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Abstract: In higher-education world heritage sites, the conservation and energy retrofitting of
heritage buildings (HBs) is an important vector for their development, competitiveness and welfare.
To guarantee their ongoing use, these buildings must be adapted to face current and emerging
societal challenges: (i) the conservation of cultural heritage and the maintenance of their original
characteristics and identity; (ii) the transformation of heritage sites into tourist centers that energize
the local economy, generating revenue and jobs; (iii) the adaptation of the buildings to new uses and
functions that demand energy retrofitting strategies to satisfy today’s standards of thermal comfort,
indoor environmental quality (IEQ) and energy efficiency; (iv) tackling impacts of climate change,
particularly global warming and extreme weather events; and finally, (v) the implementation of
strategies to mitigate the impact of a growing number of tourists. The combined implications of
these challenges require a comprehensive approach with interrelated measures strongly reliant on
the use of technology and innovation. This work aims to discuss how higher-education cultural HBs
can be rethought to serve these expectations. Moreover, a multidisciplinary intervention framework
is provided to discuss how HBs can respond to the challenges and risks of rehabilitation, energy
retrofitting, climate change and increasing tourism.
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1. Introduction
Currently, the debate on climate change, fossil fuels depletion and energy security highlights the need for a more sustainable built environment [1]. As stated by Roque et al. [2],
the improvement of the thermal performance and energy efficiency of historic building
stock has the potential to revitalize these buildings and reduce their operational energy
costs. In higher-education world heritage sites, like the Alta area of the University of
Coimbra [3] or the city of Ferrara [4], heritage buildings (HBs) have been cyclically adapted
(or readjusted) for new uses over time. This cycle is part of the history of these buildings
that must be preserved. However, to guarantee their use in the future, these buildings
must also be adapted (adaptive reuse), repaired, rehabilitated and/or retrofitted to face
current societal challenges and user expectations regarding thermal comfort and energy
efficiency [5], as seen in the “new heritage” 20th-century architecture pieces, of the Urbino
University Colleges, designed by architect Giancarlo de Carlo [6]. By definition, rehabilitation is the act of restoring a building to its original state; repair aims to bring back
the architectural and functional shapes of the building so that all activities can resume;
and energy retrofitting is the act of adding new features, materials, technologies and/or
active systems that had not earlier been used in order to improve the thermal and energy
performance of the building, improve indoor environmental quality (IEQ), save energy
and reduce environmental emissions.
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struction elements [12]; (iv) using innovative materials and construction solutions while
maintaining the identity of heritage constructions [13]; (v) using more efficient active
systems to guarantee thermal comfort and IEQ [14]; (vi) the implementation of solutions
and systems based on renewable energy sources [15]; (vii) building information modeling,
design and the incorporation of energy efficiency concerns in the design of intervention
plans [16,17]; (viii) dynamic simulation of energy in HBs and prediction of the energy
performance of buildings in future climate change scenarios, including different tourism
scenarios and future climatic data [15,18].
Improving a HB for the future is the best way to promote its heritage sustainability. To
address this problem, the main purpose of this work is to report the importance of wider
multidisciplinary frameworks, conscious rehabilitation and energy retrofitting strategies
to support decision makers. This work also aims to contribute to the discussion of the
importance of the conservation of higher-education cultural HBs. Built heritage problems
cannot be faced as simple conservation problems, but rather as integrated and living parts
of the built environment with the ability to adapt to new functions, needs and requirements,
as well as living parts of the activities of higher-education institutions and the academic
community. In other words, the conservation of this tangible heritage should be able
to guarantee and promote its previous intangible and unique values and ‘experimental
experience’, and contribute to the sustainability of higher-education world heritage sites.
2. The Importance of Multidisciplinary Methodologies Converted into
Virtual Libraries
Within this context, the words of Garner and Mann, “Design for the built environment
is probably the most multidisciplinary practice in all of the design professions” [19], gain
an even greater meaning.
Nowadays, the development of multi- and interdisciplinary rehabilitation and energy
retrofitting methodologies being converted into online open-access libraries should be
seen as an important tool to foster sustainable worldwide intervention in higher-education
cultural HBs, as the information can be made available for a larger audience, including
both practitioners and academics. In ref. [20], authors proposed a new 8-phase protocol
aimed at supporting the adoption of HBIM (historic building information modeling) in
heritage intervention, named BIMlegacy, which goes slightly beyond existing life-cycle
management methods such as the RIBA Outline Plan of Work [21].
Additionally, the methodologies developed for specific case studies can be extrapolated more easily to other cases. These libraries should consider the following features: (i) they should provide detailed building models with virtual scenes, validated
simulation models, performance reports on several evaluation dimensions (e.g., thermal/hygrothermal performance of the envelope, energy performance of the systems,
thermal comfort parameters, IEQ, etc.); (ii) they should engage the general public, practitioners, architects, engineers, decision-makers and academia—as the higher-education
sector holds important functions in educating the next generation of professionals for a
sustainable culture [22]—and provide education activities; (iii) they should contribute
to the life extension of HBs and the promotion of their cultural and patrimonial values
by openly disseminating their cultural heritage via online library and design strategy
reports. These libraries should also comply with the UN 2030 Agenda goals as they will
promote sustainable consumption of energy and resources, and they will contribute to
combating the impacts of climate change. By exploring the sustainability of tourism [23]
and developing an open dissemination program, these approaches also hold an inclusive
and socially sustainable character.
In order to develop a multidisciplinary rehabilitation and energy retrofitting methodology converted into a library with virtual models (as proposed in [24] towards the creation
of a sustainable and interactive archiving platform in Qatar; as exemplified in Figure 2),
the following objectives are typically defined:
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In short, the HB shall be surveyed and monitored, and models shall be developed
as an information repository. Afterwards, dynamic simulation models can be validated
with onsite measurements. The models can then be used to assess and evaluate potential
intervention strategies considering future scenarios (e.g., climate change extreme events
such as higher temperatures).
In more detail, the proposed methodology starts with a thorough analysis and characterization of the HB to gather data on the construction system, building pathologies,
building geometry and surroundings, energy consumption, activities and occupancy of the
building. In this phase, the virtual BIM structure with geographic survey data (collected
using laser scanning and photogrammetry, as suggested in ref. [28]) can be created. This
will then be used as a digital and georeferenced repository of the information collected
during the survey of all existing data (e.g., mapping the sensors location, harvesting
more precise and correlated data, facilitating data storage). In parallel, energy retrofitting
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solutions can be carefully planned, and in situ experiments can be carried out (e.g., to
evaluate the thermal resistance of the building envelope, as well as to monitor the hygrothermal performance of historic elements). The performance of such solutions can
be monitored through remote sensing technology designed for the hygrothermal assessment of historic walls in a conservation-compatible mode [29]. These initial steps of the
methodology should be done in agreement with the most recent ‘Guidelines on energy
efficiency of cultural heritage’ [30], current practices/research activities [31,32] and other
codes/protocols/examples addressing this matter [33].
Then, energy consumption patterns (including lighting, heating, cooling and other
appliances) shall also be monitored. This way, these data can be used to validate models
built in dynamic building energy simulation programs (e.g., EnergyPlus). These are
important approaches since a building’s effective construction type is likely not known
with sufficient detail a priori.
After the models are created and validated, the energy performance of the building
can be assessed for different scenarios, including the construction pathologies; the energy
consumption (and hot-water production, if possible) and the IEQ performance. The effect of
climate change can also be predicted by using morphed weather data for future projections
(2050 and 2080) according to the Intergovernmental Panel on Climate Change’s data report
from the UN [34]. Constraints and requirements that may restrict intervention and design
strategies should also be reported.
Finally, multidisciplinary intervention methodologies can be defined. These strategies
will address construction pathologies, ensuring structural integrity (or even improving
it) and improving buildings’ energy performance; they can also propose passive design
measures and/or eventually suggest air-conditioning systems or other active systems to
improve the energy efficiency of the HB. The reports, HBIM and simulation models should
be made freely available online (Figure 2).
3. The Importance of In Situ Characterization and Planning
In situ diagnosis and characterization of the current status of the building stock is vital
for drawing any intervention strategy. As the building envelope plays an important role in
terms of energy consumption, tests and field data are imperative to measure the building’s
actual behavior, especially in HBs, since the building’s envelope properties are often
unknown. In fact, energy auditors often use assumptions and simplifications to predict it.
However, as reported by Roque et al. [2], wrong estimations or excessive simplifications
may have a severe impact on a thermal behavior assessment and consequently on the
effectiveness of any retrofitting measures. The in situ assessment of the thermal resistance
of both the external and internal envelopes of HBs is one of the most relevant parameters for
the characterization of building elements and is vital for the simulation of different aspects
of the whole building, and for considering alternative retrofit strategies and climate change
scenarios. In parallel, objective and subjective IEQ surveys are important to assess both the
conservation conditions of the exhibited items and the comfort of the users/visitors, and to
assess the need of reducing their impact. Finally, the combination of these two reports can
be used to draw an intervention approach and mitigation strategies against climate change.
In short, the following steps should be considered in the in situ characterization and
planning phase (Figure 3):

•
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Planning energy consumption and IEQ monitoring—This includes the survey of construction typology, type of space activity, number of people and periods of occupancy,
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This information can be complemented with analysis of energy bills and equipment
technical sheets. These data are required to accurately model and analyze the energy
performance of the building.
•
Planning in situ measurements—Mainly, this step includes the measurement of the Uvalue of some building envelope elements with non-destructive tests (e.g., the Simple
Hot Box—Heat Flow Meter Method (SHB-HFM), based on the procedure described in
standard ISO 9869) [35], and hygrothermal monitoring.
4. The Importance of In Situ Building Monitoring
Monitoring energy consumption patterns is vital, and this information is obtained
mainly from an energy consumption systems survey, including specific information about
equipment operation schedules and power demand that might not have been determined
otherwise. In these cases, power meters can be used to measure operation periods and
power consumption variability. In addition, the overall energy demand of the building can
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respectively,
monthly
averages
hourly
criteria
the
application
of
simulation
software.
(ASHRAE 140-2011) [43]. The accuracy of the models is essential to adequately analyze
The previous simulation models should be validated using the monitored data, seekthe current state of a HB,
to evaluate intervention measures, and to determine future iming an accuracy of 5% and 10%, respectively, for monthly averages and hourly criteria
pacts from climate (ASHRAE
change scenarios
using
morphed
weather
data.
140-2011) [43].
The
accuracy of
the models
is essential to adequately analyze the
current state of a HB, to evaluate intervention measures, and to determine future impacts
6. Assessment of the
Thermal
and Energy
Performance
of weather
the Building
from
climate change
scenarios
using morphed
data.

Data from monitoring
campaigns and validated simulation models, as proposed in
6. Assessment of the Thermal and Energy Performance of the Building
ref. [38], can be used to carry out a multidimensional analysis considering the building’s
Data from monitoring campaigns and validated simulation models, as proposed in
function, construction
pathologies,
and energy
consumption
patref. [38],
can be usedenergy
to carry performance
out a multidimensional
analysis
considering the
building’s
terns, thermal comfort,
IEQconstruction
analysis, hygrothermal
performance
ofand
theenergy
historic
construc-patterns,
function,
pathologies, energy
performance
consumption
IEQ
analysis,
hygrothermal
performance
of the historic
construction
tion elements, etc. thermal
Indeed,comfort,
with the
energy
consumption
data
and the validated
energy
elements,
with the
consumption
and and
the validated
energy
model, a parametric
study etc.
canIndeed,
be carried
outenergy
to test
different data
actions
measures
to model,
a
parametric
study
can
be
carried
out
to
test
different
actions
and
measures
to
reduce
the
reduce the energy consumption, identify passive design solutions and compare alternaenergy consumption, identify passive design solutions and compare alternative energy
tive energy systems combined with passive actions (e.g., ventilation strategies, indoor
systems combined with passive actions (e.g., ventilation strategies, indoor thermal mass,
thermal mass, etc.),etc.),
as planned
in in
ref.
behavior
might
change
under
as planned
ref.[44].
[44].As
Asaa building’s
building’s behavior
might
change
under
new climate
new climate conditions,
future
challenges
of climate
change
differentclimate
climate
conditions,
future
challenges
of climate
change(e.g.,
(e.g., using
using different
scenarios)
should
be considered,
as suggested
[45].This
This assessment
assessment can
compare
scenarios) should also
be also
considered,
as suggested
in in
ref.ref.[45].
can
com- typical
weatherfiles
files and
weather-morphed
data simulations
the CCWorldWeatherGen
pare typical weather
and
weather-morphed
data using
simulations
using the (Univ.
CCWorldWeatherGen (Univ. of Southampton, UK) [46], according to the Hadley Centre
Coupled Model. At the end, the most capable interventions can be defined, considering
the improvement of the solutions in terms of energy consumption, IEQ, thermal comfort,
minimizing/avoiding the identified pathologies and risks, etc. Improvement measures are
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of Southampton, UK) [46], according to the Hadley Centre Coupled Model. At the end, the
most capable interventions can be defined, considering the improvement of the solutions in
terms of energy consumption, IEQ, thermal comfort, minimizing/avoiding the identified
pathologies and risks, etc. Improvement measures are expected to be suggested towards
IAQ upgrades and the conservation conditions of exhibited items (e.g., the objects in the
museum halls and libraries) through the operation of active systems or the introduction
of passive actions. It is also likely that the implementation of new solutions and the
improvement of current technologies will be suggested.
7. Conclusions
This paper presented a multidisciplinary intervention framework for the sustainable
rehabilitation and energy retrofitting of higher-education cultural HBs. It was concluded
that these buildings must be updated to adapt to new uses and functions, meeting the
requirements of thermal comfort, IEQ and energy efficiency; the rehabilitation/retrofitting
frameworks must respond to the challenges and risks of climate change and increasing
tourism; the conservation of cultural heritage and the maintenance of heritage identities
have to be guaranteed; all the stakeholders must be involved in the process, including owners, practitioners, engineers, architects and the academic community and other
users/visitors; the intervention frameworks must potentiate the reduction of energy consumption and CO2 emissions; they should also facilitate the use of new construction
technologies and more efficient active systems.
This work has also discussed the importance of converting multidisciplinary methodologies into open-access virtual libraries, through the use of technology and innovation as
HBIM libraries, to foster sustainable worldwide intervention in higher-education cultural
HBs. Finally, it was concluded that the in situ characterization of the building stock, the
development of monitoring campaigns during the different phases of the intervention
process, the development of validated simulation models to predict the behavior of the HB
in different scenarios and, finally, the assessment of the thermal and energy performance of
the building (before and after the implementation of the intervention) are important steps
to be accomplished during the intervention process.
Author Contributions: Conceptualization, L.D.P. and N.S; Methodology, L.D.P. and N.S; Investigation, L.D.P., V.T. and N.S.; Resources, V.T.; writing—original draft preparation, L.D.P., V.T. and
N.S.; writing—review and editing, L.D.P., V.T. and N.S.; Visualization, V.T. All authors have read and
agreed to the published version of the manuscript.
Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.
Acknowledgments: The second author thanks the support by the Foundation for Science and
Technology under grant PD/BD/128067/2016. This work was also carried out in the framework of
Project UIDP/50022/2020—LAETA—Laboratório Associado de Energia, Transportes e Aeronáutica,
with the financial support of FCT/MCTES through national funds (PIDDAC).
Conflicts of Interest: The authors declare no conflict of interest.

Sustainability 2021, 13, 2061

10 of 12

List of Nomenclature
ASHRAE
HB
HBIM
IAQ
IEQ
LOD
SHN-HFM
U-value
UN
VR

American Society of Heating: Refrigerating and Air-Conditioning Engineers
Heritage Buildings
Historic Building Information Modeling
Indoor Air Quality
Indoor Environmental Quality
Low Level of Development
Simple Hot Box—Heat Flow Meter Method
Thermal transmittance (W/m2 K)
United Nations
Virtual Reality
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Şahin, C.D.; Arsan, Z.D.; Tuncoku, S.S.; Broström, T.; Akkurt, G.G. A transdisciplinary approach on the energy efficient retrofitting
of a historic building in the Aegean Region of Turkey. Energy Build. 2015, 96. [CrossRef]
Dias Pereira, L.; Gaspar, A.R.; Costa, J.J.; Lamas, F.B. Aiming at a sustainable tourism management: Infield study of the indoor
environmental conditions of two heritage libraries. In Proceedings of the 6th International Conference on Heritage and Sustainable
Development, Granada, Spain, 12–15 June 2018; Editorial Universidad de Granada: Granada, Spain, 2018; pp. 1831–1840.
Nardi, I.; Lucchi, E.; de Rubeis, T.; Ambrosini, D. Quantification of heat energy losses through the building envelope: A stateof-the-art analysis with critical and comprehensive review on infrared thermography. Build. Environ. 2018, 146, 190–205.
[CrossRef]
Lucchi, E.; Becherini, F.; Di Tuccio, M.C.; Troi, A.; Frick, J.; Roberti, F.; Hermann, C.; Fairnington, I.; Mezzasalma, G.; Pockelé, L.;
et al. Thermal performance evaluation and comfort assessment of advanced aerogel as blown-in insulation for historic buildings.
Build. Environ. 2017, 122, 258–268. [CrossRef]
Dias Pereira, L.; Gaspar, A.R.; Costa, J.J.; Lamas, F.B. Historical climate assessment of a baroque Portuguese church towards the
design of an appropriate heating system embracing heritage conservation. In Proceedings of the 6th International Conference
on Heritage and Sustainable Development, Granada, Spain, Spain, 2018, 12–15 June 2018; Editorial Universidad de Granada:
Granada, Spain; pp. 2067–2077.
Bastian, Z.; Troi, A. Energy Efficiency Solutions for Historic Buildings. A Handbook; Birkhäuser: Berlin, Germany, 2014.
Khodeir, L.M.; Aly, D.; Tarek, S. Integrating HBIM (Heritage Building Information Modeling) Tools in the Application of
Sustainable Retrofitting of Heritage Buildings in Egypt. Procedia Environ. Sci. 2016, 34, 258–270. [CrossRef]
Lee, J.; Kim, J.; Ahn, J.; Woo, W. Context-aware risk management for architectural heritage using historic building information
modeling and virtual reality. J. Cult. Herit. 2019, 38, 242–252. [CrossRef]
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