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Abstract

Building Energy Modelling (BEM) applied to historical buildings is rising as a non-invasive and useful means to improve their
energy and environmental performance by supporting informed choice of appropriate solutions for sensitive renovation. Being
climate data one of the main inputs of simulations and considering the life span of historical buildings, it is increasingly important
to support BEM reasoning with future climate conditions for the design of effective and climate-change-proofed adaptation
strategies. A systematic literature search was carried out through the Scopus database and identified 67 journal articles published
between 1997 and 2022 on the use of BEM for the energy efficiency of historical buildings. To investigate the extent to which
climate change will likely affect the outdoor forcing conditions in the reviewed case studies, their locations were paired with the
climate classes according to the Kdppen-Geiger classification maps provided by Beck et al. (2018) for the recent past and far future.
The results were then discussed in light of the climate classification of the architectural sites in UNESCO’s World Heritage List
(WHL) for the same reference time periods. According to the literature review, it emerged a substantial representation in current
research of case studies in temperate (i.e., Cfa and Csa) and cold (i.e., Dfb) climate classes together with a scarcity of case studies
involving arid climate classes (i.e., BSh, Bsk, and BWh), although the latter ones are expected to house almost 30% of the WHL
architectural sites in the future.
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1. Introduction

Nomenclature

AEC Architectural, Engineering, and Construction

ASHRAE American Society of Heating, Refrigerating and Air-Conditioning Engineers
BEM Building Energy Modelling

HVAC Heating Ventilation and Air Conditioning

IPCC Intergovernmental Panel on Climate Change

PRISMA Preferred Reporting Items for Systematic reviews and Meta Analyses
RCP Representative Concentration Pathways

SSp Shared Socio-economic Pathways

UNESCO United Nations Educational, Scientific and Cultural Organization
WHL World Heritage List of UNESCO sites

The European goal of reducing energy consumption and greenhouse gas emissions requires an increased effort to
plan effective and sustainable strategies for the Architectural, Engineering, and Construction (AEC) sector, which is
responsible for 30-40% of their total share (Gevorgian et al. 2021). Historical buildings, conventionally defined as
constructions built before 1945 using artisanal and pre-industrial techniques (L. Mazzarella 2015), are typically
associated with low energy performances. Nevertheless, they can play a key role in this call for sustainability, as they
hold a high energy-saving potential thanks to their distinct features, which were proficiently designed to harmonise
the building behaviour with the reference climate (Calcerano, Cecchini, and Martinelli 2017).

Energy efficiency is also strictly related to conservation, as keeping historical buildings in use is a way to promote
their durability (G. Carbonara 2015). A relevant impulse to research on this topic has been driven by European projects
focussing on intervention design (e.g., 3ENCULT (Troi and Bastian 2015) and BEEP (Gigliarelli et al. 2022)) and
impact modelling (e.g., Climate for Culture (Leissner et al. 2015) and HYPERION (P. Choidis et al. 2021)). In
particular, the project BEEP “BIM for Energy Efficiency in the Public sector” (2019-2022), financed in the framework
of the European Neighbourhood Instrument Cross-Border Cooperation “Mediterranean Sea Basin Programme” (ENI
CBC Med), addressed the issue of energy efficiency of the built heritage public sector in the Mediterranean area,
implementing operative protocols based on innovative digital tools of analysis, design, and decision-making
(Calcerano et al. 2023).

Building Energy Modelling (BEM) is rising as a non-invasive and useful means to assess energy efficiency and
thermal comfort in historical buildings (A. Martinez-Molina et al. 2016). Although modelling the behaviour of
complex historical buildings can be particularly challenging (Akkurt et al. 2020), BEM simulations can be used to
study appropriate renovation solutions for improving their energy and environmental performance (Buda et al. 2021).
Weather data is one of the principal input of simulations, since the outdoor forcing factor significantly affect the
energy consumption required to reach thermal comfort and conservation requirements (van Schijndel and Schellen
2018).

The 6th assessment report published in 2023 by the Intergovernmental Panel on Climate Change (IPCC 2023)
warned about the expected changes in climate conditions in the future under various Shared Socio-economic Pathways
(SSPs) and Representative Concentration Pathways (RCPs) of greenhouse gases. Considering the life span of
historical buildings and the increasing risks for cultural heritage (Nguyen and Baker 2023; Verticchio et al. 2023), it
is necessary to integrate BEM simulations with climate data providing information on long-term processes for the
design of timely and effective climate adaptation measures (C. Ballard et al. 2022; Hao et al. 2022).

The aim of this research is to investigate the extent to which climate change will likely affect the historical buildings
that have been studied so far through BEM for energy efficiency purposes based on a systematic survey of the literature
case studies. In this way, useful insight is provided to discuss the current state of the art in the field of the energy
efficiency of historical buildings and to identify possible research topics that could be explored further.
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2. Materials and methods

A systematic literature search was carried out using the Scopus database to retrieve scientific records reporting case
studies on the application of whole-building dynamic simulation to historical buildings. The three steps (i.e.,
Identification, Screening, Inclusion) of the method of Preferred Reporting Items for Systematic reviews and Meta
Analyses (PRISMA) were followed to obtain a comprehensive subset of documents on the reviewed topic (Fig.1).
The database was initially queried on all its fields using the string ("dynamic simulation" AND "historical building*")
to identify recurrent terminology to be used for further interrogating it. This initial search matched 278 documents
from 1997 to 2022. Then, more tailored queries were used to search in the database fields Title-Abstract-Keywords,
by properly combining, through the Boolean operators “AND” and “OR”, the expressions “dynamic simulation”,
“performance simulation”, “thermal simulation”, “hygrothermal simulation”, “historic* building*”, “built heritage”,
and “heritage building®”. This second search matched 295 documents, to which 47 journal articles were added based
on the references cited in the initial subset, obtaining a final group of 620 records. After removing duplicates and
records not available online, 453 documents were screened by title and abstract and the resulting 177 eligible ones
were assessed by full-text reading to exclude case studies that could not be considered relevant for the reviewed topic
(e.g., studies only addressing simplified or 2D simulations across single walls, computational fluid dynamics, and the
characterisation of construction materials). Finally, 105 documents published between 2011 and 2022 were included
in the study, from which 67 journal articles specifically focussing on energy efficiency were selected for the following
elaboration.
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Fig. 1. PRISMA flow diagram for systematic reviews showing the number of documents selected after each step of the process.

A total of 86 case studies was identified out of the 67 reviewed documents as some of them reported more than one
case study. The locations of the sites relative to the case studies were paired with past and future Koppen-Geiger
climate classes to evaluate the extent to which climate change could likely affect their outdoor forcing conditions. The
Koppen-Geiger classification maps elaborated by Beck et al. (2018) were chosen as they are derived from ensembles
of several climate sources and offer accurate high-resolution maps at a 1-km grid. These maps are available only for
two reference time periods, i.e., the Recent Past (1980-2016) and the Far Future (2071-2100) according to the worst
IPCC emission Scenario RCPS8.5 (representing a no-policy mitigation baseline scenario). By counting the number of
sites fitting into each Koppen-Geiger class in the Recent Past and comparing it with the ones in the Far Future scenario,
it was possible to evaluate the expected changes in the climate classification of the reviewed case studies.

To better contextualise the discussion of the results from the climate mapping of the reviewed case studies, the
location of the UNESCO sites enlisted in the World Heritage List (WHL) was also investigated. A subset of 255
strictly architectural sites was selected from the whole group of WHL sites distributed around the globe based on
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criteria II (i.e., those exhibiting “an important interchange of human values [...] on developments in architecture, [...]
town-planning or landscape design”) and IV (i.e., those being “an outstanding example of a type of building,
architectural or technological ensemble or landscape which illustrates significant stage(s) in human history™),
excluding WHL sites having a prevalent archaeological and natural value (i.e., sites without the term “building” in
their description). Finally, the WHL architectural sites were matched with their past and future Képpen-Geiger climate
classes as described for the case of the reviewed case studies.

3. Results and discussion

The analysis of the 86 case studies reported in the reviewed articles highlighted that most of them are located in
Europe, with the exception of two research works performed in Saudi Arabia and one in Canada (Fig.2). Italy can be
considered the leading country in the field of dynamic simulation of historical buildings, where 60% of the studies
have been carried out. This outcome, already observed in literature reviews dedicated to energy efficiency and thermal
comfort in historical buildings, may be explained by both the richness of built heritage availability in Italy and the
attained level of scientific development on the topic.
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Fig. 2. Case studies per country (percentage out of the 86 reviewed ones) on the dynamic simulation of historical buildings for energy efficiency.

To study the possible impact of these changes in the indoor climate conditions within historical buildings and to
investigate suitable adaptation strategies, climate projections from regional models have been employed in some of
the reviewed studies in addition to present weather datasets. Among the reviewed case studies, 6 records (7% of the
total) reported to use climate projections from regional models (in addition to present weather datasets) as an input for
simulation to evaluate future energy consumption.



Elena Verticchio et al. / Procedia Structural Integrity 55 (2024) 1-8 5

60

Temperate

50

Arid Cold

DoooEOEmOp
IS
o

Occurrences
w
o

20

o el

10 0 10 20 30 40 BSh BSk BWh Cfa Cfb Csa Csb Dfa Dfb
a Longitude (*) b Kdppen-Geiger climate class

Fig. 3. (a) Koppen-Geiger (KG) maps in the Recent Past (based on Beck et al. 2018) with the location of reviewed literature case studies
(indicated as black points of different sizes based on the number of occurrences in the same position) and (b) number of reviewed literature case
studies in each KG climate class.

Fig.3 shows that in the Recent Past most of the 86 case studies reviewed from the literature are located in temperate
climate classes (i.e., Csa = 40 sites, Cfa = 17 sites, Cfb = 5 sites) and cold climate classes (i.e., Dfb = 16 sites),
representing together around 90% of the total. According to the climate classification in the Far Future (Fig. 4), the
distribution of the climate classes paired with the reviewed case studies is expected to radically change: while the
future occurrences in Csa are expected to increase (up to 55 sites), they are expected to considerably decrease in Cfa
and Dfb (up to 9 and 3 sites, respectively); moreover, a substantial rise concerns the future number of case studies in
BSh arid steppe climate class (from 0 sites in Recent Past to 6 sites in Far Future).
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Fig. 4. (a) Koppen-Geiger (KG) maps in the Far Future according to IPCC scenario RCP 8.5 (based on Beck et al. 2018) with the location of
reviewed literature case studies (indicated as black points of different sizes based on the number of occurrences in the same position) and (b)
number of reviewed literature case studies in each KG climate class.
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Fig. 5. (a) Koppen-Geiger (KG) maps in the Far Future based on Beck et al. (2018) with the location of the WHL architectural sites (indicated as
black points of different sizes based on the number of occurrences in the same position) and (b, ¢) number of WHL architectural sites in each KG
climate class in Recent Past (b) and Far Future (c).

Fig.5a shows the location of the 255 WHL architectural sites plotted on the global Koppen-Geiger classification
maps for the Far Future, while the map for the Recent Past is not here reported for the sake of brevity. The distribution
of the WHL sites around the globe covers 18 of the 30 existing Koppen-Geiger climate classes. In the Recent Past
(Fig. 5b), the occurrences of WHL sites in temperate climate classes (i.e., Csa = 27 sites, Cfa = 20 sites, Cfb = 34
sites) and cold climate classes (i.e., Dfb = 43 sites) represent together around 50% of the total. In the Far Future (Fig.
5c¢), the number of WHL sites located in Cfa is likely to increase (up to 52 sites), while it is expected to decrease for
Cfb and Dfb (up to 22 and 9 sites, respectively). A remarkable future rise is projected in the number of WHL sites in
BSh arid steppe climate classes (from 8 sites in Recent Past to 39 sites in Far Future).

Table 1 provides the percentage of reviewed case studies and WHL architectural sites per each past and future
Koppen-Geiger climate class calculated out of their respective total number. The climate classification in the Recent
Past emphasized that the reviewed case studies mostly represent temperate climate classes Csa (47%), Cfa (20%), and
cold climate with warm summer Dfb (19%), which overall cover around 90% of the sites. In the Far Future, the
percentage of reviewed sites in Cfa and DFb is likely to respectively reduce to one-half and one to one-sixth of their
values in the Recent Past, accompanied by a shift to Bsh for 7% of case studies.
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Table 1. Description of the Koppen-Geiger climate classes (based on (Beck et al. 2018)) and percentage of reviewed case studies and WHL
architectural sites in each class for present and future climate scenarios. * Percentage calculated out of the total number of reviewed case studies
(n=86). ** Percentage calculated out of the total number of WHL architectural sites (n=255). It is worth noticing that the 9 climate classes considered
(based on those represented by the reviewed case studies) cover 69% of WHL architectural sites in the Recent Past and 73% in the Far Future.

Case studies* WHL architectural sites**
Abbreviation Koppen-Geiger climate class description
Recent Past ~ Far Future ~ Recent Past Far Future
BSh Arid, steppe, hot 0% 7% 3% 15%
BSk Arid, steppe, cold 5% 5% 9% 7%
BWh Arid, desert, hot 2% 2% 4% 6%
Cfa Temperate, no dry season, hot summer 20% 10% 8% 20%
Cfb Temperate, no dry season, warm summer 6% 6% 13% 9%
Csa Temperate, dry and hot summer 47% 64% 11% 10%
Csb Temperate, dry and warm summer 1% 1% 4% 0%
Dfa Cold, no dry season, hot summer 1% 1% 0% 2%
Dfb Cold, no dry season, warm summer 19% 3% 17% 4%

Looking together at the percentages of both the reviewed case studies and WHL architectural sites, it can be noticed
that the current understanding derived from the literature case studies in the temperate climate classes may be crucial
to cope with the impact of climate change, as they are expected to represent more than one-third of WHL architectural
sites in the Far Future. On the contrary, the high percentage of reviewed case studies currently in the cold climate
class Dfb may be less beneficial, as the future percentage of WHL architectural sites in this class is expected to be
very low. Finally, a current scarcity of scientific studies was highlighted in literature case studies located in arid
climate classes, although they will likely represent a significant share of the WHL architectural sites in the Far Future.

5. Conclusions

The ongoing research on the application of whole-building dynamic simulation of historical buildings can greatly
contribute to adaptation to climate change in terms of energy efficiency. The current understanding derived from
literature case studies located in temperate climate classes can be decisive in designing effective and climate-change-
proofed adaptation strategies, as the future share of architectural sites enlisted in UNESCO’s World Heritage List
(WHL) and located in these classes is expected to be high (almost 40% of the total). On the contrary, the relevant
number of case studies currently in cold climate classes may be less beneficial as they will likely be less representative
of future WHL architectural sites. A current gap in the reviewed research field was identified for arid climate classes,
where few literature case studies were located despite the future percentage of WHL architectural sites in these classes
is expected to be relevant (about 28% of the total).
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