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lose leaves, allowing the sun’s rays to enter the building. Further shading was provided by the brown
covers of the windows by filtering out the sunlight. In addition, the surrounding vegetation contributed
to the shading, sun protection and insulation capacity of the museum.

Pavlos Vrellis, the creator of the museum, was inspired by local traditional mansions. First, he laid
out roads and squares that lead visitors to the building. He took special care to harmonize the
building with the harsh natural environment. Large rocks and rubble taken from excavations were used
to create retaining walls and stabilize steep slopes. The processing of the materials was kept simple,
utilizing physical processes and natural resources, such as the sun and water. For example, to make
the rocks of the garden look natural, they were left two winters to be washed away from the rain and ice
and were wrapped with fine fluid cement.

Figure 2. Pavlos Vrellis museum of wax effigies.

To grasp the volume of the museum, the creator built maquettes of both the exterior and the interior
space. To issue the building permit, local counterparts undertook the planning procedures and the
creation of linear drawings. Decisions regarding the building’s orientation, the selection of proper
materials, and the structural behavior of the building were taken through knowledge exchange practices.

Considering that the museum counts 25 years of operation, the current owners focus on
monitoring and maintaining the building, preserving its original typology and morphology. The first
intervention on the building took place in 2008 when significant operational problems appeared on the
roof, while specialists were commissioned later to replace some of the windows to reduce energy losses.

4.2. Architectural design and energy analysis through BIM

The architectural design of the museum building was modeled in Revit Architecture software of
Autodesk, while Revit CEA was implemented to convert the architectural design into an energy
analytical model. Such a model provides the means for an integrated energy analysis.

The museum consists of two separate buildings: the ground floor, which hosts the library and the
laboratory, and an underground space, where the exhibits are placed. Due to the complexity and
cave-like shape of the underground space, only the ground floor of the museum space was analyzed. To
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imprint the underground space, diverse assumptions should be made considering the lack of relevant
technological equipment, such as laser scanning.

First, the architectural design of the building was created. After establishing the location of the
project, including its longitude and latitude, the creation of “families” took place. This term refers to
the ability of an object to have many types within it so that diverse sizes and shapes are created, as
the definition of parametric design stipulates. Families were realized directly into the model or were
modified separately and employed based on the requirements of each building component. In this
way, flexibility was added to the software by personalizing objects of a category according to the
relevant needs.

For example, floor projections arose from the composition of different elements that belong to the
“wall sweep family”. The protruding volumes of the floor at the corners of the building are supported via
wooden components, which create decorative panels. These components were modelled in Revit as
structural framing elements.

(A) (B)
Figure 3. Structural framing elements of the museum. (A) Real building, (B) BIM model.

The museum building retains special local architectural elements that allow for the exploration of
the flexibility of BIM technology. Such elements include chimneys and skylights at the central part of
the building. Also, extended portions of the roof at the perimeter walls are formed to facilitate the flow
of rainwater directly to the ground. Most of these elements resulted from the transformation of existing
families that were properly modified to simulate the real building components.

Then, the energy analysis of the building followed. An energy analytical model was created by
sorting the building space into discrete spaces. The analysis aimed to forecast energy consumption
levels of the building during the stages of the construction and operation. At the same time, it took
into account certain characteristics of the building, such as its type, opening hours, and location. The
model was also linked to the geospatial world through an online mapping system.

The results of the analysis enable the evaluation of alternative scenarios for energy efficiency.
They include carbon dioxide emissions, electricity costs, and energy consumption rates on an annual
and a monthly basis (see Appendix). Monthly heating and cooling loads are calculated, indicating the
months with the largest demand for heating and cooling (i.e., January and July respectively). Also,
graphical representations of wind speed and direction data are offered, facilitating decisions for
natural ventilation.
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The sensitivity of each building element to the total energy performance of the building is
shown in the “Potential Energy Savings/losses” tab. The building elements with the greatest potential
for energy savings are listed on top. The bar size indicates the energy-saving potential of the specific
element. Therefore, a change in elements with large bar sizes can have a major impact on the energy
performance of the building.

) B)

Figure 4. Architectural design of special elements. (A) Chimney, (B) Skylight.

Following the results of the CEA, roof insulation has the most significant influence on the
energy use of the museum building, as indicated in Figure 5. In particular, a change in the roof insulation
element has the potential to contribute to the energy savings of the building by 23% approximately.
Wall insulation is another sensitive building element from an energy point of view.

All Analyzed Building Features

Losses Current Model Savings
-30% u] 0%
Roof Insulation 0
Wall Insulation
Lighting Efficency
Cecupancy Sensors I
Plug Load Efficency :I
Window Glass w/DC [
Infiltration ]
Window Glass [
Skylight Glass
Skylight Glass w/DC
Dayfight Contrals - DC
Building Orientations [
-30% o 0%
Losses Current Model Sawvings

Potential Energy Savings/Losses

Figure 5. Energy sensitivity of the building elements.
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BIM technology can also be used to conduct preliminary assessments for the optimal design and
management of buildings. The creation of photorealistic models via online services took place to
visually test the integration of the museum building into the surrounding area as depicted in Figure 6.
Finally, solar and shading studies can be conducted utilizing representations of the sun path.

(A) ®)

Figure 6. Photorealistic model of the museum (A). Sun path representation (B).
5. Results and discussion

The simulation of the museum building in Revit verified certain advantages of BIM technology.
Among them, the visualization of the building process, the enhancement of safety levels, and the
predictability of future failures are mentioned. Considering the inaccessibility of the area where the
museum was built, the use of BIM technology is particularly important for safety reasons. By creating
a BIM model, tests and applications can take place within BIM software, saving construction time and
effort.

Through BIM technology, the building can be decomposed into elements, which can be analyzed
independently. In this way, the researcher can focus on particular elements and perform on-demand
simulations. In this case study, the functionality and effectiveness of the energy analysis software
were tested based on the current state of the museum building and the interventions implemented
therein.

The simulation results of the energy model appeared to be representative of the real situation. By
conducting this analysis, cost reductions can potentially be achieved as certain failures that emerged in
the building could have been predicted through proper actions and, thus, avoided. However, the exact
time when the failures will take place or the way in which specific building components need to be
modified to avoid failures could not be specified through this analysis.

Based on this study, the advantages of BIM correlate with the definition of the parameter itself.
Given that buildings are dynamic entities confronted with varying conditions, their ability to handle
diverse situations is necessary. Although theoretical descriptions of parametric relationships allow
for infinite changes in shape and form, parameterized models operate on fixed rules, reducing
thousands of objects to minimal parameters. These parameters explicitly describe the internal
relationships between building components so that the software can understand relevant functions. This
fact limits to some extent the capability to create complex building elements without restrictions
imposed by BIM technology [27]. Thus, a kind of standardization in construction emerges due to the
parametric nature of BIM technology.
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Concerning vernacular design development, each vernacular building is by definition unique and
is designed as such. Consequently, there is little standardization in building design of vernacular
components and new choices need to be made for each situation. The construction of the architectural
and energy model of the museum proved to be a complex and time-consuming process in this study. It
was often necessary to depart from the usual modeling in Revit by creating new families that precisely
represent the building elements of the museum. Besides, high levels of familiarity with BIM software
were required, as well as constant communication with experienced users.

Given the complexity of vernacular buildings, the creation of simulation models is challenging
since contradictory factors need to be balanced. On the one hand, the model has to be kept simple
enough, so that it can be easily designed and constructed. On the other, it has to be complex enough
to be able to represent as accurately as possible the blend of factors that compose a vernacular building.

The initial direction of this research was to create a BIM model of the entire museum. However, due
to the sheer complexity of this cave-like space and the lack of technological means, it was
impossible to imprint this space. Specifically, there were no semi-automated tools used, such as laser
scanning, to provide accurate as-built BIM data of the underground space. Besides, it is typical that the
creator built this space by following the geomorphology and terrain of the area without being able to
conform to design plans.

Having been developed for modern constructions mainly, BIM software presents limitations
when applied to the design of complex elements of vernacular buildings. Besides, building elements
of vernacular buildings must be dynamic entities to be able to reflect the evolving cultural, economic,
and environmental features of a local society. To this end, the use of open-source templates could
facilitate the codification and sharing of parameterized object libraries. The development of building
components in a shared database would lead to the integration of the construction industry by creating
common communication protocols.

Further, to produce a faithful representation of vernacular buildings, careful consideration must be
given to precisely assign the elements of the model to the actual building components. Parametric
design through BIM enables adaptability and diversity, facilitating the encoding of the tacit knowledge
embodied in vernacular buildings. However, the analysis disregarded the role of environment-related
elements, such as local vegetation and soil conditions, for enhancing the building performance.
Moreover, the knowledge and building practices used by the creator of the museum could not be
incorporated into BIM software (including, for example, the method followed for the processing of
the rocks, as described in the previous section).

Hence, it is evident that tacit knowledge cannot be easily captured through BIM. Future
research should focus on providing additional smart features to BIM technology. For instance, tacit
knowledge could be reflected in the architectural model through the incorporation of local materials
and environment-related components (such as foliage cover and vegetation types). Geospatial
technologies could play a great role in detecting construction materials in the surrounding area. BIM
users could, thus, evaluate alternative options regarding the suitability of materials on a context-
specific basis. Finally, by embedding commenting abilities into BIM technology, local building
practices could be preserved, opening up the design process to the world and enabling beneficial effects
for society.
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6. Conclusions

Sustainable design of buildings is a complex interplay of diverse factors, which include social,
technological, economic, and environmental features. Although vernacular architecture seems to be
forgotten in contemporary architecture, it arguably provides a worthwhile source of knowledge that
fosters environmental, economic and social sustainability. This study explores the challenges and
opportunities of using BIM technology for the architectural design and the energy analysis of a
vernacular museum building.

Parametric technologies, such as BIM, can adapt to dynamic conditions as the definition of the
parameter itself dictates. Given that parameterized models operate on fixed rules, thousands of objects
are reduced to a few parameters that describe their interrelationships. This leads to a degree of
standardization in construction, which enables the implementation of BIM technology for a well-
defined type of building. In that sense, BIM technology could cover a wide range of simulations and
analyses needed for this particular building type through an integrated set of applications.

However, in this study, BIM software presented limitations when applied to the design of complex
architectural elements of vernacular buildings. Considering the uniqueness of each vernacular building,
standardization limits the flexibility needed to design vernacular components. New families were
created to accurately represent certain building components of the museum, which was a time-
consuming process that required high levels of familiarity with BIM software and constant
communication with BIM experts.

Further, due to the complexity of the underground cave-like building and the lack of relevant
techno-economic means, the creation of the corresponding BIM model was impossible.
Nevertheless, based on the interview with the owner of the museum and the software application, it was
concluded that the results of the energy analysis were representative of the real state of the museum.
Although the exact time or type of imminent failures could not be determined through the software
application, the most sensitive building components from an energy point of view were detected.

Among the limitations of BIM technology, its inability to capture tacit knowledge and adapt to
local specificities was discussed. Environment-related elements, including soil properties and local
vegetation, as well as local building techniques used for the construction of the vernacular museum
could not be incorporated into BIM software. Thus, despite being parametric in nature, BIM lacks
the ability to capture and encode tacit knowledge embodied in vernacular buildings in its current form.

Hence, the need to enable the incorporation of commenting abilities into BIM becomes evident to
preserve local building practices and facilitate the opening of the design process to the world. A
common pool of parameterized data structures could be developed and linked to codified international
datasets. Thus, the construction industry could become more integrated since various building
components could be described and communicated using a common language.

Future research could also explore the capabilities of BIM to analyze other aspects of
manufacturing activities, such as the environmental footprint of building components and the capacity
of BIM to be adapted to different local contexts. At the same time, open-source applications in the
construction sector are areas of increasing interest that could mitigate problems of conventional design
and build practices, such as interoperability and construction standardization.
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Further, the addition of smart features and the incorporation of environment-related components
into BIM technology should be investigated. The use of geospatial technologies for the detection
of locally available construction materials could be considered to facilitate the evaluation of
alternative design options on a context-specific basis.

The sustainability features embedded in vernacular design processes are gradually lost. The
incorporation of such valuable knowledge in current design processes could provide a flexible way to
accommodate human needs, reinforcing the link between society and the environment. Thus, future
studies on vernacular buildings should be conducted to enable the preservation of local building
techniques in contemporary design practices (for example, by examining the compliance of
vernacular buildings with local zoning and building regulations and proposing relevant law reforms).
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