assign a modified U-value to each opaque
component so that it includes the thermal bridging effects, as in the
following equation:

n P
vas £ )+ 5 )
Unnoa = ! A = (1)

An example of this approach is provided in Ref. [135]. Once again,
the user has to assess preliminary the linear and point thermal trans-
mittance through other tools.

It is then obvious that the modelling of thermal bridges in dynamic
energy simulation tools is an important source of inaccuracy. In fact, a
first approximation comes from the choice of the tool used to calculate
the point or linear thermal transmittance (numerical calculation, data-
base, atlases). Then, a further source of approximation is introduced
when the user calculates the modified U-value. In this sense, a more
effective approach is followed by the Ladybug Tools, a set of open-source
applications working in the Grasshopper environment. Here, it is
possible to set a parametric workflow where a routine based on THERM
calculates the linear thermal transmittance for each thermal bridge; the
results are then transferred to another routine that calculates the ther-
mally bridged U-value according to Eq. (1), and communicates it to
Honeybee, i.e. the tool that allows dynamic energy simulations based on
the EnergyPlus calculation engine. Through this workflow it is then
possible to reduce the sources of inaccuracy. This methodology has been
seldom used in the literature; as an example [136], applied it to a
modern residential building in South Korea.

The outlined problem in the description of standard thermal bridges
is common for all type of buildings (new and existing ones) when BES
are used. But, in the case of historical buildings, the criticality is more



Table 4
Papers dealing with the calculation and the solution of thermal bridges in historical buildings.
Ref. Building Age Location Envelope Insulation (IN/ Thermal bridges Psi-value Mould Calculation approach
typology ouT) calculation verification
[143] Listed manor 1720 Slovakia Brickwork, decorated MULTIPOR® calcium-silicate boards IN Window sills, slab/wall NO YES TEPLO 2015
house with frontons and (250 mm) junctions (numerical, 2D)
Residential Non Slovakia capitals STYRCON polystyrene/cement boards
specified (250 mm)
[144] Residential 1900s UK Brickwork Expanded polystyrene (90 mm) OouT Wall/roof junction (eaves) YES YES TRISCO 12.0
(numerical, 2D)
[28] - Late Sweden, Brickwork with wooden Vacuum Insulating Panels (VIP, 20 mm) IN Wall/beam junction NO YES WUFI 2D
1800s Norway beams (numerical, 2D)
and laboratory
measurements
[145, Residential 1930 Sweden Brickwork (ground VIP (20 mm) + glass wool (30 mm) ouT Around windows, between YES (modified YES WUFI 2D
146] floor), wood (top floors) VIP boards U-value) (numerical, 2D) and
onsite measurement
[147] Residential 1952 Italy Reinforced concrete and Expanded polystyrene (20 mm) + OouT Balconies, pillars and beams, YES YES THERM 7.2 (numerical,
brick walls insulating plaster (20 mm) wall corners, slab/wall 2D)
junctions
[148] Dormitory 1820 Denmark Masonry walls MULTIPOR® calcium-silicate boards IN Spandrel, dowels NO YES IRT imaging, onsite
(100 mm) measurements
[149] Residential Early Austria Brick walls, wooden Insulating plaster with perlite or aerogel ~ OUT Natural stone cornices, slab/ YES YES ANTHERM 7.125
1900s slabs (20-50 mm), expanded polystyrene walls junction, window (numerical, 2D)
(20 mm) casement
[150] Residential Late Denmark Brick walls and wooden Mineral wool and aerogel (40 mm), IN Wall/wooden slab junction NO YES HEAT 2 (numerical, 2D)
1800s beams rigid phenolic insulation (40 mm)
[151] Residential Early Denmark Brick walls and wooden Timber studs and mineral wood IN Wall/roof junction, Wall/ NO YES HEAT 2 v.5.0
1900s beams (95 mm) wooden slab junction (numerical, 2D)
[152] Residential Non-specified Insulating plaster, insulating boards IN or Window sills and reveals YES NO Non-specified
ouT
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important because of the difficulty in identifying them and in describing
their exact geometry. This is especially true in historical buildings,
where the superposition of several interventions made in different time
periods may significantly modify the composition of walls and slabs,
thus making them very different from what is described in the original
design documentation, if available.

To this aim, the IRT survey has been recently proposed as an effective
strategy to identify and describe thermal bridges in historical buildings
[137-139].

One point that emerges from this literature review is that the heat
losses through thermal bridges in uninsulated historical buildings are
often neglected, as also discussed by Cornaro et al. [140] for a historical
building near Rome, built in the XVI century, where the vertical walls
are mainly made of a mixture of different types of stones like tuff, basalt,
typical spur stone of Colli Albani and bricks, held together by a mortar
volcanic pozzolan.

However, the role of thermal bridges can no longer be neglected
when designing energy retrofit interventions that imply an improvement
in the insulation level of a historical building, especially if the insulating
material is applied on the inner side [141]. Indeed, although internal
insulation is not the ideal solution to reduce heat losses, it is still a very
common strategy to preserve the integrity of historical facades. In this
case, the effectiveness of the insulation is limited as a result of its
breakage in the joints between outer walls and vertical/horizontal
partitions: this means that the thermal bridges must be modelled in
detail to verify their impact on the overall energy balance as well as the
risk of mould growth, induced by low local inner surface temperatures.

Even if in some papers the calculation of thermal bridges in historical
buildings is oversimplified, which may underestimate their effect [142],
a considerable number of works in the literature addressed the thermal
calculation of thermal bridges for insulated historical walls through a
thorough approach, with the aim to optimize the main construction
details. A list of the most significant works is reported in Table 4, where
it is possible to find information about the approach used for the
calculation of the thermal bridges and the kind of results produced by
the study (calculation of the psi-value, verification of the mould
growth).

Amongst the thermal bridging details discussed in the references of
Table 4, some noticeable solutions can be underlined. In particular,
Glew et al. considered the possibility to install internal covings to correct
the thermal bridge occurring at the junction between walls and roof,
where the presence of the eaves breaks the continuity of the outer
insulation. Six different coving shapes are investigated, and the most
performing one allowed reducing the psi-value by around 25%. On the
other hand, Harrestrup et al. found out that, in the thermal bridge
resulting from the junction between brick walls and wooden beams, it is
possible to reduce the risk of mould growth in the beams by stopping the
inner insulation 200 mm above the floor.

However, it must be observed that only in one of the above-listed
papers the results of the numerical calculation for the thermal bridges
are then used to improve the precision of a dynamic energy simulation
model including the whole building [150]. This suggests that the in-
clusion of thermal bridging effects in dynamic energy simulation of is
still far from being mature for historical buildings, and that numerical
calculation tools are mainly used as a support to design the construction
details and to verify that no mould growth occurs.

3.3. Transparent envelope

Transparent elements in buildings are generally windows, skylights,
glazed surfaces of opaque doors and glass blocks [153]. In particular,
windows play a vital role for any type of buildings to admit light during
the day and to provide an external view. Historical buildings are typi-
cally characterized by small window areas if compared to modern
buildings: as an example, a group of historical residential buildings in
Italy reported a Window to Wall Ratio (WWR) of about 4% [154].
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Table 5
Typical geometrical and topological constrains of Energy Plus and other BES
software (Adapted and elaborated from Ref. [75]).

References Geometrical and topological Effect’s description
constraints

[76,159] In several tools, openings Windows with complex shape must
must be rectangles or split in several smaller windows with
triangles simplified shape

[76,77, Openings must not “touch” Two or more windows cannot share

159] each other the same frame, and have to be
ficticiously split

[76,771 Openings must not share two ~ The window cannot be placed
edges with walls or floors or exactly in a corner of the wall surface
roof

[160] There cannot be a wall thatis A surface cannot be totally glazed
only a window

[77] A window or door should not ~ Doors cannot be drawn with glazed

be placed inside a subsurface  part. Double windows cannot be

modelled.

Nevertheless, windows are still responsible for a significant heat transfer
rate.

3.3.1. Geometric features

Historical windows can have very different shapes and dimensions.
Windows used in traditional buildings, especially palaces and villas,
usually have square and rectangular shapes that can be easily modelled
with BES. However, windows used in churches, castles, and other
peculiar buildings, are characterized by circular, mullioned or irregular
shapes that require some geometrical and structural simplification to be
successfully modelled [32,155-157]. This is because BES software tools
present geometrical and topological constraints to comply with in the
modelling process [75], as summarized in Table 5. It should be noted
that, even if Table 5 refers to the EnergyPlus features, since it is the most
adopted tools, several other software tools (e.g. Trnsys, Open Studio)
shows the same constrains [75].

The user should be aware that, in the process of geometrical
simplification of complex windows shapes, the overall area of a window
must be kept equal to the actual value [158]. Otherwise, the simplifi-
cation might result in discrepancies with the original heat transfer area
of the windows, thus affecting the magnitude of the heat flow through
the transparent component.

3.3.2. Technical features

Peculiar technical features of transparent elements in historical
buildings are: the homogeneity of the materials employed, alterations of
the same materials and damaged transparent elements. Typically, his-
torical buildings have single-glazed windows or “box windows” (also
called “isolated window units”, “double window units”, “storm win-
dows”, “kastenfenstern” or “secondary glazing”) composed by double-
skin windows with two layers of wooden side hung sashes, each with
a single pane of glass [161,162]. Single-glazed windows are more used
in warm and hot climates, while double windows - originally used as a
closed system for creating a thermal buffer zone [161] - are mainly used
in cold climates, despite their application has been reported also in the
Mediterranean area [161].

In terms of frame materials, historical windows may present metallic
or wooden frames, which typically account for a large portion of the
total window area [163]. Old wooden frames hold moisture from the air
and may contribute to decrease indoor air quality as well as the thermal
and the structural performance of wood.

3.3.3. Thermo-physical properties

For a correct description of the thermo-physical properties of win-
dow panes and frames, the knowledge about the thermal and the optical
properties of the glazing panes are crucial. Then, the energy character-
ization of the transparent building envelope requires the knowledge of:
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Table 6
Glass dirt-correction factors for windows of historical buildings [178].

Type of location Vertical glazing Sloped glazing Horizontal glazing

Clean 0.9 0.8 0.7
Dirty 0.7 0.6 0.5
Very dirty 0.6 0.5 0.4

(i) the U-value of the whole window (frame and glazing); (ii) the solar
transmittance factor (g or SHGC); (iii) the visible transmittance (ty). The
latter however is not compulsory, since it affects the daylighting per-
formance of the building only. In general, in the absence of experimental
measurements of A-value, the U-value of old clear glazing can be easily
derived considering the standard value of the float glass - equal to 1 W/
(m-K) [164] - and its thickness, along with the standard surface heat
transfer coefficients. Generally, the windows of historical buildings are
manufactured with timber or metallic frames, resulting in a wide variety
of thermal performance and airtightness [165]. The wood frames, very
often, were constructed with high quality wood, such as old growth
wood which is extremely dense, strong, and resists warping. However,
the U-value of such materials depends on several parameters that are
difficult to accurately measure, including the A-value of the different
type of woods, their moisture content, and their homogeneity. Similarly,
the U-value of metallic frames depend on physical properties of different
metals (i.e. iron, aluminium, steel) as well as on the presence of voids
and non-homogeneity.

As reported by Refs. [161,162], the U-value of windows is finally
estimated in three major steps: (i) standard calculation of the
centre-of-glazing values using one dimensional (1D) models [166,167];
(ii) standard calculation of multi-dimensional and frame effects on
window using 1D or 2D heat transfer thermal models [168-170]; and
(iii) simulation of the energy behaviour of the window as a combination
of glazing and frame [169,170]. Remarkably good agreement between
calculation and measurement are reported in the literature, especially
for manufactured windows [162]. The application of these calculation
procedures requires detailed input data and laboratory test, especially
for the determination of the U-value of frames. For this reason, its
determination for historical single-glazed windows with wooden or
metallic frames turns out to be problematic [2,97,154,171]. The type of
frame affects not only its thermal performance but also the air infiltra-
tion. The air-tightness of timber-framed windows is, in fact, often
considerably worse than metallic-framed windows due to the presence
of cracks and gaps between timber frame and walls [172]. A detailed
assessment of air infiltration issues throught the envelope is discussed in
section 3.4.

Of course, some specific software tool can be used to identify the
detailed features of typical windows, amongst which Windows is worth
mentioning [173]: it is a freeware tool that allows the integration with
BES such as EnergyPlus. In particular, it calculates the U-value, the
g-value, the shading coefficient, as well as the visible transmittance for
the whole window system. Although this value is typically calculated
according to standards [164,174], or provided by windows manufac-
turers for new installations, in the case of historical windows it is hard to
unambiguously define its value because of dirt accumulation through
time, which may have significantly lowered the original value [171]. In
such respect, some researchers used glass-dirt correction factors to reach
more accurate results in their simulation studies [156,175-177]. The
first studies on dirt and dust on transparent surfaces date back to the

Table 7
Air change rate per hour for different tightness of envelope construction.

Tightness of envelope construction Average air change rate per hour (ACH)

Tight 0.2-0.6
Medium 0.6-1.0
Loose 1.0-2.0

10
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1980s [176], where an analytical model for surfaces covered with a thin
layer of dust was derived. Tregenza et al. [177] studied the impact of dirt
effects on glasses, showing that the g-value was reduced by 4-8% in
comparison with clean glazing.

The value of the glass dirt-correction factor to apply to the original
(clean) optical features of the glass mainly depends on air pollution,
slope of the glazing and its cleaning schedule, as reported in Table 6.

Moreover, some technical solutions often adopted in historical
building, such as the use of “double windows unit”, cannot be easily
modelled in BES. To overcome this issue the U-value can be calculated
manually [179], after that the equivalent thermal proprieties can be
applied to the glazed surface in BES.

Other issues are related to the knowledge and modelling of the
thermo-physical proprieties of windows characterized by several mate-
rials within the same frame, such as the stained glass windows. They
consist in coloured glass used to form decorative or pictorial designs,
typically by setting contrasting pieces in a lead framework like a mosaic
and used often for church windows. In order to proper set the thermal
and optical features in BES, detailed experimental measures are sug-
gested even if theoretical calculation can be carried out. Wolf et al.
[180] calculated the U value of a stained glass taken from Vitromusée
Romont’s in a climatic chamber, reporting a U-value of 5.78 W/m?K.
Even if such windows are generally characterized by high U-value, ac-
cording to the abovementioned research the thermal losses through the
stained glass windows can be neglected if compared with the losses
through the walls, because the glazed area is about 5% of the opaque
one.

The spectral transmission and reflection coefficients of the stained-
glass windows have to be measured on each sample belonging to the
window through a spectrophotometer. The results in term of solar
transmission and visible transmission can vary drastically according to
the type of glass finishing, the colour of the glass and its age [181]. The
experimental measurement on several coloured samples carried out in
compliance with UNI 7885 [182] and EN 410 [164] by Buratti [181]
showed that the g-value can vary in the range between 5 and 80%, while
the reflection coefficients are always below 15%. The visible trans-
mission of the tested component have generally lower values, in the
range from 0.15% (violet colour) to 49% (yellow colour). Of course, it
should be underlined that the reported values are related not only to the
glazing colour but also to the type of application technique of the colour
(e.g grisaglia, paste, glaze, etc).

3.4. Infiltration and air stratification issues

The standard EN 15759:2 [183] defines infiltration as the “uninten-
tional or accidental introduction of outdoor air into a building through gaps in
the building envelope, often located in the frames and fittings of doors and
windows”. According to ASHRAE Handbook [184], “infiltration is the flow
of outdoor air into a building through cracks and other unintentional openings
and through the normal use of exterior doors for entrance and egress. Infil-
tration is also known as air leakage into a building. Exfiltration is the leakage
of indoor air out of a building through similar types of openings. Like natural
ventilation, infiltration and exfiltration are driven by natural and/or artifi-
cial pressure differences”. Both definitions suggest the high dependency of
infiltrations on building age, construction quality, building use and
external boundary conditions. In such respect, one of the major diffi-
culties in BES simulation is the possibility to identify a reliable input
value for the infiltration rate: infiltration rate has been consequently
ranked as one of the key variables affecting the accuracy of simulation
results [185].

In BES software, infiltration rate is generally assigned through the
parameter ACH (air change rate per hour), with a constant or variable
value. To this aim, several empirical and theoretical models to evaluate
the air change rate have been introduced [186], the most commonly
adopted in historical buildings being:
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Table 8

Infiltration rates in historical buildings for different typologies and locations.
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Ref. Building Age Location Infiltration rate Main leakage sources Infiltration estimation
typology (h™h method
[200] Church 13th century Lisbon, Portugal 0.28-0.7 Openings Tracer gas
[201] Church 1851 Hamrange, Sweden 0.22-0.49 Doors Tracer gas
Church 16th century Ludgo, Sweden 0.99 Doors Tracer gas
Church 1792 Soderfors, Sweden 0.81 Doors Tracer gas
Church 13th century Valbo, Sweden 0.52 Doors Tracer gas
Church mid-12th century Visby, Sweden 0.62 Doors Tracer gas
[202, Church 14th Tarnow, Poland 0.12-0.8 Openings Tracer gas
203] Church 15th Krakow, Poland 0.34-2.4 Wooden structure Tracer gas
[204] Church 1365 to 1400 Krakow, Poland 0.17-0.27 Openings Tracer gas
Church 1736 to 1756 Szalowa, Poland 2.7-2.9 Doors, Tracer gas
[205] Church 1400 Loosdrecht, Netherlands 0.8-1 Roof (wooden) Tracer gas
Church 1869 Schiedam, Netherlands 0.5-0.6 Openings Tracer gas
Church 1456 to 1500 Zwolle, Netherlands 0.08-0.33 Doors -
Church 1720 Houthem, Netherlands 0.21 Openings Tracer gas
Church 1285 to 1470 Dordrecht, Netherlands 0.06-0.11 Openings Tracer gas
Church 1872 to 1873 Bemmel, Netherlands 0.06. Openings Tracer gas
Church 1470 to 1512 Alkmaar, Netherlands 0.4-1.2 Openings Tracer gas
[206] Church 14th —17th Harju Risti, Estonia 0.3-0.6 Doors, windows Tracer gas
centuries
[207] Church 1642 Velika Mlaka, Croatia Chapel: 0.8-1.5 - Assumption
Otherwise: 0.5
[208, Palace 19th century Benevento, Italy 0.5-1.2 Windows Standard value
209]
[210, Palace 1854 Trento, Italy 0.3-0.5 - Standard value
211]
[71] Palace 16th century Rome, Italy 0.1 - Assumption
[32] Palace 13th century Bologna, Italy 0.224" Windows Blower door test
[193] Palace 1513 Naples, Italy 1.5 User behaviour and poor Assumption
airtightness
[212] Palace 1927 Benevento, Italy 1.5 Windows Calculated
[213] Palace 17th century Modena, Italy 0.5/0.6 Wooden window frame Calculated (ISO 13789)
[156] Palace 12th century Bolzano, Italy 0.8 - -
[194] Palace 1860 Agrigento, Italy 0.2 - Assumption
[214] Palace 17th —18th century Perugia, Italy 0.7 - -
[215] Palace 20th century Catania, Italy 0.25 - -
[216] Palace 1910 Norrkoping, Sweden 0.2-0.4 Window frames Tracer gas
[217] School 1950 Vicenza, Italy 0.25 Windows Calculated
(EN 12831:2003)
[218] School 1970 Galicia, Spain 0.19-0.83 Windows, user behaviour Calculated
(ASHRAE Handbook)
[219] Museum 19th century Krakow, Poland 0.1 - -
[196] Museum 17th century Amsterdam, <0.1 Air leakages Assumption
Netherlands
[220] House 16th —19th century Loire Valley, France 0.86 Windows Blower door test
[221] Houses — Coimbra, Portugal 0.64-1.63 Air leakages Blower door test
[222] Houses 1600-2000 Estonia, Finland, 0.23-1.92 Windows Tracer gas
Sweden
[223] Dwelling — Grosseto, Italy 0.7 - -
[17,18] Dwelling 18th —19th century Catania, Italy 0.5 Assumption
[224] Tower 16th century Thessaloniki, Greece Tower: 0.9-1.5 Windows, doors Tracer gas
Lower floors: 2.5
[225] Monastery 10th century Chalkidik, Greece 1.0 - Assumption

@ Calculated from the ACH at 50 Pa.

- tabular values based on the construction tightness;

- reduction of fan pressurization test data, also known as blower-door-
test;

- tracer gas dilution method.

The first one relies on a database providing average air changes per
hour according to the construction tightness [186-188], as shown in
Table 7. In spite of its simplicity, this method cannot capture the specific
features of the building (e.g. material porosity, cracks). Moreover, the
values reported in similar databases are usually obtained from experi-
mental campaigns on modern constructions, thus high inaccuracies are
likely to occur when working on historical buildings.

The second method consists in the experimental evaluation of the air
change rate under a pressure difference of 50 Pa (ngp), mechanically
induced through a fan (blower door test). Starting from this value, the
following simplified empirical relation can then be used to assess the
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infiltration rate for average operating conditions (ngyg):
n—= k~n50

Here, k is a constant that ranges between 0.01 and 0.1, depending on
the number of facades exposed to wind and on the presence of shields,
such as trees or other buildings, in the surroundings [111].

The third listed method, i.e. the tracer gas dilution, is conducted at
almost normal operating conditions and may provide more satisfying
results under those conditions [189]. It consists in the introduction into
the building of a uniform concentration of tracer gas, which is then
allowed to decay naturally as a result of dilution by air infiltration from
outdoors [190,191]. The ACH value can be calculated according to the
concentration decay.

Due to its reliability, the tracer gas dilution method is the most used
in historical churches, which have a unique huge volume [192].

According to this literature review, even if in some papers the
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Fig. 3. ACH values estimated for different typologies of historical buildings.

calculation of infiltration rate in historical buildings is oversimplified
[71,193-199], a considerable number of works have addressed the
calculation through detailed evaluation. A list of the most significant
works is reported in Table 8, which displays the main information about
the approach used for the calculation of the air infiltration rate and the
kind of results provided. Different typologies of historical buildings
(churches, palaces, schools, museums, etc.) placed in different locations
were considered. Such data can be regarded as a useful reference when
detailed data about the building under investigation is missing.

In order to improve the readability and the understanding of the
data, in Fig. 3 the ACH ranges for each case study shown in Table 8 are
grouped according to the building typology.

The literature review outlines that in the different building typol-
ogies the range of variation of the ACH is high, but no specific trend can
be identified. The ACH goes from minimum levels for those buildings
that have good construction tightness and relatively small openings, to
high levels in buildings with poor construction tightness. These are
made with materials permeable to the air or even damaged (as wooden
construction elements), and usually present relatively large openings
(which could be affecting by the user behaviour). The only exception is
represented by schools and museums, where more uniform infiltration
rates are observed. In particular, museums require a proper control of
the indoor microclimate and show very low infiltration rates.

In conclusion, due to the uncertainty in the input values, which then
affect BES results, users should be very responsible in introducing proper
ACH value according to specific surveys and measurements.

Moreover, as already introduced, in BES simulation the air temper-
ature is considered uniform throughout the room or zone. Such
assumption can introduce significant inaccuracies in high-rise indoor
spaces such as churches, since the vertical temperature gradient due to
thermal stratification is not taken into account. The extent of the vertical
temperature gradient in an indoor space depends on its height and on
the type of heating system, if available. It can be neglected when the
height is below 3m, but usually in historical buildings this height is
overcome. The gradient is normally positive in the heating season, i.e.
the air temperature increases with height, and is particularly evident in
case of convective heating systems.

As an example, Varas-Muriel et al. measured the vertical stratifica-
tion in a 5m high navy of a heated church, and they found that close to
the ceiling the air temperature was 4°C and 3 °C higher than at the
ground level, respectively without and with congregation [226].
Camuffo et al. [227] investigated the temperature distribution in the
Giant Hall, a magnificent 8.6 m high ceremony room in a mediaeval
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palace in Italy. The vertical temperature gradient turned out to lie be-
tween 0.1 °C/m and 0.2 °C/m, except when the doors are open and thus
the gradient is enhanced by the penetration of cold air.

Hence, ignoring this issue in BES can introduce a significant under-
estimation of the energy demand for space heating. Indeed, when the
ground level is kept at a comfortable temperature for the occupants, the
upper air layers are much hotter, and higher heat losses occur - espe-
cially through the ceiling - than with uniform air temperature.

In order to predict the temperature — and humidity - vertical dis-
tribution, some simplifying modelling approaches can be used. As an
example, the so-called zonal modelling was implemented by De Backer
et al. in TRNSYS to a 15-m high church in Belgium, where a vertical
temperature gradient of 5°C was observed [228]. On the other hand,
Semprini et al. simulated an 18-m high church in Italy with Design
Builder and Energy Plus, by dividing the volume with a series of ficti-
tious horizontal and vertical partition [33]. The model was successfully
validated and showed a vertical gradient of 1.5°C from 2m to 8 m
height.

4. Conclusions

The proper simulation of the thermal and hygrometric behaviour of
historical buildings is a challenging task and has several implications on
the evaluation of possible retrofit strategies, on the correct conservation
of structures/artworks and also on the indoor comfort. In particular, an
inaccurate simulation may lead to inadequate conclusions, which could
lead to inappropriate and dangerous actions for the building’s heritage
conservation. In such respect, more attention must be paid to reduce the
gap in the model results, thus avoiding risky choices for the precious
artefacts, building’s finishes and structures.

Thus, the present work aims to bridge the knowledge gap about
thermal and hygrometric behaviour of historical buildings, highlighting
those aspects that need to be carefully checked when performing dy-

namic simulations. The main outcomes of the work are summarized
hereafter:

e a simplified geometry is often unavoidable (e.g. curved surfaces can
be represented as a series of flat surfaces) to meet the requirements of
BES tools, but inaccuracies due to oversimplification in some
geometrical features must be avoided;

e prolonged exposure to weathering processes, especially to wind,
rain-water and air pollution, increases the natural process of ageing
of historical materials, causing mechanical damage such as micro-
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cracks; this usually increases the porosity and thus the thermal
conductivity, while also altering the reflection coefficient of the
outermost material;

the humidity content of the envelope materials may have a signifi-

cant influence on heat transfer calculations, thus the assessment of
the actual content of water is recommended;

specific tools/interactive atlas must be used to properly assess ther-

mal bridges and report corrected U-values in BES tools, also by
adopting modelling expedients (e.g. introduce small sub-surfaces
with no thermal mass, whose thermal resistance is assigned by the
user so that the same heat transfer rate as in the thermal bridge
occurs);

modelling of transparent envelope requires attention in determining

the correct U-value (with particular reference to the windows frame)
and solar transmittance. Several reference values are provided in the
paper to this aim;

the infiltration rate of historical buildings is extremely variable (from

0.2 to 3 ACH), depending on many factors (poor airtightness of the
envelope, openings necessary for the passage of visitors/church-
goers, etc.); thus, for a correct modelling, its quantification must
preferably be performed according to experimental tests such as the
tracer gas dilution method;

if the height of the indoor environment is greater than 3 m, a vertical

temperature gradient due to thermal stratification must be consid-
ered in the BES process;

LTD such as endoscopic examinations and extraction of core samples,

must be carried out when possible to have a complete knowledge
about the technical features of building elements;

e HFM measurements and infrared thermography (IRT) are always
suggested as means to correctly estimate the U-value and identify the
thermal anomalies;

EnergyPlus is currently the most used tool to simulate historical

buildings, but other specific tools can be coupled for hygrothermal
calculation or thermal bridges assessment. The combination of
several tools is a key factor to obtain accurate results.

In conclusion, the information collected in this work may be used by
researchers, specialists and policy-makers involved in the conservation
of building’s heritage, who need to address a detailed study of the hygro-
thermal performance of historical buildings thorugh dynamic simulation
tools. However, it is important to recognize that, in order to obtain
reliable results from the energy simulations, a preliminary calibration
phase should be required. Further research works will deal with the
calibration of historical buildings’ simulation models.
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