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Abstract. Dynamic simulation tools are widely used in the workflow of energy retrofitting
historic buildings as they contribute to the development of an optimised, cost-effective
renovation strategy. Additionally, Building Information Modelling (BIM) applied in heritage
buildings can provide a holistic platform that improves collaboration between different
stakeholders involved in the management, restoration and energy-retrofit of heritage buildings,
by facilitating data sharing and project coordination. However, the use of BIM for energy
simulation is rarely implemented due to emerging technical complexities regarding data
interoperability. In response to the above shortcomings, the paper addresses the challenges of
integrating a) dynamic energy performance analysis and b) financial feasibility analysis, using
Heritage-BIM (H-BIM) tools. Insights and knowledge acquired through the case of a deep
renovation of a historic building in ruin condition is presented. Specifically, an integrated H-
BIM approach was developed by the authors in order to propose cost-effective energy efficiency
upgrade measures. The energy improvement measures concern the upgrade of the thermal
transmission of the building envelope, the incorporation of efficient heating, cooling and
mechanical ventilation systems, as well as the incorporation of renewable energy systems. The
economic feasibility study is based on widely used financial indicators, including life cycle cost
analysis (LCCA). The proposed workflow aims to become a useful methodological tool for
public authorities, assisting the attraction of financing mechanisms for the restoration and
energy-upgrade of the historic building stock.

1. Introduction
In the case of built heritage, energy retrofits are often described in the literature as an act of balancing
multiple criteria, among which conservation and energy efficient prevail [1]. Despite the lack of a
regulatory framework for minimum energy performance requirements in historic dwellings, the
potential of energy savings and emissions’ reduction by retrofitting this sensitive category of building
stock has been widely acknowledged through the work of several research programs (e.g. SECHURBA,
CLIMATE FOR CULTURE, 3ENCULT, RIBUILD, EFFESUS) [2–6] and studies [1,7–9]. In this
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framework, the ambitious Renovation Wave strategy, which forms a part of the European Green Deal
agreement, addresses sustainability of built environment and the challenges of cultural heritage [10,11].
The aim is to boost deep renovation and meet the objective of doubling the annual energy-retrofit rate
of existing buildings by 2030. Yet, accessibility to funding and financial sustainability is a common
challenge for governments and third sector organizations working in heritage conservation [12]. The
need to increase cooperation among public, private sectors, and civil society organisations to meet this
aim, is highlighted in UN-Habitat’s 2006 Istanbul Declaration on Human Settlements [13]. Indeed, over
the last decades, Private-Public Partnership (PPP) schemes and Energy Performance Contracts1 (EPC)
have gained in popularity as a potential mechanism for leveraging funds for heritage renovation [14].
Furthermore, recent pilot studies for renewable energy systems integration in historic buildings are being
implemented widely, which indicates future developments in the sector [15].
Dynamic energy simulation is widely used as a decision-making tool for estimating energy savings

and optimising energy-efficiency measures [1,16–18]. Yet, developing as-built building energy models
(BEM) implies time-consuming and costly modelling and necessary data input, such as local weather
data, construction materials, thermal bridges, system characteristics, general occupancy profile, etc.
[17,19]. As reported in the literature, the major limitations of BES in historic buildings concern: i) the
lack of reliable thermo-physical data of envelope components, ii) simplifications in the representation
of geometric features (e.g., presence of thermal bridges) and (iii) the adoption of inaccurate models of
certain physical phenomena, such as decay of historical buildings [1,20]. An additional challenge
concerns the calibration of the BEM in order to reduce uncertainty of the predicted outputs [21]. While
the validation of dynamic hygrothermal simulation models is traditionally based on energy consumption
data, an increasing use of microclimatic parameters for calibration and validation purposes is reported
in heritage BES [22]. This is attributed to the absence of heating/cooling systems, which is often the
case for many historical buildings, or due to difficulties in retrieving energy consumption data (e.g., due
to abandonment or partial use). For this reason, in the case of non-airtight building envelopes (e.g.,
historic buildings in severe static condition), the verification of the BEM is based on assumptions and
future needs and requirements, which implies further uncertainties for private investors to proceed with
financing energy improvement projects. Understanding the assumptions that lie behind predictions of
different software allows for a more accurate and thorough understanding of a building’s energy use and
its associated costs and emissions.
Additional recent initiatives of European Commission also encourage Member States to digitise by

2030 all monuments and sites that are at risk of degradation and recommends the creation of a common
European data space for cultural heritage [23,24]. The International Council on Monuments and Sites
(ICOMOS), although is not referring directly to the application of Building Information Modelling
(BIM) technologies in conservation, it stresses the importance of digitalisation as a means for avoiding
incoherence and the duplication of efforts [25]. Considering the challenge of handling information which
is dispersed across different disciplines and stakeholders, BIM tools applied in heritage buildings (H-
BIM) can provide a holistic platform improving collaboration between different stakeholders involved
in the management, restoration and energy-retrofit of heritage buildings, by facilitating data sharing and
project coordination [25]. Furthermore, BIM tools can also help the professionals in estimating more
accurate costs and energy savings in post-retrofit buildings, which supports the building owners in
investing in energy efficiency measures [26]. Given these benefits, the Directive 2014/24/EU requires
the adoption of BIM tools in public projects when public procurement value exceeds certain thresholds
[27]. However, the application of BIM in heritage refurbishment projects is challenging [28,29]. This is
mainly attributed to emerging complexities of heritage building geometry, the absence of standardised
processes, namely the scan-to-BIM intensive modelling process, and finally the inadequate data
exchange between native BIM and Building Energy Simulation (BES) software [30–33].

1 EPC is a contractual arrangement between the beneficiary and the provider, an Energy Service
Company (ESCO), for delivering energy efficiency or a renewable energy project, where investments
are paid for in relation to a contractually agreed level of energy efficiency improvement.
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In this context, this research aims to present a thorough workflow for energy and economic analysis
of energy improvement measures for built heritage, promoting the use of BIM tools. An enhanced BIM
to BES interoperability workflow is presented in this paper, addressing the challenges of simulating the
energy performance of historic buildings that are not occupied or lie in decay. The widespread economic
indicator Life Cycle Cost Analysis (LCCA) is used for the financial evaluation of the refurbishment
project, aiming to foster the access of public administration to credit from private financial services. The
results of this research reflect the case of energy refurbishment of a characteristic historic building in
the Mediterranean and semiarid climate types (Csa and BSh) [34].

2. Methodology

2.1. Building documentation and environmental analysis
Preliminary analysis of the case study building involved the identification of legislative information,
national zoning plans and other regulations regarding the designation of heritage and technical
documentation of the building geometry. Critical historical, architectural and environmental attributes
of the pilot building were identified, diagnosed and collected according to international guidelines and
practices of architectural surveying and energy improvement of built cultural heritage [35–37].
Specifically, the documentation entailed the geometrical survey, the assessment of the building’s
heritage significance, the conservation state analysis, but also the climate analysis of the site, the indoor
environmental monitoring and the building energy audit.
Both traditional and digital surveying techniques were used, i.e., topography, technical

documentation and terrestrial laser scanning or photogrammetry, heat flux meter analysis and
environmental monitoring techniques. An image-based survey was also performed to capture in detail
the decorative elements of the building. This type of 3D survey assisted the authors to digitally represent
the detailed stone artefacts and stone wall pediment details located in the interior and exterior spaces of
the building. Non-destructive methods were used to identify i) the stratigraphy of the building envelope,
ii) the thicknesses and dimensions of building components, as well as iii) the thermal properties of
building materials. More specifically, the underlying materials of the walls, rising damp, as well as the
emissivity of the original plasters were identified through infrared techniques. The thermal transmission
properties of the opaque building elements were measured through the heat flowmeter method described
in ISO 9869, while simplifications were made in the calculation of the thermal transmission of the
windows and doors, according to ISO 10077 [38,39]. Outdoor environmental conditions such as air
temperature, relative humidity, wind speed and direction, and solar radiation, were monitored through
the installation of a weather station in the vicinity of the building.

2.2. H-BIM model creation
Terrestrial photogrammetry supplied an accurate 3D point cloud with the critical representation of its
graphical rendering and a validated two-dimensional drawing file; comprising in this way, the resources
for the H-BIM modelling initiation [40–42]. The widely used BIM software Autodesk Revit 2022 was
employed in this research [33,43]. The authors used ad-hoc family types and existing BIM ontologies
for the creation of the particular building components (H-BIM), based on existing standardised BIM
ontologies, to avoid modelling customisations and maintain model consistency and clarity. In addition
to geometric representation of building components, the thermal properties of the building materials
were added in the BIM library and assigned to the respective opaque multilayer elements. Opaque and
transparent envelope elements (BIM nested families) have been configured as schematic types and
linked to manually registered entries of the analytical properties pre-sets.

2.3. Data interoperability between H-BIM and BES
The whole-building energy simulation analysis was performed through EnergyPlus 9.4 and the

comprehensive graphical interface of Design Builder V.7, listed as the third most used software for BES
worldwide [33,44]. The authors implemented a semi-automatic H-BIM to BES workflow through the
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gbXML data exchange schema. The online gbXML viewer platform, Spider gbXML Viewer, was used
prior to importing the model to the BES interface, in order to confirm the consistency of the exported
building geometry and its compliance with the BEM’s planar surface requirements [45]. The BIMmodel
geometry was further corrected through an iterative process, until the appropriate planar surfaces were
appropriately generated by the export operation.
The imported gbXML file was analysed in the BES interface to identify potential missing data and

geometry mismatches. The option of Model data grid view was used to display the imported data,
enabling the export of Visible data grid view to a comma separated file (.CSV). The CSV file was
accessed using the Dynamo2 plug-in tool and missing values were manually added/substituted by the
actual data located in the BIM model. The necessary input data for the energy simulation model
included: location and related weather data; geometry, materials and types of spaces; thermal zones,
based on spaces’ definition; occupants, appliance and lighting loads; HVAC components; other specific
simulation parameters required by the simulation model. Finally, the updated CSV file was imported to
Design Builder through the tool Data grid dialog in order to perform the energy performance analysis.
The schematic representation of the adopted workflow is illustrated in Figure 1.

Figure 1. Schematic representation of the adopted H-BIM to BES workflow.

2.4. Dynamic energy simulation

2.4.1. The baseline model – existing case-study building: The baseline model (BL) reflects the case-
study building which is located in Nicosia, close to Paphos Gate and the Venetian walls of the historic
centre. The selected historic building has a significant architectural and historic value which lies in the
combination of colonial-style building features – such as the angular stone turret on the northwest,
pitched roof and corner pediments [46,47] – and typical elements of Cypriot urban vernacular
architecture, e.g., the typological elements of the internal courtyard, along with covered semi-open
spaces and a portico entrance hall [48,49] (Figure 2). It was built in the second half of the 19th century
as the club of the British cavalry and during the 20th century it was converted into barracks for the Danish
Canadian military detachment in Cyprus. The pilot building remained in use until the 1970ies and
currently faces severe structural damages caused by the lack of maintenance and the long-term
abandonment.

2 Dynamo is an open-source visual scripting platform for computational design, integrated in the BIM
software Revit.
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Figure 2. The case study building in a) 1934, b)1964, and c) 2013.

Several building materials and construction techniques demonstrating various historic layers and
construction phases were identified during the visual inspection of the site. According to the findings,
the predominant structural system is load-bearing stone masonry, 50 cm in thickness. Additional vertical
building components include timber walls constructed using a lath and plaster technique (mainly interior
curtain walls), as well as adobe masonries resting on stone foundations [50]. Lime and gypsum-based
plasters are used on the exterior and interior layers of the external walls, respectively. The thermal
transmittance (U-value) of the exterior walls, Uwalls, is 0.89 W/m2K. The inclined roof (Roof_1) is a timber
structure with a thin reed layer and compacted earth and clay tiles as an external finishing. Respectively,
the pitched roof (URoof_2) is a timber structure covered with ceramic tiles. The U-value of the inclined
and pitched roofs are 3.07 and 1.79 W/m2K respectively. The floor covering materials on the ground
floor are ceramic tiles, local stone (gypsomarmaro) or timber planks, while interior floors on the first
level are wooden. Finally, windows are assumed with wooden frames and dividers, as well as single
glazing (Solar Heat Gain Coefficient (SHGC) and Light Transmission (LT) approximately 0.76 and 0.81
respectively). The total floor area of the BL model shown in Figure 3, is 506 m2, the Window to Wall
area (WTW) is 0.11, and the Compactness Ratio, A/V (i.e., the Area of the building’s external envelope
to its inner Volume) is 0.68.

Figure 3. a) Thematic maps illustrating the conservation state of the pilot building; b) the H-BIM
model; c) BIM analytical model defined using Revit Spaces; d) BEM in Design Builder software.

(a) (b)

(c) (d)

(b) (c)
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2.4.2. Energy improvement measures: Four energy retrofit scenarios are examined comparatively. As
summarised in Table 1, these scenarios comprise of a set of energy improvement measures regarding a)
passive means for upgrading the envelope’s thermal transmission, b) active means for efficient heating,
cooling and lighting, and c) the incorporation of renewable energy systems. The first scenario, SC1,
corresponds to interventions upgrading the thermal transmittance of the building envelope, such as: P1,
the application of plaster based on lime and expanded perlite [51]; P2, the installation of rock wool on
the roof; and P3, the substitution of the transparent envelope with double, Low-E glazing and wooden
frames with thermal break. The second scenario, SC2, involves active systems for heating and cooling,
efficient equipment and lighting. Specifically, measure A1 refers to the installation of air-to-brine heat
pumps (VRV/ VRF systems) with local heat reclaim ventilator (HRV/ VAM) units (Seasonal Coefficient
of Performance (SCOP) and Seasonal Energy Efficiency Ratio (SEER) equal to 4.46 and 4.86
respectively). In spaces with hygiene interest, e.g., toilets, kitchens, or storage usage, the HRV/ VAM
units are replaced by common exhaust fans. These configurations with the aid of local thermostats allow
the independent regulation of the desired indoor temperature is any space according to its specific
requirements or working conditions. Measure A2 involves the substitution of indoor lighting with highly
efficient light-emitting diode (LED) light panels, and measure A3 refers to the substitution of the
electrical and electronic equipment. Finally, scenario SC3 involves the installation of renewable energy
systems (RES). Specifically, photovoltaic panels (PV) are foreseen on the roof of an independent
structure which serves as shelter for the parking, at the east part of the plot. The shelter of the parking
corresponds to an area of 460 m2, where 32 PV panels (1716 x 1023 mm) of nominal capacity of 340
Wp can be installed, with a total capacity of 10.88 kWp. Eventually, scenario SC4 covers all the
proposed energy improvement measures.

Table 1. Energy improvement measures and scenarios

Energy Improvement Measures –
Technical specifications

Retrofit Scenario

SC1 SC2 SC3 SC4
P1 Thermal plaster application

x x xHydraulic lime plaster with perlite, λ=0.15 W/mK

P2 Roof Insulation x
x xRock wool 8mm, λ=0.033 W/mK

P3 Window substitution
x x xWooden frame with thermal break, double glazing

6/13/6mm Air, Low-E, SHGC: 0.38, LT: 0.62

A1 Installation of VRV/VRF system with HRV
Heating/Cooling capacity: 88/ 75 kW,
SCOP: 4.46, SEER: 4.86

x x

A2 Lighting system substitution with LED panels x x

A3 Electrical and Electronic equipment substitution x x

R1 PV installation
Total capacity: 10.88kWp

x x

2.4.3. Economic and environmental analysis: The annual mass (Kg) of carbon dioxide (CO2), ,
saved in each retrofit scenario was calculated according to the Decree 33/2015 [52] and the formula:
 =  ∗ , where , the annual saved electric power (kWh) and  the emission factor of the
region; i.e. 0.794 kg CO2/kWh (220.55556 g/MJ) [52].
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Respectively, for the evaluation of the financial feasibility of the examined energy retrofit scenarios
SC2 and SC4, the analysis of the life cycle cost has been performed considering an economic lifespan
of 15 years. This analysis includes the initial investment cost, , in association with the maintenance
cost ,, the equipment replacement cost ,, the energy consumption EC and energy cost ,, and
the salvage value , as shown in the following equation.

 = − −∑
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3. Results and discussion

3.1. BIM-based energy retrofitting workflow

In the present paper, a BIM-based energy-retrofit workflow has been employed for the environmental,
energy and economic analysis of the heritage building under study. Although the BIM to BES
interoperability framework is under investigation and remains uncertain in terms of the geometry
conversion and non-geometrical data exchange, yet it offers great benefits to the overall retrofit design
process. These benefits include the parametric representations and economic indicators in BIM that
enable credible decision-making. The federal model workflow and improved coordination between the
involved actors minimise the risks occurring during the remodelling or re-registration of building
information. The integration of all building data into a single digital environment is of great
accountability to all involved professionals, as everyone gets direct access to the relevant information
necessary for providing their consultation. By extend, energy engineers can provide feedback and
suggestions to the design team from the early conceptual to the concluding detailed design phase, thus
minimizing time-consuming practices of the past and eliminate the staining of the project budget. In the
long run, the implementation of time-effective design practices allows for the involved professionals to
utilise their resources on enhancing the final project quality [53].

3.2. Energy simulation results

As mentioned, the existing building is naturally ventilated. As no HVAC systems are installed, the
energy consumption of BL model corresponds mainly to lighting and equipment. The energy source is
electricity, and its total amount is estimated at 28,843.6 kWh, i.e., 57 kWh/m2 of indoor spaces.
Considering the monthly cooling and heating demands, as illustrated in Figure 4, the annual final energy
demand of BL model is 261.5 MWh, which corresponds to 516 kWh/m2 of indoor spaces.

Figure 4. Monthly final energy demand (kWh) of the existing building (BL model).
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The set of measures examined in SC1 corresponds to the upgrade of the building envelope, improving
the thermal transmittance of the building components. More specifically, through the interventions P1
and P2, the U-value of the roofs were improved by ΔUroof_1: 2.73 W/m²K and ΔUroof_2:1.45 W/m²K,
while the contribution of the thermal plaster s in the walls was moderate with ΔUwalls:0.16 W/m2K. As
observed in Figure 5, intervention P3, i.e., window substitution with low emission coating and double
glazing, introduces contradictory results as it leads to an increased heating demand in the winter,
however, it significantly reduces direct solar gains during the summer period, thus decreases cooling
demand. This effect is also discussed in the literature [54]. In this case, indoor air temperature in the
main exhibition area of the ground floor is reduced by 1°C in the summer. Compared to the BL case,
the interventions in SC1 increase the heating demand of the dwelling by 717.7 kWh, whereas cooling
demand is reduced by 27,344.4 kWh. Considering all the aforementioned passive interventions in the
envelope, the annual energy demand of the dwelling in SC1, as illustrated in Figure 6, is 239.4 MWh,
and corresponds to 473.1 kWh/m2 of indoor spaces. The improvement regarding the existing building
(BL) is 43 kWh/m2. These measures not only decrease the annual energy demand of the building by 8.5
% but also improve the indoor conditions in terms of operational temperature and thermal comfort,
decrease the possibility of condensation on the interval surfaces of the building elements and increase
the protection of the building envelope against the exposure to weather conditions. This is in line with
relevant literature investigating energy efficiency measures in building envelopes in the Mediterranean
climate [55].

Figure 5. Air temperature (°C) and solar heat gains (kW) during June in the main, ground floor
exhibition area, in the case of the baseline model (BL) and SC1 (upgraded envelope).
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Figure 6. Monthly energy demand (kWh) of the baseline model (BL) and SC1 (upgraded envelope).

The installation of active systems (i.e., scenario SC2) which involves efficient HVAC systems with
heat recovery, as well as lighting and equipment substitution, results in an annual energy consumption
of 22 MWh, that corresponds to 43.5 kWh/m2 of indoor spaces. The monthly energy consumption in the
case of SC2 is shown in Figure 7. The monthly electric power generation produced in SC3 from the
installation of PV panels, is also presented in Figure 7.
Considering SC4, which combines the passive and active means, coupled with RES, the annual

energy consumption of the building drops to 4.87 MWh, which corresponds to 9.6 kWh/ m2 of indoor
spaces. The annual generation of electricity from the PV (i.e., cases SC3 and SC4) is 17,122.5 kWh.
Thus, adopting a holistic approach by implementing all the examined measures, i.e., case SC4, instead
of focusing on the active systems, i.e., SC2, there is 77.8% savings in annual energy consumption, i.e.,
17.1 MWh of electricity, which corresponds to 13.6 tons of CO2 emissions reduction.

Figure 7. Final energy consumption (kWh) in SC2 (passive and active interventions) and energy
generation in scenario SC3 (installation of PV).
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3.3. Economic analysis results
The financial feasibility results of the economic analysis are presented in Table 2. It appears that the
life cycle cost is significantly high in both SC2 and SC4 renovation scenarios, with a reduction of 16,000
€ when implementing the second one, due to the use of PV electricity. This finding indicates the
significant cost of the restoration measures in heritage buildings and the need for generous financial
mechanisms accompanied with challenging business plans, that can ensure the economic viability of the
restoration project. It is worth noticing that, as the pilot building does not comprise any mechanical
systems for heating, cooling and ventilation, and thus the energy consumption is restricted to the
consumption of the office equipment; the energy improvement measures focusing on the building
envelope and the incorporation of efficient HVAC systems, such as SC1 and SC2, do not suggest any
feasible financial indicator such as payback time (PBT), net-present value (NPV), return of investment
(ROI), etc. This fact indicates that more long-term financing mechanisms, such as concession contracts,
may be feasible and more appealing to potential investors instead of energy performance contracts
(EPC). In the EPC approach, the building owner transfers the technical risks to the ESCO, based on
performance guarantees given by the former. In other words, the ESCO remuneration is based on a
demonstrated performance: the level of energy savings. For this reason, in the case of abandoned or non-
airtight historic buildings, defining a baseline model and a starting point for energy consumption is based
on a series of critical assumptions, therefore is highly challenging.

Table 2. Economic analysis of the examined energy retrofit scenarios

BL SC1 SC2 SC3 SC4

Overall Investment Cost [€] - 164,920 375,920 20,000 395,920
Total Energy Production from RES
(kWh/annual)

- - - 17,122.5 17,122.5

Average annual energy cost over the
project’s life span3 (15 years) (€/annual) - - 7,811.1 - 2,369

Maintenance cost (€) - 3,298 9,400 400 9,800

Discount rate (%) - (average weighted) - - 9% - 9%

LCCA (€) - - 481,000 - 465,000

4. Conclusions
This research presented a thorough workflow for energy and economic analysis of energy improvement
measures for built heritage, supported by the use of BIM tools. Building survey and reality capture ‘as
is’ documentation, environmental analysis as well as 3D modeling tools were used to create an H-BIM
model of the heritage building under study. The workflow adopted in this research aims to enhance
collaboration and facilitate data exchange management across different disciplines and stakeholders,
involved in an energy retrofit project. Through hands-on experience of dealing with BIM to BES
interoperability issues, the authors acknowledge that it is hard to standardise a protocol of step-wise
operations for the accurate transitioning of the building geometry between said software environments.
Further development of plug-in tools aiming at more accurate geometry and data transition between
software would contribute to a wider adoption of BIM tools for BES and energy retrofit projects in the
built heritage. Expanding on disseminated results of this research [56], the workflow presented in the
paper handled the energy-related data exchange between the BIM (Revit) and BES (Design Builder)
software, through the use of a Dynamo script.
A set of energy improvement measures focusing on passive and active means, as well as integration

of RES were analysed in terms of energy and economic feasibility. Specifically, the paper focused on
the challenges of simulating the energy performance of heritage buildings that are not occupied or lie in

3 Estimated running cost of electric energy 0.40 c€/kWh, and assuming a reduction of 2% every second year.
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decay presenting a workflow that was implemented to overcome the challenges introduced by the current
building state. The results of the dynamic energy analysis indicate that the insulation of the building
envelope and the replacement of windows with more efficient ones may improve the energy
performance up to 8.5% (43 kWh/m2). Adopting a more holistic approach (SC4) which combines the
passive and active means, coupled with RES, was able to cover 78% of the total energy needs of the
building. The research also showed that the energy/economic balance of energy improvement measures
focusing on the building envelope, despite having a beneficial effect in the energy demand of the
building, they present financial ineffectiveness. The same applies for the installation of HVAC systems
in the case of naturally ventilated heritage buildings with no mechanical heating and cooling systems.
This fact indicates that more long-term financing mechanisms, such as concession contracts, may be
feasible andmore appealing to potential investors instead of energy performance contracts (EPC), which
is based on the level of energy savings. These findings, coupled with the presented methodology through
the BIM workflow, are expected to facilitate the decision-making process for energy retrofitting of
heritage and boost potential mechanisms for leveraging funds for heritage renovation.
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