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There are, however, issues that need to be taken care of; the consistency of the WikiHouse
structures around the world with local safety checks and regulations is not guaranteed and should
be considered by the users (WikiHouse, 2018a). With this in mind, users should accept liability
for the use of data and hire certified engineers or other professionals at certain building stages. For
instance, architects should certify that the building complies with local building codes; structural
engineers should recommend appropriate types of foundation; electricians or local builders should
be consulted for technical support.

Partnership building with individuals, expert groups and companies globally accelerates
parametric and hardware development. Entrepreneurial coalitions participate in the research and
development of the WikiHouse and support its efficient performance across the building supply
chain. To facilitate the entire process, the Builtx platform was founded in 2015 with the aim to
perform international construction projects by integrating the digital supply chain infrastructure
through digital fabrication concepts and BIM tools. Thus, minimum industry standards for the
WikiHouse solutions are maintained, enabling its commercial use. In the UK, the WikiHouse
construction set costs approximately £1000/m? (WikiHouse, 2018a).

The WikiHouse frame technology is called “Wren” named (after the eponymous bird). Its
development was supported by a structural engineering company (Momentum Engineering Ltd),
an architectural studio (Architecture00), a multidisciplinary firm (Arup Associates Ltd) and a
social housing company (Space Craft Systems Ltd). In addition, individuals and expert teams
are constantly working on its hardware and parametric development universally. The Wren
chassis system is derived from a traditional timber-joining technique, which uses interlocked
structural wood to produce lightweight and robust structures. Being developed to meet the climate
requirements of the UK, widely available low-cost materials, like plywood, are usually used for the
WikiHouse construction.

Under the assumption that buildings should be adapted to their local cultural, economic,
environmental and political conditions, WikiHouse solutions have thrived in various geographical
situations. Through community-led approaches, WikiHouse prototypes were developed by
“Architecture00” (e.g., Farmhouse and A-Barn) and by other communities (e.g., dot-Architects
Pavilion, WikiTower, and WikiStand, 2014). As the WikiHouse movement grows, experience is
gained and returned to the global community, strengthening the digital design commons.

Outside the EU context, the first WikiHouse in Latin America5 was built in 2015 to spark
interest for innovation among the favelas of the city of Rio de Janeiro. Moreover, the ongoing
WikiL.ab project6 in Sao Paolo aims to adapt the WikiHouse technology to mild climates. Towards
this direction, a large straw roof and a concrete block-based construction at the base of the structure
were proposed in an attempt to overcome humidity and water permeability. On such a basis, the
hydraulic equipment of the house could be placed on a concrete-composed part; thus, professional
builders could build the concrete block part and join it with the wooden structure of the WikiHouse
built by non-experts (Medium, 2017).

The “housing atelier” (Woningbouwatelier) is part of an ongoing program in the Netherlands
focused on the future growth of the city of Almere. It includes the adaptation of the WikiHouse
system to the Dutch building codes (Amsterdam Smart City, 2018). After which, 20 pilot prototypes
will be built by non-professionals on a greater scale, yet with expected low costs (Medium, 2017).
This project is financed by the City of Almere, the National Government and the Province of
Flevoland.

The back-to-back opening of new chapters in the WikiHouse history comes as a testament
of this initiative’s success. The replication and adjustment of the WikiHouse globally allows its
construction potential to be tested in various contexts. By adding their expertise into the common
digital pool, contributors manage to raise the bar with respect to the quality of the existing
infrastructure.
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Discussion

The paper aims to identify the range of issues related to open construction systems and to
discuss their broad implications for the future of the construction sector. Although it does not
provide a comprehensive review of all the existing solutions or any actual measurements of the
sustainability of these systems, it aims to serve as a starting point for relevant discussions.

The analysis of the three case studies provides more confidence in stating what the DGML
model may contribute to a solid ground for sharing digital and physical infrastructures with long-
term prospects for sustainable development. The three case studies delineate the concept of open
construction systems. This section attempts to determine barely discernible issues associated with
open construction that are likely to develop in the future.

The prefigurative examples of change presented through the three case studies have significant
implications for the future of the construction sector and societal development. The focus is placed
on the identification of opportunities and problems faced by these communities to expand the use
of open construction systems. Relevant issues are analysed with regard to three interrelated aspects:
technological, institutional and social.

Technological aspect

Parametric design tools can support the propagation of open construction systems, given that
one-size-fits-all solutions of housing supply cannot work (WikiHouse, 2018a). The complexity of
buildings together with a variety of regional contexts (with regard to climate, soil, regulations, etc.)
renders the existence of parameters indispensable. Investment in information management through
the use of BIM technology can support long-term decision-making processes, while robust planning
could address quality and risk-related issues identified by self-build communities (Open Source
Ecology, 2018).

Furthermore, communication protocols are necessary so that different stakeholders can address
responsibility issues and cooperate harmoniously during the construction process. To facilitate
transnational cooperation through BIM, national classification systems should be combined in
international scale through the commitment on open standards (such as the Industry Foundation
Classes). This would enable the participation of engineering firms in the research and development
of open construction systems by offering technical support to communities across the building
supply chain.

As far as the design part is concerned, a crucial element for the creation of an international,
collaborative puzzle of structures via the use of open construction systems is standardisation. This
term refers to the existence of a global dimensional framework to ensure common design guidelines
(Open Structures, 2018). In this way, dimensions of the parts that compose a structure could be
chosen according to a common global grid. These parts could then be assembled into components,
which, in turn, could be combined into flexible structures and superstructures. The construction of a
building could, thus, be analogised to the formation of an organism (Open Structures, 2018).

Another integral part of the process is the existence of detailed open-source documentation, as
well as its ongoing update. Architectural data (e.g. digital drawings and calculations), construction
data (e.g. model tests and building methods), technical, chemical and biophysical details (e.g.
weather conditions and subsoil), costs (e.g. materials and equipment) and environmental
requirements (e.g. recycling, water and depletion) should be extensively documented, facilitating
the widespread replicability of open hardware solutions through easy-to-follow manuals (Bonvoisin,
2016).

Experimentations with new materials could improve open construction systems. Instead of
monolithic materials (such as plywood, cardboard, etc.) mainly used during the introduction of these
buildings, advanced materials, such as nanotechnology, bioplastics, and composites, could also be
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tested. However, given the difficulty of distinction between organic and industrial materials included
in biocomposites, special care should be taken to ensure the recyclability of the new materials. The
goal is to attain energy savings, structural capacity, as well as higher resistance to heat and moisture
in extreme weather conditions through the use of environmentally friendly materials towards future
circularity.

Institutional aspect

Open construction systems are promising, but the regional variation of building regulations and
zoning codes is challenging. Although the International Building Codes reflect the best practices
based on construction experience and technology, local regulations vary from country to country and
from context to context. For example, in parts of Missouri, USA, there are no building regulations
(Open Building Institute, 2018), whereas in the UK building permissions can be evaded as specified
by a set of laws (Knight & Williams, 2012).

The creation of simplified databases with regulation-related documents per country is
believed to give prominence to the benefits of building open construction systems at local levels
(Open Building Institute, 2018). Also, by taking advantage of the non-existence or ambiguity of
regulations, loopholes in building codes allow communities to operate in a more restriction-free
manner (Knight & Williams, 2012).

The embedded modularity of open construction systems allows for the mitigation of spatial
barriers, which come from differences between strict building regulations. In that sense, modularity
enables flexibility, which, in turn, facilitates compliance with the building codes: by replacing
specific modules with others; by substituting materials; by adding or removing modules to meet
geometric constraints. Moreover, modular design facilitates the disassembly of a structure into
building modules, which can be modified, substituted and upgraded independently, as well as
undergo physical tests in response to varying circumstances.

Despite their inability to address issues of inflated land prices and unequal access to resources,
open construction systems seem to attract political support, like the case of the ongoing WikiHouse
project in Almere. The reason for this could be the increasing demand for sustainable housing in
the developing world and the mounting number of low-income groups in the developed countries.
Within oppressive austerity policies, it is possible that local authorities will start financing open
construction systems as low-cost technological solutions. Otherwise, communities should keep
struggling to raise funds, which come from donations or other sources (e.g., selling manuals and
offering service-based support).

Finally, the institutionalisation of such dispersed informal teams or individuals is vital for
the expansion of these initiatives. These groups strive to advance their initial ideas and engage
professional groups in the actualisation of their projects. As more professionals and organisations
get involved over time, institutional constraints will be eliminated (Molitor, 1977).

Social aspect

Enabled by information technologies, open construction systems attempt to provision housing
in a creative, socialising and convivial way. People enjoy greater potential when working within
collectives, leading to the renaissance of pre-industrial architecture through community-based
building. In this context, citizen-driven initiatives try to provide affordable and sustainable housing.
Digital fabrication technologies may be helpful tools towards this goal, given that they translate
digital data into physical objects. Consequently, the thresholds of skills, cost and time needed for
the construction are lowered together with the relevant transportation and socio-environmental costs
(Kostakis, Fountouklis, & Drechsler, 2013).

Moving beyond market economy systems, low-cost, adaptable and sustainable solutions
can be produced in localised settings. The soil nourishing the shared infrastructure of the global



---------------------------- The Emergence of Open Construction Systems: A Sustainable Paradigm

digital commons can continuously be expanded by contributors around the world. Beyond that, the
availability of various building types under open-source licences fosters experimentation and the
ability to develop combinations of the best or most appropriate elements for each situation.

The implementation of the DGML model in the construction sector introduces a radically
different approach from that of the dominant model. In cases like the building process, where
stakeholders with various interests are involved, conflicts are unavoidable. For instance, open
construction systems may seem as a long-term sustainable solution to global issues for the open-
source communities. On the other hand, the sharing of infrastructures may threaten the short-term
profit-oriented goals of the construction companies.

A redefinition of roles and responsibilities of all parties involved in the construction process—
including governments, self-build communities, engineers, and asset-owners—is required. Thus,
we need to witness behavioural change towards resource efficiency and sustainability. For example,
supporting services and consultancy could be purchased instead of tangible objects and systems
could be developed and monitored in collaborative environments instead of competitive ones.

Considering the newly-published information around open construction, the scalability of such
emerging initiatives and their future ability to outcompete the dominant construction model in terms
of quality or safety may be questionable. However, the success of open-source initiatives in the past
has given prominence to the importance of human participation. The latter may be increased by
promoting global awareness of the sustainability features of the open-source movement, as well as
of the circular economy features embedded in the use of open construction systems.

By empowering proactive and knowledgeable citizens globally, more individuals, collectives,
and firms would be contributing to the improvement of open construction systems and the
related policy making. In this way, the development of flexible modular structures via a common
dimensional framework could prompt the completion of the universal building puzzle. Yet no one
could question the role of education to prepare the participants for new building practices and build
resilience at a global scale.

Despite the efforts of these open-source communities to solve pressing future challenges, form
new business strategies and become institutionalised, these projects remain marginal. However,
their momentum to provide affordable and sustainable housing affects many. Their mounting social
impacts increase the chances for these innovative initiatives to evolve into an important issue.
Especially by intensifying the testing of solutions with the aid of a global network of contributors,
these communities could be integrated into the mainstream and challenge the status quo.

Given the current global credit crisis and sustainability concerns, the DGML model creates
new ecosystems with the potential to grow more widely. The key systemic factors that enable this
proliferation include: the broad diffusion of low-cost ICT and internet connectivity, the development
of the relevant culture around openness and sharing intensified by the widespread means of
information sharing, and the ecological crisis that creates higher demand for more sustainable and
circular economy-based models.

Finally, the DGML model has the flexibility to adjust to different needs and contexts, as well
as provide solutions to various issues, which may correlate to market failures in the global North or
the inexistence of relevant infrastructure in the global South. Thus, it may fill the gaps of market-
based solutions for sustainable housing through the development of alternative systems of housing
provision, while providing affordable housing to the people in need.

Conclusion

This article contributes to the understanding of how individuals, companies, and governments
could come together to promote a sustainable built environment. It represents an attempt to shed
light on the dynamics of the emerging open construction systems implemented through DGML
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approaches. The entire debate regarding open construction systems has gained momentum in light
of the growing concern about global pressing issues.

In this context, three case studies were used to elucidate the ways and means by which the
DGML model can further sustainability in the construction sector by sharing physical and digital
infrastructures. These case studies see the construction process as a community-driven procedure
that unfolds outside the market economy. The relevant challenges and opportunities were elaborated
upon.

It is concluded that the implementation of the DGML approach in constructions calls for drastic
changes in current practices, in the role of various stakeholders and the scale of the processes.
Especially new business strategies surface with the involvement of advisers, developers, business
and organisational experts in citizen-driven projects, providing expertise on all stages of the
building supply chain. The necessity for institutionalisation of the communities involved, as well as
the existence of a standard design grid to enable large-scale constructions, could boost the potential
of open construction systems, maximising their social impact.

A limitation of this paper is that the problems and opportunities that accompany the
implementation of the DGML model in the construction sector were identified but not directly
addressed. Technical evaluations of open construction systems could estimate the degree of
sustainability of these structures. Hopefully, this article will prompt discussions among industry
practitioners and trigger explorations worldwide.
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https://www.tue.nl/en/university/departments/built-environment/news/17-10-2017-worlds-first-
3d-printed-reinforced-concrete-bridge-opened/#top
https://www.dti.dk/projects/3d-printed-buildings/36993
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Abstract: The housing crisis has received growing interest from academia, industry, and policymakers.
Open construction systems have emerged as a promising solution to achieve long-term social,
economic, and environmental sustainability. In this paper, extensive fieldwork was conducted to
investigate a case of an open construction system, namely, the WikiHouse Den Bosch. The research
framework builds on a combined view of two main concepts: “conviviality” and “openness”. The aim
is to provide an in-depth understanding of the relationship between these two aspects and the
literature regarding “Design Global Manufacture Local”. The analysis showed that conviviality
and openness are complex and context-specific factors. The paper concludes by outlining the need
for an “institutionalized conviviality” to open up new pathways for future practice to address
sustainability issues.

Keywords: conviviality; openness; commons; open hardware; WikiHouse; open innovation

1. Introduction

With increasing access to information and communication technologies (ICT), the commons, and
particularly the production of digital commons is blossoming [1]. Commons-based peer production
(CBPP) surfaced as a way of self-organizing communities towards value creation [1,2]. By placing the
users’ needs and values at the center of attention, globally networked communities use and modify the
recorded information to produce customized solutions that best serve their needs. The communities
then publicly share their products and offer feedback to enrich and strengthen the existing collective
knowledge. The free encyclopedia Wikipedia and free/open-source software initiatives such as the
GNU/Linux operating system and the Wikipedia encyclopedia exemplify this new mode of production.

The emerging open source hardware (OSH) phenomenon is transferring open source software
principles into the physical realm [3]. Open design and distributed manufacturing have been enabled
through networked “makerspaces” [4,5]. Such community-driven places are equipped with desktop
manufacturing technologies including digital tools (e.g., three-dimensional (3D) printers, computer
numerically controlled (CNC) machines, and low-tech tools) and utilize inclusive decision-making
processes to manage common resources [6,7]. Thus, collaboration and access to shared infrastructures
are fostered, offering space for people to socialize and co-create [5].

The Design Global, Manufacture Local (DGML) approach has emerged as a production model
that focuses on localized production settings via a network of distributed makerspaces [8,9]. It builds
on the convergence of global digital commons (i.e., knowledge, software, and design) with local
manufacturing technologies, by taking into account the surrounding biophysical conditions [9].
The reduction of transportation costs and the expected low environmental impact of locally produced
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solutions are considered as significant benefits of this model [4]. Furthermore, on-demand production,
sharing physical and digital infrastructures as well as the production of solutions towards a common
good rather than profit maximization are key components of the DGML model [9].

Notwithstanding the positive dynamics of the DGML approach in the production of tangible
artifacts, concerns have been raised with respect to: (i) the existence of a comprehensive shared
documentation that renders a hardware product “open” [10]; and (ii) the level of autonomy the
user has while developing and maintaining that product. To explore such issues, we looked at the
construction sector. Considering the low productivity rates and unsustainable practices unveiled
through the bursting of the housing bubble [11], the potential to produce more convivial houses
through community-driven processes was explored.

By applying DGML principles in the construction sector, we refer to open construction systems
as a potentially sustainable approach in housing provision. Through community-driven practices,
pressing issues related to the lack of transparent and sustainable processes could be addressed [12].
The embedded modularity of such systems, together with their momentum to provide affordable
housing in a collaborative and convivial way, is gradually increasing their social impact, affecting large
parts of the Western and non-Western world [13].

In line with the DGML model, open construction systems attempt to provide affordable housing
in a creative and convivial way. However, safety issues related to the construction of a DGML house
have been identified [12]. Overcoming such issues will potentially inaugurate a new paradigm in
building houses where the users feel in control of constructing and maintaining their houses.

An instrumental case study was thoroughly examined to assess certain features of an open
construction system, that of a WikiHouse [14]. These features are associated with advantages that refer
to the conviviality as well as the drawbacks that pertain to the openness degree of the WikiHouse
technology. The latter has been claimed to inaugurate a model of open-source practice towards the
democratization of the construction process [15].

In this article, the comprehensiveness of the published data and the relevant practices will be
discussed for a specific WikiHouse technology. Through evidence-based analysis of the relevant
dynamics, we will shed light on the conviviality and the openness potential of a WikiHouse. The aim
is to critically assess the conviviality potential of a DGML artefact and examine the role of openness
in enhancing DGML features. An in-depth understanding of the relationship between openness
and conviviality as well as their interrelation with the DGML approach for producing technological
solutions will be explored.

The rest of the paper is organized as follows. Section 2 describes the theoretical background
associated with the DGML approach and the concepts of conviviality and openness. Section 3 provides
information on the methods used and the selected case study, while Section 4 reflects on the previous
sections by analyzing and summarizing the connection between the above-mentioned concepts,
while Section 5 presents our conclusions and provides recommendations for future research.

2. Theoretical Framework

2.1. Design Global, Manufacture Local in a Nutshell

The DGML approach aims to create communities whose incentives and relationships differ from
the dominant mass production model [16]. Utilizing democratic procedures and participatory processes,
such communities produce and control technologies locally. The produced designs are uploaded,
shared, and freely available to further modify and/or upgrade. Thus, innovation is accelerated,
while customized low-cost solutions can be developed and maintained by non-experts according to
their preferences. Hence, new ways of value creation are inaugurated by utilizing human creativity,
removing hierarchical barriers of organizing production, and deprioritizing monetary motives.

The conventional industrial model of mass production differs from the DGML model mainly in
terms of scale, incentives, and collaborative features. Focusing on bottom-up value creation patterns,
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participatory processes are developed by users who asynchronously collaborate and share common
infrastructure. DGML projects produce solutions strengthened by the power of collective intelligence
and cooperation [17]. Sharing practices and mutualization of digital (including design and software
applications) and physical (including shared machinery in makerspaces) resources are utilized to
produce commons-based technologies through democratic decision-making processes.

Another aspect of the DGML model is on-demand local production. Environmental sustainability is
fostered, thus reducing the need for the transportation of raw materials and machines and the associated
environmental costs [4]. The embedded modularity in DGML artifacts enables the development of
structures that can be easily replicated, modified, and customized by separating and recombining
smaller parts (modules) of the whole system. Thus, people can work on different modules in an
independent and distributed way, making adaptable structures according to their needs.

Finally, following the industrial production paradigm, planned obsolescence tends to force
consumers to purchase new or upgraded versions to maintain the functionality of their products [18].
Removing planned obsolescence and profit-oriented incentives through commons-based initiatives
signify that such communities prioritize environmental, social, and economic justice [19]. Although no
sound empirical evidence has assessed the sustainability degree of a DGML artifact, it is considered
that such communities design and produce solutions towards sustainability [16].

2.2. Defining “Conviviality”

Through the analysis of the features of DGML, it becomes evident that conviviality constitutes
a core element of this productive model. Ivan Illich [20] introduced the concept of conviviality to
emphasize the importance of creativity, autonomy, decentralization, and the construction of technology
in a social manner [20-22]. In modern industrial production, people rely on specialists to produce the
necessary tools to satisfy their needs. In contrast, conviviality fosters the control of the use of resources
and promotes friendly relationships and reciprocity between individuals and their environment [23,24].

Moving away from the planned obsolescence of the industrial paradigm, conviviality provides a
new approach to rethink the way of designing products, services, and associated technologies [25].
Such designs empower users to grasp a technological product, experiment, and adjust it.

Illich spoke of “tools for conviviality” that “foster conviviality to the extent to which they can be
easily used, by anybody, as often or as seldom as desired, for the accomplishment of a purpose chosen
by the user” [20] (p. 22). Although there is no fixed definition of “convivial tools”, Illich [20] has
formulated a set of criteria/conditions that qualify them: (i) convivial tools are easy to use or require
learning by doing (i.e., no preparatory education or certification by specialists is demanded to use the
tool); (ii) they are at the user’s judgment regarding whether and when they are used; and (iii)s they are
adapted to the user’s preferences and not the other way around [20,26].

A distinctive example of a convivial tool is the bicycle. As a relatively easy tool to comprehend,
repair, and adjust, the bicycle can be considered as a highly convivial tool [23]. New bikes can be
produced by reusing spare parts, while several modifications are possible such as adding a child seat
or an electric motor based on the user’s preferences. Furthermore, individuals can autonomously
transport themselves, hence decreasing their reliance on other expensive transportation means [23].

It should be noted that conviviality is not applied only to low-tech tools, but is also relevant
to more sophisticated technologies. Highly complex OSH products combine several technologies
that consist of different parts and are designed to meet demanding needs [27]. Still, all tools have a
conviviality potential, provided they meet the requirements mentioned earlier in this section. However,
the distinction between “convivial technologies” and “convivial tools” should be highlighted. While
Illich [20] spoke of “tools”, referring not only to artifacts but also to rationally designed institutions
such as schools, other scholars have shed light on different aspects of technology. These might
entail processes like the design phase of an artifact as well as the relevant know-how concerning the
manufacturing, use, and maintenance of a product [28,29].
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Indeed, Illich [18,20] concentrated on the use of tools, without considering the production phase.
The latter was taken into account by Andrea Vetter [30], who developed the “Matrix of Convivial
Technologies”. This matrix aims to define and measure the conviviality potential of a technological
artifact during several phases of its development process through empirical research (see Section 3.1).

Although conviviality is seen as an essential factor while practicing DGML, it might not be
sufficient to secure the successful realization of this productive model. Hence, this article also explored
the concept of openness, which is a core value in the DGML setting.

2.3. The Concept of “Openness”

Echoing Balka et al. [3] and von Hippel [31], openness pertains to (i) transparency (freedom
to study); (ii) accessibility (freedom to edit/modify); (iii) replicability (freedom to make); and (iv)
commercial usability (freedom to distribute) of information required for a product’s sustainable
development. These four criteria are respectively met when: (i) Computer-aided design files and
schematics are published; (ii) all published information is editable, therefore enabling others to
participate in the design process; (iii) the bill of materials and assembly instructions are published;
and (iv) the commercial usage and free redistribution of the published information are permitted via
relevant licenses [10].

Furthermore, Aitamurto et al. [32] focused on two aspects of openness related to the process
(whether it is open or closed), and the product (whether the outcome is open or closed). However,
defining a work as open or closed is rarely a binary decision. The spectrum of openness is quite broad,
encompassing several degrees of openness. At one end, the work is “closed” if the creator excludes
others from its use, while, at the other end, an “open” work is available to and modifiable by all. Hence,
the question should be “how open” a process or a product is [33].

Attributes such as transparency, accessibility, and replicability determine the degree of openness
of a particular work. Nevertheless, restrictions on observing, modifying, or replicating a work may
be applied including the exclusion of commercial use or a membership requirement [3]. Intellectual
property rights in licenses may be used to set the degree of a product’s openness [34].

It is generally acknowledged by both scholars and practitioners that sharing a piece of hardware
online is much more complicated than sharing a piece of software, while software is digital by nature,
hardware may require more sophisticated tools to be displayed such as modeling and design tools [35].
Furthermore, based on the evaluation of 20 OSH projects that included both hardware and software
components, Balka et al. [3] argued that hardware components were less documented than those of
software. This fact raises the question of whether a poorly documented piece of hardware is open
source or not.

Through the increased utilization of ICT, the benefits of openness are becoming more evident and
are likely to grow [33]. Once the design of a product is openly shared, billions of people have access
to it. This diffusion enhances the reputation of the product, while often positive network effects are
applied [36]. Additionally, those who can manipulate the design can improve or suggest improvements
to the product, benefiting both the innovator and users [33,34]. Finally, keeping a design closed may
be much more costly when compared to leaving it open to others to access and use [34].

These benefits, along with the power and ethics of openness, have led to the creation of a
strong brand that is universally admired and respected. Users have a growing desire to experience
transparency in their services, so openness is becoming a key feature [37]. Hence, many organizations
wish to associate with it. However, if an organization cannot adjust its business model to become open,
then it redefines the meaning of “openness” to fit their practices. Members of the open community
usually recognize such behaviors and describe them as openwashing (i.e., “to spin a product or
company as open, although it is not.”) [38].
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3. The Case of the WikiHouse Den Bosch

The WikiHouse Den Bosch is an ongoing initiative in the Netherlands. It aims to respond to
the housing crisis via the development of innovative forms of housing. As explained in this section,
our case study was chosen since it exemplifies the DGML model and allowed us to explore the
conviviality and openness dynamics of the WikiHouse technology.

3.1. Materials and Methods

Given the importance of mixed research approaches and data gathering techniques in case study
research [39], several methods were implemented to achieve our specific goals (see Figure 1). First,
personal communication with key informants [40] was useful to obtain first-hand information on the
WikiHouse technology apropos the Dutch context as well as the development of the case of WikiHouse
Den Bosch. Four interviews, supplemented with informal discussions with key stakeholders of the
initiative, took place over three weeks in the Netherlands in October 2018. Semi-structured interviews
were selected, offering the opportunity to the interviewees to discuss what they deemed most important
and reach a common understanding regarding the issues explored. The core questions of the interviews
attempted to reveal the goals, internal processes, values, and interests of the researched groups.

Participatory Action
Research
Web tools and Semi-structured
documentation : interviews
|
|
|
!
| i
. i
CONVIVIALITY OPENNESS
TS N T N
1 Matrix for Convivial
\ . ! \ open-0-meter I
\ Technologies 7 \
___________ s L
&(} Analysis (,‘:D
Conclusions

Figure 1. Research framework.

Additionally, a participatory action research approach [41,42] was utilized to provide experiential
insight into the construction of a WikiHouse through collaborative processes. Field observations were
conducted at Minitopia Poeldonk, where the WikiHouse Den Bosch will be placed once completed.
During the aforementioned period of stay in the Netherlands, one of the authors assisted in the
construction of the WikiHouse Den Bosch, where interaction with members of the case study took place
on-site, attaining a more unobstructed view of the internal processes of the groups observed [39]. While
one of the authors actively participated in the development of the selected case study and provided
critical checks regarding the responses of the community members, to avoid bias and preconceived
notions, the other author critically examined the overall process.

Furthermore, digital web tools and other documentation were also used for triangulation [43].
Online platforms, discussion sections, and available forums as well as email communications with
individuals from the case study were utilized for data gathering. Several documentation tools and
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sources including reports, articles, audio-visual material, and blog posts were easily accessed due to
the openness element that permeates open source initiatives.

In this paper, the conviviality and the openness aspect of the WikiHouse were explored through
a case-study by utilizing two tools (Figure 1): a qualitative one (the matrix of convivial technology,
MCT) and a quantitative one (the open-O-meter). The former was used to discuss the WikiHouse
technology in a structured manner, highlighting the importance of the social construction of technology.
By empirically assessing Illich’s theory on conviviality, the matrix of convivial technology has been
developed, enabling the self-assessment of groups that use or adapt technology towards a social,
economic, and ecological transformation [30].

The MCT includes the four life-cycle levels: material, production, use, and infrastructure. Each of
these levels is correlated with five dimensions that define convivial technologies based on the group’s
values and practices. These dimensions are (i) relatedness, which refers to the human capability to
relate to others; (ii) accessibility, which answers the question of who, where, and how can build or use
a technology; (iii) adaptability, which explores someone’s willingness to be independent (through the
concepts of modularity and scalability) or linked; (iv) bio-interaction, referring to the usefulness of the
produced materials for the living organisms; and (v) appropriateness, which correlates the input and
output considering the local context. Although the MCT was developed so that it could cover a wide
range of technologies, each technology needs to be adapted to the local needs. Thus, the MCT was
developed in word-pairs including antagonistic terms that can be omitted and/or adapted to the users’
needs (see Appendix A).

The second tool used, the open-O-meter [44], refers to the degree of openness of the WikiHouse
technology, which enables its democratization and widespread replicability [45]. It is a simple
quantitative tool that uses eight criteria to calculate the openness index of a technology. These criteria
include the publication of the design files, assembly instructions, a bill of materials, the availability
of all of the information in an editable format, a contribution guide, and the free distribution of this
information under a license allowing commercial reuse [44]. If a product fulfills all of these criteria,
its openness index equals eight (see Appendix A).

3.2. The WikiHouse Den Bosch

Across a broad spectrum of open construction systems, the WikiHouse project was selected.
The latter allows for the production of modular, lightweight, and structurally-robust buildings through
its Wren chassis system (Figure 2). It was initiated in 2011 by Alastair Parvin and Nick Ierodiaconou
as an innovative way of designing and sharing construction packages online [46]. The power of
the WikiHouse rests on its ability to globally share designs, while testing, improving, and enriching
knowledge via digital fabrication tools. All this information is maintained by a non-profit legal entity
based in the UK, the WikiHouse Foundation, which aims to promote collaboration and create feedback
loops among the ever-growing global WikiHouse community [46].
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Figure 2. The WikiHouse building parts (Wikiparts). Source: WikiHouse.cc.

The expansion of the WikiHouse project renders it a popular construction system in the Western
and non-Western world [47]. Our research focused on the Netherlands due to ongoing local activities
related to WikiHouse development. Following the growing demand for affordable housing, several
WikiHouse initiatives have emerged in the country, ranging from individual houses to collective
efforts on a larger scale. Such initiatives are supported by the WikiHouseNL Foundation, the Dutch
department of the WikiHouse Foundation [46].

For instance, the Woningbouwatelier (“housing atelier”) in Almere brings together new concepts,
knowledge, and experience of innovative parties in the field of housing. The goal is to produce
WikiHouse buildings that can be easily assembled by non-experts that conform to the local building
codes [48]. Another example is that of Minitopia in ‘s-Hertogenbosch (colloquially known as Den
Bosch), where experimental forms of housing including a WikiHouse are being developed as a response
to the high housing demand [49].

Minitopia was launched in 2016 in ‘s-Hertogenbosch by Rezone, an initiative that develops
projects at the intersection of architecture and art. Minitopia aims to create small, temporary, cheap,
and sustainable houses with increased citizen engagement [50]. At first, Minitopia was located at
Eekbrouwersweg, using a property owned by the housing corporation Zayaz. In June 2018, Minitopia
moved to Poeldonk, an industrial estate owned by the Municipality of 's-Hertogenbosch. This new
location can host up to 25 temporary houses that residents will build in part or entirely by themselves
and may use for a maximum of five years (Figure 3).
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Figure 3. The Minitopia Poeldonk area. Source: Tessa Peters and Rolf van Boxmeer.

Patricia Sips was one of the five tenants allowed by Zayaz to build their own home in Minitopia.
She opted for the WikiHouse, and like all participants in Minitopia, she received a residents’ budget to
bring her ideas to life with the help of volunteers around the globe. Her initiative was called WikiHouse
Den Bosch (Figure 4).

(A) (B)

Figure 4. (A) Constructing the WikiHouse den Bosch. Source Tessa Peters and Rolf van Boxmeer;
(B) Placing the WikiHouse Den Bosch. Source: Tessa Peters and Rolf van Boxmeer.

Its construction began in September 2018 and it finally opened its doors in March 2019 [51].
The community of contributors consisted of 22 people, aged between 25 to 65 years old. Five were
consistent members throughout the construction process, while the rest of the contributors spent from
three to 30 days. The gender balance was equally divided between females and males. In terms of the
available expertise, it ranged from artists to business consultants, teachers, and engineers including
both university students and retirees.

The design of the WikiHouse Den Bosch was developed by both Rezone and Patricia Sips [52].
Two main aspects were taken into account: (i) design for modularity (four distinct units could be
combined, taken apart, and transported separately); and (ii) design for sustainability (second-hand
and reusable materials were preferred). Special attention was paid to increase energy-efficiency and
affordability. Hence, a 44 square-meter structure was built (Figure 5) that cost less than 38,000 euros [52].
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Figure 5. The WikiHouse Den Bosch. Source: Tessa Peters and Rolf van Boxmeer.

4. Analysis

In this section, the conviviality and openness potential of the WikiHouse Den Bosch are discussed.
The analysis refers to the WikiHouse as a complete house to live in including building structure and
utilities. We will first elaborate on the conviviality potential through the examination of the MCT’s
responses and then critically discuss the openness aspect based on the open-O-meter tool.

4.1. The Conviviality Aspect

The assessment of the WikiHouse’s conviviality was facilitated through the use of a range of
values attributed to the antagonistic terms of the matrix. To fit the specific characteristics of our case,
the MCT was simplified by erasing certain pairs of antagonistic terms (see the original and the adapted
MCT table in Appendix A).

The MCT was filled in by 10 people who contributed to the construction of the WikiHouse Den
Bosch. The selected group can be considered as a representative sample since it reflects the main
characteristics of the overall community. More specifically, the age range was similar (25 to 65 years),
the gender balance was equally distributed and most of the respondents had a non-engineering
background (see Appendix B).

The analysis followed the four life-cycle levels identified in the MCT (i.e., materials, production,
use, infrastructure). To begin with, the respondents mentioned that the materials were easily accessible
through various sources. Furthermore, it was possible to choose out of a variety of materials according
to local needs and conditions. Regarding the cost of the materials, the responses were divergent due to
the subjectivity of the question. Since the origins of the respondents varied, different answers were
received; most of them deemed it to be of low-cost whereas others found it cost-intensive. Considering
the Dutch context, the construction was deemed affordable. The tools needed for the processing of
materials were characterized either as specialized (by non-engineers) or everyday tools (by engineers),
based on the skills of each respondent. The presence of engineers among the contributors was
important in overcoming obstacles during the construction. Additionally, all respondents highlighted
the necessity of having access to a CNC machine. Finally, although the WikiHouse Den Bosch was
built out of reused and easily recyclable materials, there were toxic emissions related to the processing
of materials.
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The production phase was seen as a collaborative and constructive process that allowed for
joyful work. Contributing to the assembly of the Wikiparts was easy since no special tools were
needed. The assembly could take place asynchronously and autonomously, thanks to the appropriate
instructions and detailed designs provided by the architects of the project. Dismantling the parts of
a house once finished is difficult, but life-time changes rarely demand it. However, the addition of
new parts according to the users’ needs is possible. These characteristics designate the WikiHouse as a
modular structure. Despite the some waste emissions, there was no significant environmental impact
during the production phase.

Regarding the use level, the respondents described the WikiHouse Den Bosch as “usable by
anyone”, since it fulfills the basic needs of the user and provides flexibility in selecting the infrastructure.
Concerning its maintenance, the WikiHouse Den Bosch was characterized as “repairable by some”.
Although it was argued that most of the parts could be repaired quickly, additional skills may be needed
to maintain certain infrastructure such as plumbing. The need for experts within the community seems
to be vital for maintaining both the WikiHouse structure as well as the community itself. The fixed
costs are not significantly decreased due to the installed energy and water systems. No solar panels or
water reuse systems are available at the WikiHouse Den Bosch due to time and cost limitations.

Furthermore, issues associated with safety checks and local regulations need to be addressed
by the users. In the case of the WikiHouse Den Bosch, the structure was exempt from the need to
conform to the local building codes due to its experimental and temporary character. In addition,
the WikiHouse Den Bosch was understood as a locally operable construction that could be easily
adapted to the local setting. Nevertheless, following the respondents’ feedback, the durability of the
structure was not ensured.

Finally, a common element present throughout all phases was the increased community
engagement that was enabled by the nature of the project. Collaboration and sharing were promoted,
which allowed for the development of friendship and feelings of being useful.

4.2. The Openness Aspect

This assessment refers to information such as designs, CAD files, bill of materials, and assembly
instructions. A web-based repository such as GitHub is used for file sharing in most WikiHouse
projects. However, fragmentation issues arise since there is not a comprehensive online platform used
by all communities that develop WikiHouses globally. Contrary to software components, sufficiently
documenting a piece of hardware is challenging [3]. Problems pertain to the documentation adequacy
of the WikiHouse solutions, and the ease in tracking the relevant information [53]. Consequently,
concerns have been raised with regard to the openness degree of hardware solutions like the WikiHouse.

A first attempt in filling the open-O-meter for the WikiHouse concept was realized in the context
of a French-German research project called OPEN! — Methods and tools for community-based product
development [54]. Following this assessment, the WikiHouse was rated five out of eight. The missing
points were due to the provision of non-editable assembly instructions, a non-editable published bill of
materials, and the lack of a published contribution guide.

However, apart from the open-O-meter evaluation via simple binary criteria, the quality of the
published documentation of each WikiHouse project should be examined. The comprehensiveness and
clarity of the published information increase the replicability and diffusion of the product. Thus, our
contribution was to critically examine and enrich the existing assessment of the WikiHouse’s openness
based on the expertise of three main stakeholders of the WikiHouseNL Foundation (see Appendix B).

First, concerning the publication of the design files, the interviewees agreed that many WikiHouse
design files were shared on GitHub in different stages of construction. However, most of them were
uncategorized and not engineered. The respondents mentioned that when private companies were
involved, the publication of all designs was not assured. For instance, although most of the WikiHouse
Den Bosch designs were published in an editable format, those related to its structural analysis were not
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shared. In addition, the modification of existing designs may be more time-consuming than drawing
new ones.

Detailed manuals with the assembly instructions are available on Github. For the editability of
the instructions, Tessa and Rolf mentioned that they decided to draw new manuals since the original
model could not be easily modified for the needs of the WikiHouse Den Bosch. Vincent stressed the
importance of being an experienced user in dedicated software to fork the assembly instructions.

Regarding the bill of materials, the publication of information for the whole building depends on
the parties involved. For instance, the bill of materials can be obtained for the structural components of
the WikiHouse, but not the cost-related data of the building. Acquiring a complete bill of materials for
a WikiHouse is complicated, since it depends on the local needs and conditions. Although such a bill
of materials for a WikiHouse does not exist, Open System Labs [55] is currently working on a platform
for sharing customizable designs with detailed descriptions of the materials (including economic data,
energy, and environmental factors).

Furthermore, a contribution guide should be provided through transparent processes to enable
the unconditional participation of individuals. Considering the uniqueness of a WikiHouse project,
each one has guidelines that should fit the local needs and regulations. In the case of the WikiHouse
Den Bosch, the instigator provided conditions for participation in the construction process that were
readapted regularly to serve the changing needs of the project [56].

The licensing guidelines [57] of the first WikiHouse building type (i.e., the Microhouse [58])
indicate that the published content can be shared and adapted, even for commercial use. The latest
version of this license, Attribution-ShareAlike 4.0 International: CC BY-SA 4.0, was used in the
WikiHouse Den Bosch case [59].

In all, it becomes evident that every WikiHouse initiative is unique and should be evaluated based
on its distinctive characteristics and rules. Following the responses of the interviewees, the WikiHouse
Den Bosch scored six out of eight since it lacked editable assembly instructions and an editable
published bill of materials. Nevertheless, although some of the open-O-meter factors received a
positive degree, critical issues should be addressed to enhance the diffusion and replication of the
WikiHouse technology.

5. Conclusions

Both conviviality and openness are ambiguous terms. Whether an artifact is convivial or open is
not a binary decision. Instead, there is a spectrum and degree of each of these aspects that characterizes
a technological artifact. For instance, defining conviviality and openness may be easier when engaging
with software or low-tech products than high-tech hardware.

The WikiHouse Den Bosch is a sophisticated construction that consists of different parts and
requires certain skills for its construction and maintenance. The conviviality potential of such a
complex artifact ends up being subjective. Based on our results, it is evident that the level of the
respondent’s expertise is crucial when assessing conviviality. The potential lack of certain skills needed
to manufacture or maintain an artifact could lower the artifact’s conviviality. However, the existence of
a community around that artifact could possibly alleviate this issue via the diffusion of knowledge
amongst its members.

Furthermore, the available expertise of the contributors allows for enhanced autonomy in both
the construction and maintenance stages. In this sense, conviviality is stronger at the collective level
than at the individual one. Additionally, openness adds to the conviviality potential of the project,
thus boosting the autonomy on all levels by providing access to relevant information.

The aforementioned potential is arguably linked to the attributes observed in the DGML approach.
In an attempt to generalize the conviviality of DGML artifacts, we proposed achieving “institutionalized
conviviality” through more structured processes. For instance, modularity can be considered as a
characteristic that could reduce the complexity of artifacts. In addition, standardization of the design
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parts as well as the existence of detailed open-source documentation could facilitate the replicability of
open hardware solutions through comprehensive manuals.

Overall, however, DGML artifacts may be quite varied in their conception and development, so the
community aspect is crucial. Once there is an engaged community with a strong supporting network,
the level of conviviality may be high, despite potential complexities that would otherwise hinder it.
Nevertheless, given that such projects are driven by specific local or regional socio-economic and
political characteristics and goals, the generalizability of our conclusions is confined. Hence, further
research should focus on different contexts, locations, and artifacts to provide a wider understanding
of the understudy phenomenon. Finally, a comparison of an industrially produced house and an open
construction system through technical evaluations such as the life cycle assessment would be valuable.
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Figure A2. The modified version of the MCT.

Table Al. The open-O-meter tool.

Infrastructure

open-O-meter

Which sources have you opened?

1 Are the design files published?

YES

Technical components of the product are publicly available (CAD-files, computer code etc.)

2 Are the assembly instructions published?
Instructions for how to assemble are quickly available

3 Is the bill of materials published?

The product’s bill of material is publicly available
4 Is the contributing guide published?

A guide for how users can contribute is available
5 Are the published design files in editable formats?

One or more of the file formats used is in editable format
6 Are the published assembly instructions in editable formats?
The assembly instructions are published in editable format
7 Is the published bill of materials in editable format?
The bill of materials is published in editable format

8 Is all this information published under a license allowing commercial reuse?

An open source license is used that allows users to commercially reuse the product

NO
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Appendix B

Table A2. List of names, gender, expertise, and roles of the contributors to the MCT.

Respondents Gender Expertise Engagement in the Construction
Respondent 1 (Instigator) F Art therapist Consistent
Respondent 2 (Adviser) M Project manager Consistent
Respondent 3 F Social worker Consistent
Respondent 4 F Engineer Occasional
Respondent 5 M Business consultant Occasional
Respondent 6 F HR specialist Occasional
Respondent 7 F Artist Occasional
Respondent 8 M Teacher Consistent
Respondent 9 M Economist Occasional
Respondent 10 M Engineer Consistent

Table A3. List of names, gender, expertise, and roles of the contributors to the open-O-meter.

Respondents Gender Expertise Organization/Project
Vincent Muller M Architect Co-founder of WikiHouseNL Foundation, WIlkiHouse in Almere
Rolf van Boxmeer M Architect Co-designer of WikiHouse Den Bosch/Minitopia
Tessa Peters F Architect Co-designer of WikiHouse Den Bosch/Minitopia
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Abstract: The environmental impact of buildings has stimulated efforts to promote sustainable
development in the construction sector. Technological development aims to provide an effective
framework for the design, construction, and management of buildings through the use of tools such
as Building Information Modeling (BIM). This paper critically assesses the use of BIM technology
in vernacular design and analysis through the case study of a Greek vernacular museum building. Based
on software application as well as in-situ observation and interviews, accurate energy analysis and
safety were proved to be important advantages achieved through BIM technology. On the contrary,
the inability to capture tacit knowledge and the lack of adaptability to local specificities appear to
be the main weaknesses of BIM technology. Certain measures to enhance the use of BIM technology
for the design and analysis of vernacular buildings are proposed.

Keywords: Building Information Modeling (BIM); standardization; sustainability; design;
construction; energy analysis; vernacular architecture

1. Introduction

The impact of buildings on the environment has been gaining attention over the last decades [1].
The conventional way of producing buildings has been notorious for its significant amounts of
waste [2]. Indicatively, demolition processes account for 40% of total solid waste, while the operation
stage of buildings produces 30% of the total greenhouse gases [3,4]. Hence, the need to improve the
life cycle performance of buildings is imperative.

In an attempt to enhance sustainability in the construction sector, the adaptation of practices that
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improve the energy and environmental performance of buildings has been suggested [5]. The
sustainability of buildings is based on factors such as water conservation, energy efficiency, and
appropriateness of building materials, which are influenced by architectural planning. To this end, there
is anurgent need to create new design models through the implementation of an integrated strategy [6].

The attention of the global construction industry is geared toward approaches that reduce
construction and operation costs while improving the quality of buildings [7]. Design decisions
regarding energy consumption have a great impact on the life cycle of buildings given the long
operation stage of buildings [8]. Some scholars argue that Building Information Modeling (BIM)
offers the opportunity to achieve these goals via time and money savings [9,10]. Nevertheless,
others [11,12] are sceptical in regard to the adoption of such practices mainly due to resistance to
change in construction practices, lack of government incentives, and relevant costs.

In this study, BIM technology is implemented for the architectural design and the energy
analysis of a Greek vernacular museum building model. The whole process is then assessed based on
the real performance of the building after 25 years of operation. The dynamics of BIM technology to
design and analyze complex architectural elements of vernacular buildings, as well as its ability to
incorporate tacit knowledge of the vernacular process in building design is critically assessed. In
addition, sustainability features observed in the vernacular process followed by the owner of the
museum to construct the building are also discussed.

The main aim of this paper is to explore the challenges and opportunities of applying BIM
technology to the design and analysis of vernacular buildings. What innovations does BIM technology
introduce for the simulation of vernacular buildings? Is there room for improvement for BIM
technology, and if so, in which direction? These are the main questions attempted to be answered
through the application of BIM technology to the analysis of a vernacular museum building. In that
sense, it aspires to elaborate on the potential of BIM to be used as a tool to foster vernacular design
processes, instead of being used as an engineering analysis tool solely. By expanding the scope of BIM
applications to vernacular buildings, BIM will enable the preservation of sustainable features embedded
in vernacular processes.

First, the conceptual background of BIM technology as well as its relation to sustainability are
presented. Then, the concept and basic principles of vernacular architecture are discussed. The
methodology chapter follows where the research framework is outlined. The next chapter describes the
vernacular building process and the BIM-based approach of analyzing the museum building model.
In the discussion section, relevant challenges and opportunities observed through the analysis are
elaborated. Finally, the conclusionsm section summarizes the findings of this research.

2. State of the art
2.1. Vernacular architecture and sustainability

The term vernacular architecture was coined to describe simple structures composed of indigenous
materials [13]. Vernacular architecture utilizes traditional building methods to produce various types of
buildings [14]. The plurality of such buildings derives from diverse local identities and construction
practices that have evolved over time through experiential knowledge. The term “identity” is a blend of
natural (such as climate and topography), human (such as society and community) and cultural factors
(such as customs and religion) that defines the traditional building methods in a local context [15].
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Vernacular architecture is designed by people who have gained tacit knowledge from
observations of the natural environment. Such knowledge relates to technical skills, available materials,
construction techniques, and local identity. In an attempt to respond to the rapidly changing reality,
vernacular architecture has been evolved through trial and error. Thus, it is believed that vernacular
architecture embodies a comprehensive wisdom accumulated in a local context.

Vernacular architecture is a valuable source of reference for bioclimatic design of buildings [16].
The latter aims to provide conditions of thermal and visual comfort, utilizing natural local resources
(such as soil, vegetation, and wind). By leveraging the interactions between the building and the natural
environment, energy demands for heating, cooling and lighting of the building can be moderated.
However, research shows that this way of fostering sustainability may not always be sufficient
especially in regions under extreme weather [17].

Natural and economic limitations, such as topography, climate, and availability of building
materials in the surrounding area, are imposed on vernacular buildings. In that sense, vernacular
architecture is grounded in inherently sustainable rules with the aim to fulfil human needs with respect
for the cycle of life [15,18,19].

Vernacular processes can provide useful insights for boosting the sustainability of contemporary
building design and construction [20]. Current environmental concerns justify the increasing interest
in vernacular architecture studies. Hence, the need to preserve the sustainable principles and values
embedded in vernacular buildings has been highlighted in the research community [21,22]. In this
context, this study will investigate the potential of BIM to design and analyze vernacular buildings.

2.2. The advent of BIM

During the 1980s, the tendency to switch to electronic drawings became evident. The advent of
information and communication technology appeared to have significant economic and social
implications [23]. Simultaneously, developments in programming languages led to the emergence of
parametric technologies that enabled the digital representation of buildings [24].

Given the complexity of construction projects, the need for the automation of the relevant
processes has surfaced. Parametric design tools, such as BIM technology, perceive building
elements as dynamic systems, which form a variety of morphological representations subject to
transformations. In that sense, entire systems, such as buildings, are composed by multiple interacting
subsystems (such as beams, columns, and pipes) with endless possibilities for their functional
interrelationships.

As an integrated digital representation of the physical and functional features of a building [25],
BIM technology is a tool for automation of the construction process but also a means for
specialization that contributes to higher productivity levels of buildings [26]. By gathering all
information about a building in a central model, building information management processes are
facilitated. The validity of the construction schedule is ensured by monitoring relevant processes [27].

Time-related information is regarded as the fourth dimension in BIM technology, empowering
data scheduling and sequential visualization of the buildings’ development. Cost calculations are
often considered the fifth dimension in BIM technology, offering the possibility to evaluate buildings
from an economic point of view [28]. Building lifecycle data, including operation manuals,
maintenance and manufacturer data, can be managed, while sustainability analyses can be performed
adding more dimensions to BIM technology [29].
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According to Migilinskas et al. [30], the more collaborative a project is, the more benefits from
BIM applications arise. The establishment of open standards in BIM applications is expected to catalyze
the application of diverse types of analysis and accelerate the adoption of innovations [31]. Data
exchange between BIM technologies should be enhanced to develop collaborative environments. Such
attempts are made through non-proprietary file formats, such as Green Building XML (gbXML) and
Industry Foundation Classes (IFC), which aim to facilitate compatibility between BIM software
applications [32]. However, so far they have failed to provide a fully collaborative environment for
BIM applications [33].

2.3. BIM and sustainable construction

The concept of sustainable constructions entails the minimization of environmental footprints
through the efficient use of natural resources, social cohesion and cost-effective building methods that
meet the requirements of users [34]. Conventional design methods have failed to develop sustainable
buildings so far mainly due to fragmented data [35]. Given the significant impact of the construction
sector on the environment, the need for sustainability integration in buildings has recently attracted
attention [36,37].

The assessment of sustainability in buildings during the design phase is hampered by the lack of
data and expertise in the field [38]. Further, the complexity of the building sector hinders the
development of an internationally comparable inventory for the application of Life Cycle Assessment
(LCA) methods [39].

Despite its immature form, BIM technology holds potential for enhancing sustainability over
the life cycle of a building [40-42]. Sustainability-related factors can be incorporated in BIM
software, benefiting the environment, the economy, and society. According to Krygiel and Nies [43],
BIM technology can be implemented to improve certain aspects of sustainability in buildings utilizing
multidisciplinary data. These aspects include analyses related to building orientation, energy
performance, and sustainable materials, which can lead to cost savings and environmental gains.

Considering the collaborative aspect of BIM technology, digital information associated with
sustainability can be shared, advancing the field of knowledge commons [44]. In that sense, innovation
is fostered, while visualization enables the engagement of non-experts in the design process. Moreover,
BIM designs comprise interchangeable modular units that correspond to building components,
encouraging reversibility and replacement of components.

Although BIM technology does not provide a comprehensive life-cycle management of
environmental sustainability of buildings, it has been applied in the early design and construction [40].
Sustainability analyses can be performed through external evaluation tools and cloud-based
technologies. Further, online open inventories can be used to evaluate alternative design options,
which correspond to different energy efficiency levels [38]. Such platforms foster collaboration among
the participants concerning the decision making processes of construction projects via shared models.

Despite the potential of BIM to promote sustainability, the resistance of relevant parties to change
conventional practices and invest in software and skills development prevents the implementation of
BIM to its fullest capability. Further, interoperability issues should be addressed to promote
collaboration and accurate analyses through BIM technology [40,45]. Notwithstanding such limitations,
political measures foster the implementation of BIM technology in constructions, increasing its impact
on building design [46].
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3. Materials and methods

In order to study highly complex objects, such as vernacular buildings, the BIM ecosystem, and
their interrelationship with society, investigations in multi-dimensional ways are needed. For this
reason, the case study approach was used since it allows the investigation of phenomena from diverse
aspects [47]. Further, it enables an in-depth examination of single cases [48].

The specific case study was selected because it represents a distinctive type of vernacular
building that encompasses special architectural features, as described in the following section. This
argument was also reinforced via testimonies of the interviewees. By investigating such a complex
building from an architectural aspect, it is expected that the challenges and opportunities of BIM
technology for designing vernacular buildings will become more evident [49]. Further, most studies
on vernacular architecture focus on houses, while recent studies indicate the necessity to investigate
public buildings as well [16].

The research framework of this study is illustrated in Figure 1. First, theories on BIM technology
were studied, as well as relevant literature on the connection of BIM with sustainability. The concept
and principles of vernacular architecture followed. The case of Pavlos Vrellis museum was then
analyzed, elaborating on the approach taken by the creator of the museum to construct the building. Web
tools, a semi-structured interview with the current owner of the museum and semi-structured
interviews with local builders of the wider area took place. The aim of the interview with the owner of
the museum was to obtain the required information for the case study, while the interviews with local
builders shed light on local building practices and vernacular processes of the wider area. Web tools
included data gathered from online platforms, discussion sections and the official website of the
museum [50] as well as email communications with BIM experts.

........................
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Figure 1. Schematic representation of the research framework.
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The interview with the current owner of the museum was structured around core questions that
attempted to enlighten data regarding the current state of the museum, details about other contributions
to its development, the main desires and goals of the creator of the museum, as well as relevant
challenges and barriers to progress. The interview took place on site, allowing for observations of the
building.

Nine local builders aged between 65 to 90 years old participated in the interviews. Most of the
interviewees had previously participated in the construction process of a vernacular building, which
was usually their private house or house of a relative of theirs in the wider area of Ioannina city. In
terms of their expertise, all of the interviewees were farmers. The questions revolved around their
experience of participating in the vernacular process and the entailed challenges and opportunities.

The application of BIM technology followed to illuminate the limitations and advantages of BIM
software for the design and analysis of vernacular buildings. In this study, a specific BIM software (i.e.,
Autodesk Revit Architecture) was implemented for the architectural design of a vernacular museum
building model. Further, an energy analysis tool included in the software package (i.e., Revit Conceptual
Energy Analysis-CEA) was applied. The results were compared with the actual data of the
building’s performance available through testimonies of the owner of the museum. The information
needed for the BIM model, including geometrical and topological data, derived from the design
drawings of the museum, narratives of the owner, as well as information provided by the creator at
the website of the museum.

4. The case of Pavlos Vrellis museum of wax effigies
4.1. Traditional design and construction process

In line with the principles of vernacular architecture, the buildings of the area under study are
made of local stones (usually left unused), wood and mud. Lime, straw, bricks (frequently sun-baked),
porcelain, iron, glass and sand are also used. Most of these materials are environmentally friendly since
they come from the surrounding environment and they do not require high transport costs or material
processing.

Given the steep slopes, rocky terrain and severe winters of the wider region of Epirus (Greece),
people had to compromise with constraints set by nature and techno-economic conditions. These
techno-economic limitations imposed a certain degree of standardization on the construction of the
buildings in terms of available materials and their processing ability. At the same time, the
accumulated empirical wisdom and local knowledge exchange practices facilitated the development
of inventive building solutions against physical stresses, such as earthquakes and landslides.

Regarding the building structure of the museum, stone walls are thick enough to insulate the
building. The windows of the museum are few and small placed at the lower levels of the ground floor
for safety reasons. In the upper floor, windows are spacious to ensure ventilation. On the south side,
openings are large for storing solar radiation. The rising hot air is concentrated at the roof level and
exits through skylights.

Fireplaces and chimneys were some of the most elaborate elements of the museum. Craftsmen
composed a variety of decorative volumes and forms in the building structure as an indication of wealth
and luxury. Chimneys were used to create a vertical stream of air that contributes to the cooling of
the space. On the south side, trees were planted to provide coolness in summer, while in winter they
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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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