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ABSTRACT

Being an abstract system that translates and
reconstructs the real phenomena, map had a
long history of recording and interpreting the
data. Practiced with different techniques in
different periods and contexts, it has always
been considered as a preeminent way of
collecting, organizing and representing the
data. However, map also inherits the potential
of representing more than the reality and
denotes new and unacknowledged conditions,
which initiate the use of maps as generative
tools that mediate between real and possible
configurations.

Advances in technology and the use of
digital design tools initiated a radical shift in
communication and mapping techniques,
which enabled to acquire, interpret and
use complex data. Defining a shift in the
conventional  mapping  practices,  this
contemporary approach of working with
big and complex data engages with what
is ‘unknown’, ‘invisible’ or ‘discreet’. This
shift necessitates the acknowledgement of
alternative ways of examining and conveying
information as well as its visualization.
‘Datascapes’ are considered as multilayered
and multidimensional representations of
complex data, which not only represent the
data visually or numerically, but also inherit a
particular ‘eidetic argument’. Since they hold
the data in an interpretative manner, they
stimulate the designer’s creativity and opens
up new grounds for explorations. However,
datascapes are not static representations
confined  with the two dimensional
representation medium, rather may be
configured and represented in various forms,
which can be updated simultaneously and
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result in ephemeral maps of complex matters.
These maps can represent the ever-changing
relations and ever-expanding data, and can be
used to map the visible and invisible data of
the contemporary city.

KEYWORDS

Mapping; datascape; representation.

INTRODUCTION

Being an abstract system that translates and
reconstructs the real phenomena, map had a
long history of recording and interpreting the
data. Practiced with different techniques in
different periods and contexts, it has always
been considered as a preeminent way of
collecting, organizing and representing the
data. Besides its conceptualization as a visual
instrument (Corner, 2011) for annotating and
exposing the information in an organized
and readable manner, map is also embraced
as a tool for reading the visible or invisible
information.

Although associated mostly with the graphical
representation of a city, maps are also used for
understanding things, conditions, processes
or events (Harley and Woodward, 1987), which
facilitates their use as tools rather than mere
graphical representations. Going beyond the
reproduction of a bird eye view of the city that
provide layers of geographical information,
maps help to understand the complexity of
the urban conditions and provide different
layers of data. Mapping practices that achieve
the graphical integrity and consistency of data
interpretation enable the understanding of



existing relations and realities of the situation/
site/event/processes through various layers
of information sets.

However, a map also inherits the potential
of representing more than the reality
and denotes new and unacknowledged
conditions, which initiate the use of maps as
generative tools that mediate between real
and possible configurations. James Corner
identifies mapping as a creative activity, which
both reveals and realizes the hidden potential
through uncovering realities, even the unseen
or unimagined ones (Corner, 2011). Practices
that consider the map as a creative tool for
reading and understanding the conditions,
rather than an operational tool of measuring
or defining the existing conditions has the
potential of activating new readings. Corner
differentiates these two approaches and in
reference to the statements of Gilles Deleuze
and Felix Guattari, he labels the maps that
reproduce the already known and visible as
tracings (Corner 2011). In his main reference
for this differentiation Deleuze and Guattari
states that: ‘What distinguishes the map from
the tracing is that it is entirely oriented toward
an experimentation in contact with the real.
The map does not reproduce an unconscious
closed in upon itself; it constructs the
unconscious’ (Deleuze and Guattari, 2004)
Therefore, in order to reveal the potential
of the map and to use it as a productive
instrument, it is necessary to go beyond the
routine of collecting, recording, assembling
and representing the visible conditions and
to appreciate the reading of the invisibles.
Overcoming the limitations of the tracings
and activating the new readings that reveal
the invisibles enrich the mapping practices
and expose the potential of a map as an
operational and creative instrument.

1. CONTEMPORARY DRIVES

Advances in technology and the use
of digital design tools also support the

conceptualization of the map as a creative
instrument, which embraces and exposes
the invisibles in mapping practices. The
radical shifts in communication and mapping
techniques, as well as increased capabilities of
gathering, storing and processing information
enabled to acquire, interpret and use complex
data. Altering the conventional mapping
practices, this contemporary approach of
working with big and complex data engages
with what is ‘unknown’, ‘invisible’ or ‘discreet’.
This shift necessitates the acknowledgement
of alternative ways of collecting, processing
and conveying information as well as its
visualization.

Computers and their variances are embedded
the in all aspects of our lives in the recent
years as a consequence of the miniaturization
of the computer hardware, maximization of
computational and storing capabilities of
computers, expansion of network capacities,
as well as the development of communication
manners. Urban environments are occupied
with  data collectors, processors and
archives, where huge amount of data is made
accessible and visible to the society and the
designers. Immersed with these abilities, the
contemporary city gains the ability of storing
and sharing its data through various layers.
Massive amount of data is stored, processed
and conveyed continuously since the cities
are generating new and fresh data in an
increasing speed and variety. The complex
and big data accessed and processed by
the advanced use of technology should be
mapped to reveal the multidimensional view
of the cities, either visible or invisible.
However, reconceptualization of mapping can
be defined both as a revised practice, which
is diversified with huge amount of data entry,
and also can be considered as an instrument
for dealing with the massive data exceeding
the limits of human cognition and perception.
This paper specifically focuses on the
practices where mapping is used as a way of
visualizing and understanding data. Through
questioning how the data-driven mapping
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practices of the recent years changed our
definition, understanding and visualization of
the city, it is aimed to discuss whether or how
they differ from the conventional mapping
practices. Considering the conventional
and contemporary mapping practices, it is
possible to assert that all mapping practices
are defined though a process of gathering
and interpreting objective or subjective data.
However, the contemporary practices that
are dependent more on the digital tools and
computational capabilities of humans and
devices can be asserted to provide deeper
insights to the city and the actors involved in
it.

The amount of available and operational
data defines a dramatic shift in how humans
understand, define and visualize the cities.
However, changes defined through the use
of data are not only in city scale and has
affected all sections of the life, as data has
become the ‘de facto standard through which
the world is ordered and understood’ (Boyd
and Crawford, 2012). The current tendency
of understanding the world (cities, science,
business etc.) and human through the data
-mainly through the big and incomprehensible
amount of data- necessitates the extension of
humans perceptive and cognitive capabilities,
which results in significant changes in the
society. Although the increasing tendency for
rendering the world through numbers is an
ever-present debate (Scott, 1998), the scale
of current data sets defines a radical change
in the society and hence should be handled
with a different mind set. Witnessing the
difficulties of dealing with the complex and big
data necessitates the adoption of a new mind
set and instrumental approach, since the
conventional approaches will not be effective
in dealing with the multidimensionality of the
large data sets.

With a specific emphasis on the city
mapping practices, it can be stated that
gathering, processing and visualizing the
multidimensional and huge amount of
data gathered and processed with the
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contemporary tools and models enables
to focus on which was not visible in the
conventional maps. During the recent years,
it is aimed to work with the unacknowledged
features of the city and introduce them as
another layer of the multidimensional maps
defined through the use of technological
advances (Amoroso, 2015). However, such an
approach to expose the city with its visible and
invisible features necessitates an alternative
mapping technique. Since these maps are
not expected to only document the existing
but also bring the invisible information
to the forefront and make it visible, they
should be open to unpredicted readings and
interpretations (Amoroso, 2015). Hence, they
should be structured different than the static
and flat conventional maps and should be
flexible enough to gather new data, host its
interaction with other data sets and sustain
its visualization.

Making use of technological advances and
new modes of visualization, alternative
readings can be provided through the
integration of large sets of data, which in turn
can also be embraced to understand these
data sets. Therefore, attaining the flexibility
of the map gains importance, when the
continuous input from the city and its actors
are considered. Since the data provided by
and within the city is continuously changing
and this change can be recognized, gathered,
recorded by the technological habitat of the
city, the mapping is also altered continuously
and is never finalized. The maps defined
through the computational tools and
processes can represent the ever-changing
relations and ever-expanding data, and can be
used to map the visible and invisible data of
the contemporary city.



2. AN ALTERNATIVE MAPPING_Naked City

The search for mapping the invisible features
of the city or studying with unsteady and
ever changing data is not specific to the
contemporary approaches of the digital world.
Rather, there have been various attempts of
mapping the invisible, unstable, subjective and
ever changing information. These maps were
also questioning the available techniques
of mapping and were proposing ways of
widening the visual perspective to be able to
visualize and manage information. A specific
example of this search, which is also consider
by many references as a critical shift in the
history of mapping, is the concept of psycho-
geographic mapping studied by Guy Debord.

Guy Debord was a key figure of Situationist
International, which was an interdisciplinary
organization active in Europe in the mid-
20th century attempting to return the map to
everyday life and to the unexplored, repressed
topographies of the city (Corner,2011). Debord
defined psychogeography as: “the study
of the specific effects of the geographical
environment..on the emotions and behavior
of individuals” (Debord, 2008) and made a
series of studies on the Paris map, which were
not mere representations of the cityscape.

THE NAKED CITY

LLUSTRATION DE L'NYPOTHESE DES PLAQUES %
TOURNANTES EN PSYCHOGEQGRAPHIUE N

Rather, Debord's studies were reflecting the
subjective inputs such as perceptions and
desires of the human. The Naked City map
was produced in 1957 by Debord through
taking nineteen sections from the original
map of Paris, which were reassembled in a
subjective manner considering the experience
and the desires of the human. Defining this
work as a construct that creates a synthesis
between the existing conditions and the
human experience, Debord also added red
arrows to the map (printed in black ink), which
illustrate the “spontaneous turns of direction”
between the fragments (McDonough, 1994).
The fragments and the turns are all defined
according to the personal experience of
Debord when he wandered along the streets
and alleys of the city, defining his own path
through turning here and there (McDonough,
1994). Therefore, the arrows together with the
fragments- reflect the desires and experience
of the human through the city. The produced
map is an ephemeral, subjective and
personalized one, where the invisible desires
and experience of the human is brought forth
and opened up new discussions on different
aspects of the city ranging from politics to
perception.

\ N
oy t
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Figure 1. The Naked City map produced by Guy Debord. (1957)
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3. DATASCAPES

Guy Debord’s approach of considering the
fluidity of the city and bringing forth its
unknown features dependent on the personal
and subjective inputs, initiated the studies
that aim to define a deep awareness of the
unquantifiable and immaterial qualities of
the city. James Corner defines this approach
as a creative one and outlines mapping as
a process of a strategic and imaginative
drawing-out of relational structures, rather
than an indiscriminate listing and inventorying
of conditions as in a tracing, table or chart
(Corner, 2011).

Considering the complexity of the city and the
relationship between the city, citizens and the
society, the maps are expected to represent
the dynamic relationships of the city. For
that reason, they are structured to collect,
interpret and represent the subjective inputs
and experimental data through its multiple
layers, besides the objectively constructed
data through numeric and quantitative values.
In this approach, maps are conceptualized as
creative processes, which enable to collect,
process and represent various types of data.
One significant development that initiated
a radical shift in mapping processes and
supported their definition as creative
processes is the advances in technology
and the use of digital design tools, which
enabled to acquire, interpret and use complex
data. Over the past few decades, maps
have been re-conceptualized to support
the creative processes through using the
advantages provided with the digital media
and computational abilities. Their further
development can be asserted to initiate new
techniques and definitions of mapping and
widened the capabilities of the designer to
investigate and interpret the urban data.
Defining a shift in the conventional mapping
practices, this contemporary approach
of working with big and complex data
engages with what is ‘unknown’, ‘invisible’
or ‘'discreet’. These ‘new’ maps, which enable
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the representation of the invisibles of the city
through the multilayered data, are considered
as alternative approaches that re--vision and
rethink the mapping and urbanism of the
contemporary city (Amoroso, 2010).

This shift necessitates the acknowledgement
of alternative ways of examining and
conveying information as well as its
visualization. ‘Datascapes’ are considered
as multilayered and  multidimensional
representations of complex data, which not
only represent the data visually or numerically,
but also inherit the potential of influencing the
mapping and design processes (Lootsma,
1999). Therefore, datascapes hold the
potential to go beyond statistical descriptions
and serve as creative grounds for designers.
James Corner describes datascapes as
representing "objectively” constituted data
through numbers, quantities or facts in
knowingly selective ways to construct or
suggest new spatial formations (Corner,
1998). He differentiates datascapes from the
quantitative maps and states that ‘they are
designed not only to reveal the spatial effects
of various shaping (eg, regulatory, zoning,
legal, economic, and logistical rules and
conditions), but also to construct a particular
eidetic argument" (Corner, 1999). Questioning
the quantitative and creative potentials of
mapping, the term eidetic is used by Corner
to discuss the works that represent and
mimic the reality and the ones triggering the
creativity. He defines eidetic as referring "to
a mental conception that may be picturable,
but may be equally acoustic, tactile, cognitive,
or intuitive" which is "unlike purely retinal
impressions of pictures, eidetic images
contain a broad range of ideas that lie at the
core of processes of creativity" (Corner, 1998)
Through point out the potential of eidetic
conditions to engender, unfold and participate
in emergent realities, Corner underlines their
stimulating power for creativity.

Referring to WJ. T. Mitchell's comparison
of a picture and an image, where the
difference between a specific kind of visual



representation (the 'pictorial" image) and
an image (verbal, acoustic, mental images)
were discussed, Corner identifies the maps
as images holding eidetic arguments
(Corner, 1999). Through these arguments,
the designer can both represent the reality
and also reformulate given conditions,
which may lead to new interpretations
and innovative solutions (Corner, 1999).
Since these eidetic arguments facilitate the
subjective inputs introduced of the designer,
they enable and welcome alternative reading
and interpretations of the conditions. With
this potential, they differ from the mere visual
representations of quantitative maps and
enable the imaging of data in instrumental
ways (Corner, 1999).

Use of digital medium also affected its
instrumental use and enabled multi-layered
and continuous data input, which enable to
render complexinterrelations andinteractions.
They are not static representations confined
with the two-dimensional representation
medium, rather may be configured and
represented in various forms. They can
represent the ever-changing relations and
ever-expanding data, which can be updated
simultaneously and result in ephemeral maps

of complex matters. They also hold the data
in an interpretative manner, which stimulate
the designer’s creativity, enable they future
readings and open up new grounds for
explorations.

In the late 1990's, when the influences of
the shifts defined through the use of digital
medium and increased computational
capabilities were asking for reassessment
of the tools and approaches in use, Dutch
architectural firm MVRDV questioned the
conventional  mapping  processes  and
experimented on datascaping. Their approach
to map the urban phenomena through
datascaping was a provocative one, which
extended the definition of mapping through
the use of digital medium. In their publication
Metacity/Datatown, ~MVRDV  questioned
the contemporary conditions of the city and
the inadequateness of the ways used by
designers to understand the data provided
by the city that exceeds the perception and
comprehension of the human. Considering
a fictional and extreme scenario, where the
current population of the Netherlands was
multiplied to increase the data produced by
the city, they studied data of the city and /
city as data. Through using the qualitative

Figure 2 (left). One large red cube is created measuring over one and half kilometers on edge to represent a massive

volume that would contain all the inhabitants of Datatown.

Figure 3 (right). Landscaped datascapes, created by waste emerge as hills and mountainous forms, which create

a new landscape.
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(visual approaches) to signify the quantitative
(numerical data) data, MVRDV studied the
scenario in two scales where Metacity relates
to the whole world and Datatown relates
to the Netherlands (Amoroso, 2010). The
data gathered through the analysis of the
spatial, social and economic consequences
of the proposed population was studied both
numerically and visually (Amoroso, 2010).
Statistical analysis and use of numerical
expressions were considered as essential
tools to grasp the complexity of the data
available, document and process it. However,
the visual expression of these numeric values
to attain a comprehensible form that abstracts
the multiple layers of data in a powerful and
yet informative way and also stimulates the
creativity of the process. The visual images
produced in Metacity/Datatown project can
be considered as eidetic arguments, which
initiate future scenarios of the city through
imaging the statistical data in visual form. In
this respect they are differentiated from the
conventional maps, which picture the reality
through representations.

Considering the uncanny relationship of the
maps with real, where they are defined to be
abstractions, that initiate new conditions and
reading, datascapes provided by MVRDV can
also be regarded as maps (Amoroso, 2010).
Through considering the extreme scenarios
producing complex and multidimensional
data, these datascapes deal enable to
translate the changing conditions and make
future reflections on the urban situations.
Processed digitally, these datascapes both
reflect the reality and also define an uncanny
relationship with the real, which liberates the
designer to make predictions, speculations
and new readings.

With the increased computational capacity
of the twenty first century, map designers
also integrated subjective and experience
based data, which can be considered as
a consequence of the conception of city
as a multi-layered entity. Rooted from the
experience based maps of Situationists, the
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contemporary maps have the potential of
being datascapes representing not only the
visibles and invisibles of the city as a physical
object, but also consider it as a complex and
emergent system generated through dynamic
relations (Urry, 2005). In this system, the data
of the human also gains importance, since
they are one of the actors of these dynamic
relations. These mapping practices --that
consider the experiences of the humans and
consider the data provided by them within the
multiple layers of the map- inherit the potential
of providing new readings of the city. They
enable to draw the invisibles of the city and
explore its immaterial and embodied data.
One significant example of these experimental
maps is produced by Eric Fischer, which
visualizes the relationship between the
social media posts and the location of
the author. Introducing Geotagger's World
Atlas project, Fischer aims to uncover how
people interact with the cities and uses geo-
tagged photographs of the cities or tweets in
social media. Focusing on a specific period,
Fischer attains a huge amount of data to
be visualized, which provided the invisible
interaction patterns and new data layers of
the cityscapes.

Such practices enable to draw the invisibles
of the city and explore its immaterial data,
which focuses on the relationship between
the individual and the city. These subjective
mapping practices can also be considered
as datascapes, since the datascape holds
the flexibility of holding any kind of related
with geography, sociology, economy, traffic or
personal inputs. They highlight the subjective
input from the human and investigate the
relationship between the human and the
space through analyzing the subjective
aspects related with space (emotions,
memories,  personal  experiences  etc.)
(Perkins, 2009). These practices benefit from
the visual power of the mapping to abstract
and comprehend the data, communicate
with the designer/reader and to initiate new
readings of the relations. The data provided



Figure 4 (left). The map visualizes the tweets of residents in Istanbul (identified with blue spots) and out-of-towners,

namely the tourists (identified with red spots).

Figure 5 (right). The map visualizes the photographs shared by of residents in Istanbul (identified with blue spots)
and out-of-towners, namely the tourists (identified with red spots), where yellow one might be either.

by the subjective definition may reveal
the invisible relations, evoke unexpected
readings and produce visual images
triggering the creative processes of mapping.
This aim of investigating the relationship
between the human and the city, recalls the
psychogeographic maps of Situationists,
where it is possible to trace the similarities
between these two approaches and define the
datascapes including subjective data inputs
as arrays of these psychogeographic maps.

With all types of data input the maps turns
out to be multilayered and represent the
collective invisibles of the society. Since
the data becomes available and accessible
with the advances in technology, its use
in various phases of design and decision-
making processes increase significantly.
This change in the state of data enabled to
map the geospatial data collected from the
users, which diversifies the subjective inputs
to the datascape and also shift the scale of
the data set drastically. Compared to the
psychogeographic maps of Situationists,
where one or a limited number of subjective
data were mapped, contemporaray studies
hold the potential of gathering, analyzing

and visualizing data provided from various
subjects.

An up-to-date example of this approach is
provided by Bits'n Bricks office where location
mining and web scraping were used to gather
data in urban scale for Istanbul. Collecting
the publicly avaliable data retrieved from
the urban sources they collected the data of
the shared images by tourists (through their
Flickr accounts) in Istanbul and tried to map
the attraction points (Bits'n Bricks) They also
provided an association between the routes
provided by mobile map applications and the
attraction point-instagram post maps (Figure
6). The produced maps read the geospatial
data and provide insight on the visibles and
invisibles of the city.
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Figure 6. Mapping the attraction points for tourists in Istanbul, through processing the data provided by shared

photographs.

CONCLUSION

Contemporary mapping practices that make
use of the advances of the technology enable
to gather, process, and visualize huge amount
of data, where the ubiquitous data production
feeds the dataset simultaneously and
continuously. In line with the developments
in the technology, changing lifestyles also
motivates us to produce and share the data
and hence become a part of the big data
pool. Continuous update of the data sets to
be considered in mapping also changes the
validity of the mapping, since it evolves with
the data input. Their short-term validity can
be considered as an important shift, since the
arguments and representations expire rapidly.
These shifts in the definition and use of
data necessitate the reconsideration of
conventional mapping techniques to respond
to these changes. Although alternative
mapping techniques have been applied
throughout the history, the experienced shifts
request a different mindset and processes to
be use in mapping practices.

In order to develop a new approach that may
enable to understand how the city functions
in line with its citizens, the conventional
mapping practices should be updated to hold
multiple layers of information; including the
unexplored, speculative and subjective ones.
These multi-layered studies necessitate going
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beyond being mere visual representations
of the existing realities and trigger creative
processes and initiate interpretations of the
data sets. However, the gathered data from
the collective and multiple sources are usually
raw data, which has to be filtered, organized,
categorized and read, which requires an
interdisciplinary group of expertise. Therefore,
mapping cannot be an individual practice but
should be considered as a process guided by
a group of experts.
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ABSTRACT

Urban unities of sustainable development
may act as transformers of knowledge and
technological advancement achieving thus
improved social, working and living conditions
to their inhabitants. A representative case
study of such development refers to the
design proposals made in Spring Semester
2017, in the frame of the design studio with an
emphasis on technology in the 6th semester
of undergraduate studies in Architecture at
the University of Cyprus. The design objectives
referred to the regeneration of a unified core of
Nicosia through the creation of flexible building
units of industrial research and technological
development, envisioned to act as urban
transformers and interaction nodes with
the local and global communities of labour,
research and production. The presently existing
decentralization of the city, as well as the
diversity of social groups, lack of production,
labour and green areas within the city core
have so far led to unfavourable conditions
with regard to a respective sustainable
urban, architectural and social development
of the old city centre. Nine design proposals
presented in the current paper refer to timely
variant activations of the city core bridge
connections with the new city areas, aiming at
the transformation of the city core into a smart
urban area. The building units are expected to
provide flexible and multi-use spaces, where
different researchers may work at different
time periods. Pedagogically, of equal high
importance was the design requirement for the
proposed buildings to comprise symbolically
prototypes of technological development of
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respective activities and tectonic structures,
while displaying the interrelated areas of
function, construction and energy efficiency.
The study further demonstrates that different
activation scenarios of the buildings and
the interactions with the city-core flows of
activities are possible.

KEYWORDS

Urban regeneration; smart cities; urban
and building transformability; architectural
technology; integrated architectural design.

INTRODUCTION

Smart cities have become a landmark in urban
planning. They are the result of knowledge-
intensive and creative strategies aiming at
enhancing the socio-economic, ecological,
logistic and competitive urban performance.
Smart cities are based on a promising
mixture of human capital (e.g. skilled labour
force), infrastructural capital (e.g. high-tech
communication facilities), social capital (e.g.
intense and open network linkages) and
entrepreneurial capital (e.g. creative and risk-
taking business activities).

Central paradigm of urban transformations to
smart regions is the provision of innovation
through networking. The key driving force
of technological and economic progress
essentially depends on cooperation and
interaction between firms and different
scientific  and societal institutions. Such
cooperation forms and the associated



personnel and information technological
interaction are generally termed “network”
(Sydow, 1992), primarily based on the concept
of local or regional sustainable developments
of so-called regional milieux (Lapple, 2007).
The latter can be described as spatial
production and actor systems characterised
by collective learning processes. For urban
development processes, milieux are primarily
amplifiers of the city life and productivity.
These can generate synergies and thus
strengthen regional innovative resources
(Lapple, 1994). In this frame, innovation
processes are enhanced by local and global
cooperation activities among individual
research and development institutions and
by the specific embedding of operations in
the common urban context.

Research and development institutional
knowledge-exchange links are important
for increasing a city’s knowledge economy
(Acworth, 2008). In this framework, local
proximity and geographic clusters have
been important determinants in creating
innovative cities, since knowledge and
production are generated and realized more
efficiently via local proximity and clustering
(Audretsch and Feldman, 1996; Audretsch,
2002). These knowledge-production clusters
(spaces) enhance the innovativeness of a
region. Thus, such urban areas form local
spatial foundations for knowledge and local
production activities to flourish by bringing
out the importance of knowledge- and skills-
based activities, knowledge exchange, and
spillovers in urban localities (Olcay and Bulu,
2016).

In parallel, the global economy has shifted
from an industrial, goods-centered one
to an innovation, service-centered one.
This occurred gradually as innovative
technologies, methods, and concepts
evolved over time (Davenport et al.,, 2006).
In today’s innovation economy, new value is
created through knowledge and intellectual
capital and new entrepreneurships are the
main drivers of wealth and economic growth,

as opposed to the solely traditional physical
assets and owners of the industrial economy.
While rapid technological developments
and increased globalization have forced
the economic activity of traditional
industries to move to low-cost countries, as
Audretsch (2002) suggests, knowledge and
innovation are less likely to be transferred
across geographical spaces; on the
contrary, they concentrate geographically,
forming innovation districts and spaces,
and eventually turn into innovative cities.
Yigitcanlar et al. (2008a) call these urban
innovation spaces ‘knowledge community
precincts’, mostly referring to place-centered
knowledge and innovation clusters. These
clusters comprise high-tech manufacturing
of  knowledge-intensive industrial and
business sectors existing in a mix of urban
life and culture within central urban locations
(Yigitcanlar et al, 2008b). Along these
lines, Kline and Rosenberg (1986) define
the chain-linked model consisting of basic
scientific research, product and process
development, and commercialization as the
three fundamental stages of the innovation
process, where innovation can be initiated at
any stage with inputs from internal stages
and spillovers. The development of formal
relations between research and development
with urban unities results in mutual benefits.
In reflecting upon the approach of embedding
research and development unities within
an existing urban context, a representative
case study refers to the design proposals
made in Spring Semester 2017, in the frame
of the design studio with an emphasis
on technology in the 6th semester of
undergraduate studies in Architecture at the
University of Cyprus. The design objectives
referred to the holistic regeneration of a
unified core of Nicosia through the creation
of flexible building units of industrial research
and technological development, envisioned
to act as urban transformers and interaction
nodes with the local and global communities
of labor, research and production. In the
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following section, the city core of Nicosia
will be briefly described. Subsequently, nine
building proposals, a possible scenario
of individual building units’ activation and
interaction with each other and the city core
will be briefly presented.

1. NICOSIA CITY CORE

The walled city of Nicosia is an example of
medieval town planning, and dates back to the
Venetian period (1489-1571). During this time,
of major concern was the entity of the urban
form rather than the internal structure: the city’s
Renaissance walls with their 11 bastions and
three gates were built to consolidate the town,
which had revealed a dispersed character. In
this frame, the city core has ten connection links
to the new city. The walled city has an area of
approximately 200 ha, and comprises the oldest
part of the city, symbolizing the geographical
and historical significance of Nicosia and
Cyprus as a whole. The city core was declared

a conservation area within the Nicosia Master
Plan in 1989.

Today, Nicosia faces serious and complex
problemsthatarelargely caused by the existence
of the dividing line, which has contributed to
boosting development to the south and the
region, and to the general downgrading of
the walled city and the wider area of the city
centre and the suburb areas along the dead
zone. In these areas, there is a degradation of
the quality of life and the urban environment,
economic stagnation and population decrease.
The initial concentration of services, commerce,
administration and other core activities in the
city centre encouraged the development of a
radial road network that functionally results
from the existence of a single employment
center. Dispersal of employment opportunities
and residential areas to wider areas followed in
the last decades.

The design of building units of Industrial
Research and Technological Development
for the Nicosia Core in the Spring Semester
2016-17 aims at the holistic regeneration of a
unified core of Nicosia. It is proposed that the

Figure 1. Nicosia city core with bridge connections to new city and corresponding building units
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city core transforms into a smart wider urban
area with time variant activation of nine bridge
connections with the new city of Nicosia
through the addition of “temporary” in each
case, building units of industrial research and
technological development (Fig. 1). In principle,
the buildings comprise nodal points of research
and technological development in the wider
area of south-east Mediterranean, whereas the
core of the buildings supports the areas within
the city core.

2. BUILDING UNITS

The buildings units’ proposals have been
developed on the basis of an integrated
architectural design approach, ie. the
development of the respective areas of the
building morphology, structure, construction
and environmental/energy design (Phocas,
2017). In an initial stage the proposed urban
space, the functional zones of each building
and the structure have been investigated.
With  the development of a general
morphology of individual elements or the
entire building, the formulation of an abstract
design concept and the coordination
between construction, function and form

have been pursued. The architectural design
has been further developed according to
the functional disposition, the structure and
the building envelope. Subsequently, the
energy efficiency of the building has been
investigated. The final stage of development
consists of the construction design of the
proposed elements and systems in detail.
The building units have a total area of
2000 m? and they are expected to provide
flexible and multi-use spaces, where
different researchers may work at different
time periods. In all cases, of equal high
importance is the design requirement for the
proposed buildings to comprise symbolically
a prototype of technological development
of contemporary structures, or and of their
internal special functional character, at
aesthetic and morphological level, and while
displaying the interrelated areas of function,
construction and energy efficiency.

The building unit at Archbishop Makarios
B bridge is directly positioned on the moat
level of the city walls connecting the old with
the new city. It consists of a tall skeleton
structure acting as an outrigger system, with
the prefabricated units of private and public
usages plugged into (Fig. 2). A central atrium
hosts vertically the exhibition of the building,

Figure 2. Building unit at Archbishop Makarios B
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and all functional levels are accessed on
the periphery of this open space through a
ramp. Thus, the building develops vertically
at the specific site.The building complex
shown in Fig. 3 is positioned on both sides
of the Dorou Loizou bridge. The building
sections are interconnected at the moat level
of the city walls underneath, through public
spaces. At the street level, the building offers
on both sides a window of related exhibits.
On the level above, private and semi-public
research spaces are accommodated. The
building complex forms a gate for the main
commercial circulation vain to the old city
core.

The building at Solomou square extends from
the moat level of the city walls over the level of
the square in six floors (Fig. 4). The semi- and
public areas of the center are distributed over
the height, whereas the private areas are only
visible by the public. The structural disposition
enables openings at the floor levels, so that
the functions are interrelated throughout the
building. The circulation is achieved through a
ramp on the periphery. A glass envelope with
integrated adjustable sun-protection elements
enlightens the appearance of the building.
hus, the building acts like a showcase of its
contents and activities in attracting the public
flows within from the main bus stations at the

site.

Figure 3. Building unit at Dorou Loizou

Figure 4. Building unit at Solomou Square
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The building at the Pafos Gate consists of two
main sections that are connected through a
corridor over the street leading to the old city
(Fig. 5). The north section hosts the entrance
of the complex and a glassed exhibition
space. The first floor hosts the private and
semi-public research spaces accessible
by the visitors. The fagade panel openings
adjust to the functional requirements of the
corresponding spaces.

The building units at Sarayonu are positioned
at the moat level of the city walls (Fig. 6). The
main building section is situated below the
street level, and extends on one side of the

moat. Deployable units adjust through their
size, structure and envelope elements to the
functional disposition of the program. In this
case the building primarily conveys open and
closed spaces within the landscape at the
moat level.

Figure 5. Building unit at Pafos Gate

Figure 6. Building unit at Sarayonu
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The building unit at Kerynia Gate bridges
two opposite sides of the city walls with the
connecting street to the old city extending
underneath (Fig. 7). The public functions
are distributed within a main glazed open
space. The private spaces are contained in
prefabricated lightweight units plugged into
the main structure on the back longitudinal
side facing the new city. The building acts
as a gate to the old city exhibiting the public
activities within the old city area.

The building unit at Saracoglu Myd develops
along the main connecting street to the old
city (Fig. 8). A unified space is placed below
the street, containing public spaces. The
private spaces are placed on the upper levels
of the complex. Three cores with vertical
circulation elements connect the cantilever
functional units above the street level. The
latter consists of truss tubes connected to
the cores. The building complex is primarily
envisioned to activate the urban area at the
moat level of the old city.

Figure 7. Building unit at Kerynia Gate

Figure 8. Building unit at Saracoglu Myd
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The building unit at Sehit Huseyin Ruso is
positioned on the street connecting both
city sides, and it transforms the area to a
pedestrian zone (Fig. 9). The building is
developed in two autonomous sections
interconnected at the street level. Each
section consists of a mega truss tube,
hosting two main functional levels. The
public functions are mainly concentrated at
the ground level, while the private ones, at
the levels above. Thus, the building acts as a
passageway at the site.

The building core unit at King George B is
grounded at the moat level of the city walls on
one side of the connecting street, and it extends
over three levels. The building core hosts
the exhibition of the center and the vertical
circulation elements. The semi-public areas
are hosted in prefabricated units positioned at
street level and above, and the private research
areas, within the main cantilever above the
street. The building bridges the street, whereas
a steel staircase connects the main cantilever
with the park underneath. The building
disposes a gate to the old city core (Fig. 10).

Figure 9. Building unit at Sehit Huseyin Ruso

Figure 10. Building unit at King George B
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2.1. Urban activation scenarios

The development of the building units has
been based on modularity, light-weight and
mass-fabrication to -customization of the
components. The buildings' articulation
derives from the context of the site and
favors a high degree of flexibility of the
units’ composition. At the same time, the
proposals support sharing and networking
of functions among different building units
within the city grid and by extension, with
local urban areas. Different urban activation
scenarios may emerge according to the
building units realized at different bridge
connections to the old city. A case example
is shown in Fig. 11, whereas four buildings
are activated at a specific time, comprising
further a corresponding urban network of
research and development within the Nicosia
city core. Based on such urban activation
scenarios, the old city life and productivity
are enhanced. In parallel respective
circulation paths, labour, open space and
green areas of the city are developed.
Further related developments within the old
city core are expected to arise due to further
urban activations through different buildings’
realization and interaction.

CONCLUSION

The current paper has presented design
proposals of flexible building units of industrial
research and technological development
for the city core of Nicosia. In view of the
current situation of the city centre, primarily
characterized by a degradation of the quality
of life and the urban environment, economic
stagnation and population decrease, the units
are envisioned to act as urban transformers
and interaction nodes with the local and global
communities of labour, researchand production.
At the building level, aspects of modularity,
light-weight and mass-customization favor the
achievement of flexibility for an effective time-
dependent interaction of the units at a global
and local level, especially within the specific
urban context. The architecture developed,
provides a particular vision of the future of the
area while relying on contemporary technology,
and supports  flexibility, transformability
and adaptability in macro and micro-scale.
By extension, embedding research and
development institutions within the walled
city of Nicosia may further enhance its
regeneration and sustainable development.
Further investigations of the proposals refer
to the socio-economic impact of mixed

usages introduction at the urban scale and the
application of technology for the achievement
of a sustainable regeneration of the old city
core.

Figure 11. Urban activation scenario through operation of four building units (Dorou Loizou, Sarayonu, Saracoglu
Myd, King George B): Main urban circulation axes, usages and connection areas along the city walls moat
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ABSTRACT

As the appearance of robots become
more prominent in the built environment,
architects face the challenge of exploring
design opportunities for their integration.
While such a synthesis involves an interest
in technological systems and kinetics, it
also importantly involves alternative ways of
occupying space. This paper outlines the role
architectural robotics play in the advancement
of the human condition by proposing novel
ways of living with and within the machine.
Through a critical review of architecture's
relationship to the machine paired with the
outline of an experimental pedagogy, the
intent is to uncover ways for equipping a
future generation of architects, not only
capable of realizing environments embedded
with feedback and dynamism, but also adept
in envisioning the design of a better world.

KEYWORDS

Robots; humanism; pedagogy; occupation;
feedback.

INTRODUCTION

Like the language of machines that inspired
Le Corbusier a century ago, advances in
artificial intelligence and robotics have raised
questions regarding how these technologies
change the way we both design and inhabit
space. Thus, contemporary architects
are inevitably faced with the challenge of
rethinking the creative and technological
limits of the discipline. Greg Lynn stresses the
need for such developments, when he writes:
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Rather than merely outfitting buildings with
technology [and..] rather than implanting
empty boxes with artificial intelligence or
retrofitting our cities for driverless vehicles,
architects should [.] integrate large scale
robotics into buildings and urbanism at the
very inception of their creative and critical
processes [..] to realize not just dynamism
and interactivity, but envision new kinds of
spaces and structures with a technological
integrity that challenges the static status quo.
(Lynn 2016, 16).

From this provocation a set of key questions
arise asking, how might we, as architects,
become active participants in exploring ways
robotic technologies are integrated into the
built environment and what are the spatial
implications and architectural ideas that
might emerge from their integration?

The architectural robot legacy, in both
its historical and contemporary context,
provides a framework for the pedagogical
experiment, outlined in this paper, entitled,
the Robot Project. Taking heed to Beatriz
Colomnia’s call for radical pedagogies, which
“shake foundations, disturbing assumptions
rather than reinforcing and disseminating
them,” (2012) the Robot Project seeks to
address transformations brought on by new
technologies and an information culture.
The project recognizes that emerging fields
today are exploring the use computers and
automation of robots in the home (domotics),
in cities (urbotics), and on land (orbotics)
(Somalvico 31). While Bill Gates forecasts
“a robot in every home” (Somalvico 31), the
former dean of architecture at MIT, William
Mitchell, envisions homes not as “machines
for living” but “as robots for living in” (Kapadia



2010, 48-53). It asks, will a future generation
of practicing architects be prepared to address
these  emerging  disciplinary ~ concerns?
Similarly to Walter Gropius's description of
industrialization as a "purifying agency' liberating
architecture from outmoded technological as
well as aesthetic values" (Picon 2014, 58-59)
during modernism, the Robot Project recognizes
that technological innovation can likewise be a
driver for epistemological changes, which forces
designers to think differently.

1. THE ARCHITECTURAL ROBOT LEGACY
1.1. A Machine for Living in

Importantly, the Robot Project is grounded in
a much larger historical and contemporary
context as defined through the longstanding
relationship between architecture and the
machine. In Le Corbusier's Towards a New
Architecture, he envisioned a new world derived
from industrialization and his infamous quote,
“a house is a machine for living in” first appears.
Corbusier situates the quote in the context of
the airplane imploring that engineers define
the problem of “wishing to fly like a bird” and in
response “invent a flying machine” (1986, 113).
He then questions how might we, as architects,
define and solve the problem of the house.
Despite the abundant reference to the machine,
its application in modernism focused primarily
on style rather than interest in the machine as
an instrument. However, 1960's architectural
discourse focused on the integration of the
machine as way to explore how it mightinfluence
both the conceptualization and inhabitation of
space from domestic to urban scale.

Post war thinkers like Reyner Banham called
for “a restored interest in technology in terms of
instrumentality” (Perry 2012, 74). For instance, in
Banham's “Anatomy of Dwelling” in collaboration
with  Frangois Dallegret, he exposes the
relationship between technology and domestic
life by pointing out that the house is so full of
mechanical and electrical services that the

instrumentation alone could provide shelter.
These drawings acted as a provocation to
architects to take a serious approach to
technology. Banham also presented these
ideas at the 1966 International Dialogue of
Experimental Architecture (IDEA). The Radical
Pedagogy archive describes Banham's talk
stating:

He concluded by asking whether the architect
of the future would still find him or herself
involved in the “enclosure business” or would
instead have turned towards environmental
conditioning systems of the type being
developed for the space program, from life
support suits, to telecommunications helmets
and food “shots.” (Buckley).

Banham's statement assumed that existing
trends in technology would grow and
urged architects to look at technological
advancements as a precursor for working
through the potential impacts on the
discipline (Perry 2012, 74). Such early ideas
of technological extrapolation focused on
adaptable architecture and transformation
of space as seen in the designs from many
of those 1966 IDEA attendees such as
Cedric Price, Archigram, and Yona Friedman.
These key players conducted technological
experiments that pushed boundaries in
architecture and drove resultant ideas
regarding ways of living.

Of course, the most notable project for
the concept of a reconfiguring building
embedded with responsivity was the Fun
Palace (1959-1961) proposed by Cedric
Price in collaboration with Joan Littlewood,
John Frazer, and cyberneticist, Gordon Pask.
The Fun Palace proposed a flexible and
transformable building able to accommodate
a variety of occupation possibilities. The
building system included a user interface
for reconfiguration along with the ability
to autonomously suggest new spatial
configurations whenever it would “get bored”
with common arrangements. Price believed
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providing spatial flexibility was the best way
to consider a building’s users and he argued
that new technology “should both serve the
public and further human freedom” (Ways of
Being Political 2013).

1.2. Architectural Robots a Humanist Project

While the robot legacy in architecture
reveals a trend, which exists primarily under
a humanist agenda, by striving to explore
alternative ways of occupying space in order
to enhance the relationship between people
and their environments. The exploration of
technologically optimistic design practices
suggest the line between social activism and
a technological agenda is not so distinct. For
instance, Buckminster Fuller, saw technology
as “a means to redesign society” (Picon 2014,
56). His designs for the Dymaxion house and
car "were not only [..] meant to revolutionize
the building industry, transportation and
everyday life; they were also intended to
pave the way for a radically different future
in which men would roam free on the surface
of the globe, live everywhere and fully take
advantage of their intellectual capacities”
(Picon 2014, 56). In the Potteries Thinkbelt
project, Cedric price also appropriated
mobility as a means to distribute knowledge.
He proposed to occupy a railway system in
order to transport and disperse knowledge
with the cars behaving as mobile teaching
units in addition to “inflatable lecture theaters,
foldout desks, and information carrels” in
order to provide a means of distributing,
sharing, and cultivating knowledge outside
of the static campus model (Changing of the
Avant-Garde 2002).

Urban narratives for softer architecture of
the 1960's suggested a liberation from the
status quo through flexibility and choice as a
means to facilitate density and the expansion
of the city. Yona Friedman explored human
centered design problems in his project Ville
Spatiale, providing an urban infrastructure
that supported flexible rearrangement, as

992 block 5: a future based on technology

a way of having occupants give meaning to
their environment through the freedom of
individual choice. While Friedman's proposal
involved complexity of motion through
reconfiguration, the project’'s focus was to
promote the discussion of urban growth
by providing the “fundamental right to self-
expression of individuals” (Ville Spatiale).
Archigram'’s work provides multiple examples
of the integration of various scale robots
through the lens of fiction as a way to
promote discussion that could lead to change
especially different from the ever growing
means of suburban life. For instance, their
prototype for a house of the future in their
exhibition titled, Living 7990, included a room
with two robots to accommodate moveable
services and change various states of walls,
ceilings, floors, and furniture. Looking at an
urban scale, Archigram's proposal for Walking
City envisioned an intelligent infrastructure
intended to freely roam the world making
decisions about where to move based on
resources and production capabilities.
Such robotic interventions of the 60's from
Friedman to Archigram suggest the capacity
for resilient response to natural disaster and
also promote an agenda for open boarders in
which cities effectively relocate in support of
vitality and equal access to resources for all
of humanity. In response to skepticism about
Archigram'’s ideas and their relationship to the
"human factor” Hans Hollein describes both
the social and political agenda behind the
work when he writes, “Their ideas are always
for people, for a better life for people” (Cook
1999, 6). As Hollein points out in Archigram'’s
work, the architectural robot in its legacy
interrogates both practice and culture by
exploring novel ways of living with technology
and each other.

While Archigram used fiction as a means to
deflect questions of actualization, other key
players like Nicholas Negroponte founder
of the Architecture Machine Group (which
later became the MIT Media Lab) sought
to realize context responsive buildings.



Negroponte describes the group’s vision of
‘a man-made environment that responds
to and is ‘meaningful’ for him or her” (1975,
ii), suggesting responsivity could provide
additional significance to the built world. He
also describes the goal of "humanism through
intelligent machines” (1970, 7) and the desire
to “conjure a world where buildings are [..]
animate, thinking, and emotive beings, which
actively house and protect us physically as
well as psychologically” (Beaumont 2015).
Negroponte's experiments sought not only to
promote alliances between architecture and
computation, but also strove to find ways to
advance the human condition by promoting
a symbiosis between man, machine, and the
built world.

1.3. The Speed of Society

In  contemporary research and design
practices, architects have been looking for
ways to deal with dynamics and spatial
reconfiguration. In projects such as, OMA's
Maison Bordeaux in France (1998), Greg Lynn's
RV Prototype House designed for the Bienniale
Interieur (2012), Axel Kilian's Flexing Room
exhibited at the Seoul Biennale of Architecture
and Urbanism (2017), and the Hyberbody
Group at the Delft University of Technology's
projects Musclebody and Muscle Towers
(2006), there is a commonality of exploring
ways to reconfigure space based on the user
needs and/or interaction. In fact, Michael Fox,
author of Interactive Architecture, coined the
term ‘robotecture’, which explores "human
and environmental interaction and behaviors,
embedded computational infrastructures,
kinetic and mechanical systems and physical
control mechanisms" (2009).

Elizabeth Diller, in an interview about the use
of moving parts in their practice, explains,
“It's not the movement that is important. It's
the speed of its responsiveness to the needs
of the artist” (Davidson 2016, 59). In this
statement she explains the necessity of the
artist to not limit ideas or the actualization

of ideas. Such freedom within architecture
provides a means for the discipline to evolve
to the growing needs of occupants within a
digital age. In an interview with Sidewalk Lab
regarding the development of the Shed along
the High Line in New York, Diller describes that
society is moving so quickly and it is essential
that the architect's work try to respond to
the shifting needs of society and the need to
create an architecture which is both supple
and distinct (Jaffe 2019).

2. ARCHITECTURAL ROBOT PEDAGOGY
2.1. Epistemological Change

Within  the context of the historical
and contemporary practices involving
architectural robots comes a need for a
complementary idea about robot pedagogies.
Beatriz Colomnia urges for experimental
pedagogies in architectural education when
writes, “As schools appear to increasingly
favor professionalization, they seem to
drown in self-imposed bureaucratic oversight,
suffocating any possibility for the emergence
of experimental practices and failures”
(Colomnia 2012). By looking back to the
educational experiments of the 60's and
70's, she reminds us of the epistemological
changes resulting from pedagogical practices
that support a willingness to walk into the
unknown. This kind of epistemological
change, which forces designers to challenge,
question, and rethink, is most important
consequence of the subsequently outlined
Robot Project, at least for now.

2.2. Methodology

Instead of amplifying anxieties about
conditions of alienation produced by advanced
technologies and machines, the Robot Project
draws on the history of humanistic concerns
seen in the architectural robot legacy and
looks for ways that living with and within
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the machine permits discovery of newfound
intimacies between ourselves, each other, and
the world around us. The Robot Project was
part of a course, of approximately seventy
architecture students, that aims to rethink
current pedagogies for computational design.
Itimagines a space of learning that integrates
craft and speculation, criticality and creativity,
and innovation and social consciousness
through production of architectural robots.

Drawing on the definition of a robot,
which involves complexity of motion and
programmability, paired with the essential
qualities  of architecture (i.e, space,
occupation, light, experience, etc) the
project asks students to combine these two
characteristics in order to both design and
build a working prototype of an architectural
robot. Due to the scale and nature of the class
(i.e., large scale and conducted outside of the
studio setting), the project encouraged self-
guided intellectual play through prototyping
and workshops in physical computing. For
instance, the first workshop was a two hour
long design charrette in which the students,
working in groups of two, were given a small
DC motor and wired battery pack and told to

make an object that propels itself forward
with materials that are found, recycled,
reappropriated, etc. Additional workshops
topics included introduction to programming,
the basics of physical computing, actuators,
sensing, and mechanisms. The project
methodology focused on hands on making
and prototyping in parallel with modeling in
order to see problems related to geometry,
materiality, and fabrication. The students
also explored historical and contemporary
examples of architectural robots to help
inform and promote discussion around their
own creative narratives.

One of the resulting designs revisited
Archigram’'s Walking City project through
the lens of Theo Jasen's Strandbeast using
a linkage configuration to both support and
accentuate the performative nature of their
robot's walking motion (Figure 1). Other
student groups envisioned designs for the
autonomous cars which separately housed
a movie theater, gym, and library in order to
provide programmatic amenities during the
commute (Figure 2 and 3). Another group
sought to explore the use of real time news
data to filter out key terms related to gun

Figure 1. Image of revisited Archigram’s Walking City robot through the lens of Theo Jasen's Strandbeast. Source:

(Rachel Dickey 2079)
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Figure 2. Public library and that roams the city providing access to wifi and distributing knowledge. Source: (Rachel
2019)

Figure 3. Top left: Autonomous car with 3D cinema display. Top Right: Robot uses real-time news data as input
and expands and contracts based on the occurrence of key words related to gun violence. Bottom Left: Robot
that reflects signals and remains unseen to other technologies. Bottom right: Expansion robot that temporarily
protrudes outward and claims public space for events. Source: (Rachel Dickey 2079)
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violence such that their robot would change
shape in order visualize conflict in public
space and provide a place where conflict is
exposed, debated, and transformed (Figure 3).
Inspired by Bauhaus pedagogies which
included event, performance, and cultural
play space, and in lieu of traditional formal
design review, the students organized a
concluding event and performance of their
thirty-nine  uniquely designed, fabricated,
and programmed robots that strut their
computational prowess while walking, rolling,
even dancing down a fifty foot long catwalk
in their final exam time debut. Driven by
Bluetooth technology, and designed and
actualized through physical computing and
digital fabrication, these robots dared to excite
and challenge ideas about the contemporary
discourse and discipline of architecture.
Evolving from the inherent interest in objects
that move, the event also acted as a way to
invoke curiosity about the work from faculty
and students alike.

Rethinking the culture of design, making,
and presentation, the students organized the
arrangement of the runway space, designated
a DJ to play each robot’s theme music during
their runway walk, and nominated a series
of commentators to actively describe each
robot during the runway debut. Some of the
descriptions, prepared by each group, read
like a detailed high fashion garment summary,
while others read like a World Wrestling
Federation commencing narrative. Both
the project and related event draw a finer
line between rigor and play. Similar to the
motivations of the Bauhaus, as described by
teacher, Johannes Itten when he writes, “Play
becomes celebration; celebration becomes
work; work becomes play" (Loewenberg 2012,
22). Like Itten's desciption the Robot Project
and corresponding event try to encourage
a design culture of fostering both critical
thinking and creativity and provide a play
space for responding to a world embedded
with technology.
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2.3. Takeaways

While a primary objective for the Robot Project
was to introduce students to computational
thinking and adaptive architecture, other
architectural problems arose during the
project. Students had to consider how to
integrate mechanical systems by including
their micro-controller, network of motors,
gears, power supply, etc. Many for the first
time, were exposed to working with integrated
systems and specifications in order to
understand the basic information related to
their actuators, such as ratings, voltages,
torque, etc. Additionally the students directly
engaged in fabrication problems through
both physical and digital prototyping, in which
they had to consider material tolerances and
material properties such as bending radi,
elasticity, and even the coefficient of friction in
order to get enough resistance for movement.
Thus, the project constraints stemmed from
the design problem of making an operational
robot relative to their larger narratives
regarding transformation of space.

As growing emphasis on information
and integrated technologies in the built
environment place a new set of requirements
on architects, the students were also provided
with the opportunity to explore alternatives
to previously determined conditions and
embrace both quantitative and qualitative
characteristics of dynamic systems. The
explicit goals for the project seek to explore the
boundary between robotics and architecture
and promote creativity at their intersection
by encouraging novelty with intention. It also
strives to introduce students to critical ways
of thinking about technological integration in
architecture. While the project operated under
these objectives, the course also took on a
transformation from its traditional pedagogy
which shifted focus from the application of
computation in design for the generation of
new formal languages to the appropriation of



computation as a means for thinking about
integrating feedback in architecture.

The difference in shifting focus on
computation as formal language to a means of
understanding feedback relates to what Theo
Spuyroploous, calls “the shift in preoccupation
from building as object to building as
system” (2011, 425). Early digital architects
found interest in this notion of feedback
not only related to production of design,
but also integrated into the performance of
architecture. For instance, Kas Oosterhuis
explored shape changing structures using
real time content to accommodate changing
use over time in the Trans-Ports Multimodal
Pavilion (2000). The nodes of the pavilion
would change position to allow the overall
surface to shift in form. Oosterhuis describes
early revelations regarding an adaptable
and shifting architecture when they were
fabricating the Waterpavilion (1997) with NOX:

We realized that CNC production machines do
not read drawings but process data instead.
So we decided to produce data which were
directly used by the algorithms running the
machines. It was the birth of deep parametric
design to production. [..] This triggered me
to think of architecture as a dynamic system,
not only in the design phase where everything
is still moldable, but also in its behavior as a
built structure. (Oosterhuis 2017)

Through the lens of the parametric model,
Oosterhuis suggested a mindset in which
parametric animation does not stop, instead
architecture itself could be set of parameters
in motion guided by feedback. In other
words there was an interest in not limiting
architecture to “a static representation of a
dynamic process” (Perry 2012, 73), but instead
allowing the process to inform a flexible
architecture. Thus early digital architects
caught up in formal possibilities, like the
modernist interest in the machine relative
to stylistic concerns, lost sight of its origins,

which Oosterhuis explains showed interest in
the integration of contingency in architecture.
Another important lesson from the class was
the consideration of time and speed relative
to the built environment. Most students chose
to think of architectural robots purely as a
means for producing dynamic buildings and
spaces and few considered how their robots
situated in space change human behavior
and activate space differently which is also
inherently architectural. Overall the course
placed emphasis on design ideas actualized
through prototyping rather than efficiency
or  optimization.  Future  development
of the project and course could include
interdisciplinary ~ collaboration  between
engineers and architects in order to advance
kinematic components, while also exploring
ways to enhance, define, and accommodate
spatial needs. The hope of the Robot Project
is to generate a new generation of architects
that are able to realize architecture as a
system, but also equipped in conceiving of
novel spaces, environments, and experiences.

CONCLUSION

Skeptics may well wonder: Why complicate
our buildings with robotics? We'd be the first
to agree, for example, that buildings should
employ windows, not air conditioning and
artificial lighting, to make the most of daylight
and natural heating and cooling. Still, who
would deny that electric lighting and central
heating extend the usability of our buildings?
We see architectural robotics the same way,
as potentially extending and enhancing the
use and usability of our built environments.
(Gross 2012, 32)

The rapid changes brought on by an
information based society and the complexity
that exists within negotiating systems
and forms relative to varying needs of
the occupant have generated a desire for
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dynamism and indeterminacy which greatly
contrasts with the traditional architectural
ideals of determinacy and permanency
(Bhatia 2012, 216). The architectural robot
legacy and project outlined looks outside
the “static status quo’ and instead envisions
the integration of computation in design as
a means for examining feedback directly
related to human factors, which could evolve
to include flexibility of use and unique forms
of experience.

While automation of robots in the built
environment is already being discussed
by engineers and specialist in human
computer interaction, current trends sum
up an automated architecture to no more
than a ‘disembodied voice” with voice
control systems or “a world of scaffolds and
screens” (Kilian 2018, 233; Young 2016, 130).
Conversely if we revisit Corbusier’s expression
and really explore what is might be like to live
with or within the machine, opportunities arise
for novel spaces and structures that address
human needs and ways living, perhaps even
needs we never even knew we had or ways
of living we have yet to explore. If we, as
architects want to be leaders in the discourse
and practice of determining the advancement
of the built world, then we must carefully
reconsider the machine for living and imagine
a new set of possibilities for exploring the
integration of feedback and responsivity into
the built world.
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ABSTRACT

Digitally controlled machines and rapid
solidification mixtures are allowing to
execute  buildings  through  3D-printed

construction with a reduction of resources,
waste, time and manpower. Moreover, this
technology provides a direct flow from
design to execution. However, the general
characteristics of buildings made with
this technology have not been confirmed
yet. This work aims to identify features
of architectural design with 3D-printed
construction through material tests, study of
cases and digital models, with the purpose
of guiding the building development. Printing
proofs show the execution of elements with
rough textures, rounded corners and limited
ranges. The cases analyzed demonstrate the
emergence of a variety of buildings executed
with different equipment which share some
construction conditions. Digital modeling
of 3D-printed buildings offers opportunities
of analysis and optimization, especially
regarding curved walls, as well as the
integration of fabrication design and control.
The sinuosity of printed walls becomes a
preview of the innovative spatial features that
this technology is able to provide. This review
reveals novel operational and perceptual
conditions of 3D-printed architecture that
indicate possible evolution in the roles of
design and buildings in the city.
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INTRODUCTION

Digital control of machines and the fast
hardening capacity of certain materials has
promoted the emergence of new 3D-printing
technologies. These technologies have
allowed executing individual constructive
elements or entire buildings (Labonnote et al.
2016; Delgado Camacho et al. 2018) that can
reduce consumption of resources, waste,
time and manpower in the construction
industry, while providing higher accuracy
and digital integration between design and
execution. This leads to examine what
would be the appropriate characteristics
of buildings made with this technology.
Therefore, this work aims to identify specific
features of 3D-printed architectural design
through the study of material tests, cases
executed and digital models in order to boost
the development and experimentation with
this new technology.

3D-printed construction is an additive
manufacturing (AM) process based on
the deposition of a fast-solidifying fluid
material that allows executing human-
scaled elements (Craveiro et al. 2019). This
deposition consists in the extrusion of a
mixture pumped to reach a nozzle that is
vertically attached whether to a 3 DoF gantry
system or to a 6 DoF robotic arm. In some



Figure 1. Printed construction experiments with a Kuka120 R2500 robot. Source (Authors 2020).

occasions, there is an additional control,
feed or pushing device in the final section
of this system. The material pumping must
synchronize with the movement speed
of the nozzle, which is controlled by the
gantry system or the robotic arm through
digital programming of the deposition
trajectory. This trajectory is determined from
a geometrical model and usually divided
in horizontal paths that define successive
layers of material extrusion.

At the Universidad del Bio-Bio (Concepcion,
Chile) initial printing proofs were first
performed with a small experimental gantry
system (1 x 0.6 x 1.2 m) and a mobile deposit
of 9 liters. Nowadays, more advanced
experiments are being carried out using a
Kuka120 R2500 robot with an action radio
of 2.5 m, along with a concrete pump of 120
liters to build wall sections, columns and free-
form pieces (Fig. 1). These proofs have made
it possible to test cementitious mixture, to
define procedure for printing proofs, and to
identify construction features that have been
found to be coherent with other experiences
worldwide (Bos et al. 2016; Ghaffar, Corker,
and Fan 2018; Ma, Wang, and Ju 2018).

1. THE CORNER ISSUE AND OTHER
PECULIARITIES OF 3D-PRINTED
CONSTRUCTION

When using 3D printers with fused deposition
modeling (FDM), extrusion feed rates are
proportional to the lengths of linear segments
usually employed. However, in Computational
Numeric Control (CNC) machines velocities
does not remain constant during the path
defined. At the beginning of each segment,
the devices must accelerate until a constant
speed is reached, and then must decelerate
when approaching a change of direction. As
aresult, an excess of material is deposited in
those zones where the trajectory’s geometry
abruptly changes (Ertay, Yuen, and Altintas
2018). This issue is also known as ‘overshot
corners’. Through a correct calibration of the
speed, acceleration and over-acceleration
(jerk) parameters of each axis, the flow rate
or extrusion multiplier, and other parameters
that can be configured through software,
clean edges can be achieved, but there are
also machine vibration.

In 3D-printed construction, the Contour
Crafting (CC) method incorporates 4 DoF
(TX, TY, TZ and RZ), where controlling the
rotation of the nozzle during the printing
process, to keep a tangential direction.
However, in certain moments, the nozzle
must stop or slow down the extrusion while

the architect and the city_1003



rotates and pushes the material from the
opposite edge and this technique tends to
create bulges around the corners. Therefore,
the nozzle must reduce the flow rate when
approaching a corner, and that reduction
depends on the corner's angle (Khoshnevis
et al. 2006). In rectangular extrusion nozzles
another known effect is the torsion of mortar
cords in corners. To avoid this torsion, the
nozzle's direction must remain tangent to the
deposition trajectory in synchrony with the
tangential speed and the material pumping
pressure. These parameters are directly
related to the viscosity of the cementitious
mixture (Bos et al. 2016).

Other effects are attributable to the
electromechanical configuration of 3D
printers or 4 DoF machines. Acceleration
and deceleration ramps are necessary to
break the inertia of the motors that are part
of the pumping and/or extrusion devices.
These configurations do not allow printing
right angles because of the deceleration of
the printer before reaching the corner. This
results in an enlargement of material in
the outer part of the arc (gap) and an over-
accumulation in the inner arc of the corner
(Fig. 2). Therefore, it becomes necessary to
use a curvature radio in the edges to achieve
an homogenous deposition of material
(Borg Costanzi et al. 2018). Similar than fillet
procedure in digital drawing of corners to
execute regular trajectories.

Another printing issue is the cumulative
angular error in corners of CC systems with
4 DoF. The nozzle must reach the required
rotation in the last segment of a line when it
passes through a corner. When the nozzle's
rotation speed is too low to finish the rotation
within that segment, an angular error arises
that the system tries to correct in the next
corner. These errors accumulate layer after
layer, especially in short segments with
great curvature radios (Xu et al. 2019). More
effects, such as the lack of material at the
beginning of a deposition trajectory occur
because of the delay between the start of
material pumping, the material's inertia in
the interior of the hose, and the deposition
movement. The effect of this discoordination
increases in trajectories starting and ending
in an orthogonal vertex, where they produce
whether an excess or a lack of material (i.e.
bulge or gap).

A different approach to this ‘corner issue’
in 3D-printed construction is presented
in the CONPrint3D® (Krause et al. 2018;
Mechtcherine et al. 2019), which consists
in the use of a nozzle especially designed
to end straight trajectories with no direction
changes, combined with the overlap of cords
with a rectangular section. This approach
implies a discrete cut (true-false) of the
monolithic cords in an alternate way avoiding
continuous control of the extrusion flow rate.
When approaching a corner, the pumping is
abruptly stopped, then the rotation and new

Figure 2. Material deposition in corners with different curvature radios. Source (Authors 2020).
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positioning is performed, and the pumping
is started again to continue with the next
straight segment. Thus, the overlap and gap
effects in corners that arise from continuous
rotation (RZ) in conventional CC systems
with 4 DoF are avoided.

The use of robots with 6 DoF in 3D-printed
construction can avoid the continuous flow
rate and material pressure control in pumping
equipment. The robot-based continuous
welding technologies used in automotive
industry allow the robot's end-effector to
describe trajectories with continuous speed.
This process only requires coordinating the
start and stop via programming code. The
use of conventional slicing programs for
FDM that are usually applied in 3D-printed
construction  experiments to  generate
straight segments in G-code can be replaced
with parametric control tools such asHAL
or KUKA|prc , which already integrate
continuous trajectories, lines, continuous
arcs and splines.

Aside from the ‘corner issue’ here described,
there are several phenomena that occur
during the printing process. Since the
printing material is deposited as a horizontal
cord through the nozzle (which is usually
circular), both a transversal expansion and
a vertical reduction are produced because of
the setting process and its own cumulative
weight of material. As a consequence, an
adjustment between the design dimensions,
nozzle measurements and magnitudes

of the deposited cord must be made, as
well as a reduction in the horizontal joints
between cords is produced making a rough
texture in the elements’ faces. The cord’s
dimensions depend on the nozzle's size,
mixture density, air humidity, flow rate, print
speed, opening time, and initial setting time.
These dimensions must be supervised in the
execution to estimate the modifications in
the design to be printed and the trajectory
that allow adapting to these phenomena.
When the printing path completes each lap,
it is necessary to change the position of the
nozzle in height, and this jump’ produces a
bulge similar to that of the aforementioned
‘corner issue’. Thus, it becomes advisable to
generate printing paths that follow a spiral
form to avoid bulging when completing
each lap. These spirals must grow the
height of one cord in each lap minus the
height adjustments due to the setting and
cumulative weight effects. The early setting
time of the mixture must be regulated to
resist the weight of the subsequent layers
without major dimensional alterations.
The spiral trajectory, equipment range
and material feeding establish maximum
magnitudes for the printed elements to
keep that slope progression. Therefore,
sections and sequences of execution must
be established according to the machines
position and material load capacity.

The vertical sequence of cords is prone to
overturn, especially in straight sections of

1=\
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Figure 3. Perimeter printing proofs of a reinforced structural element. Source (Authors 2020).
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the element, thereby making it advisable to
use ample curves or transversal sections
in the design. Interior reticulates also
collaborate in supporting the element once
executed and act as partial fillings. Additional
proofs have been performed with an UR5
robot to print constructive elements with
inner reinforcing steel bars (Fig. 3) aiming
to determine strategies to move the robotic
arm along the perimeter without interfering
with them. However, this requires to apply
the extruded mixture with an angle of the
nozzle that allows avoiding clashes between
the tool and the printed element, which can
be predicted in the path programming using
HAL, KUKA|prc or similar software. Also, this
inclination of the nozzle generates greater
accelerations both in concave and convex
corners. These difficulties make also is
preferable to design elements with rounded
or curved edges.

2. ARCHITECTURAL EXAMPLES OF
3D-PRINTED CONSTRUCTION

The aforementioned preference of curved
shapes has been also present in several
examples of 3D-printed buildings worldwide
(Perkins and Skitmore 2015; Hager, Golonka,
and Putanowicz 2016; Tay et al. 2017). By
September 2019, the authors identified 68
experiences in different countries, through
a review of websites and scientific papers.
These experiences were made by enterprises,
universities and/or national programs, and
mostly destined to experiment with this new
technology and to present examples of what
it has to offer. From a small refuge in Milano
in 2010, a hotel in Philippines and an office
in Dubai in 2016, a house in Russia in 2017,
an emergency dwelling in Texas, an energy
efficient house in Nantes and another one
in Valencia in 2018, 3D-printed construction
is spreading at a fast pace. In Latin America
seven initiatives have been registered: a
dwellings prefabrication company and three
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universities in Chile, and diverse enterprises
in Colombia, Brazil and Argentina.

Most of these initiatives have appeared in the
last four years, combining printed elements
with other conventional components. 66%
of them were executed with gantry systems
and 18% with robots, and the vast majority
with cementitious mixtures. The WinSun
company in China exposed up this date fifteen
buildings made with 3D-printed construction,
some of them with several storeys, dwelling
groups, or urban furniture, but without
details on the components and processes
used. Cybe (Netherlands), ApisCor (Russia),
Printhuset (Denmark), and the Engineering
Corps of the US Army presented printed
buildings, and even designs, equipment and
mixtures to sale. Besides, several institutions
have participated in NASA competitions
focused on extra-terrestrial construction.
The buildings presented are generally little
houses or pavilions around 50 m2, with one
floor and some common characteristics such
as use of 3d-printed construction mostly
in walls with rounded corners and ample
curves. These designs use whether filled
single-cord or hollow envelope with parallel
cords. The visible texture is covered in some
cases, and complemented with decorative
vegetation, doors, windows and installations.
Windows and doors are usually scarce and
narrow, and roofs use a different constructive
system, whether in wood, metal or concrete
slabs. Speed and low cost are frequently
highlighted as the main advantages, as well
as waste reduction, higher safety and design
versatility.

In the latest months, a big building printed in
Dubai by ApisCor has been presented, using
straight and circular walls. Also, the NASA
contest for extra-terrestrial construction
showed proposals based on vertical shapes
with conical roofs and scarce openings (Fig.
4). Besides, a sinuous design for a dwelling
has been executed in Morocco by the Spanish
company BeMore3D in the Solar Decathlon
Africa contest, as well as a second pavilion



Figure 4. Examples of 3D-printed construction; office building in Dubai (left); constructions in NASA contest (right).

Sources:

(https://www.apis-cor.com/,  https./spectrum.ieee.org/tech-talk/aerospace/space-flight/3d-printers-

could-build-future-homes-on-mars, photographer Tracy Staedter)

by the US Army. The companies COBOD and
Cybe are executing buildings in different
cities of Europe and Asia, and developing
equipment and commercial organizations.
In their constructions, modular walls with
inner reinforcements and services have been
observed.

3. BIM MODELING OF
ARCHITECTURE

3D-PRINTED

The control of 3D-printed construction
requires digital modeling, then some studies
have devoted on testing BIM for design
and planning printed buildings (Lim et al.
2016; Davtalab, Kazemian, and Khoshnevis
2018). The digital management allows also
to analysis constructive conditions like
shape optimization. For example, curved
partitions provides greater stability against
lateral forces than straight (Kounadis and
Papadopoulos 2016; Lagomarsino 2015;
Liu et al. 2018). Like 3D-printed construction
can execute any shape, and in particular
curved envelopes, this attribute can reduce
material consumption, as well as to decrease
environmental impact, manpower needs,
waste and transport.

A geometrical analysis was developed by the
authors through parametric programming
in BIM for the configuration of a 40x20m
rectangular enclosure by generating 1,600

randomized alternative solutions of straight
and curved walls (Martinez-Rocamora et al,
2020). Considering similar overturning limit
force for a straight wall 30cm-thick, and
different curved walls with the same projected
length but lower thickness depending on the
curvature angle. However, it is worth noticing
that using curved walls modifies the built-up
surface of the enclosure, reducing it with an
inner arc and increasing with an outer arc,
besides increasing the effective length. In
contrast, highly reduced thicknesses are not
buildable and do not provide the required
noise and thermal insulation. Thus, several
factors must be compensated by combining
several wall types in a same enclosure or
building. Based on the estimation of volume,
time and cost as resources for the execution
of each solution, it was possible to evaluate
their cost-efficiency. The programming
allows identifying the most efficient
designs to reduce the options that the
architect should evaluate from an aesthetic
viewpoint according to the spatial and
formal expressiveness (Fig. 5). In the shown
example, the design with the lowest time
of construction presents more pronounced
curvatures, while the solution with lowest
consumption of material shows soft curves
in all its sides. The combined analysis
throws a solution with strong curvatures in
the extreme sides and soft curves in its long
sides. Thus, the architectural solution can
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Figure 5. Renders of the best solutions in BIM analysis of envelope with 3D-printed walls in terms of material
consumption (A), execution time (B), and economic cost (C). Source (Authors 2020).

consider whether an operational efficiency or
economic reduction, with a more functional
or expressive design, according to the
activity or the building location.

Another initiative derived from the study
of 3d-printed curved walls was a practical
exercise in BIM with architecture, civil
engineering and  building  engineering
students. It was anintensive and collaborative
work of integrated design where the
students develop a project for an automotive
exhibition hall in a site next to a main road
with 3d-printed curved walls (Fig. 6, left).
This work included building design, budget
and energy consumption estimations, as
well as architectural visualization, structural

and construction details (Garcia-Alvarado et
al, 2020). The project was developed during
two meetings and four collaborative work
sessions of three hours each. Despite some
differences among the participants occurred
during collective work, it was possible
to complete the design with the proper
documentation and relevant architectural
proposal consistent with 3D printing of
curved walls.

In addition, experimentation with definition
of 3D printing elements like families in BIM
has been carried out. These elements were
parameterized according to the analysis
conditions, and exporting code for 3D
printing through KUKA|prc in Dynamo (Fig.

Figure 6. Excerpts of Design Exercise (left), 3D-printing programming in BIM (right). Source (Authors 2020).
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6, right). In this case, families were defined
for the repertoire of curved walls with angle
and thickness variations, as well as material
consumption. Also execution toolpaths
were defined according to the equipment
and concrete pump ranges, thus allowing to
program printing trajectories for 80x40x20cm
elements. These trajectories follow a helical
tour adapted to the estimated dimensions
for the printing cord, its vertical setting, and
lateral displacement. The programming is
usually generated from the volume section
of the element by controlling the parameters
of the trajectory according to the total length,
corners’ radio and the available volume of
material, and subsequently the G-code for
the robot is exported by KUKA|prc. With
the robotic arm’s control panel, the position
of the element, direction of the trajectory,
height adjustments and stops of the printing
process are calibrated.

These  experiences  demonstrate  the
potential that BIM modeling offers for
managing an architectural project based on
3D-printed construction, regarding the study
and development of technological features
with greater effectiveness. It also shows
the singular expressiveness of 3D-printed
architecture through the use of sinuous
forms to accommodate interior spaces and
innovative exterior appearance.

4. DISCUSSION

Printing constructive elements requires
planning and executing a trajectory of
deposition  considering the  machine
capacity, range and constraints in corners.
This technique produces rounded edges
and textured surfaces. Besides, the building
procedure promote curved walls, which
can be optimized, integrated and controlled
through digital modeling and fabrication.
Thus, the design of 3D-printed buildings
requires establishing sizes of rooms
according to the central measurements of
the spaces (see Fig. 7, left) and subsequently
determine detailed tool-paths for walls
and corners, which must be preferably
rounded. Therefore, architectural work must
establish the occupation and magnitude of
spaces within an integrated analysis and
management of construction process, apart
from to establish the envelope according the
equipment available and deposition strategy,
with convex edges that could difficult the
fitting of furniture but promote the interiority
of activities and a fluid perception of
surfaces.

The horizontal and sinuous configuration
of 3D-printed buildings also provides a
combined appearance of technological

innovation and ancestral stability (Fig. 7,
right), with curve walls and rounded corners
that dilute the visual awareness of edges,

Figure 7. Drawing of conventional and 3D-printed buildings (left) and 3d-printed models (right). Source (Authors

2020).
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thus privileging the expression of settled
and continuous volumes. The perceptual
extension of the faces prolongs the contours
and dissolves limits, linking adjacent spaces
and activities. Combined with technological
and  cultural  meanings, architecture
associated to 3D-printed construction
promotes new social relationships, and the
design are pushed to functional organization
that must articulate technical procedures
and expressive capacities of buildings and
their urban possibilities.

CONCLUSION

The various proofs, designs and examples
built with 3d-printed construction to date
present novel architectural features. Material
deposition produces rough textures in the
building elements, with rounded corners
and limited sections. Digital modeling allows
integrating and optimizing construction,
especially with varied and curved shapes.
Buildings executed mostly have 3d-printed
long and winding walls combined with
conventional roofing elements, windows,
installations  and coverings. These
conditions express an incipient architectural
development oriented to an integrated
management of design and execution
focused on operational control and functional
organization. But also, sinuous forms in
buildings allow dedicating inner spaces
to diverse activities and new expressions.
Hence, this work provides a novel and initial
review of architectural design with 3d-printed
construction that suggests an emerging
landscape of the architectural work and the
cities’ built tissue.
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ABSTRACT

In the last twenty years, society has witnessed
complex humanitarian emergencies caused
by radical atmospheric phenomena or sudden
political changes with warlike consequences
that have produced exceptional movements
and resettlement of affected citizens. These
emerging circumstances have hit especially
hard the most disadvantaged sectors of
the population. Needs for land preparation
and fast small and large scale housing
construction have emerged in order to
accommodate those affected in the short or
medium term.

In adverse environments, these needs require
the generation of diligent architectural
structures. In order to fulfill their objectives,
these agile and versatile skeletons must be
executed at local level, involving the citizenry
and using as much autochtonous materials
as posible. Capacities ans skills of the
locals must be focused on four fundamental
concepts:  self-construction,  portability,
sustainability and reuse.

This study traces an introduction to the state
of play regarding these diligent architectural
studies. It exposes the problem of creating a
model which responds by means of folding
structures or dismountable ones, to the needs
of each emergeny situation. Qualities such as
versatility, adaptability to the problem, basic
functionalities and conditioning factors are
analyzed.

KEYWORDS

Deployable structures; removable structures;
sustainability; self-construction; reuse.
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INTRODUCTION

Since the 1990s there has been a growing
interest not only in providing rapid
accommodation for people who lose or
have to leave their homes for a variety
of reasons. But there is also an interest
in making these habitats as safe, useful,
flexible, reusable and sustainable as possible.
Each location and each town has a certain
and very specific idiosyncrasy which makes it
unique. The shelter models implemented must
be capable of responding to these needs with
structural systems that are flexible enough to
be able to adapt to different lifestyles, multiple
locations and climatic conditions, with the
use of sustainable and reusable materials.
The present study aims to establish an
approach to the needs that each emergency
situation requires, the most appropriate type of
accommodationineachcaseandwhichmodels
of structure can offer a better response, without
forgetting the needs of the individual and the
sustainability of the system, i.e. its life cycle.

1. SUSTAINABILITY OF COLOR

After the Second World War, due to advances
in technology, improved infrastructure and
new communication systems at a global
level, a movement of aid and collaboration
among countries in case of humanitarian
disasters and war began to be generated.
After the Rwandan genocide in 1994, one of the
largest population migrations of that decade
took place and ths Sphere Project emerged.
During that conflict, significant coordination
failures among the different humanitarian



organizations that went to the area to help
were observed and the success of those
missions was meaningfully reduced. The
aforementioned project was launched in 1997
with the aim of improving coordination among
humanitarian organizations and of establishing
common operating protocols for them all.
The goal of the Sphere Project is to establish
common principles and minimum quality
standards in the event of having to act
in any type of humanitarian emergency.
These minimum standards are reflected
in its "Humanitarian Charter and Minimum
Standards in  Humanitarian  Response”,
which is regularly updated and revised.
As the fundamental philosophy of the project,
we can read in its Humanitarian Charter
‘[...] the right to live with dignity: the right to
receive humanitarian aid and the right to
protection and security” These rights are
complemented by minimum  standards
covering the needs for: water, sanitation and
hygiene promotion; food security and nutrition;
shelter, settlements and non-food items;
and health services. The present work will
focus on this need for shelter and settlement.
Two of the main causes behind the need of
generating new housing are natural disasters
and warlike conflicts, and both cases have
different origins and needs that condition the
type of response. Aspects such as the volume
of population to be rehoused, the urgency
with which the accommodation is needed,
the assembly times, the duration of the stay,
the model of population to be housed (family
or individual nuclei), the lifestyle in the area
(more or less rural), the climatic conditions
of the area and the natural resources of
the area determine the shelter model.
Broadly speaking, we can establish two
strategies that will condition the model of
refuge to be implemented as a response to this
need for new accommodation. The first one
would consist of trying to maintain and respect
the existing housing model by readapting it
reconstructingitandimprovingitandthe second

one would consist of standardized models
or exported from other areas (Davis, 1978).
Another important aspect to take into account
when considering an efficient shelter design is
the time factor. Up to 6 months we talk about
emergency aid or what we could callimmediate
survival; after that time we find ourselves with
humanitarian aid or post-disaster rehabilitation;
and if the situation lasts for years we are facing
a humanitarian action that would imply the
reconstruction of the area (Ros Garcia 2015).
Any analysis of these issues shows
that immediate relief, rehabilitation and
reconstruction, although they are distinct

phases, constantly interfere with each
other, and immediate decisions taken
a few days after the disaster usually

influence long-term events (Davis, 1978).

2. METHODOLOGY

The bibliographical references shown in part 6
have been used for the drafting of this article, as
well as consultations on specialized websites
and search engines. Internet searches have
been used mainly to extend and update the
information on those interesting projects
described in the books and whose description
was too short, but interesting to extend in
order to be able to go deeper into the subject.

3. DISCUSSION

In order to draw conclusions about the best
shelters for each context, it is necessary to
know which emergency accommodation
solutions can be considered. The goal of the
current work is, firstly, to analyse as many
different models as possible from different
points of view, namely: type of assembly,
compactness of the system, reuse possibilities
and structural system; and, secondly, to
establish a classification of the different models
employed in order to analyuse pros and cons,
establishing then the suitability of each system
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in each situation. For this reason, models
implemented since the 1970s to the present
have been studied, both used in the field and in
the prototype phase or still under study. After
the analysis a classification according to the
constructive and structural features of the
shelter models studied will be established.

3.1. Compact units

Compact units are already manufactured
products, completely autonomous which
do need no or very little assembly. They
do not respond to any specific structural
system. These models of refuge usually
respond to rigid configurations that
clash with the forms of traditional
architecture of the place and use
materials not always available in the
area. Hence, it is a kind of model that
has some acceptance as immediate
accommodation but little success as
a habitat in the medium or long term.

Dymaxion deployment unit

The Dymaxion Deployment Unit (DDU), or
Dymaxion House, was created by Buckminster
Fuller in 1940 to house American soldiers
deployed around the world during World
War Il. It is a circular structure of about 6 m
in diameter made of corrugated steel that

resembles a silo. The dome shaped roof has
perforations acting as windows and an upper
ventilation hole. The interior is insulated
and finished with wooden panels (fig. 1).
This structural model was the germ of the
“modern igloos”, minimal constructions
intended for housing and, later, of the
geodesic dome (1948). The “modern igloos”
were domes with an octagonal structural
matrix that provided stability to the whole
using a minimum amount of material.
However, they were barely accepted as a
shelter due to the rigidity of their shape.

Western Germany Red Cross polyurethane igloo
Polyurethane igloos were used by the Western
Germany Red Cross in 1972 as shelters
after the Masaya earthquake in Nicaragua.
It could be assembled in two hours, but it
took more than 148 hours to occupy the first
one as the right location could not be found.
Of the 500 units assembled, only 30% were
finally occupied because the model did not
meet the living needs of the population.

CMAX System

The CMAX System is a prototype designed by
Nicolds Garcia Mayor in 2001 (fig. 2) which,
according to the official website, consists
of a housing module with a rigid central
structure, built in polypropylene, aluminium
and polyester fabric; and two wings made
with a flexible material that, when unfolded,
quadruple their size. This kind of shelter can

Figure 1. Dymaxion deployment unit. Library of

Figure 2. Cmax System housing shelter (Garcia Mayor

Congress: US. Farm Security Administration
2013)

(Daderot 2011)
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withstand strong winds, is waterproof and
easy to transport, as it is light and foldable
and can be raised above the ground on a
set of legs. It can host up to ten peoplele.
With the adequate tools it can be assembled

and secured in about eleven minutes.
3.2. Deployable structures
Deployable structures usually involve

some mechanization and the use of their
own materials. These structures are quick
to assemble since joints are scare because
the whole model is frequently solvid with
membranes, curved sheets, domes or
vaults. Models based on deployable
structures display many possibilities for
configuring the space beneath and around
them. They are easy to be transported
because of their reduced weight. They can
be expanded or contracted because of
their geometric, material and mechanical
properties, turning them into meaningfully
changeable elements with the possibility
of constantly evolving and adapting
to the architecture of the area where
they are implemented (Rivas, 2015).

UNHCR Lightweight emergency tent

Tents are the most widely used system
when it comes to generating new
emergency accommodation. That fact
responds to their economy, speed of
assembly and versatility. On the contrary,
these models do not always respond
correctly to the climatic conditions of the
area and have a very limited durability
without the possibility of reuse after
their lifespan. The most basic model
consists of a double-flight tent with a
central support and side braces that
provide rigidity to the canvas. There are
multiple variations and extensions of this
model which even considers a model
resolved with a dome. As a remarkable
example, the UNHCR model was initially
used in 2002 and is still in service.

Concrete Canvas Shelter

Commonly known with their acronym CCS,
Concrete Canvas Shelters are constructed
with CC13 concrete canvas, bonded to
the outer surface of a plastic interior. The
first step of the building process consists
of inflating it. Once it has reached its final
size and shape, it is hydrated with water
and after twenty-four hours, it becomes
a rigid structure ready for use. This
typology generates curved structures of
thin concrete wals which are both robust
and lightweight. Concrete canvas shelter
units can be coupled and arranged in
series to generate sets of structures. The
first prototype was developed in 2003
and is currently a registered system.

Weaving home

This prototype designed in 2013 by the
architect Abeer Seikaly, re-examines the
traditional architectural concept of field
shelters by creating a technical, structural
fabric which expands to protect but
also contracts for later mobility while
providing the comforts of contemporary
living such as heat, running water,
electricity, storage and many other.

3.3. Detachable structures

Detachable structures encompass all those
structures which must be mounted entirely
on site and require a much longer and
demanding process to be finally assembled.
In turn, this system has greater versatility
making possible the use of local materials.
Detachable structures display a much larger
variety of structural models which range from
framed systems with gabled or curved roofs
to systems based on vaults or domes. The
main purpose of a detachable structure is to
be able to achieve more and better results
with the smallest amount of resources as
possible. This cathegory also aims to adapt
the system proposed to provide answers
to the specific needs of the area to be
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intervened considering local resources and
means. Therefore, detachable structures
will be built with the minimum amount of
what is available at a certain moments and
by means of self-constructing, generating
a universal system which allows new
constructions to be adapted to the traditional
models of existing housing (Ban, 2011).

Paper-Log-House

This currently used model was designed by
ShigeruBanin 1995. Itis atemporary shelter
made of cardboard tubes waterproofed
by means of transparent polyurethane
and filled with newspaper sheets. The
plywood floor is supported by sand-

loaded beer crates, while walls and roof
posts are formed by the aforementioned
assembled tubes, thus securing the canvas

Figure 3. Paper-Log-House in Kobe

Figure 4. Paper-Log-House in Cebu
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roof (fig. 3). The constructions is quickly
recyclable, easy to transport and store,
and quick and easy to assemble by the
future occupants. Actually a unit can be
built within ten hours, being fully reusable
after its lifespan. It is a system which has
been widely accepted and used in various
emergencies, adapting it to the specific
climate and materials of each area (fig. 4).

House elemental tecnopanel

This prototype designed by Chilean architect
Alejandro Arevena in 2010 consists of a
modular, mountable housing unit designed
to meet housing needs during the floods
which in that period affected his country. Its
most remarkable characteristic is that, once
assembled by three people in just one day,
it can be both used as a permanent housing
or as a temporary dwelling and then reused.
It is based on an elemental prefabricated kit
mostly based on structural insulated panels,
SIP, which are self-supporting and made with
a high-density polystyrene rigid foam core.
More information on this system can be found
in its official website: www.elementalchile.cl.

Superadobe sandbag shelters

Sandbag shelters are dome and vault shaped
constructions  which combine traditional
architecture with new materials. Designed by
Nader Khaliliin 1995 they are still in use. Sacks
filled with soil are compressed with a hand
rammer and distributed following a circular
pattern. A barbed wire is placed in the joints to
prevent sandbags from moving and to provide
stiffness to earthquakes (fig. 5). The system
is completed with cement, lime or asht to add
even more stability (Rivas 2015). This system
was used for the fist time as a shelter in 1995
at the Baninajar Camp in Khuzestan, Iran. It
was one of the results of applied research
at the California Institute for Architecture
and Earth Art, also know as the Cal-Earth
Institute, founded by Nader Khalili in 1991.



Project VEM

This prototype was produced in 2017 by
the Rebirth Inhabit Research Group of the
CEU San Pablo University in Madrid, Spain.
Architectural models builf after the VEM
prototype can be completely dismantled.
They are formed by a tubular structure
in metallic allow, a light panelling on its
horizontal base and a reinforced double
layer textile envelope. It presents important
architectural advantages when comparent to
other current types of emergency housing,
such as assembly easiness since it can be
assembled by just two people in two hours,
airborne, greater adaptability of seating
and an extendable capacity system. VEM
prototype versatility makes possible to adapt
each unit to new locations and materials.

- .

Figure 5. Figure 5: Superadobe sandbag shelters in
Djiboutiin 20712

CONCLUSION

When we are faced with a natural disaster,
we are dealing with a population that is
deeply rooted in the area and reluctant to
leave their home no matter how destroyed
it is, who prefer emergency accommodation
in locations close to where they live
rather than in remote camps, as all their
possessions are there. In these cases,
where what is lost is the home they live in,
they look for a temporary shelter that can
provide and allow for the lifestyle they are
used to, a refuge that, if necessary, can
end up becoming their permanent home.
On the other hand, when we are facing
migration due to war, the needs are different.
People leave their homes and there is no
feeling of attachment to the area. The new
accommodation is seen as something
temporary. The main purpose will be to return
totheoriginalhome or find a new one. Inthese
cases there is more freedom to establish the
location of the shelters, it is possible to make
a better forecast of the volume of people to
be housed and the system does not need
to be based so much on local models and
allows the use of materials from the area.
From this we conclude that any study
on the provision of housing, shelter or
new habitat should start with an analysis
of what is needed in that particular
community, to make housing that has a
relationship to local cultural patterns and not
consider it as a minor issue (Davis, 1978).
Therefore, in many cases the success of the
model to be used depends, not so much on
the goodness of the model itself, but on an
adequate tuning between the model and
the concrete use it is intended for. Thus, we
see that forms of housing or shelters that
completely ignore the cultural customs of
the occupants can become a failure. And the
same goes for universal solutions if they are
not used in the right context. On the other
hand, providing a shelter while recognizing
cultural issues and trying to use appropriate
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and safe construction techniques has
been more widely accepted (Davis, 1978).
Analyzing different systems used as
emergency accommodation in recent years
we can establish a classification of them
from a constructive and structural point of
view and assess in which situations each
model has been more appropriate. We find
compact units, completely autonomous and
ready to start working immediately as they do
not require assembly; but with little capacity
for modification and adaptation to different
locations. So a priori it is a model suitable for
short stays, emergency aid, and in temporary
locations with no intention of becoming
permanent. Secondly, we have the models
of deployable structures, quick to assemble
and with a greater flexibility, which allow the
intervention of the users as regards their
final shape and the use of materials to adapt
it to their needs. Finally, we have the case of
dismountable structures which need a longer
execution time as they have to be assembled
entirely on site, which in turn gives the
system greater versatility, allowing the use
of materials from the area and facilitating
self-construction and reuse of the system.
Deployable structures and dismountable or
detachable structures, due to their versatility,
are more suitable solutions for location in
areas where there is a strong tradition and
which are considered as long term stays,
humanitarian aid or post- disaster, and which
can end up becoming definitive as they are
adaptable, reusable and self- constructed.
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ABSTRACT

The introduction of Lean Construction
standards into the AEC Industry has changed
the way that the professional approach the
different problems. BIM and Hybrid Digital
Twins are new high demanded technologies
that improve the efficiency of the industry’s
procedures as they allow new and faster
methodologies.  Optimization algorithms
are often used in combination with these
techniques to improve the result at several
points of the design phase, including the
structural project. The optimization can
be done using different criteria, like the
economy, sustainability, energy consumption
or constructability or a combination among
them. While there exist exact formulas to
quantify some of these criteria there is not a
universal one to quantify the constructability.
In this article, we establish the key points to
create a constructability criterion for each
structural project and explore its efficiency.
The way to quantify the constructability
depends on the structural design and
element to be optimized and as there is not
an exact formula to quantify the different
factors that influence it have been defined
and their combinations explored for a certain
structural problem: optimization of a concrete
beam. With this, we are able to quantify the
easiness to build a certain structural project
and reduce the building time and crew cost
and create a way to improve the structural
design. This exposed method can then be
expanded to different structural elements.
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INTRODUCTION

The  Architecture,  Engineering  and
Construction Industry (AEC Industry) has
been one of the most static industries
in the world and has been reluctant to
changes, in the last years this tendency
is starting to change. The introduction
of powerful informatic tools creates a
new environment where automatized
tools can be developed for several tasks
(Eastman et al. 2011). These tools allow the
professionals to improve their productivity
and quality of the project and at the same
time have more control over it and are
based upon management improvements.
Some of the management improvements
to the industry are led by the increase
in the usage of Building Information
Modelling  (BIM)  Environments  (Volk,
Stengel, y Schultmann 2014) and Digital
Twins (Chinesta et al. 2019). Both provide
great advantages for the professionals as
they are able to handle a lot of parameters
and work with them simultaneously.
Allowing the AEC Industry to introduce the
different Lean Construction (LC) precepts
effectively and improve the sustainability
of the project. The adoption of the two
different environments is an evolution to
traditional methodologies and by using
them the professionals are able to reduce
the risk of errors during the project, achieve



better accuracy through the design phase
or their management capabilities. There
is also utility when working in cloud-
based servers (Jiao et al. 2013) with
several people operating at the same
time in the same model with coordinated
modifications and improvements
which are natural in both of them.
There are a lot of differences among both
of the previously stated environments. On
one side, BIM is hard to define term as it
includes three concepts: a product, the
digital file where the model of the project
is stored, the specific type of software
and the methodology used to create the
model (Eastman et al. 2011) («Frequently
Asked Questions About the National BIM
Standard-United States™ | National BIM
Standard - United States» 2016). BIM, in
reality, is a mix between the three concepts
is an n-dimensional matrix of the project’s
data where the user can define and relate
new dimensions and variables between
them, this set of dimensions is the digital
model of the project that is developed on
a BIM software and to properly use it the
methodology has to be used. On the other
side, Digital Twins are one step ahead of
the BIM environments in terms of project
management. They do not only work
during the design phase but also during
the life cycle of the building. A Digital Twin
is a virtual model for a certain procedure,
product or service which is continuously
being updated with new input from the
real object on the world. For the AEC
Industry, it consists of a digital model of
the building itself which is being updated

through sensors from the building.
This model can be used to visualize,
analyze, simulate and plan everything

on the building (Chinesta et al. 2019).
As seeneachoneofthemhasitsadvantages
and its uses. BIM works better in the
design and construction phase allowing
the professionals to optimize results and
procedures and Digital Twins are better

managing variations and modifications
through the life cycle of the building.
The environments by themselves are only a
frameworktocontroltheprojectandvisualize
its different aspects simultaneously. They
are a completely new methodology that is
starting to change the way that the AEC
is working. But by themselves, they are
only able to control, show and manage
parameters. To fully take advantage
of the environments these parameters
have to be analyzed in conjunction with
each other. For this purpose, the Building
Performance Tools (BPS Tools) are used,
as they are able to take the parameters
stored in the digital environments and use
them for several tasks. A lot of BPS Tools
have been developed through the last ten
years to improve sustainability (Chong,
Lee, y Wang 2017) (Lu et al. 2017), reduce
CO, emissions (Chen y Luo 2014), waste
reduction (Akinade et al. 2015), optimize
structural  design  (Fernandez-Mora vy
Yepes 2017), among other purposes.
A large group pf BPS Tools are focused on
the design aspect of the project, helping the
professionals to make decisions or even
designing some elements by themselves,
like structural elements. These design
tools are based upon design restrictions
(structural analysis and requirements) and
design criteria like economy, sustainability,
energy consumption or others. These
design restrictions or directives can
also be introduced into an optimization
algorithm that is able to find an optimal
design for the problem. In (Diao, Kato, y
Hiyama 2011) we can find an example
that uses a BPS Tool to optimize the
CO, emissions for structural design.
One of these criteria that can influence the
design of a structural element and improve
itis the constructability. The constructability
or buildability of a certain structural
element measures its aptitude to be built.
So, it is a measure of the easiness to build
a certain element. Lower constructability
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measurements allow easier structures
to be built and easier structures are more
economical. It also reduces the number of
mistakes occurring during the execution,
because error appearance is directly
related to the complexity of the element
(Shrivastava, Chaurasia, y Saxena 2017).
The term constructability is usually
referred to several aspects at the same
time. First, the extent to which the design
parameters facilitate the construction of
the element while achieving the building
requirements. Second, the effective and
time integration of construction knowledge
into the conceptual planning and field
operations. Third, to balance the different
environmental constraints, project goals and
building performance. It is not an universally
measurable criteria as different factor
interact in a different way for each case.
In this paper, we aim to define a way
to measure the constructability of an
element and be able to compare it among

other similar ones. This mathematical
model to measure the constructability
can then be wused in a multicriteria
sep3 .f
c Lc

.

Figure 1. Geometrical parameters of a concrete beam
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optimization  algorithm  complementing
other criteria and help the professionals
to achieve an overall better design.

1. METHODOLOGY
1.1. Case Study

Per the definition above, the constructability
is a criterion that has to be defined for each
specific problem. So, in this problem, we will
not find a universal definition to measure
it, but a methodology to define it for every
structural case, which will need further study.
In this paper, the case study is a concrete
beam with rebars on both faces and
transversal reinforcement. We use a fixed
span of five meters and loads according to
residential use, without any particularity that
may alter the design there are constraints for
both, bendingand movements ateachending.
We assume that when measuring the
constructability the design has been already
validated and it is enough to resist the efforts
on the beam. The constructability criteria will

n2
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not check any design restriction, including
those regarding the buildability itself as
rebar disposition, assuming that they are
sufficient for their structural requirements.

1.2. Parameter Definition

Fig. 1 contains the geometrical parameters
of the beam. Its dimension is defined by
two parameters, width (w) and height (h), in
combination with the fixed span they define
the external dimensions of the element. The
distance between the face of the element
and the rebar is defined by the cover (c)
parameter. To define the rebar a total of
six parameters have been used, three for

the diameter of the different rebars: one
for the diameter of the rebar in the bottom
side of the beam (D1), a second for the
diameter of the rebar in the top side (D2)
and a third one (D3) for the transversal rebar.
And three more to determine the number
for each of the reinforcements: bottom
rebar (n1), top rebar (n2) and the distance
between the transversal rebars (sep3).
Constructability is not only related to the
geometrical definition of the beam, but
there are also other factors that can affect
it. The weight of the different materials
has to be taken into account through its
density with two more parameters also
the relationship with the other elements in

Table of parameters

Parameter

Measurement

Geometrical parameters

Width (w) Centimeters
Height (h) Centimeters
Cover (c) Centimeters
Bottom-side diameter (D1) Millimeters
Top-side diameter (D2) Milimeters
Transversal diameter (D3) Millimeters

Number of bars in the bottom (n1)

Direct amount

Number of bars in the top (n2)

Direct amount

Spacing between transversal bars
(sep3)

Centimeters

Non-geometrical parameters

Concrete density

Kilonewton per cubic meter

Steel density

Kilonewton per cubic meter

Concrete consistency

Slump test

Rebar homogeneity

Mean value of the rebar diameter

Type of beam

h equal/greater than span thickness

Formwork

Square meters

Type of construction

On-site/Precast

Table 1. Parameters defining the case study
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contact and if it is needed the formwork and
its size. The consistency of the concrete is
another factor directly related. On-site or
precast construction can also be a key factor
because the parameters interact differently
between them. Or the homogeneity of
the rebar  reinforcement  understood
as the use of rebars of similar sizes.
There are also factors external to the element
itself such as the experience of the working
crew, time of the day or weather that can
affect the constructability of the element. In
this paper, this is not taken into account, as
our goal is to create a mathematical model
able to handle the criteria for further use in
the design stage. These parameters can't
be known prior to the execution and are
independent of design changes and they
can introduce noise in the model that will not
improve it as they are nor design dependants.
A total of 16 parameters have been
used to define the constructability of a
beam. Table 1 summarizes the different
parameters and the units utilized to
measure them. Some parameters are
not measurable and describe certain
characteristics of the element. To be
able to compare and combine the factors
into one criterion it is necessary to unify
and categorize them. For this, a survey
has been conducted among several
AEC professionals, including architects,
engineers and constructors asking for
a hierarchy among the parameters.

2. RESULTS
2.1. Parameter Definition

The survey asked different professionals to
sort the parameters in order of relevance
for the constructability of a beam. With
this approach, we can create a hierarchy
for the parameters and determine their
importance. The results of the survey are
shown in Figures 1 and 2. The first one
shows box-plots of the results showing
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the dispersion in the importance of the
parameter for the different professionals
tend to prioritize different variables when
designing the structural elements, this
dispersion has to be taken into account to
weigh the importance of each parameter.
From Figure 2 we can gather the parameters
into three different main groups regarding
the importance. These clusters have been
shown in the figure with the colored lines.
The first group consists of two parameters,
height and type of construction, both of them
are related to the relationship of the beam
with their environment, their mean values
oscillate between one and four. The second
group contains all the parameters regarding
both rebars and type of beam. The third and
last group covers the rest of the parameters,
these group also has the biggest deviations
in the box-plot diagram, so different
professionals give different attention to them.
During the survey, the professionals were
also asked about other parameters that were
not taken into account in the research. Some
of the professionals suggested the size of
the arid as a parameter to be added. After
further study, this has been discarded, as its
effects are taken into account considering
the number of rebars and the consistency
of the concrete. There is also the fact that in
some areas the size of the arid is determined
by the availability and not chosen by the
professional, so it can be considered an
external factor instead of a parameter.
From this survey, we can extract a
hierarchy based upon the experience of
the professionals and how they evaluate
the constructability in a concrete beam
and then establish a way to measure
it. Figure 3 shows the correspondence
between the mean value and the standard
deviation for each parameter. A parameter
with lower mean has been given more
importance by the respondents and a
lower standard deviation implies more
agreement among the professionals in
the importance of a certain parameter.
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2.2. Hierarchy for constructability

From the figure, we can see a tendency
between the mean and the deviation,
parameters with more importance are also
important for most of the interviewees in
almost a linear regression. This phenomenon
is more accused in the first group of
parameters and defines two sets of clusters
encircled in the figure, there is a parameter
outside of this phenomenon “steel density”
which has been considered by most of
professionals as the least valuable one.
The parameter which has been given more
importance is the “type of construction”.
The first cluster is the one with higher
importance and it will be considered in that
way when considering the constructability
analysis, either way, the second cluster is
also relevant and influential even if it has
less impact on the criterion. The “steel
density” parameter has been unfavored by
most of the professionals given its position,
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for this reason, we are going to discard it
as its influence can be explained through
other parameters that have a bigger impact
on the whole environment. The “type of
construction” parameter has been proved to
have a lot of influence on the constructability
and after analyzing the data its two values
cannot be compared between them, so it
is going to be considered as an external
factor to achieve a more accurate result.

3. DISCUSSION
3.1. Units of measurement

After sorting the parameters and weighing
them we are in need to establish a
measurement  system.  Typically, an
optimization criterion can be quantified
using a certain unit, like currency when
studying the economic aspect, the mass of
carbon dioxide emitted during production



or watts consumed among others for
sustainability, but this cannot be done with
the constructability as different units are
taken into account. When assessing the
constructability every parameter hasits own
unit and some of them are discrete variables
dependent on the amount of something,
like rebars placed. These quantifications
cannot be mixed in a direct way as it will
create inconsistency in the measurement.
There are two possibilities to unify the
parameters in an indirect way: currency
value and working time, both related to
the efficiency of the working crew. Both
of them can assess constructability in an
indirect way. The economic value is usually
also taken into account when using a
multicriteria optimization algorithm, but it
is hard to completely take into account the
prize for the working crew exactly as can
overload the computer with data or create
inaccuracies due to too many factors taken
into account. Other possibilities based on
discrete quantitative indirect approaches
can be used to evaluate the constructability
as working crew time but it is hard to define.

3.2. Quantifying the constructability

From the survey results and the cluster
analysis, we can confirm that there are
factors which influence more than others
The hierarchy shows which of them need
more weight than the rest, we can also
estimate that thefirst clusterisroughly twice
as important as the second, because their
total mean values differ in that proportion.
Optimization algorithms tend to overload
the computer creating a huge population
that must be handled and analyzed at
the same time. Computational time is a
determining factor in them and adjusting
the methodology to evaluate the criteria
is crucial. Depending on the research it is
possible that it is beneficial to reduce the
accuracy to favor the computational time.
Through this paper, we have seen that

constructability is not universal, either by
the perception of the professionals or the
units that can be measured. We are going
to define several methods to quantify
the constructability in a concrete beam,
allowing us to adjust the computational
cost to the necessities. The different
proposed methods are sorted from
lower to higher computational cost and
data needed to perform the analysis.

- Number of rebar reinforcements:
The most influential parameters in the
constructability are the rebars. The raw
number of them is directly related to its
constructability. An element with more
rebars will need a bigger resource investment
to be built as it gains complexity. So,
the element with fewer rebars has more
constructability than the rest. This criterion
can be exposed by the following formula:

sep3
C; =nl+n2 +T

-Number of rebar reinforcements modified:
Considering not only the rebar number but the
difference in diameter among them creating
and adding the height of the element into the
criteria a more accurate scale can be obtained.
This takes into account all the parameters
existent in the first cluster and weighs them
based upon its importance. The formula is the
following:

sep3
C2=h-(n1-D1+n2»D2+T-D3

This formula does not have any direct physical
meaning but weighs the criteria following
the intended parameters. Larger values for
the parameters reduce the constructability
of the element. Each rebar is weighed by its
diameter, as thicker rebars are harder to be
placed, in the same way, the height increases
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the constructability as it lowers showing
the negative effect of it. It is also low in
computational cost and considers the most
influential parameters.

-Working time invested

As previously discussed, one of the most
accurate values for the constructability is the
time spent by the working crew to build the
element. This criterion quantifies the number
of hours needed to accomplish it and takes into
account the different considered factors and
interactions between the defined parameters.
The standard amount of time for each of the
considered operations differs from country
to country, but there are databases where an
accurate estimation can be obtained. This
criterion is split into different sections.

C3q = [(h- W+ cov)] - t3,

The first section takes into account the time
spent in shaping the element or how its
external shape and contour factors affects
the time spent. The parameter t3a measures
the time spent to position the element in the
building measures in m?/h.

sep3
C3p = [Ohom * (nl -D1+n2-D2 +T- D3) - (con.)] - tap

Homogeneity (opom) =

i=1

0 —2)em. - 1.1

Values for consistency (con): Ez : 3;”": igg
(based on the slump test results) cm. .
(10 — 15)cm. - 0.95

(16 — 20)cm. - 0.90

The second section quantifies the amount of
time spent to put the rebars into theright place
and distribute them consistently. It takes into
account the loss of time due to using different
rebar sizes and its difficulty in a placement
through the homogeneity of them and also
the amount of time spent when dumping
the concrete in the cast and its interaction
with the rebars. The parameter t3b considers
the time spent to develop all these tasks.
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if h = slab height
Cse=(L-w) - ta

if h > slab height
C3c=[(l-w) +2-(l-(h—slab height))] - t3,

Thethird and last section takes into account the
time spent in the construction of the formwork
and it varies depending on if the element has
a higher height than the one in the slab that
it is in. The parameter t, measures the hours
spent to build the formwork expressed in m?/h.
With these three sections we can define the
constructability criterion like the following:

C3 = C3q + C3p + C3¢

-Working time simplified

A simplified version to quantify the working
crew time can be done assuming a relationship
between the steel weight in the section of the
element. The parameter t4 measures the mean
value to build a certain section based on this
assumption and is obtained through databases
and increased gradually as the amount of steel
increases. With this simplification, we can
quantify the constructability with the following
formula.

€= [((Z mei(%) n]) otee)/ (- w)] t

i=1



CONCLUSION

The AEC Industry has a tendency to
automation and improving the procedures by
using digital tools such as BIM environments
and Digital Twins. For this several BPS Tools
are in development to analyze the building
requirements and improve, and optimization
algorithms are being used in connection with
them to help the professionals to achieve
better designs.

In this paper, we have explored the parameters
necessary to define a new criterion, the
constructability for a specific structural
problem, a concrete beam. By using a survey
a hierarchy among the different parameters
has been created and discovered two sets of
parameters This methodology can be used
to define the same criterion for a different
structural element.

Using this previous survey, four distinct ways
to measure the constructability have been
defined and their strong and weak points
explored to adjust the accuracy of the criterion
to the optimization purpose where it is going
to be used.

Future Research

The model presented in this paper is not a fully
developed model, as we have assumed some
simplifications. The different mathematical
models for the constructability that have
been proposed can be refined taking into
account more parameters and will achieve a
more accurate result, probably at the cost of
more computation time. Further research is
required to create a mathematical model able
to handle a discrete approach for the rebar
disposition, including the analysis of each
diameter and position individually.

A comparison among the results obtained
with the four definitions for constructability in
this paper can be done and tested with real
results to properly adjust the mathematical
models. This comparison of results will show

the ideal cases of optimization for each of the
four models.

Also, the movement of the crew along the
whole building site and the position of the
element itself can be taken into account, to
assist the constructability for the complete
structure and not to each of the elements
or the reduction of trims in the rebars to
optimize not only the working time but also
to reduce the waste. Further study is required
to be able to mix both types of construction,
usually, precast elements tend to have better
constructability because the process has
a higher level of automation, but this is not
always true for simpler elements and the
different interaction between the parameters
has to be taken into account.
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ABSTRACT

The history of architecture and urban
planning tells of white cities, whose
chromatic characteristic derives from the use
of local resources (stone, lime) and which
unconsciously responded to principles of
environmental sustainability. During the first
half of the twentieth century, some European
countries undertook economic and social
policies aimed at the agricultural development
of the territories and a consequent
repopulation of the countryside. Especially in
the south of Spain, numerous white-colored
cities were founded.

Global warming issues call into question the
current organization of the city, which must
renew itself and create comfortable and
compatible living conditions with long-term
development. Today the importance of coloris
reaffirmed in the possibility of re-establishing
the contemporary city according to principles
of environmental and economic sustainability.
In the field of architectural design, one of the
central aspects to consider is the amount
of energy that buildings need to cool down,
and the amount of heat they emit into
the atmosphere. Especially in areas with
warm climates, the energy consumption
of a building is determined by its thermal
insulation properties, which mainly depend on
the material and color of the external surfaces.
The use of white color allows to reduce the
heat absorbed by buildings, with lower energy
consumption and emissions; furthermore, the
amount of heat re-emitted in the atmosphere
is reduced, with the possibility of decrease the
urban heat island effect.

This simple chromatic principle of architecture
can be extended to the urban scale thanks to
a wide range of products and technologies, so
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that some cities have already undertaken a
chromatic conversion.

The contribution tells the idea of a sustainable
white city and, starting from examples of built
architecture, it defines the possible principles,
materials, techniques and technologies
available for the design of architecture and
the contemporary city.

KEYWORDS
Architecture; design; tradition; innovation;
color.

1. TRADITION AND CONTINUITY OF THE
WHITE COLOR

The origins of the use of white in architecture
and the arts are distant and difficult to trace,
related to primordial values and ancient
ideals such as the sacred and purity, which
give this particular color an almost universal
meaning (Zammerini 2014). The history
of architecture and urban planning tells
of ancient white cities, whose chromatic
characteristic derives from the use of local
resources (stone, lime), a traditional practice
that has above all hygienic reasons but which,
almost unconsciously, responds to principles
of environmental sustainability. In fact, in the
thinking of vernacular architects, the holistic
conception of the project is completely
synergistic with the methods and materials
available. The practice of whitewashing
the walls of buildings spread throughout
the Mediterranean area mainly during the
eighteenth century, thanks to the hygienic
properties of lime; at the same time, the white
coating protects the masonry, decreases



solar radiation and improves the thermal
conditions of the buildings. For these reasons,
for centuries white color can be considered
one of the characteristics of Mediterranean
architecture and cities, which also corresponds
to a spatial principle based on the construction
of elementary and compact volumes - another
principle of economy that also has the effect
of reducing the exposed surfaces - the
adoption of shaded patios and courtyards,
and the creation of a few and measured
openings, which allow lighting without heating.
But the color white is also strongly linked to
classical culture: for many centuries (and until
the early 19th) the idea that Greek sculpture
and architecture were white, idealized in the
monochrome of Parian marble, resisted. In the
eighteenth century, the tales of the Grand Tours
and the passion for antiquities emphasize a
mythical ideal of Greek art that Johann Joachim
Winckelmann encoded in “noble simplicity and
quiet grandeur” in which white enhances the
beauty and perfection of forms (Winckelmann
1994, 117). Despite Winckelmann's historical
reconstructions then turn out to be erroneous,
these aesthetic theories are followed by
most of the neoclassicals, influencing the
plastic arts and architecture for a long time
up to the present day (Collins 1970, 111-116).
In the revolution wrought by the Modern
Movement, white is the background of a page
on which to write a new story: it expresses
the cleanliness of the surfaces (to which
the absence of ornament and the need
for hygiene refer), the purity of forms and
principles, the concepts of abstraction and
denaturalization of volumes and materials’.
Subsequently, the events of white in some
cases are directly linked to the nationalist
ideals of the ideologically similar governments
of Italy, Spain and Portugal, where a new trend
arises that leads to the study and recovery of
popular building traditions, to the interest in
spontaneous and anonymous architecture.
This trend will have its peak, at the height

of its diffusion, in the famous Bernard
Rudofsky's Architecture Without Architects
exhibition at the MoMA in New York and in
the homonymous book published in 1964.
In Spain, during the first half of the
twentieth century, as part of a program for
the repopulation of rural areas (initiative
common to many nations), the color white
asserted itself as a particular character in
the architecture of newly founded Ccities.
In this context, white experiences a great
diffusion as a common feature of the various
colonizations, predominant in these neo-
popular architectures, which certainly refer
to the elements of traditional architecture of
southern Spain, but which starting from these
introduce interesting linguistic innovations, so
much so that it can be considered a pioneering
experience on the theme of the rural house
and on urban planning (Centellas Soler
2009). Among the many works of interest,
those by José Luis Ferndndez del Amo and
Alejandro De la Sota stand out. The projects
of the pueblos extend the chromatic principle
of white to the entire new settlement and,
thanks to the sensitivity of their designers,
they become bearers of the architectural
concerns of the time, certainly extendable
to the rest of European culture but, by their
nature, referable to the specificity of contexts.
This architecture built with reduced economic
resources, with essential and humble tools
(both design and technical-construction),
rediscovers the true spirit of necessity that
guides the highest forms of the art of building.
A pioneering and experimental experience,
capable of influencing the development of
architectural and urban research from the
twentieth century up to contemporaneity.
So, the history of the white color in architecture
is clearly linked to the history of construction
materials, techniques and technologies that, as
they evolve, contribute to the creation of forms,
styles, movements and trends. The events of
white architecture - and not only of it - cannot

' On the issues of color in modern architecture, a relevant contribution is that of Cramer Ned, ‘It was never white, anyway”, in
Architecture n. 88, 88-91. On the same theme, an analysis of the context of modernity is provided by Juan Serra Lluch, “Il mito del
colore bianco nel Movimento Modernd’, in Disegnare: Idee Immagini n. 41, 66-77.
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be separated from the cultural evolution in the
succession of theepochs, fromthe specificity of
the places, from the psychological meaning, as
they cannot be understood without considering
the technological progress of the architecture.
Today, new materials and innovative
techniques allow to think about further
applications of the color white in architecture
- combining spatial research and sustainable
thinking - potentially extendable, thanks to
a wide variety of solutions, to the entire city.

2. SUSTAINABILITY OF COLOR
2.1. Physical factors

Global warming issues call into question
the current organization of the city, which
must renew itself and create comfortable
and compatible living conditions with long-
term development. Today the importance
of color is reaffirmed in the possibility of re-
establishing the contemporary city according
to principles of environmental and economic
sustainability (De Marco, Margagliotta 2018).
In the field of architectural design, one of the
central aspects to consider is the amount of
energy that buildings need to cool down, and the
amount of heat they emit into the atmosphere.
Especially in areas with warm climates, the
energy consumption of a building is determined
by its thermal insulation properties, which
also depend on the material and color of the
external surfaces. The use of white color allows
to reduce the heat absorbed by buildings, with
lower energy consumption and emissions;
furthermore, the amount of heat re-emitted in
the atmosphere is reduced, with the possibility
of decrease the urban heat island effect.
In fact, regardless of the material and
construction technique chosen for each
architecture, the use of white offers some
advantages for the sustainability of buildings.
It can be said, in fact, that white is the greenest
color in architecture, both for the exterior and
the interior of the building (Lechner 2015, 120).
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The physical properties of the color white make
it particularly efficient from an energy point of
view and therefore sustainable. If we are to
consider temperatures, the most sensitive
surfaces to the absorption of sunlight are the
ceilings. The greater reflection of light rays
causes, forexample, that white ceilings heat half
of black ones. This characteristic is quantifiable
through solar reflection, also known as albedo,
that is, a parameter that measures the capacity
of a surface to reflect solar radiation. An albedo
equal to 0 (zero) indicates a surface that does
not reflect sunlight and, therefore, absorbs it
in its entirety, with a consequent increase in
temperature; conversely, an albedo value of 1
(one) indicates that sunlight is fully reflected.
Table 1 indicates the albedo values for some
surfaces commonly used in construction, of
which it is observed that the white color has an
albedo that varies from 0.5 to 0.9 (50% - 90%
solar reflection), depending on the roughness
surface and cleanliness. The so-called cool
roofs are precisely the roofs that remain cool,
or rather less warm, than traditional roofs.
Especially in hot climates, paying attention to
these aspects of construction can significantly
reduce building overheating, resulting in lower
costs to cool it down. At the same time, the
widespread use of cool roofs can affect the
urban scale for the reduction of the already
mentioned heat island effect. Even on vertical
surfaces, the white color reduces heat, two-
thirds less comparedto a black wall. If appliedin
buildings arranged in narrow streets, the white
color increases the diffusion of natural light
on the lower floors. In general, opaque white
surfaces can be considered more sustainable
than glazed ones, even if they are protected
with sunscreens or shading elements. These
briefly enumerated principles could be applied
to the project of architectures more suitable to
the climate and, ultimately, more sustainable;
In any case, to more accurately quantify the
reduction in temperatures, it is necessary to
evaluate not only the color of the material,
but also its thermal transmittance properties.



Building surface % Albedo
White paint 50-90
Highly reflective roof 60-70
Colored paint 10-40
Brick and stone 10-40
Concrete 10-40
Red/brown tile roof 10-40
Grass 20-30
Trees 10-20
Corrugated roof 10-20
Tar and gravel roof 5-20
Asphalt paving 5-20

Table 1. Albedo of typical building surfaces (Lechner
20175)

2.2. Space and perception

According to some studies on human
response to the color of its environment,
white should not be chosen as the color of
a space where people stay for a long time,
such as offices or classrooms (Birren 1978;
Mahnke 1996). This observation is not based
on aesthetic but ergonomic reasons: the use
of white - which has the highest light reflection
factor of all other colors - associated with
high levels of illumination (natural or artificial)
and glossy and reflective finishes, it can
produce glare and, consequently, a decrease
in environmental comfort, causing visual,
mental and emotional fatigue. In fact, to adapt
to very bright environments, the eye muscles
continuously act to reduce the opening of the
pupil, with the consequent rapid tiredness.
If the chromatic component confers a
particular dimension in the architecture, this is
even more true if the color is white (Cage 1993).
In fact, white has the ability to minimize solar
radiation (with the clear advantages previously
described), improve the perception of shapes,

expand spaces, enhance the play of light
and shadow; in contemporary architecture,
the use of white can refer to ideologies and
specific spatial and linguistic investigations.
According to design choices, today more than
ever materials are projects in themselves
(Deplazes 2013); in addition to building the
architecture, the material qualify the space with
its perceptual qualities (opacity-transparency,
smoothness-porosity, temperature), so that
even color must be considered an architectural
material. The higher performance demands in
contemporary buildings determine a constant
drive to implement product quality and improve
traditional techniques. These requests also
lead to the adoption of materials that have
been tested in other scientific fields and then,
in some cases, conduce to the definition of
exclusive materials for a special work, which
canthenbeextended forawider production. But
the sustainability of architecture does not only
concern the energy performance of a building
or a set of these. A profoundly sustainable
thought must also consider the influence of the
project on the landscape (urban and otherwise),
its correspondence to the cultural context and
the relationship with the construction and living
traditions. White architecture, in this sense,
refers to universal values capable of adapting
to the different conditions of the places.

3. APPLICATIONS FOR ARCHITECTURE
AND THE CITY

This simple chromatic principle very present
in the architecture of individual buildings may
be extended to the urban scale thanks to a
wide range of products and technologies,
so much so that some cities have already
undertaken a  chromatic  reconversion,
intervening on the space and on the existing
buildings, as a first step towards a profound
change in the paradigms of building and
urban design. Below some realizations are
analyzed, chosen to represent the principles
of white in architecture and which, thanks
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to the qualities they emanate, allow the
specification of the range of products
available for the sustainability of white, by
relating their uses and the possibilities they
offer to the different design purposes of
architectures. It is then made up of a catalog
of solutions, materials, techniques and
technologies available for the architectural
project and the contemporary city.

3.1. Conversion of existing places

For the intervention on existing buildings
(especially for refurbishment and renovation
of buildings with shape constraints) an
important contribution to the use of white
in architecture comes from water-repellent
and self-cleaning paints, which can also have
insulating properties. A particular case is
that of the liquid ceramic insulation that Elisa
Valero Ramos has used for the construction
of her own studio on a small plot in the
center of Granada (Fig. 1). The availability of
only 3.60 meters of depth, has led to reduce
the thickness of the wall towards the street
through the use of this special insulation, put
into work as a simple painting. Composed of
spherical microgranules of special ceramic,
the liquid insulation uniformly covers any
surface, forming a continuous, flexible and
crack-free layer, which in a thickness of less
than 1 mm provides insulation equivalent
to 10 centimeters of polystyrene. From the
point of view of the project, the use of white
inserts the building into the chromatic and
material continuity of its surroundings and,
in other respects, adequately insulates it.
As for the sustainable conversion of
horizontal surfaces, flat or sloping roofs,
the aforementioned cool roof technology
includes a wide range of high solar
reflectance paints that can reduce the
surface temperature up to 30 °C. With regard
to circulation spaces, however, the market
offers a range of high-performance water-

based sealants, directly applicable to existing
surfaces (including asphalt) as a normal
waterproofing product. The white color and
the high reflectivity - although they reduce
their effectiveness if not cleaned - allow to
significantly reduce the surface temperature
and consequently that of the environment,
also increasing the night visibility of
the streets without

producing glare?.

Figure 1. Elisa Valero Ramos studio in Calle Belén,
Granada.

2 In 2019, the city of Los Angeles began testing this particular technology on 15 stretches of road.
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3.2. Design of new spaces

For the external horizontal surfaces (car
parks, secondary roads, paths and pedestrian
areas or green ways), there are interesting
applications of white draining concrete,
as in the case of Italcementi ilab center
in Bergamo, designed by Richard Meier
(Fig. 2). The building - also entirely white
thanks to the use of a special photocatalytic
concrete - is part of a large natural park,
accessible by walkways, ramps and outdoor
spaces made of white draining concrete.
This technology, thanks to the special mix-
design, allows to safeguard the aquifers and,
thanks to a high albedo, reach significantly
lower temperatures than asphaltic floors,
with the possibility of reducing the heat
island effect typical of metropolitan areas.
Regarding the building envelope, plaster still
represents the most widespread technique
for white architecture, due to its low costs
and ease of application, especially for small-
scaleinterventions (Reichel, Hochberg, Képke
2007). However, to achieve the performance
required for current architecture, the
plasters acquire increasingly high insulating
and  breathable properties, obtaining
interesting characteristics of durability and
sustainability. One of the most interesting
technologies applied to renderings is
photocatalytic, which today is also being used
in other finishing materials for architecture
(such as the previously mentioned white
concrete). In fact, the photocatalytic plaster
is particularly white and shiny due to the
presence of titanium dioxide (TiO,); This
chemical compound makes the plaster
active, decomposing the microorganisms
present in the air: with a process similar
to the chlorophyll photosynthesis, air and
light oxidize polluting substances and
fine particles, forming harmless residues.
These compounds are washed away by
the rain, thus obtaining anti-pollutant,
antibacterial and self-cleaning properties.
With a greater durability, the photocatalytic

plaster also allows to prolong its chromatic
characteristics  and  consequently  the
physical effectiveness of its whiteness.
The use of ceramics in architecture dates
back to an ancient tradition, particularly
widespread in countries and cultures with
Arab influence. In its contemporary use,
the ceramic material is renewed, so that
some elements - today available in large
sizes and reduced thicknesses - can be
designed according to specific needs. Some
producers also manufacture ceramic pieces
with photocatalytic characteristics (also in
this case with the use of titanium dioxide)
that endow the surfaces with antibacterial,
anti-pollution, anti-odor and self-cleaning
properties. Among the examples of
contemporary applications, always in the
context of white architecture, the rental
housing building in Goéjar designed by Elisa
Valero stands out (Fig. 3), which on the
exterior, both on the facades and on the roof,
is clad with alveolar ceramic: stoneware
pieces traversed inside by alveoli thatimprove
insulation; Research for sustainability has
also led to the use of an enamel that is
characterized by its capacity to capture CO,.

Figure 2. Italcementi i.lab in Begamo, by Richard Meier.
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Figure 3. Housing building in Gdjar, by Elisa Valero. Figure 4. Balint house in Valencia, by Fran Silvestre.

Figure 5. EDP Headquarters in Lisbon, by Aires Mateus.
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To remain in the context of Mediterranean
architecture, the Balint house project by Fran
Silvestre Arquitectos studio in Valencia is also
interesting (Fig. 4). The white cladding of the
unusual curvilinear geometry is made with
solid surface - a technology widely used for
the construction of countertops and sanitary
accessories, due to its hygienic properties and
the absence of joints. The elliptical and shiny
house appears as a monolithic sculptural piece,
endowed with a continuous ventilated fagade,
which also covers the curved roof in continuity.
Among the contemporary applications of white
concrete coatings, the technology of glass
fiber reinforced panels (Glassfiber Reinforced
Concrete - GRC) is widespread. Present in the
architectural field for decades, recent research
has improved the characteristics of GRC -
greater mechanical resistance and extreme
lightness - and has acquired the possibility of
prefabricating elements with different shapes
and sizes. These technical characteristics,
together with the aesthetic qualities, have
made GRC panels widely used in white
architecture, especially in large-scale projects
with complex geometry. The architects Aires
Mateus Associados, who often render their
small houses white, also used GRC technology
in the project of the new headquarters of
the electric company EDP in Lisbon, on the
banks of the Tagus (Fig. 5): the large building
consists of two tall glass blocks whose steel
structure is clad with special GRC elements.
Oriented to the southwest, these white ribbons
run along the facades and cover the square
between the blocks, setting the rhythm of the
entire composition and solving, with a single
expressive gesture, the entire project. The GRC
elements act as sunscreens and protect spaces
from excessive radiation, varying their size
according to the internals, while the diagonal
orientation generates a transparency effect
that changes in relation to the position of the
observer. White, often conceived as an opaque,
full and static material, thanks to GRC panels,
can express dynamic shapes and combine in
an innovative way with transparency and light.

In the historical context of Berlin's Museum
Island, David Chipperfield has recently
completed a long series of interventions
with the James Simon Galerie (Fig. 6). While
exposed concrete is widely used in the
interiors of the building, the exterior parts
are characterized by architectural elements
deduced by the neighboring constructions of
Schinkel and Stler, made of Engineered stone,
a composite material made of stone fragments
(in this case limestone and sandstone) joined
by a resin. This technology - used above all
for the construction of kitchen and bathroom
countertops - makes it possible to use the
residues from stone treatment and produce
elements of large sizes and limited thickness.
Finally, some less common materials in
contemporary construction are mentioned,
which are nevertheless the object of interesting
research: fabrics, membranes and translucent
polycarbonates, which come to architecture
through technological transfer (as in the case
of  polytetrafluoroethylene,  commercially
known as Teflon) and they come to define new
poetics that no longer root the building to the
earth (and to history) but are projected towards
new concepts of duration and dissolving forms.
An example is the experimental house at Meme
Meadows Center, built by Kengo Kuma, which
uses a layer of transparent membranes to
provide thermalinsulation suitable for the harsh
winters of northern Japan (Fig. 7). If the large
sloping roof, as well as the larch wood structure,
is derived from the traditional constructions
of the region (the chise, home of the Ainu
population), the construction is completed with
the use of technologically advanced materials.
The outer membrane is a polyester cloth
painted with fluorocarbon (colorless substance
with high hydrophobic properties), the inner
thermal insulation is made of polyester fiber
obtained from recycled polyethylene (PET)
bottles, while the removable inner membrane
is made of polyester cloth. fiberglass.
Therefore, the use of transparent plastic
materials defines a semi-opaque white volume,
capable of being passed through by light.
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Figure 6. James Simon Galerie in Berlin, by David Chipperfield.

Figure 7. Meme Meadows experimental house, by Kengo Kuma.
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CONCLUSION

Today, also due to the recent vicissitudes
linked to the pandemic unfortunately
still  underway, culture, economy and
society have returned to discuss the city,
its population density, its morphological
characteristics and the quality of life of its
inhabitants: in other words, we have returned
to talk about the sustainability of urban living.
The proposal for the displacement of the
population from the city for the rediscovery
of life in the countryside, supported by
some internationally renowned designers,
nevertheless appears as an initiative which,
if not controlled, could have disastrous
effects on the territory. It is useful, however,
to return to reflect on the city, first of all on
how to intervene on the existing, to make it
more responsive to the future vision of living;
secondly, on the design of new buildings,
public and private spaces. It is from this
perspective that color can be rediscovered
as an elementary principle of sustainability,
as the constructive wisdom of traditional
Mediterranean architecture reminds us.
Nevertheless, the sustainability of white does
not only concern the surface (or the skin)
of the city, but implicitly includes principles
of essentiality and economy for the living
space which, consequently, influence
people’s lifestyles. The sustainable principle
of white would thus represent an initiative
of rapid feasibility and immediate results,
albeit aware that probably, a sustainable
model for the city of the future must
address much more complex problems.
Extending these principles to the urban
scale, then, does not mean wrapping the
metropolis with a veil of homogeneous,
indifferent candor; on the contrary, as
demonstrated by the different architectural
solutions mentioned above, there are
different ways in which white can be used,
in the most suitable forms also in relation to
particular contexts. From this point of view,
white in architecture is not a simple color but

instead represents a spatial principle, with
technical and technological implications.
“Sustainable design has also become a new
marketing strategy both among designers
and developers” - claims Juhani Pallasmaa
(2010, 34) - describing the trend that favors
the proliferation of projects that superficially
tackle the issue of sustainability, for example,
by adorning condominiums with vegetation
but without actually intervening on the quality
of the living space. Arisk, that of decorativism,
which in some cases also affects white
architecture since, unfortunately, the current
sustainability assessment system does not
promote environmental policies and truly
ecological thoughts. In any case, the search
for sustainability must be approached
from a holistic point of view, which cannot
ignore formal qualities: “aesthetics is the
mother of ethics”, argues the poet and Nobel
Joseph Brodsky, for which sustainability
in architecture it will find, together with
its own aesthetic, its ethical principles.
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ABSTRACT

The objective is to carry out a macro-
classification and qualification criteria for the
selection of useful data on CO2 emissions
in building materials, to be compiled in
material databases. It is determined that
CO2 emission data are necessary in building
technology when selecting a material in
relation to environmental impact (Hypothesis
1), the classification of emission data is
useful for retrofitting, designing or building
systems, for example in facades (Hypothesis
2).

Methodology. The data on CO2 emissions
were classified in a representative sample
of 829 materials studied from the Catalogue
of building solutions, from the Construction
Database of the Instituto Valenciano de
Edificacion-IVE, Annex I Thermal and
acoustic insulation (2019), Valencia, Spain
; Analyzing the environmental statements
of existing products (EPD) with data on
the global warming potential GWP [kg CO2
eq), the information was qualified with 3
evaluation points: 1) use of UNE-EN 15804:
1.00 point, 2) use of EN SO 14025: 1.00 point,
3) EPD and data on current dates: 1.00 point;
being for the IVE catalogue: 0.00 to <2.00
(Not useful); > 3.00 (Useful). The results of
the qualification and the obtaining of 3 points
provided useful emissions data according to:
a) GWP [kg CO2 eq], b) EPD, Standard and
ISO, ¢) current public data.

Conclusions. From the sample of 829
materials in the IVE's catalogue database,
about 214 EPD of materials were found in the
market, with useful data of CO2 emissions
according to European Union regulations;
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information to be compiled regarding the
environmental impact of the material.

KEYWORDS

Emissions; materials; embedded; carbon;
energy.

INTRODUCTION

The scope of this study is to identify the
criteria for compiling data on CO2 emissions,
to be considered within the information
of the catalogue of constructive solutions
(Construction Database 2079) developed by
the Valencia Institute of Building-IVE and
successive editions (2020), providing specific
data, in the building materials applicable in
facades, envelopes, thermal capacity and
their impact at the time of selecting the
material, in relation to nearly zero-energy
buildings and knowledge of embodied
carbon. The purpose is to establish criteria
for the evaluation of GHG data in relation to
building material databases.

The comparison and selection of the
data is obtained from specific criteria of
Environmental Product Declarations- EPD(s),
according of the ISO regulations (ISQ, I. 14020
2000), the data of CO2 emissions, were
identified according to the standard (UNE-
EN 15804 2012) and (EN ISO 14025 2010),
through which data were obtained, coming
from processes of calculation of emissions,
in which the organizations or product
companies, indicate data of GHG, according
to the global warming potential GWP [kg CO2



eq]. The data of CO2 emissions reported in
the EPD(s), are varied, so the classification
and qualification of the information was
established, to determine its usefulness
for the (Construction Database 2019) of the
Valencia Institute of Building - IVE.

This study is based on a compilation of CO2
data developed in the Environmental Product
Declarations; the EPD(s) are regulated

from the International Organization for
Standardization -ISO(s) (Murphy, Yates
2009), European Union standards and

technical sheets; the research defined the
hypothesis in the use of a macro-compilation
criterion, to demonstrate the usefulness of
the data based on the calculations of GHG
emissions.

1. DESCRIPTION OF THE CASE STUDY IN
CONTEXT

1.1. Embodied carbon and CO2 emissions
(energy matrix, production of EPD(s))

The life cycle of materials, as well as
embedded energy, identifies the relationship
between the energy production matrix and
the production process of a material, where
the impact of the carbon emissions of a
material is also related to the energy matrix
on which its production system is based.
In the case of countries where the energy
matrix is based on fossil fuel sources, the
result not only implies a building material
based on fossil fuels, but also a production of
this material with high CO2 emissions, also
establishing an increase in the embodied
energy. The energy matrix on which the
industry depends on a building material and
the use of materials, links it to low or high
emissions, the data on energy consumption
in the process of producing a material, are
reflected in the cycle of the embedded energy
and identified in the EPD(s) according to (ISG,
1. 74020 2000), (UNE-EN 15804 2012) and (EN
1SO 14025 2010).

In the international sphere, countries such
as Costa Rica (ICE Group promotes national
electromobility with the presentation of a
new fleet, consulted on May 1, 2019, https://
presidencia.go.cr), Iceland, Norway, Portugal,
identify successful cases in which the energy
matrix is reaching 99% or 100% of production
based on renewable energy, it is an
achievement of locally produced stationary
energy where the objective of carbon
neutrality is a success. Another similar
case occurs with Uruguay and Lesotho,
which also have around 100% of energy
production based on renewable energies;
according to (Clarke 2017), the case of
Iceland is also identified, as an example for
the industrialized countries of the planet, for
producing clean energy, where stationary
energy is 99% renewable energy.

The energy consumption for the elaboration
of a building product evidenced in the EPD(s)
(ISO, 1. 14020 2000), is associated with
the energy matrix on which its production
depends, it implies emissions according to
the energy used and the Life Cycle. Building
materials have CO2 data, which in the case
of Spain are in turn equivalent in emissions
from energy use, such as Natural Gas, Diesel
emissions, G. Generator, Diesel and Gasoline
emissions, Fugitive and Process Emissions,
Emissions from Electrical Energy, according
to (Greenhouse Gas Emissions Report 2076).
The knowledge of CO2 data is related to
sustainable design, the lack of production
of materials with emissions data generates
a problem in contemporary design that aims
to reduce the environmental impact of a
construction.

1.2. Standard(s) and 1SO(s), GHG emissions
and criteria for the calculation of CO2 eq

The objective of a low-carbon global economy,
seeks to establish criteria and methods for the
analysis of the carbon footprint, which allows
to establish common policies and regulations
that are unified in a homogeneous way,
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standards in the European Union establish
unified criteria (UNE-EN 15804 2012); in the
case of Spain, some management policies
were those of the Royal Decree 163/2014,
of March 14, relating to the registration of
the carbon footprint, compensation and
absorption of carbon dioxide projects,
published in the BOE on 29 March 2014 (Royal
Decree-Law 2014).

The calculation of the carbon footprint
after the effect of greenhouse gases has
involved both organizations and the building
sector, in the case of the European Union,
the standards (UNE-EN [SO 14064-1 2012),
(UNE-EN ISO 14064-2 2012), (UNE-EN I1SO
14064-3 2012), have evolved towards an
improvement in the calculation of greenhouse
gases. According to the standard (UNE-EN
1SO 14064-2 2072) GHG are understood to be
gaseous compounds in the atmosphere, both
natural and anthropogenic, that retain and
emit radiation at wavelengths, which occur in
the spectrum of infrared radiation emitted by
the planet's surface, clouds and atmospheric
layer (UNE-EN 1SO 14064-2 2012).

According to the standard (UNE-EN ISO
14064-2 2072), in point “5.8 Quantification
of emissions reduction - increase in GHG
absorption”, the ton is used as a unit of
measurement, converted into the amount of
each type of GHG in tons of carbon equivalent
-CO2e, using the global warming potentials
(PCG). The global warming potentials of PCG
greenhouse gases, for a 100 year projection,
published by the Intergovernmental Panel
on Climate Change (IPCC quidelines for
national greenhouse gas inventories: reporting
instruction, 1997), are the basis for the current
calculation of CO2 equivalent GHG emissions.
The standards (UNE-EN ISO  14064-1
20712), (UNE-EN SO 14064-2 2012), (UNE-
EN ISO 14064-3 2012), have been part of a
standardized evolution for the quantification
of greenhouse gases and carbon footprint,
during production processes or activities; as
of 2019, these standards have been replaced
by the standards (UNE-EN ISO 14064-1 2019),
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(UNE-EN SO 14064-2 2019), (UNE-EN 1SO
14064-3 20179).

The calculation of GHGs is carried out in two
stages (UNE-ISO / TR 14069 2015); the first
stage consists of converting activity data into
GHG emissions: GHG emissions or removals
= activity data x emission or removal factor.
The second stage considers the Global
Warming Potential (WP) of each GHG and
allows calculating the conservation of GHG
emissions or removals in the climate impact,
identified in tons of CO2 equivalent (tCO2-e):

GHG emissions = 2 emissions x PCG
gas gas

Calculation of GHG emissions; Definition of the
symbols: GHG, CO2 equivalent: ¥, sum of gas
emissions; PCG, to the potential of global warming.
(UNE-ISO / TR 14069 2015). Equation (1). Source:
(UNE-ISO / TR 14069 2015).

The basis for calculating carbon emissions
in a building material is defined from the
sum of the GHGs provided by the chemical
components that make up a material; within
the EPD(s) and (IS0, I. 14020 2000), in many
cases the content of the sum of GHGs can be
seen, data that as a whole will be understood
as CO2 emissions and that are indicated
according to the ISO (EN ISO 74025 2070)
and the standard UNE-EN (UNE-EN 15804
2072), in which the current foundations are
determined, both for the calculation of the life
cycle inventory and for the life cycle impact
evaluated of an EPD, being verified and
validated in the European Union.

A product is defined as a good or service,
or a group of goods or services in relation
to the life cycle of the product in which the
environmental aspect implies activities,
with environmental impact (EN ISO 714025
20170). According to (EN ISO 14025 20170) an
environmental declaration (type Ill) -EPD the
production of a product implies the acquisition
of the raw material, the Industrialization, the
use, the end of the useful life (life cycle).



According to the standards (UNE-EN 15804
2072), (UNE-EN 15804 2012+ AT 20174), the
stages and modules included in the life cycle
are: 6.2.2, A1-A3: Product stage, modules and
information, 6.2.3, A4-A5: Stage in process,
construction, modules and information, 6.2.4,
B1-B5: Stage and use, information modules
referring to the building structure, 6.2. 5, B6-
B7: Stage of use, modules and information
concerning the operation of the building, 6.2.6,
C1-C4: End of life stage, information module,
6.2.7, D: Benefits and burdens occurring after
the limits of the material's use (potential for
reuse, recovery). These described stages are
part of the content of an EPD (ISO, I. 14020
2000) and constitute the data of embodied
carbon in the materials.

The Building Services Research and
Information Association- BRISA, indicates
that in order to calculate the embodied carbon
in the building, it is necessary to: a- Identify
the type of material to be used in a project or
design, b- establish the amount of materials
to be used , c- make use of the Carbon and
Energy Inventory, developed by the University
of Bath, UK, d- Multiply each weight of each
material by the CO2 emission factor, obtaining
the CO2 emissions of each material that has
been used in the building, e- finally add up
all the CO2 emissions obtained from each
material used to see the total impact of
the embodied carbon. (BRSRIA Measuring
embedded carbon - the next indicator of
sustainability, consulted on August 10, 2020,
https.//www.bsria.com/).

In the research presented in this article, an
evolution in the procedure for calculating
embodied carbon is demonstrated, as more
accurate CO2 data is used in this case:
a-ldentify the data of the declared functional
unit of the material according to the EPD
based on the European Union standards
(UNE-EN 15804 2072), (EN ISO 14025 2010),
b-ldentify the area in m2 of the surface to be
intervened with the material(s) to be used, c-
Multiply the data provided by the GWP in the
EPD, of the CO2 emissions declared in each

material by the surface in m2 to intervene,
d- Add up the emissions obtained by each
material to be used to define the total carbon
embodied in the proposed building or design.

AT1-A2 kg CO2 equiv/UF x Am2 = kg CO2 equiv/
UF

Calculation of Embodied Carbon (materials for
architectural design); Definition of the symbols: A1-
A2: modules (data in EPD), Finished product stage.
A.m2: Surface of the facade; Ratio of m2 of the
material to be used in the renovation and the weight
of CO2 emissions. Equation (2). Source: César
Arguedas

2. METHODOLOGY (DESCRIPTION)

2.1. Criteria for compiling CO2 emission data
according to DAP(s), UNE, ISO standards

According to the Catalogue of building
solutions (Construction Database 2019), of
the Catalogue of constructive retrofitting
solutions of the Valencia Institute of Building
and the classification of products and
materials, depending on the properties of
thermal insulators for energy retrofitting
IVE- Generalitat Valenciana (P71 Products and
Materials: Properties of thermal insulators
for energy retrofitting 2074), (Serrano, Garcia,
Ortega 2011), the following materials have
been classified: Mineral wool (MW) - rock
wool (SW) of mineral origin, Mineral wool
(MW) - glass wool (GW) of mineral origin,
Expanded polystyrene (EPS) of synthetic
origin, Extruded polystyrene (XPS) of synthetic
origin, Polyurethane or Polyisocyanurat or
(PUR) of synthetic origin, Expanded Perlite
(EPB) of mineral origin, Cellular glass (CG) of
mineral origin, Sheep wool (SHW) of animal
origin, Cotton (CO) of plant origin, Hemp (HM)
of plant origin, Cellulose (CL) of plant origin,
Cork (ICB) of plant origin, Coconut fiber (CF)
of plant origin, Flax (FLX) of plant origin, Wood
fibers (WF) of plant origin.
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From the Catalogue of building solutions
(Construction Database 2019), the equivalent
materials in the construction market were
studied, in relation to building products or
materials with environmental declarations
of EPD product(s), environmental self-
declarations, material data sheets according
to the producing company; also analyzed
data from the Eduardo Torroja Institute of
Construction Sciences (IETCC), (Opendap
2013), all according to the standards (EN ISO
14025 2070), (UNE-EN 15804 2012), (UNE-EN
15804 2012+ A1 2014).

The analysis of the data was based on
the content of the Environmental Product
Declarations -EPD(s), taking into account
the data of the global warming potential
GWP [kg CO2 eq], and the calculations of the
greenhouse gas emissions -GHG, related to
the definition of CO2 according to the time
horizon of 100 years by the IPCC, Table. A1
(IPCC guidelines for national greenhouse gas
inventories: reporting instructions 1997), and
the updated data in the ISO 14067 (UNE-CEN
ISO / TS 14067 2015) replaced in 2019 (UNE-
EN ISO 14067 2019).

The process and criteria of the study are
described in Table 1; the objective of the
analysis of the EPD information was to
establish a macro-criteria of information
selection to compile the GWP emission
data [kg CO2 eq], in the materials indicated
in the construction database (Construction
Database 2019). The content to be evaluated
and compiled after the classification of the
data was: Product stage: A1-A3, Construction
process: A4, A5, Use stage: B1-B7, End of
life stage: C1-C4, and reuse: D, indicated in
the information, of the EPD according to

Design of the study

the standards (ISO, I. 74020 2000), (UNE-EN
15804 2012+ AT 2014).

Table 2 shows two cases of materials with
information on CO2 emissions, according to
the parameters of the stages (A1-A5, B1- B7,
C1- C4, D); the data were compiled after being
classified and evaluated. Case 1: mineral wool
(MW); case 2: glass wool (GW).

Table 2 shows two cases of materials: Mineral
wool (MW) - rock wool (SW) of ROCKWOOL
(Thermal Insulation of Rock Wool for Buildings
2075) and Mineral wool (MW) - glass wool
(GW), from Isover saint gobain (ECOVENT
35 2017); the EPD information of each
material - product, in this case of thermal
insulators, identifles the CO2 emission
values to be compiled in the Construction
Database (Construction Database 2019) of
the Catalogue of constructive retrofitting
solutions of the Valencia Institute of Building.
Graph 1 identifies the analysis performed
in the Catalogue of building solutions of
the Construction Database of the Valencia
Institute  of  Building-IVE  (Construction
Database 2079), after entering the data of
the compilation according to the EPD(s) of
the products. From a total of 829 materials,
the data of GHG emissions (kg CO2 eq) were
introduced, in 214 materials that complied
with EPD(s) and the standards (EN /SO 714025
2070), (UNE-EN 15804 2012+ AT 2014);
of the total of 829 materials studied, no
specific emission data was found in some
615, due to Lambda (A A) and the specificity
of the material, it was not always possible
to find data to compile the information to
the catalogue, although this does not rule
out the relationship of emissions, with the
denominations or origins of some others
materials.

stage 1: data study

Total of materialsanalyzed (stage:A1- Stage 4 compilation of
A3, B1-B7,C1.C4, D)

Total of materials
compiled

Data
ENISO 14025
UNE-BN 15804

Data: current InEPD [Accoraing: UNE-EN 15804] 1

LEED/BREEAM 2 WE

=
E£PD(s). data: most up-to. =
According ENISO 14025 1 EPD(9)

fons | Materials (building, thermoacoustics)
128

opendap 128

EPD E3
8 nodata 615
2u ENISO 14025 214
820 UNE-BN 15504 214

Table 1. Graphic representation of the research study design. Source: (own elaboration)
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Table 2. Detailed value, according to the Environmental product declaration —EPD, and the Global warming potential
-GWP [kg CO2 eq] - Products: ROCKWOOL, Isover, saint gobain. Source: (own elaboration)

Graph 1 shows that the information of the
environmental statements of product(s)
EPD, were decisive because they are data
developed based on compliance with ISO(s)
and standards (EN ISO 74025 2010), (UNE
-EN 15804 2072+ A1 2074), in this case
the regulatory compliance of the European
community in terms of environmental product
declarations, was the determining aspect to
find data to qualify and proceed to compile
the information.

Graph 2 identifies that of the total data
analyzed for 829 materials in the catalogue
of the Construction Database, of the Valencia
Institute  of  Building-IVE  (Construction
Database 2019), about 214 comply with the
standards (EN ISO 14025 2010), (UNE-EN
15804 2012+ AT 2074). This information was
evaluated with the aim of indexing the data to
the database (Construction Database 20179),
following a criterion of qualification of the
information according to the fulfillment of the
3 Points evaluated.

2.2. Qualification according to the macro-
criteria for the compilation of CO2 emission
data

Graph 3 identifies the 3 qualification
criteria, which allowed establishing the
classification of the data information in the
macro compilation criterion applied to the
rest of the 829 materials; the qualification
was based on the data of the EPD(s) of the
consulted materials, the material designation
and the origin in relation to the materials
in the catalogue (Construction Database
2019). The macro criteria for the compilation
of the emission data was: comply with 1-
Environmental Product Declaration- EPD
according to: Standard (UNE-EN 15804
2012+ A1 2014), 2- Environmental Product
Declaration - EPD according to: ISO (EN
ISO 14025 20170), 3- Environmental product
declaration - EPD, according to: EPD (s) with
the most up-to-date information.

Total materials 829
No data 615
EPD (s): updated; valid 214
UNE-EN 15804 214 m Building materials: Thermal and
EN ISO 14025 214 acoustic insulators
BREAM/LEED | 0
0 200 400 600 800 1000

Graph 1. Data to be compiled in the database (Construction database 2019), of the Valencia Institute of Building
- IVE, according to the EPD(S), and the standards (EN ISO 14025 2010), (UNE-EN 15804 2012+ AT 2074). Source:

(own elaboration)
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EPD (s): updated; valid
UNE-EN 15804
EN ISO 14025

0 50 100 150

214
214 ® Building materials: Thermal and
acoustic insulators
214
200 250

Graph 2. Useful CO2 emissions data for compilation in the database (Construction Database 2019), according to

EPD(S). Source: (own elaboration)

By complying with a 3-point rating, the data
to be compiled has provided information
on the CO2 emissions according to:
a-global warming potential (GWP) [kg CO2
eq], environmental impact parameters
(Summary for Policymakers and Technical
Summary of Working Group | Report 1995),
b- EPD according to standard(s), and I1SO(s)
according to standards (AENOR, search for
2020 standards), c-public data, for Spain
with information according to standards
(UNE-EN 15804 2012+ A1 2074), useful
information from other data sources, e.g.
Eduardo Torroja Institute of Construction
Sciences-Spain (Opendap 2013), d- EPD from
the public website - international information
(other media), e - EPD(s) verified with current
European Union standards (AENOR, 2020
standards search), f- EPD independent data
from: BREEAM / LEED / VERDE, g- data
supplemented  with  self-declarations  of
environmental products.

3. RESULTS

The 3 points obtainedin 214 cases of compiled
materials, implies that the information on the
emissions of the materials comply with the
regulations (UNE-EN 15804 2012+ AT 2014),
(EN 1SO 74025 20170), and valid information.
In 15% there were two or more EPD(s) to
compare from which emission data compiled
only obtained the 3-points, for the other cases
there was only one EPD source that in turn
met the 3 points. In other cases the only
information about the CO2 emission data of a
material was based on the web data (Opendap
2013) according to the standards (UNE-EN
15804 2012+ A1 2014), (EN I1SO 14025 2010).

The evaluation of the 3 points qualified was of
the following scale: 0.00 to <2.00 (Not useful);
3.00 (Useful), being the qualification (useful),
the one of importance for the compilation.
This procedure established the selection
criteria for the data to be compiled in the
database (Construction Database 2019), see
the example in Table 3. From the sample of
15 cases of materials, taken based on the

Total Rating:
According to: UNE-EN 15804
According to: EN ISO 14025
EPD (s), data: Most current information; Current..

0 0,5

= Total score: 3 point compliance

1 1,5 2 25 3

Graph 3. Criteria for data qualification, for compilation to the database (Construction database 2019), (P1 Products

and Materials: Properties of thermal insulators for energy rehabilitation 2074). Source: (own elaboration)
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information of the EPD according to (IS0,
I. 14020 2000) are useful for compiling 14
data from 15 samples, obtaining in these 14
samples the three points.

3.1. Tested hypotheses, criteria for data
compilation

Table 3 shows the compilation criteria before
including any type of emission data [kg CO2-
eq.]. At this stage it was proposed to compare
the qualifications obtained among 4 cases
of the same type of Rock Wool material,
according to the content of 4 EPD(s) casel:
(Acustilaine 70 2013), case 2: (Thermal
Insulation of Rock Wool for Buildings 2015),
case 3 (DP-3 Multipurpose Rock Mineral Wool
insulation, Knauf Insulation, doo, Skofja Loka
2013), case 4 (Rock Mineral Wool Insulation
33 - 45 kg / cum 2016) all with market
emission data; where the second case of
rock wool (SW), went on to have a rating of 3
points, since it obtained the maximum value
in each of the criteria evaluated, obtaining the
values assigned on the use of (UNE-EN 15804
2072+ AT 2074): 1.00 (point), (EN ISO 14025
2070): 1.00 (point), and EPD, with data on
current dates: 1.00 (point); 3 points.

The materials in which it is not possible to
find a minimum of 4 EPD(s) to compare them,
because they are materials with few data in
the market and whose rating in one or two EPD
is 3.00 (Useful), which is useful information

Qualification for compilation of emission data of [kg CO2-Eq.]
(catalog of materials of the Valencian Institute of Building - IVE)

according to the content of the "Environmental Product Declaration” -EPD
e EPD according to:
iy Material Name in the market ENISO 14025
designation =
(European Union)

Minerel wool (MW) oo
- rock wool (SW)

Rigid rock wool panel ISOVER, non

Case 1 hydrophilic, uncoated (0.034 W / (m - K))

for the catalog; all cases with ratings> 2.00 (>
3.00) are doubtful.

3.2. Tested hypotheses, classification, and
qualification of data usefulness

Table 4 explains the data classification
ratings: 0.00 to <2.00 points (Not useful); 3.00
points (Useful); where most of the samples
based on EPD(s), obtained useful scores (3
points), i.e. CO2 emissions data are useful for
the Database, from the Valencia Institute of
Building-IVE (Database of construction 2079).
Of the 15 samples, only one case (without
data) had a data rating: 0.00 to <2.00 (Not
useful).

The demonstration of the usefulness of the
qualified data of emissions, with 3 points
obtained (compiled in the IVE catalog),
applying Equation (2) (A1-A2 kg CO2 equiv/
UF x Am2 = kg CO2 equiv/UF), in the case
of 2 materials in an example of retrofitting
of a fagade of 83 m2, demonstrated the
importance of using CO2 qualified data to
calculate the embodied carbon of a building.
Case of 2 materials compared: A- Expanded
polystyrene (EPS) of synthetic origin: A1-A3:
9,76E+00kg (GlobalEPD-RCP-007 2018), (table
4). Apply the material in the retrofitting of
the fagade: build 83 m2 of facade surface to
intervene. 9,76E+00kg x 83 m2= 810, 08 CO2
equiv/UF in fagade. B-Mineral wool (MW): A1/
A2/A3: 2.1E+00 (ECOVENT 35 2017), (table

EPD according to: Sum of qualification: utility of | Highest Rating: Index to

LRI T SRR 2 emission data, for compilation | the catalog of materials

15804 (European dates in catalog IVE: 0.00 to <2.00  of the Valencian Institute
Union) (Not useful); > 3.00 (Useful) of Building - IVE

R ROCKWOOL rock wool thermal
MW). tineral  insuiation (37 mm thickness; 30 kg / m3
- rock wool (SW) S
Mineral wool (MW) /. Multipurpose rock mineral wool
- rock wool (Sw) Mner insulation (0.039 W / (mK))

Case 2

Case 3

Useful J

Mineral wool (MW) \ /. " Insulation of mineral rock wool 33 - 45 kg

Case 4 ook wool (SW) / cum (0.035 - 0.037 W / mK)

EVALUATION CRITERIA

Table 3. Comparison of ratings after evaluating the content of 4 EPD(s), case: Mineral wool (MW) -

EVALUATION CRITERIA EVALUATION CRITERIA

rock wool

(SW), according to the grade obtained 3.00 points (Useful); based on the indexation of CO2 emissions data to the
database (Construction database 2019) Valencia Institute of Building - IVE. Source: (own elaboration)
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4). Apply the material in the retrofitting of
the fagade: build 83 m2 of facade surface to
intervene. 2.1E+00 kg x 83 m2= 174, 3 CO2
equiv/UF.

A- Expanded polystyrene (EPS)= 810, 08 CO2
equiv/UF of Embodied Carbon in fagade;
B-Mineral wool (MW)= 174, 3 CO2 equiv/
UF of Embodied Carbon in fagade. In case
of using both materials (EPS and MW) in
the fagade, the total of Embodied Carbon is:
984, 38 equiv/UF. It includes Stages A1-A3
of the EPD(s) including the transport. The
calculations in the cases A and B show the
importance of the qualified data.

Qualification based in data of GHG emissions (15 cases of thermal materials)

CONCLUSION

The macro-criteria for the compilation of CO2
emissions data proposed in this research, for
the database (Construction Database 2019), are
defined in the classification and qualification
of the information of the EPD(s), the technical
sheets, the investigations, according to the data
of GHG emissions, based on the standards and
ISO(s), (EN I1SO 14025 2010), (UNE-EN 15804
2072+ AT 2074). The current European Union
regulations on GHG emissions include global
warming potentials (GWP) as a function of CO2
over the 100-year, IPCC (2006 IIPCC guidelines
for national inventories of greenhouse gases,
IIPCC 2006).

The contents that most contribute to a
process of compiling emissions data of the
global warming potential GWP [kg CO2 eq],
are: Product stage: A1-A3 (including transport),

Bullet point ist Material name Material name in data source STAGE At A3, GWP [kg CO2 eq] Qualification
rock wool (SW) of mineral origin, rock wool ROCKWOOL (37 mm;
1 Mineral wool (MW) density of 30 kg/ m3) (Themal Insuiation of Rock Wool for ATAZ 126400 rating: 3 (Useful)
Buildngs 20)
glass wool (GW) of mineral origin (Air chamber factory facade =
2 Mineral wool (MW) (Glass Wool, o T35 AVA2/A3 2 E+00 rating: 3 (Useful)
Expanded polystyrene o £
i Stabilized expanded polystyrene nsulator (EPS)<0.065 W/ m +K o
3 (EPS) ::i;iy:mmc (Tradstemn System)(GobalEPD-ROP-007 208) A1A3:076E+00 rating: 3 (Useful)
P 0am
4 (XPS) of ‘oam Thermal XPS-DANOPREN 3,98E+00 rating: 3 (Useful)
origin
P :;’:z‘;?:::;:’:r Themal Ins uated projected polyurethane foam (projected
5 (puyR) o"s nthetic  POVisocyanurate) (Themalinsutated projected polyurethane AA3 B6 rating: 3 (Useful)
o'igiyn foam, closed cells; density 40 kg/ m3 20#)
Expanded Perlite E
Expanded Perlite (“Databases: Buldng’, Opendap, accessed
t mineral AMA30H : 3 (Useful
6 (EP B) of mineral Moy 1 208, s Ao o e sd] rating: 3 (Useful)
origin
7 Cellidar/giassi(CC)/of Celluiar glass (FOAMGLAS® T4+20#) ATA3 13640 rating: 3 (Useful)
mineral origin)
Sheep wool (SHW) of  Sheepwool (“Databases: B uiding”, Opendap, accessedMay { ALA3 553 " 1
- animal ongin 208, hitps/Mwww.opendap es/) | i L L UL ])
Cotton (Insulating, ~ Cotton (* Databases: Buiding’ , Opendap, accessed May 1,20, .
9 not hydro philic) nitps #/w.opendapes/) AWMEHE RUnE 3 st
» Hemp (Aislatne, not Aislaine, not WW"'"C (;Dam.‘ﬂuﬂdnf. Opendap, AtA3 17 rating: 3 (Useful)
philic) 3y ),
(CL)of  Celulose(C [ AlslaNat (Loose fil cellfose .
1 CGMaN LB insuiaion 208) A17.BE-02/ A2 2DE-02/A3 649602 rating: 3 (Useful)
Cork (Wood, Wiood, compressed (~ Databases. B uldng’, Opendap, accessed =
2 compressed) May 1,209, htips//ww.opendapes/) At foting;3 Giserun
B Coconut Fiber Coconut Fiber (Garabaiio, Bedoya, Ruiz 20%) o data m'"g:““:;‘:;a (Mot
Linen (FLX) of plant Flax fiber ("Databases B uildng”, Opendap, accessed May { >
i origin 208, hitps7/wwwopendapes/) ALAZ AT rating: 3 (Useful )
. Fiber: Wood, M DF Melamine (M edfum density fibreboard (MDF),
5 Wood chips (WF) of 1 v weil as ty ATA3:074 rating 3 (Useful)

vegetable origin 20m)

Table 4. Data-based qualification (EPD) of GHG emissions, in 15 cases of thermal materials. Source: (own

elaboration)
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829 materials; 265 EPD (s) cases: Declarations in Spam -EU. Data

Powder costing, N———

PVC window (R1-A3:5.04) e

Marble and imestone slsbs (AL-A3:. SSS——

IVE (C

ted per pr

i |
l - ¢
H
H

{5
]
i

Anhydrite _’i

R -8
2 2
E
Pl
: 3
:
i

Table 5. Table with 214 materials that have reached 3 points; including data of equivalent CO2 emissions, according
to qualified data of the EPD(s), according to the regulation. Source: (own elaboration)

Construction process: A4, A5, Use stage: B1-
B7, End-of-life stage: C1-C4, D: reuse, according
to the EPD(s), with stage A1-A3 being the one
with the most information as it is mandatory.
The macro-criteria used in this research
defines a logical procedure for the usefulness
of the CO2 emissions data, when compiling
the information for the Construction Database,
of the Valencia Institute of Building-IVE
(Construction Database 2019). From the
sample of 829 materials indicated in the
catalogue database, about 214 materials whit
EPD(s) have been found in the market, which
mainly comply with the standards (EN /SO
14025 2010), (UNE-EN 15804 2072+ AT 2014),
according to the calculation procedures of CO2
emissions established in the European Union
standards.

Table 5identifies a summary with 214 materials
with useful data for the materials catalogue,
including data on CO2 emissions, according
to the EPD regulations. 264 materials include
EPD data for repeated materials. Of the 829
materials in the catalogue (Construction
Database 2079), no emission data was
found according to EM 565 regulations. The
usefulness of GHG emissions data in the life
cycle of 214 materials for compilation in the
construction base (Construction Database
2019), identifies the current status of materials
in the building products industry in Spain and
its relationship with technological innovation
and environmental impact analysis, the choice

of materials in the construction of sustainable
designs in Spain and the European Union,
can be justified in the comparison of CO2
emissions.

The usefulness of the data of the emissions
in the EPD(s), is related to the total of the life
cycle stages, calculating the emissions for
each of the material stages (Product stage: A1-
A3, Construction process: A4, A5, Use stage :
B1-B7, End-of-life stage: C1-C4, D: reuse; this
allows to identify the impact of the embodied
carbon from the use of a material in a building,
to the possibility of reusing the material; The
calculation method for each stage can be
carried out with equation (2), which allows to
calculate the impact of the emissions even at
the time of reuse of the material at the end of
the life cycle.
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ABSTRACT

By the year 2050, an additional 2.5 billion
people are expected to inhabit urban areas.
In addition, cities across the globe face the
challenge of aging housing stocks coupled
with the necessity to decrease carbon
emissions from building construction and
use. Such challenges suggest that data-
driven design solutions that prioritize fast
and efficient construction with sustainably
harvested, low-carbon materials such as
cross-laminated timber (CLT), a mass timber
product, may be best suited to address
the housing needs engendered by the
aforementioned macro factors. Considering
that CLT construction is nascent in many
regions of the world other than some
timber-dominant countries in the European
Union, this document explores how effective
information exchange among project
constituencies can help CLT-based mass
timber projects overcome the unique barriers
to construction that exist in regions without
well-established mass timber industries,
the United States being of particular
focus. Two innovative case study projects,
Carbon12 (2018) and The Canyons (2020),
are unpacked by the authors in regard to
both analog and digital information transfer.
Both multi-family housing projects were
designed and developed by Kaiser+Path
in Portland, Oregon and are two of the first
examples of high-rise, multi-family mass
timber construction with CLT in the United
States. The authors draw upon first-hand
CLT design experience with one author being
an architectural designer for Kaiser+Path's
The Canyons. A primary conclusion of this
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case study document suggests that a close
integration between project team members
early in the design process is critical to
successful project completion. The authors
also highlight specific design-to-construction
situations where more advanced digital
workflows could be particularly beneficial.
Based upon the authors’ knowledge, this is
the first peer-reviewed case study publication
to document either building.

KEYWORDS

Low-carbon construction;
housing; cross-laminated timber.

multi-family

INTRODUCTION

Low-carbon  construction  technologies
including cross-laminated timber (CLT), a
mass timber product, have proven to lower
carbon emissions from construction and
lower construction costs while increasing
construction speed and construction site
safety in Europe and Australia where a
majority of CLT-based buildings have been
built (Mayo 2015). Underpinning each of the
aforementioned CLT-related construction
benefits are integrated workflows, or data
flows, that allow project teams to collectively
coordinate nearly every aspect of the design-
to-construction process. Data-driven design
solutions that prioritize fast and efficient
construction with low-carbon materials
like CLT may provide a solution for the
architecture, engineering, and construction
(AEC) industries over the coming decades



as they attempt to overcome the inverse,
‘wicked,” challenge of significant urban
growth and provision of housing on one
hand, and the need to lower greenhouse gas
emissions from construction on the other
(Boyer Cook 2013). Despite the recognized
benefits of mass timber construction in the
AEC fields, only a few European countries
have mass timber industries that are
well-developed enough to facilitate fast,
efficient construction of low-carbon multi-
family urban housing on a large scale. For
many other countries globally including
the United States, the infancy of the mass
timber industry - including the relatively slow
adoption of building codes that permit high-
rise mass timber buildings - hinders overall
construction efficacy.

This case study research provides a
roadmap for AEC professionals regarding
two of the first large-scale, CLT, multi-
family housing projects developed in the
United States: Carbon12 and The Canyons.
Carbon12 was completed in 2018, becoming
the tallest CLT building in the United States,
whereas The Canyons is scheduled to
complete construction in Summer 2020.
Located in Northeast Portland, Oregon, both
projects were designed and developed by
Kaiser+Path, a Portland-based company
composed of Kaiser Development, Inc. and
PATH Architecture, Inc. Similar to other CLT-
based mass timber projects in the United
States and in countries around the globe
with nascent mass timber industries, the
projects faced a number of unique process
barriers due to the novelty of CLT use among
project constituencies and the size of the
projects for which the material system was
employed. Such barriers challenged the
Kaiser+Path project team, and despite the
successful completion of Carbon12 and
the expected successful completion of The
Canyons, could, if improperly handled by
a project team, lead to undesirable project
results or cancelled projects.

Carbon12 and The Canyons are uniquely
innovative in the context of American
housing and employ construction methods
not found in other buildings of similar type
and scale. As such, this case study document
provides novel intellectual content to the AEC
industries as the projects have not been the
subject of peer-reviewed documentation
previously. This case study document of
Carbon12 and The Canyons will begin with a
background description of the global macro
factors that have engendered the mass
timber movement with CLT. The background
description frames two primary challenges
to the city of the future, the ability to provide
enough equitable housing and the ability
to provide that housing in a low-carbon
manner. Using Carbon12 and The Canyons
as examples for high-quality, innovative
construction technologies/practices - quick
to build with low-embodied carbon - the
case study then focuses on the barriers
to CLT construction in regions of the world
like the United States with nascent mass
timber construction industries. Barriers
to successful project completion include
the difficulty to accurately cost estimate a
project under evolving financing conditions,
the difficulty to achieve code compliance
when local jurisdictions are unfamiliar with
mass timber construction, and the difficulty
to coordinate construction when few of
the project constituencies have experience
with mass timber products and the related
logistical demands they entail.

Through a particular focus on the
aforementioned project barriers, each of
which relate to data management and
interchange, the authors seek to provide a
resource for related ClLT-based projects in
urban areas globally as a means to support
the increased provision of mass timber
housing and the successful completion
of buildings with low embodied carbon.
The innovative building technologies and
practices explored in the following sections
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are relevant due to their ability to enhance
urban quality of life and urban social and
environmental sustainability through high-
quality, high-tech construction.

1. INTELLECTUAL CONTEXT
1.1. Case study background

According to research from the European
Commission, the world’s urban population is
expected to nearly double by year 2050 from
the 4.2 billion people in cities in 2018. "By
2100, some 85% of the population will live in
cities, with urban population increasing from
under 1 billion in 1950 to 9 billion by 2100”
(European Commission, n.d.). To support
urban population growth globally and the
related provision of adequate housing in
cities by 2025, construction spending alone
is expected to cost $9-S11 trillion (Woetzel et
al 2014). In the United States, “the baseline
demand for new housing units between 2015
and 2025 will range from 16.0 to 18.2 million
units” as a short-term forecast (McCue

TYPE IV-B

IBC 2021

TYPE IV-A

BUSINESS OCCUPANCY [GROUP B]

2017). A vast majority of these homes are
expected to be built in urbanized areas.
Inversely, the building sector must
significantly ~ reduce  greenhouse gas
emissions from building construction and
operation to align with the climate goals
set forth by a number of leading global
organizations including the World Green
Building Council and the United Nations.
It is widely recognized in the architecture,
engineering, and  construction  (AEC)
industries that lowering the embodied carbon
in building materials is one of the key avenues
to achieve global climate goals. As embodied
carbon in building materials accounts for
28% of total greenhouse emissions from
construction globally, the utilization of low-
carbon or carbon-negative building materials
can be particularly significant for lowering
total expenditure (Cramer 2020).

Wood is widely recognized for its carbon
sequestration benefits and its potential to
assist in the lowering of embodied carbon
in construction. As such, global demand for
wood products is expected to double in the
next 15 years and global wood industries

304,000 SF
ALLOWABLE BUILDING AREA

54,000 SF
AVERAGE AREA PER STORY

TYPE IV- HT

IBC 2015

TYPE IV-C

atelierjones, i

Figure 1. Mass Timber Code (IBC 2021). Source: (Atelier Jones, LLC n.d.). “CLT is a large-scale, prefabricated, solid
engineered wood panel. Lightweight yet very strong, with superior acoustic, fire, seismic, and thermal performance,
CLT is also fast and easy to install, generating almost no waste onsite. CLT offers design flexibility and low

environmental impacts” (APA 2018).
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are experiencing the highest growth since
the 2008 economic crash (Laguarda-
Mallo Espinoza 2018). In the United States,
the increased demand is coupled with
changing building codes, sustainable forest
management policies, and the expanding
demand for low-carbon  construction
solutions. The increased demand for wood is
largely in opposition to concerns over global
deforestation, only recently in decline due to
emerging forest management practices such
as FSC certification in the United States.
Additionally, the International Building Code
recently adopted new terminology and height
protocols for heavy timber material use
after an internal committee focused on tall
wood buildings conducted over two years of
extensive interdisciplinary debate, research,
and testing including, but not limited to,
structural studies and fire performance
testing. Although the new Type IV codes (Fig.
1) have yet to be fully implemented within
individual American states, such legislative
adjustments present new opportunities for
the utilization of technologically advanced
wood products such as cross-laminated
timber (CLT).

CLT in combination with other mass timber
technologies has been heralded as the
first new way to build skyscrapers and
related multi-story construction in over
100 years. Despite the expanded use of
cross-laminated timber (CLT) for structural
applications, timber-dominant countries in
the European Union are the only countries
globally with matured mass timber markets/
industries. For much of the rest of the world,
CLT is a nascent technology. The infancy of
mass timber markets/industries in many
countries, including the United States,
injects certain use barriers to mass timber
construction that may limit the potential
for such low-carbon construction solutions
to be used on a large scale in response
to housing needs for increasing urban
populations. Thus, a key objective for AEC
professionals with successful CLT-based

design and construction experience should
be to disseminate knowledge to lower such
use barriers for future projects. The following
two case study projects are a direct attempt
to disseminate such knowledge as it pertains
to the information exchange or “dataflows”
found within the two projects’ design-to-
construction processes.

1.2. Novelty of case study buildings in non-
European contexts

Carbon12 is the first - and tallest - CLT-based
mass timber structure to be built in the United
States. It is also the only high-rise residential
building to be permitted and completed in
the U.S. The Canyons is a furtherance of
the mass timber construction ideas and
processes developed for Carbon12. It is the
first and only CLT project in the U.S. to use a
hybrid, light timber frame and CLT structural
construction system. Both projects provide
novel information for the subject area of this
study. Brock Commons is the only related
non-European CLT-based high rise project
globally. It was permitted and built in Canada
with construction completing in 2017.

2. METHODOLOGY

As presented in the forthcoming sections, the
extracted information from both case study
projects is drawn from the authors’ first-hand
experiences with mass timber construction
in both Europe and the United States, as well
as relevant project references. One author of
the paper was an Architectural Designer for
Kaiser+Path who was intimately involved
in the design development, permitting, and
construction administration process for The
Canyons. The author also has experienced-
based knowledge of Carbon12 through
the direct exchange of project insight from
colleagues who designed Carbon12 - e.g,
the project owner, architects, and builders
who sought to facilitate a dissemination
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of mass timber education as well as to
further prepare the author for their design/
construction role within The Canyons
project. All case study information was
acquired through first-hand experience with
the project team and on the project site
unless otherwise noted. This information
was also corroborated with multiple project
team members for the writing of this
document. The authors’ objective to provide
uncompromised information directly from
the source and the lack of available project-
specific data elsewhere about The Canyons
are both rationales for using the direct-
knowledge, experienced-based approach for
this document.

3. EXTRACTED INFORMATION FROM CASE
STUDY PROJECTS

3.1. Carbon12

At the time of this writing, Carbon12 is the
tallest mass timber building in the United
States. The eight-story urban multi-family
housing project was completed in 2018 in
Portland, Oregon and was designed and

built by Kaiser+Path: an integrated design,
development, construction firm led by
Owner and Principal Benjamin Kaiser (Fig.
2, 3). Carbon12 set multiple key benchmarks
for high-rise, multi-family mass timber
constructioninthe United States. As stated by
Kaiser+Path, the firm “set a new standard for
what's possible in sustainable development
in the United States ... [by working] with city
and state officials to waive restrictive codes
limiting the height of wood buildings, making
Carbon12 and future tall wood buildings in
the US possible” (Kaiser+Path, n.d.). The
95-foot tall, 38,000 square foot building
features a German-developed, mechanized
underground parking system, first floor
commercial space, and 14 multi-family
residential units above. Structurally, the
project utilizes a hybrid system composed of
steel buckling restrained brace (BRB) frames
paired with glulam columns and beams.
Carbon12 uses “Douglas fir lumber in its
columns, beams and the bottom layer of the
exposed CLT" (Kaiser+Path, n.d.). The interior
of the CLT panel uses spruce-pine-fir (SPF).
The wood is sourced from British Columbia
and uses wood killed by the Mountain
Pine Beetle. Exemplifying the multifaceted

Figure 2. Carbon12 by Kaiser+Path. Source: (Kaiser+Path n.d.)
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benefits of tall wood construction, the
project overcame legal and logistical barriers
to construction and provided new insight
into the potential benefits of dataflow
optimization to enhance future mass timber
construction and project team coordination.
The project also illustrates the importance
CLT-related design teams should place on
manufacturer engagement and coordination
even within early design phases.

3.2. The Canyons

Following the successful completion of
Carbon12, Kaiser+Path  designed and
developed The Canyons, a six-story, multi-
family mixed-use project located directly
adjacent to Carbon12 in Portland, Oregon
(Fig. 3). The Canyons is a 65-foot tall,
110,000 square foot building that uniquely
utilizes a combination structural system
pairing lightframe timber bearing and shear
walls with CLT floor panels. It has 70 market-
rate residential units in the main building
with a pedestrian alley, located on a North-
South axis, that separates 11 micro-retail
work-units from additional ground floor retail
within the main building. Unlike Carbon12,
Kaiser+Path collaborated with local builder
R&H Construction as their general contractor
while working directly with Catena Consulting

Figure 3. The Canyons by Kaiser+Path. Source:
(Kaiser+Path n.d.)

Engineers to develop the structural strategy.
Similar to Carbon12, Structurelam was the
mass timber manufacturer/supplier and a
critical project partner for both buildings.
The Canyons is currently under construction
with completion expected during Summer
2020. While the project is considered by
Kaiser+Path to be a direct furtherance
of Carbon12 regarding the pioneering of
low-carbon construction techniques and
methods in the United States, The Canyons’
hybrid timber structural system, unique
atrium design, and construction interfacing
and logistic strategies are each unique to the
project.

Both projects contain valuable process-
knowledge for the AEC industry globally,
particularly in regions of the world with
nascent mass timber industries. The
projects are presented in a back-and-forth
manner over the following paragraphs with
case-study knowledge being disseminated
through the following two sections: (1) project
funding and code compliance; and (2) project
construction. The authors focus on specific
instances in the design-to-construction
process for both projects that are intended
to provide the best use-value information
for AEC professionals to positively influence
future, urban, multi-family construction with
CLT.

3.3. Project funding

“As part of the Obama administration's
commitment to mitigate climate change,” the
USDA launched the U.S. Tall Wood Building
Prize Competition in 2074 (McKalip 2014).
As engineering cost factors and code-related
variances were deemed as key limitations
to the expansion of tall wood construction
in the US, the $2 million in USDA funds
were targeted to specifically address both
issues through the selection and subsequent
financial support of winning projects. Having
just independently developed, designed,
and constructed a commercial mass timber
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(glulam) project, Kaiser+Path shifted their
focus and entered the competition with
six weeks before the deadline. Due to their
unique internal composition of “trained
architects, contractors, and developers...
[that also] already owned the proposed
building site,” they submitted a proposal for
Carbon12 but were not ultimately selected
(Kaiser+Path, n.d.)(Fig. 4). Despite the
setback, the team decided to move forward
with the design anyway. Kaiser+Path's
office  composition as owner/developer,
architect, and general contractor  will
reappear throughout the case study as a key
strategic advantage for successful project
completion. In this case, the team was able
to pivot financially and fund the project
without USDA money, although there was
a significantly smaller amount of US Forest
Service Wood Innovation Grant money
supporting engineering and permitting. The
project's integrated, architect-as-developer
funding model allowed greater flexibility
with design and construction logistics than
would otherwise be available if the project
were reliant upon other funding means or an
alternative team composition. This is one key
reason the project was ultimately constructed
successfully whereas other related projects
by other offices were cancelled (Njus 2019).
Throughout the project period, the team
was able to adjust hard and soft project
costs on-the-fly in coordination with the

Figure 4. C12 Render 1, Tallwood Competition Proposal
by Kaiser+Path. Source: (Kaiser+Path n.d.)
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digital models and project affiliates. This
was particularly important for a CLT-based
project as the unique, hybrid structural
system and novel wood use added additional
complications to the standard methods
of costing and construction. The ability
to pivot design-wise to adapt to changing
cost conditions and project constraints
was time efficient in the small office where
the owner/developer-architect-builder team
consisted of approximately seven persons
- depending upon the project stage - unlike
related situations in larger, less-centralized
companies. The project was planned as
a condominium project with two ground
floor commercial tenants and 14 potential
residential owners. The high upfront project
costs of using new CLT construction
methods were able to be handled through
the condo financing model. The premium
price for high-end condo units in the up-
and-coming Williams Avenue, Portland
neighborhood was able to offset the uniquely
high development costs for the project in
terms of its special underground parking
system and CLT expenses as compared to
other non-CLT projects of a related size.

Kaiser+Path relied on the same architectural
and general contracting Revit model for
Carbon12 and separate Revit models for
The Canyons. Structurelam, the mass timber
supplier for both projects, produced a CLT
package and project-specific glulam package
that included handling and assembly notes,
tolerance specifications, CLT panel data
charts, and construction sheet sets in
coordination with the general contractor. This
information was not cohesively imbedded in
a singular BIM model with linked data flows
between project teams. As Carbon12 was
the first project for which Kaiser+Path had
utilized CLT at this scale of building, the
project team held weekly meetings regularly
to manage the complexity of design,
construction, and ClLT-specific material
challenges. The project team was proactive
and intentional in regard to predesign work



and coordination. For The Canyons, close
coordination within the design development
phase between architect, general contractor
(GC), and mass timber supplier led to cost
savings through the reduction of CLT panel
thicknesses which then led to decreased
concrete foundations.

3.4. Building code compliance

The challenge of building code compliance
is one of the key factors that may impact
design-to-cost decision making by CLT-
related project teams. In world regions with
less developed mass timber industries and
relatedly less mass timber use, the work
to overcome building code compliance
challenges can cause significant financial
problems due to project delays, unexpected
fees, or further required research to gain
approval by local governing bodies. The
process for Carbon12 was no exception.

Initially, the City of Portland required that
Carbon12 go through an extensive third-
party review process similar to a concrete
building over 240 feet tall. The city had never
reviewed a CLT project before, so it was clear
that this route would take significant time and
cost. However, at the state level, the Oregon
Building Codes Division was launching a
pilot program to establish a method for
reviewing CLT buildings for local jurisdictions
(Kaiser+Path, n.d.).

Ultimately, the city and state partnered on
the review effort for Carbon12 after multiple
city entities were consulted, and project data
from Carbon12 was shared with the state to
enhance its review process for future CLT
buildings. The sharing of Carbon12’s data
with the state directly benefited The Canyons
project by Kaiser+Path, which was designed
a few years later, and it is likely to have
lasting benefits for future CLT buildings even
outside of Oregon’s jurisdiction. This is not
only due to the establishment of a baseline

code review process for Oregon mass
timber structures, but also due to the impact
Carbon12 has had as a direct reference for
the ICC Ad Hoc Committee on Tall Wood
Buildings in their “review and approval of
new building types to the 2021 International
Building Code” (Kaiser+Path, n.d.).For both
Carbon12 and The Canyons, challenges
to overcome building code restrictions
impacted the project timelines and had
the potential to significantly disrupt cost
estimates. The developer-architect-builder
model at Kaiser+Path provided flexibility
to overcome cost barriers and the small
project team size helped to expedite project
workflows. Each Kaiser+Path building also
illustrates from a cost and code perspective
how beneficial pilot-type buildings can be to
pave the way for a further streamlining and
optimization of related projects.

3.5. Project Construction

Above and beyond the required planning for
a typical multi-family housing project, CLT-
based mass timber projects require extensive
pre-planning and project coordination. In
regions of the world with nascent mass timber
industries, the administrative hierarchy and
coordination methods between the architect,
general contractor (GC), and product
manufacturers is particularly important to
determine early in the process as working
relationships and the division of labor may
be different than in typical project delivery
models. Additionally, the digital model, or
building information model (BIM), may be
developed and utilized differently than in
standard - non-CLT - practice. For CLT-based
projects, the tolerances between various
building materials must be considered early
in the design process and reflected in the
method of BIM model development and
utilization due to the high-level of mass
timber precision from the factory, often 1/32
inch, as compared to steel and concrete
which are considerably less precise.
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The following paragraphs present specific
aspects of the construction process for
both Carbon12 and The Canyons. Through
the following examples, tradeoffs are
introduced between the utilization of
integrated digital models for construction
sequencing and coordination versus the less
digitized methods of direct manufacturer
interfacing and in-the-field construction
workflow  improvements. When  novel
material systems for construction such as
CLT are adopted by the project team, key
questions must be answered regarding the
reliance on digital planning tools like BIM
versus more traditional forms of project
team communication, and at what point may
more traditional methods of project team
communication need to evolve into more
advanced digitally-integrated workflows.

3.6. Carbonl12: Material
coordination

tolerance and

If low-carbon construction wusing CLT-
based mass timber elements is to provide
a widespread, scalable solution for urban
housing construction, the precision-based
benefits of CLT's manufacturing process
likely will need to be maximized, namely
construction speed. As construction speed
increases, project costs are lowered.
Carbon12 was faced with a dual challenge,
the need for construction speed to lower
project costs on one hand and the inability
to use CLT for the building’s elevator cores
on the other - a result of local seismic code
limitations. As concrete construction for the
building’s structural core would have been
schedule inhibiting due to time-intensive
formwork construction and cure time,
increased trade coordination on a limited site,
and potential context-specific winter weather
hindrances, the team chose to use a buckling
restrained-braced (BRB) frame system. The
steel-brace system was designed to work
in conjunction with the CLT floor slab and
glulam post-beam arrangement. The steel
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for the frame was sourced specifically for
the project due to the engineers concerns
that the typical steel-brace components
were designed for much heavier types of
the buildings (Forest Business Network
2018). The team also directly coordinated
with Timberland, the framing subcontractor
with an internal steel division, so that
Timberland would directly fabricate and
install the BRB system in conjunction with
the timber package. Thus, the assembly of
the entire structural system was optimized
as a singular subcontractor would conduct
not only 3D clash detection between the
two material systems, but they would also
facilitate efficient labor scheduling resulting
from the same crew erecting the building's
whole structure. The BRB frame system was
constructed in three-story high increments
so that the CLT could be threaded by a crane
through the steel frame for fast assembly.
After the CLT floors were completed to the
required height, the next three stories of BRB
framing were added. Uniquely, the CLT was
prefinished in the factory by Structurlam
which further enhanced the project’s onsite
construction schedule and proved be
particularly critical through a historically
wet and snowy Oregon winter. The factory-
finished panels were directly lifted into place
from arriving trucks, minimizing potential
damage and staining while also eliminating
the need for additional weather protection or
finish work onsite. The factory pre-finishing
by Structurlam is unique because it went
beyond typical means of service for a mass
timber company and required a significant
amount of labor and space investment by
the manufacturer. However, the intensive
process directly facilitated onsite success
as it not only minimized onsite panel labor
but also allowed the construction team
to continue structural assembly through
inclement weather conditions without costly
setbacks.

As new forms of advanced fabrication
engender the creation of increasingly high-



precision building products such as CLT,
a key concern for project teams is how
to best coordinate the precision of such
building systems with other project systems
of significantly lower precision. The CLT
elements for Carbon12 were significantly
more precise than the steel frame and
concrete foundation - the CLT precision
being approximately 1/8" while acceptable
tolerances for concrete could range from 1/2"
to 1”. As such, the project team coordinated
with the structural engineer to fabricate steel
‘buckets’ (Fig. 5,6) that allowed the high-
precision wooden elements to rest on the
less-precise steel. The glulam beams were
adjusted - trimmed to fit if necessary - to
accommodate fluctuations in the steel and
then bolted to the buckets to tie back to the
primary steel structure.

This particular design solution is important
to recognize for its key benefits to the
construction coordination and assembly
process. The project team recognized in
advance that the steel, despite its factory
fabrication, may not perfectly meet the

wooden elements in the field due to
factors such as creep, thermal expansion/
contraction, and human assembly
imprecision.  Therefore, the intentional
design of steel bucket joints allowed the
element-to-element connections to be
slightly adjusted on site. Such a process
questions the utility of highly precise digital
models that cannot simulate the human
error or climatic factors that may influence
material performance/accuracy on site. In
this case, direct manufacturer interfacing
regarding assembly logistics, detailed
logistical planning for assembly, and in-the-
field construction workflow improvements
provided a streamlined construction process.
For Kaiser+Path, extensive weekly pre-design
meetings between the architect, builder,
mass timber manufacturer, and framing
subcontractor were necessary to coordinate
the successful design, integration, and
assembly of the BRB & CLT hybrid system of
Carbon12.

Figure 5,6. Carbon12 Detail, Beam - Steel Core Connection with adjusted glulams. Source: (Kaiser+Path n.d.)
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3.7. The Canyons: Construction speed and
logistics

As a direct evolution of the ideas and
processes that drove the design and
construction of Carbon12, The Canyons was
also designed with a CLT-based structural
system. Construction speed and precision
with low-carbon materials were each
important drivers for the project team. Unlike
Carbon12 that employed a hybrid mass
timber and BRB-frame structural system,
The Canyons is constructed of a unique
combination of light-frame wood and CLT
floor slabs. The hybrid wood assembly with
light-frame structural walls - bearing and
shear - and CLT floor slabs was chosen
due to cost concerns and code-related
obstacles. The concrete foundation, housing
underground parking and topped with light-
gauge metal framing for ground floor retail,
is superimposed with light-frame timber
walls and CLT floor panels from levels two
through six. A multi-story exposed CLT
atrium spanning nearly the entire length of
the building, approximately 120 feet, and
bisecting the main building mass down its
North-South centerline, was a particularly
challenging spatial element to permit and
to construct. Excluding the exterior work-
units, which are constructed with traditional
building strategies, the projectis in essence a
double-loaded corridor arrangement with the
timber corridor/atrium being an experiential
focal point for the occupants.

As noted previously, integrated workflows
between project team members that optimize
on-site construction logistics are key to
the success of fast-build, CLT-based mass
timber construction systems. In response to
this necessity, the multi-disciplinary project
team spent a substantial amount of effort
early in the project planning process to
achieve a rapid construction timetable while
also maintaining a comprehensive moisture
mitigation plan. Unique to the project, the
light-frame wood walls were originally
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designed to be prefabricated for fast, modular
onsite installation. The team recognized from
their experience on Carbon12 that the CLT
assemblies could be constructed on site very
quickly compared to other building systems.
Thus, a clear challenge for the project team
was to match the construction speed of CLT
with that of the structural light-frame walls
to keep the project on schedule, to minimize
onsite CLT storage time, and to reach topout
as fast as possible. The original intent was
to have simple prefabricated walls, including
wall frames and rough sheathing, ‘chase”
or rapidly be constructed after CLT panel
installation for assembly and schedule
efficiencies. Assembly of the residential
floors would occur sequentially beginning
with the units east of the atrium after the
atrium panels were completed. CLT panels
would be installed from south-to-north on
the east units with the prefabricated wood
frames being craned into place immediately
afterwards, just as CLT panels would begin
to be installed simultaneously on the west
units. Trade crews would then be coordinated
to follow closely afterwards to create MEP
penetrations, etc. in a fluid sequence.

However, during the design development
project phase, the prefabricated nature
of the light-frame wall elements were

Figure 7. The Canyons CLT and light frame integration.
Source: (Marcus Kauffman, Oregon Dept. of Forestry
n.d.)



changed due to project cost implications
and means and methods complications.
Without affecting the overall design intent
or drawings, the construction strategy was
shifted to traditional onsite timber framing,
with the added consideration that light-frame
studs would be precut for faster onsite
assembly. This strategy facilitated faster
assembly times than could be accomplished
with traditional wood framing, but ultimately
the light-frame wall construction method
slowed the structure's overall construction
speed as this framing strategy required an
entire floor's wall assembly to be completed
before the subsequent level of CLT could be
craned into place (Fig. 7). As a result, onsite
labor efficiency was significantly reduced
and potential weather damage to stored
and installed CLT panels onsite increased.
An intensive amount of pre-construction
coordination and review was also required
by relevant parties due to the nature of pre-
cutting the studs, similar to other types of
prefabrication. In addition to a construction
sequence plan for the structure, R&H had a
predetermined internal strategy for panel
shipment and laydown that they directly
coordinated with Structurlam. Key project

documents related to the CLT shipment
and assembly included the following: (1)
CLT shop drawings complete with handling
instructions, panel identification, panel
schedules, plan sheets, specifications,
a tolerance listing, and a responsibility
statement that included panel unloading
guidance; and (2) elevation drawings of
the shipment trucks loaded with panels
and number coordinated to corresponding
shops. The construction crew averaged
approximately three days per floor for CLT
assembly and six days per floor for light-
frame wood construction. The project has
already set a number of benchmarks for
innovative wood construction (Fig. 8 and 9)
in the United States and is on schedule for
successful completion in Summer 2020.

In summary, the early coordination between
Kaiser+Path, Structurelam, and the other
project team members was highly desirable
to develop a successful approach to panel
fabrication and construction logistics. The
Canyons was a direct furtherance of the
design and construction intelligence utilized
on Carbon12, yet was unique in a number
of its challenges. The digital technology
workflows for the project were defined less

lu !~ /

Figure 8,9. The Canyons CLT and light frame integration. Source: (Marcus Kauffman, Oregon Dept. of Forestry n.d.)
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by high-tech uses of simulation and analysis
software, but rather the diversity of file types
and multiple team members through which
the information had to flow. An emphasis
was placed on direct person-to-person
coordination.

4. DISCUSSION

4.1. Opportunities for off-site fabrication and
integration

Relative to The Canyon's prefabricated
wall assemblies, the construction speed
challenges that the project team experienced
may be mitigated through higher-end
workflows that pair Revit data with advanced
robotic manufacturing. If the team continues
to refine the hybrid-timber construction
logistics and costs for advanced fabrication
are managed, technologies such as the
robot-based fabrication of timber-frame
modules pioneered by the ETH's Gramazio
Kohler Research Lab may be of particular
utility (Gramazio Kohler, n.d.). Additionally,
relative to factors that are unpredictable
on site such as human construction error
and  weather, integrated cloud-based
models across the project team that allow
for construction changes to be quickly
coordinated could be particularly useful.
For example, with integrated digital tools,
the construction team can use mixed-
reality overlays, site scans, and shared
digital models across the construction
team to account for, and subsequently fix,
construction inconsistencies.

4.2. Opportunities to enhance design-cost
modeling

Based upon the authors’ experiences
designing mass timber buildings in
Europe and the United States, including
The Canyons, a further integration of cost
and design models could be beneficial
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across the mass timber industry to help
streamline  the  design-to-construction
process, specifically after initial project
bidding. The aforementioned lack of Revit
model integration between the architects
and contractors on The Canyons presents
an opportunity to link decision making with
real-time design-to-cost updates. After
initial project bidding is typically completed
and the general contractor and primary
subcontracting teams have been selected,
BIM design data could be linked to cost
calculations in real-time for major project
components. Such a linking of information
is uniquely relevant to large prefabricated
buildings like The Canyons due to the
extreme degree of pre-project coordination
necessary. Architectural offices have shown
an interest in such streamlining through
projects such as Model-C by Generate and
B2 by SHoP.

CONCLUSION

Effective information exchange among
project constituencies can help CLT-based
mass timber projects overcome the unique
barriers to construction that exist in regions
of the world without well-established
mass timber industries. Additionally, a
close integration between project team
members early in the design process is
critical to successful project completion
in such contexts. Both Carbon12 and The
Canyons have overcome design, permitting,
and construction barriers, many of which
stem from the lack of experience with
CLT construction in the United States and
the general infancy of the mass timber
construction industry at a global scale.
If urban populations increase globally as
projected, case study projects such as
Carbon12 and The Canyons can provide
valuable information for AEC professionals
in support of the widespread construction of
new, low-carbon, multi-family urban housing.
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ABSTRACT

Daylighting has gained significant attention
in the contemporary building industry to
support a sustainable living environment.
This is a challenge in the ever-increasing
density of urban contexts. Empirical
research shows that daylighting needs to be
incorporated in regularly occupied spaces,
including residential buildings. Surprisingly,
residential buildings are designed largely
ignoring daylighting necessity in compact
urban contexts in developing countries. It
is imperative to ensure enough daylighting
ingress in residential buildings for improved
health outcomes and comfort conditions.
Daylighting in high-rise residential buildings in
a dense urban context is still a less explored
field in empirical research. This research
presents an analysis of daylighting ingress
relating to urban street canyon configurations
of high-rise residential buildings in the dense
urban context of Dhaka, Bangladesh. A
parametric study is used to investigate the
impact of building and street canyon geometry
on daylight autonomy in high-rise residential
buildings. Six residential building typologies
are analyzed concerning how varied geometry
of these typologies and the width of urban
street canyons impact daylight ingress. The
key aspects to analyze daylight autonomy in
this study are building geometry, surrounding
obstructions, orientation, and urban street
configurations. These are computationally
analyzed and visualized utilizing software,
such as Rhinoceros, Grasshopper, and
environmental plug-ins such as Honeybee
and Ladybug. Observations from the study
are used to understand how the geometric
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aspects of street canyons impact daylight
autonomy in high-rise residential buildings in
the dense urban context of Dhaka.

KEYWORDS

Daylighting;  density;  urban;  high-rise;
residential.

INTRODUCTION

Daylighting is as old as architecture itself and
has a significant influence on building design.
Before artificial lighting replaced natural light,
the provision of daylight in every space was
a necessity. Throughout history, daylight has
influenced the building forms in numerous
ways. The interaction between building design
and daylighting depends on the importance
of the availability of daylight in the building.
The required illuminance quantity and quality
are defined by the typology of a building.
Building form determines the possibilities
of daylight utilization and illuminance
distribution patterns (Nancy et al. 2000).
The factors related to building forms that
influence daylighting design are - the ratio
between exterior fagade area and total floor
area, building height, floor depth, floor-to-floor
height, interior walls, and other obstructions
(Compagnon 2004; Mayhoub and Carter
2010). Moreover, designing for daylight in
a dense urban context asks for external
urban factors, such as external obstructions,
height and width of urban canyons, and other
geometric aspects of the buildings (Cheng et
al. 2006; Compagnon 2004).



Problem Statement

Urban densification and the construction of
high-rise buildings are very specific problems
related to daylighting in urban environments.
In dense urban areas, the tall buildings that
are built in direct proximity to each other,
cover part of the sky, shade the windows
from daylight and therefore, reduce daylight
ingress and duration of sunlight. Moreover,
tall buildings form street canyons, and these
canyons reduce daylighting ingress inside the
buildings. The use of artificial lighting is the
only substitute in these cases. The negative
psychophysical impacts of artificial lighting
are well researched and proven (Boubekri
2008). Moreover, dependence on artificial
lighting accounts for a substantial amount of
energy use.

The development of high-rise buildings
is a consequence of urban densification,
expanding urban population, and economic
growth. This is an ongoing issue, particularly
countries in  Southeast Asia. In many
Southeast Asian cities, such as Dhaka,
Mumbai, Hong Kong, Kuala Lumpur, high-rise
residential buildings are abundant (Farea et al.
2012). According to Ahsan et al. (2016), the
number of high-rise buildings has increased
by three times between 2010 and 2016,
whereas in Bangkok and Kuala Lumpur, the
number has doubled over the same time
(Ahsan 2016). Thirty percent of these high-
rise buildings in Dhaka is of the residential
type, and this number is increasing (Ahsan
et al. 2014). The current number of high-rise
housing may be much higher.

The Context of Dhaka

Dhaka, the capital of Bangladesh, is a fast-
growing metropolis in south Asia and the 9th
most densely populated cities in the world
(United Nations Department of Economic
and Social Affairs 2016). An influx of internal
migration and spontaneous growth of
population turned Dhaka into a densely built

populous city with a demographic of 8.5
million people as of 2016 ("Atlas of Urban
Expansion - Dhaka" n.d.). The built-up area
density was 552 persons per hectare in 2014,
and it is increasing every year ("Atlas of Urban
Expansion - Dhaka,' n.d.). The city suffers
from extensive uncontrolled densification
horizontally, and very recently, vertically in
both planned and unplanned developments,
resulting in a very compact urban form. The
growing trend of constructing taller buildings
is creating the problem of very dark and narrow
urban street canyons (height: width aspect
ratio 8:1 — 10:1). The two-way urban sprawl
with no consideration of livable environmental
factors, such as daylighting, etc. and proper
infrastructure, including housing, has made
Dhaka one of the unlivable cities of the world
("Global Liveability Ranking," n.d.).

It is a matter of concern that a majority of the
existing residential buildings in Dhaka are built
neglecting the adverse effect on occupant's
psychophysical well-being, comfort, and
overall urban environment (Ahsan, 2016).
The high-rise buildings take advantage of
the setback rules that require the buildings
to have a minimum distance from the site-
lines. These buildings obstruct admission
of daylight forcing the occupants to rely
on artificial means of lighting (Ahsan et al.
2014). This creates the problem of very dark
interior living spaces in these buildings and
the increased use of artificial lighting (Ahsan
etal. 2014). This poses the following research
question: How do building and related street
canyon geometry affect daylighting in high-
rise buildings in a dense urban context such
as Dhaka, Bangladesh?

Review of Scientific Research and
Recommendations on Daylighting

Parametric methods have been utilized in
many pieces of research that intend to solve
the complex problem of daylighting design
utilizing available data and taking advantage
of the flexibility of user manipulation (Eltaweel
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and Su 2017). Daylighting design is dependent
on many divergent criteria such as the latitude,
longitude, sun-path, sun angles, dynamic sky
conditions, solar irradiations, which makes the
task complex and challenging. The parametric
method can provide the utility of processing
and connecting all the relevant data using
specific software, which makes the process
of analysis and decision making easier.

Over the past couple of decades, several
studies have been undertaken to evaluate
daylight ingress using parametric methods.
Compagnon (2004) proposed a method to
evaluate daylighting in urban areas by looking
at irradiance values on building roofs and
facades. This method has limitations as it
does not consider the fact that daylightingress
is dependent on the depth of the building.
In another research by Strgmann-Andersen
and Sattrup (2011), building depth and
related urban canyons were analyzed. Their
correlational study investigated building scale,
urban density, and passive energy factors
and established a relation between urban
geometry and building operational energy,
assuming a homogeneous urban setting. In
PLEA 2006, Cheng et al. (2006) introduced
another approach to investigate daylight
availability by looking into daylight factors
and urban density. This study presented the
potential of daylighting simulations for urban
design. However, the daylight factor approach
is not a climate-based daylighting metric.

In recent years, climate-based daylighting
metrics based on annual hourly indoor
illuminance data are repeatedly investigated,
promoted, and validated by researchers
(Mardaljevic, Heschong, and Lee 2009)
(Reinhart, Mardaljevic, and Rogers 2006).
The Illluminating Engineering Society (IES)
introduced Lighting Measurement protocol
LM-83 that provides recommendations for
using spatial daylight autonomy metric (sDA)
to evaluate daylight availability in buildings.
According to the IES recommendation, if a
point in the work plane of an interior space
receives daylight above 300lux at least 50% of
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the occupied time (sDA , ..,,), it is considered
'daylit'" ("llluminating Engineering Society -
The Lighting Authority" n.d.). According to
LEED V4, the recommended sDA .., level
for an interior living space is at least 55% of
a regularly occupied floor area ("LEED Green
Building Certification | USGBC" n.d.). This is
also adopted by the WELL building standard
("Light | WELL Standard,' n.d.).

Research overview

This research intends to investigate the
existing daylighting situation in a dense urban
residential context of Dhaka, Bangladesh.
The study is done first, at the building level,
and then extended to the urban level. Six
types of building geometry are tested at a
building level to see the effect of building
geometry. Then, the author investigated
five rectangular building types at an urban
level study. The urban level study focused
on urban canyon configurations such as the
width of streets, street adjacency to the longer
side of building fagade, and orientation. The
research employs specific parameters to
simulate hypothetical urban scenarios. This
investigation helps to understand and identify
the effects of building geometries and urban
street canyons on daylighting in a dense city.
Consequently, building orientations are also
studied to understand how the buildings and
urban canyons relate to each other. From
this investigation, it is to be determined what
geometric aspects of buildings and urban
street canyons affect daylighting ingress
in heavily obstructed high-rise residential
buildings and whether a parametric
exploration can help designers understand
how daylighting ingress in densely built cities
can be improved.



1. METHODOLOGY
1.1. The Climate and the Sun

The tropical city of Dhaka has a mainly
direct sunlight climate. Conventionally, the
principal daylighting strategy is window
design with considerations for visual and
thermal comfort. In dense areas with high-
rise development, overshadowing cuts down
a significant amount of incident daylight,
and window design becomes a secondary
concern. In such cases, urban street canyons
and the shape of the buildings can be strategic
areas for daylighting design. This research
explored these specific strategies concerning
daylighting in Dhaka. For this exploration, it is
crucial to understand the sun's positions and
angles throughout the year concerning the
location of Dhaka.

The latitude of Dhaka is 23.8° North, and
the longitude is 90.4° East. The Sun path
diagram and solar chart presented in Figure
1 graphically show the year-round solar
positions. These diagrams indicate that the
sun altitude angles are high. The altitude
angles for Summer and Winter solstices are
89.64° and 42.76° respectively (calculated
by the SunAngle program - https://susdesign.
com/sunangle/). The sun path and solar
chart diagrams are intended to show how the
sun’s position throughout the year affects the
facades facing the west, southwest, south,
southeast, and east, while the north facades

Figure 1. Sun path diagram and solar chart for Dhaka.
(Source: http//solardat.uoregon.edu/unChartProgram.

php).

have diffused daylight. The solar position is
a critical factor for the daylighting design in
Dhaka because of the high solar angles.

1.2. The workflow

This research adopts a computational
approach to analyze daylight availability in
Dhaka. A parametric workflow is created
based on existing scientific research. To
calculate the sDA at a building level, the
Radiance-DAYSIM approach is used and
validated in many research (Saratsis, Dogan,
and Reinhart 2017; Reinhart and Wienold
2011). Ladybug and honeybee plug-ins for
rhinoceros-grasshopper use the Radiance
engine to simulate daylight availability.
The parametric workflow shown in Figure
2 is used to model, simulate, and evaluate
building geometry and related urban street
canyons. The workflow is divided into
four sequential phases: (1) modeling the
geometries and environment, (2) define and
iterate the geometries which include defining
the analysis geometry, creation of windows,
walls, floors and ceiling, (3) annual daylight
simulation, and (4) evaluation based on
dynamic daylight availability metrics.

Typical meteorological year (TMY) weather
data for Dhaka, Bangladesh, is used for the
dynamic sky and daylight conditions.

Figure 2. The computational workflow. (Author 2019)
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1.3. Urban Geometry

The characteristics and form of urban
residential buildings are a result of ever-
evolving codes and regulations as well
as climatic, socio-cultural, political, and
technological factors. Dhaka's urban housing
scenario is not any different from that. In this
research, urban geometry is analyzed at the
building level and the urban level. Several
residential building form typologies are seen
in Dhaka. Some typologies are adapted from
the old courtyard houses with living spaces in
the perimeters of the buildings with a central
courtyard. Other typologies are variations
and combinations of the central courtyard
and vertical shafts at the outer shell of the
buildings. The author identified six common
residential buildings form typologies based
on their geometry, which is shown in Figure
3. These are simplified massing diagrams for
the typologies of residential building forms.
The primary geometric types are square
and rectangular forms of the building mass.

Diagrams show the shapes of the buildings
with external cuts and internal lightwells
modified from existing residential buildings in
Dhaka. Exterior protrusions and details such
as windows, shading devices, are not shown.
The number of dwelling units ranges from 4-8
per floor. At the urban level, the rectangular
typologies were studied with varied urban
canyon configurations. One example is shown
in Figure 4.

1.4. The Parametric Research

The computational analysis is done in two
levels —
Buildi . o

A series of simulations were run for fourteen
floor levels for each building typology. The
total floor area is 8800 square feet in all six
cases. For this set of simulations, the author
set the building geometry as isolated objects
on a ground plane with no obstructions. The
freestanding geometry sDA values serve as
references for the urban level analysis.

Square Typologies Rectangular Typologies
&> P P S <> I -
- j i | 4 P ~
Square 1 Square 2 Rectangular 1 Rectangular 2 Rectangular 3 Rectangular 4

Figure 3. Six residential building form typologies. (Author 2019).

Figure 4. Example of a 3X3 grid geometry (R3 type) at the urban level. (Author 2019).
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Parameters

Building geometry

Details

Shape, form

External cuts and internal lightwells

Urban street canyons

Shape, area

Width of the adjacent street

Canyon orientation

N-S vs E-W

Context

Relative compactness or dispersion

Obstruction of solar penetration

Overshadowing from adjacent buildings

Table 1. Building and Urban Level Parameters. Source: (Author 2019)

Z . Lo
For the wurban level simulations, only
rectangular typologies were studied. Another
geometric type with no external or internal
lightwell is included in the study (R0) to
see how it performs in comparison to the
other four rectangular types. Each of five
the rectangular typology is simulated and
analyzed in hypothetical 3 X 3 grids of
repeating geometry with streets. The urban
level study for five rectangular typologies are
done in the following scenarios —

i. North-south building orientation,

20" streets

ii. East-West building

orientation, 20" streets

iii. North-south building orientation,

30' streets

iv. East-West building orientation,

30 streets

v. Wider East-West streets

vi. Wider North-south streets
The proposed simulation approach features
parameters in the parametric modeling
environment to allow for an understanding of
daylight availability and increasing simulation
complexity. These variables affect the
annual simulation analysis either by adding
to the accuracy level or by impacting the
daylight availability. Table 1 summarizes
the parameters explored in this study. The
Radiance parameters are set at the following

levels- the ambient bounces (ab) at 5, ambient
divisions (ad) at 1000, ambient resolution (ar)
at 300.

The computational methodology  used
here, while effectively producing relevant
results, makes some important simplifying
assumptions for simulation to minimize
calculating irrelevant objects and shorten the
simulation time. A key assumptionis that there
are no interior walls, partitions, structures,
furniture, or other internal obstructions in
the building. Another key assumption is, the
massing of the building is simplified, not
considering the fagade treatments such
as exterior protrusions, verandas, other
overhangs, or shading devices concerning
the windows. It should be noted that the sDA
computed in this exploration is not the actual
sDA required by LEED that complies with IES
LM-83 since there are no shading devices,
such as blinds, applied in the parametric
model. The sDA metric is not originally
intended for residential development and
there are very limited guidelines for evaluating
the daylighting performance of residential
buildings. The exterior wall thickness and the
building elevator and stairwell core were not
deliberately defined in the geometry. The sDA
calculated in this research is the output of
the Honeybee annual daylight simulation and
is referred to as sDA henceforth. ASE metric
was not tested because shading devices are
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not incorporated, and this research focuses
on daylighting ingress concerning building
and canyon geometry. Further research
is needed to analyze visual and thermal
comfort. Within the limitations imposed
by these caveats, this computational
framework can be used to effectively
calculate research sDA values and generate
data necessary for this research.

Square Typologies

S1 (sDA 48.00%)

R1 (sDA 48.75%)

$2 (sDA 47.82%)

T O

R2 (sDAAT.11%)

2. OUTCOMES
2.1. Building level simulations

Figure 5 shows annual daylight autonomy
false-color graphics on the tenth-floor level
for all six building typologies for comparison.
The effect of changing floor levels on
SDA 30004 PETCENtAGES IS shown in Figure 6,
where the graph presents the sDA values on
all the floors except the ground parking level.
These data visualizations demonstrate that
the sDA percentages for a specific floor level
in all building typologies vary within a small
range and the variation is highest in the 14th-

Rectangular Typologies

(8] [w)

e

e

R3 (sDA 47.62%) R4 (sDA 48.57%)

Figure 5. Building level study for daylight availability- example level 10th floor (Author 2020).

SDA %

51 52 —0o—R1

7
LEVEL OF FLOOR

8

—o—R 2 R3 R4

Figure 6. Floor-by-floor sDA plot for the six typologies (Author 2020).
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floor level. The R4 type presents the minimum
difference in floor-to-floor sDA percentages,
whereas the R1 shows the highest variation.
Although type R4 has the longest perimeter
and thus more glazed surfaces, the upper
floors get comparatively lower percentages of
sDA than R1. It can be speculated that R1 type
has uninterrupted facades that benefit from
the unobstructed direct sunlight. Figure 5
also shows that these exterior cuts decrease
the direct sunlight ingress. The other types
have wider shaded regions between red and
blue extremes, mostly near the windows,
whereas the R1 type has uninterrupted red
color adjacent to the perimeter and the less
shaded area between the two extremes. A
similar effect can also be seen in S1 and S2
types. These external cuts may be beneficial
to reduce glare and overexposure to direct
sunlight. The impacts of having these
external cuts were also explored in the urban
level investigation discussed later. The sDA
percentages in all cases are somewhat at a

good level principally because of unobstructed
direct sunlight exposure. It is intriguing that in
an isolated geometry, the lower floor levels
receive more daylight compared to the middle
levels. One assumption can be made here that
this is due to the diffused sunlight reflected
from the ground surface penetrating the
building interiors through the glazed openings.
The upper floors receive more daylight than
the lower floor because of sunlight exposure,
whereas the lower floor levels do not receive
direct sunlight when the sun is at a higher
position in the sky.

In the isolated geometry study, the diffused
daylight from the ground, the sun positions,
and the external cuts in the fagades play
crucial roles in daylight ingress. Interestingly,
the data also shows that the shape of these
typologies does not have any significant effect
on spatial daylight autonomy for isolated
buildings, and all the typologies seem to have
an almost similar level of daylight ingress
year-round (Figure 6).

Existing Exterior
types Perimeter

N-S Building,
20’ Streets

E-W Building,
20’ Streets

N-S Building,
30’ Streets

E-W Building,
30’ Streets

Wider EW
streets

11.36% . 22.01%
- -

RO
(80' X 110)

16 58% 15.68%

[ ﬂﬂ

R1
(80' x 120) 400

R2 ;
(80 x 120) 440

.
e (
| f
o

R3
(80" x 120

zo 36% 19.02%
- ——— . 100.00
o 90.00
Ii\llll ] B
A 1 70.00
= mme e | AN 60.00

R4
(80' X 120

b

L}
I
21.43% 20.55%
LB B R | 40.00
|

I
b i

& 30.00
g 2000
-3 I
- 10.00
- = |

Figure 7. Urban level Study for Daylight Availability: Investigated floor- level 10. (Author 2020)
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2.2. Urban level simulations

Figure 7 shows the data visualizations from
the thirty annual daylight simulations for
the 10th floor of the five rectangular types
in the six hypothetical urban scenarios.
Predictably, the matrix depicts that having a
longer building perimeter, and thus, having
more glazed surfaces allow more daylight
ingress. Therefore, type R4 performs slightly
better than the other types. In contrast to the
building level study, type R1 did not perform
better than the other types in the urban level
study. The external cuts may be more useful
in urban scenarios than isolated geometry
because the diffused light reflected or
scattered from surfaces of nearby buildings
influence daylight ingress. There are slight
improvements in the sDA with an increase
in the perimeter length and glazed surfaces.
On the other hand, increasing street widths
around the building from 20 ft (6 m) to 30 ft
(9 m) resulted in significantly higher spatial
daylightautonomy percentages. This outcome
reinforces the hypothesis that the geometric
configuration of urban street canyons, in this
case, the width of the street canyon, plays a
vital role in daylight autonomy. In comparison,
building shapes seem to have less effect on
daylight autonomy. Moreover, having different
street widths shows slight variations in the
sDA which shows that having the longer side
of the building along the wider street performs
better in terms of daylight ingress.

CONCLUSION

The daylighting analysis in this research
indicates that, in the extreme urban scenarios
of Dhaka, the width of urban street canyons
has a significant effect on daylight autonomy.
For example, a ten feet width increase from
a twenty feet street increases the sDA
calculations at least 60% from the respective
cases with twenty feet streets. In comparison,
building shape and form has some, albeit
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minimal, impact on daylight ingress. For
example, up to a 13.5% sDA increase is
observed for buildings with external cuts (R4)
compared to buildings with internal lightwell
(R1). A conclusion can be drawn considering
these findings, that it is critical to address the
width of the urban canyon while designing
for such density. Additionally, the urban
street widths adjacent to the longer fagades
of the high-rise developments are critical for
daylighting in the living spaces of residential
apartments built in density, along with other
factors traditionally addressed in daylighting
design. Therefore, the regularly occupied
spaces in residential buildings of Dhaka, such
as the bedrooms, study areas, and family
living areas, should be located along the
longer side of the building fagade to benefit
from daylight. The building level parametric
study shows that the internal lightwells in
high-rise residential buildings performed
poorly regarding daylight ingress, allowing
daylight ingress only on the top 4-5 floors in a
15 storey building, whereas the external cuts
are effective for all floors. Further research
can be done on the different floor levels to see
the difference at the urban level. Additionally,
investigations can be done to investigate
realistic geometric configurations of urban
canyons with more simulation complexity
to further explore daylighting in dense urban
areas.



REFERENCES

Ahsan, Tahmina. 2076. "High-Rise Residential
Buildingsin Dhaka, Bangladesh: Strategies
for  Socially and  Environmentally
Sustainable Practice," 414.

Ahsan,  Tahmina, Veronica  Soebarto,
and Terence Williamson. 2014. "KEY
PREDICTORS OF ANNUAL ELECTRICITY
USE IN  HIGH-RISE  RESIDENTIAL
APARTMENTS IN DHAKA, BANGLADESH,"
13.

"Atlas of Urban Expansion - Dhaka" n.d.
Accessed October 31, 2019. http://www.
atlasofurbanexpansion.org/cities/view/
Dhaka.

Beck, Hylke E., Niklaus E. Zimmermann, Tim
R. McVicar, Noemi Vergopolan, Alexis
Berg, and Eric F. Wood. 2018. "Present
and Future Koppen-Geiger Climate
Classification Maps at 1-Km Resolution."
Scientific Data 5 (1): 180214. https://doi.
org/10.1038/sdata.2018.214.

Boubekri, Mohamed. 2008. Daylighting,
Architecture and Health. Routledge.

Cheng, Vicky, Koen Steemers, Marylene
Montavon, and Raphaél Compagnon.
2006. "Urban Form, Density and Solar
Potential," 6.

Compagnon, R. 2004. "Solar and Daylight
Availability in the Urban Fabric" Energy
and Buildings 36 (4): 321-28. https://doi.
org/10.1016/j.enbuild.2004.01.009.

Eltaweel, Ahmad, and Yuehong Su. 2017.
“Parametric Design and Daylighting:
A Literature Review Renewable and
Sustainable Energy Reviews 73 (June):
1086-1103.  https://doi.org/10.1016/j.
rser.2017.02.011.

Farea, Tareq G, Dilshan R Ossen, and
Abubakar D Isah. 2012. "COMMON
CONFIGURATION OF LIGHT-WELL IN
HIGH-RISE RESIDENTIAL BUILDINGS IN
KUALA LUMPUR," 9.

Ghafur, Shayer. 2011. ‘"Imprints of the
Changing Doctrines on Housing in Dhaka,"
16.

"Global Liveability Ranking." n.d. Accessed
December 26, 2019. http://www.eiu.com/
topic/liveability.

"llluminating Engineering Society - The
Lighting  Authority" n.d.  Accessed
December 16, 2019. https://www.ies.org/.

Islam, Zareen Habiba. 2076. "Changing
Housing Scenario of Dhaka and Its
Impact on Social Interaction." Cities
People Places: An International Journal on
Urban Environments 1 (2): 16. https:/doi.
org/10.4038/cpp.v1i2.8.

“Koppen Climate Classification | Description,
Map, & Chart | Britannica.Com.” n.d.
Accessed October 31, 2019. https://www.
britannica.com/science/Koppen-climate-
classification.

Kotani, Hisashi, Masaya Narasaki, Ryuji
Sato, and Toshio Yamanaka. 2003.
"Environmental Assessment of Light Well
in High-Rise Apartment Building." Building
and Environment 38 (2): 283-89. https:/
doi.org/10.1016/S0360-1323(02)00033-
1.

"LEED Green Building Certification | USGBC."
n.d. Accessed December 26, 2079.
https://new.usgbc.org/leed.

‘Light | WELL Standard" n.d. Accessed
October 7, 2019. https://standard.
wellcertified.com/light.

Mardaljevic, J, L Heschong, and E Lee.
2009. "Daylight Metrics and Energy
Savings." Lighting Research &
Technology 41 (3): 261-83. https://doi.
org/10.1177/1477153509339703.

Mayhoub, Ms, and Dj Carter. 2010.
"Towards Hybrid Lighting Systems:
A Review" Lighting Research &

Technology 42 (1) 51-71. https://doi.
org/10.1177/1477153509103724.

the architect and the city_1083



Nancy, Ruck. 2000. "Daylight in Buildings-A
Sourcebook on Daylighting Systems and
Components." the Lawrence Berkeley
National Laboratory.

Reinhart, Christoph F, John Mardaljevic,
and Zack Rogers. 2006. "Dynamic
Daylight ~ Performance  Metrics  for
Sustainable Building Design." LEUKOS
3 (1): 7-31. https://doi.org/10.1582/
LEUK0S.2006.03.01.001.

Reinhart, Christoph F, and Jan Wienold.
2011. "The Daylighting Dashboard — A
Simulation-Based Design Analysis for
Daylit Spaces." Building and Environment
46 (2): 386-96. https://doi.org/10.1016/].
buildenv.2010.08.001.

Santamouris, Mat. 2013. Environmental
Design of Urban Buildings: An Integrated
Approach. Routledge.

Saratsis, Emmanouil, Timur Dogan, and
Christoph F. Reinhart. 2017. "Simulation-
Based Daylighting Analysis Procedure for
Developing Urban Zoning Rules." Building
Research & Information 45 (5): 478-91.
https://doi.org/10.1080/09613218.2016.
1159850.

Strgmann-Andersen, J., and PA. Sattrup.
20117. "The Urban Canyon and Building
Energy Use: Urban Density versus
Daylight and Passive Solar Gains." Energy
and Buildings 43 (8): 2011-20. https://doi.
org/10.1016/j.enbuild.2011.04.007.

United Nations Department of Economic
and Social Affairs. 2016. The World's
Cities in 2016. Statistical Papers -
United Nations (Ser. A), Population, and
Vital Statistics Report. UN. https://doi.
0rg/10.18356/8519891f-en.

1084 block 5: a future based on technology






PAPER #5.11

APPLICATION OF ARTIFICIAL NEURAL NETWORK IN SOLAR RADIATION PREDICTION

FOR REAL-TIME SIMULATION

Hany Gaballa?, Yeo Beom Yoon?, Byeongmo Seo?, and Soolyeon Cho?
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ABSTRACT

Solar radiation is one of the essential energy
sources in our life. The availability of solar
radiation as a parameter is important in
getting the most effective use of solar energy
resources in design or energy simulations.
Acquiring real-time solar radiation data is
costly; most of the available data are historical.
Predicting solar radiation is considered an
essential process for developing real-time
weather data required to run real-time building
simulation to track the building systems'
performances. Artificial Neural Networks
(ANNs) have a good application history,
especially in predicting solar radiation, which
increased in the past years due to its ability to
solve complex and nonlinear tasks. This paper
aims to use an ANN model to predict hourly
global solar radiation using only temperature
and humidity, which can easily be accessible
in the Building Automation System (BAS).
An ANN algorithm had been developed in a
previous study (Gaballa & Cho 2019), which
shows that using predicted global solar
radiation to run building energy simulation
during the summer season gives a good
accuracy based on the ASHRAE Guideline
14. In this paper, the ANN model mentioned
earlier is tested throughout the entire year.
The ANN model has some variables, ie,
the number of hidden neurons, the number
of epochs, and the learning rates. For each
season, the variables are calculated to give
the most accurate results with minimum
error difference. TRNSYS software is used
to calculate direct and diffuse solar radiation
from the predicted global solar radiation. After
the prediction method, a new weather data file
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is developed according to the predicted data
using the EnergyPlus weather converter tool.
The EnergyPlus program is used to simulate a
case study office building. Using two weather
files (measured and predicted), a comparison
between the measured and predicted cases is
discussed.

KEYWORDS

Artificial Neural Network; solar radiation
prediction;  realtime  building  energy
performance.

INTRODUCTION

Every day, technologies become more

advanced to solve daily and significant
problems. Artificial Intelligence (Al) is one
of the advanced technologies used in
various flelds. This paper discusses how
Al technologies can help in diagnosing the
building’s systems efficiency.

Simulation software makes the process of
making the right decision easier; it helps
in making that in the early design stage to
save time and money. After the construction
process, it is still hard to diagnose the
building's  systems using  simulation
software since it uses historical data. That
is why developing real-time weather data is
necessary.

Solar radiation data is considered one of the
most effective parameters in simulation (Qazi
et al,, 2015); also, it is the most important
renewable energy source on earth (Gana and
Akpootu, 2013). According to Wang etal. 2011,



there is a shortage of solar radiation data
preventing a great use of solar energy. For
this reason, solar radiation data is essential.
While the measuring process is costly,
predicting solar radiation became necessary
for real-time building performance. Not only
for that purpose, it also helps in many other
different industries such as, sizing PV planets
(Egido, and Lorenzo, 1992) and increasing
agricultural productivity (Dohleman & Long,
2009). According to Gungor and Yildirim,
2012, global solar radiation data is the
required information as an input parameter
for developing solar energy systems.

In this study, an ANN model is used for global
solar radiation prediction, which had been
revealed from different studies that ANNs are
superior in prediction problems (Mubiru and
Banda, 2008). Only easily accessible data from
Building Automation System (BAS) is used as
input parameters in the ANN algorithm, which
is temperature and relative humidity to predict
hourly global solar radiation. The main goal
of this paper is to measure the accuracy of
running real-time building simulation using
the predicted weather files, which is developed
using the predicted solar radiation from the
ANN model. The simulation process using
EnergyPlus is performed to run two different
scenarios using two different weather files,
the measured 2018 and the predicted 2018
weather files. A comparison using cooling and
heating loads are analyzed for the entire year
to see the efficiency of the ANN algorithm.

1. PREVIOUS STUDIES AND GOALS

ANN models are found to have applications in
different fields of science and technology. ANN
algorithms extract the information and learn
from data, so it can be used to solve nonlinear
problems. A study conducted by Amit et
al. 2074, concluded that ANN techniques
have more accuracy in comparison to the
conventional methods in predicting solar
radiation. The ANN prediction accuracy is

found to be dependent on a combination of
input parameters, training algorithm, and
architectural configuration.

Previous studies used a combination of
different parameters which influence the
solar radiation prediction such as longitude,
latitude, altitude, time, solar zenith angle, air
temperature, wind speed, relative humidity,
cloud cover, rainfall, etc. Historical data of
these parameters in a specific location is used
as input to the ANN to predict solar radiation
at this location. However, this paper aims to
focus on easily measured data from the BAS,
which are temperature and relative humidity
to be used as ANN input parameters.

It was found through the prediction process
in the ANN model that there is no rule for
selecting a specific number of hidden neurons
or learning rate; otherwise, a try and error is
performed. Such as a previous study done
by Chiteka and Enweremadu in 2016, the
author suggested some numbers (3, 7, 10,
13, and 20) for hidden neurons to be tested.
While in this paper, an optimization process is
performed to test all possible combinations
of three variables; the number of epochs, the
number of hidden neurons, and the learning
rate.
Previousstudiesinterestedinreal-timebuilding
performance used onsite measurement tools
required to develop weather files. Some other
studies used the Seo model (Seo, 2010) to
calculate solar radiation data that requires
more than six parameters, which is not readily
available. This paper aims to use the ANN
prediction model to develop a new weather
file to be used in simulating the real-time
building performance.

2. RESEARCH METHOD AND ASSUMPTIONS
2.1. Data acquisition
One of the most effective steps in the ANN

algorithm is how to deal with the data set
required to run the algorithm. In this paper,
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2018 weather data files for Raleigh-Durham,
NC, weather station represent real measured
data. Temperature, humidity, and solar zenith
angle picked from the 2018 weather files are
used as a testing data in the ANN model to
predict the global solar radiation. Data were
divided into four seasons. Hourly global
solar radiation in each season was predicted
separately. In this way, it makes the prediction
process more accurate as the set of data
becomes more precise to each other. The
training data is differentiated for each season.
For spring, summer, and fall, the training data
set are picked from Typical Meteorological
Year (TMY) for Raleigh-Durham weather files.
While for winter, it is selected from the 2017
Raleigh-Durham weather files as it gives more
accurate results than using TMY weather files.
By running a separate ANN algorithm for
the four seasons, a predicted global solar
radiation is possible after an optimization
process. This process includes the
calculations of the most accurate variables
that affect the ANN model. The variables are
the number of neurons, number of epochs,
and learning rate. After the optimization
process, the hourly global solar radiation for
the whole year is available. TRNSYS software
is used to calculate the direct and diffuse
solar radiation from the predicted global solar
radiation through the Perez model. Then, the
EnergyPlus converter program is used to
develop a new EnergyPlus weather (EPW) file
to be called (Predicted_2018) weather files
using the predicted global radiation from ANN
and calculated direct and diffuse from the
Perez model.

2.2. ANN algorithm optimization process

Generally, there are three basic methods in
Machine Learning (ML), such as supervised
learning, semi-supervised learning, and
unsupervised learning (Muller and Guido,
2017). The summary of a detailed definition
and abilities for the three methods was
published by Seo B. et al. (2019). Artificial
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Neural Network (ANN) is considered one of
the supervised learning that belongs to ML
(Mitchell, 7997). ANN uses the processing
of the human brain as a basis to mimic its
behavior, trying to learn from previous tasks
to solve complex patterns and prediction
problems. To learn from experience, ANN
uses two algorithms; feedforward and
backpropagation (Puri M, 2016).

ANN consists of three layers; input layer, hidden
layer(s), and output layer in order. A random
weight factor is assigned to each layer of the
input layers. Each layer has connections to the
next layer, but there are no back connections;
this process is called feedforward. The
backpropagation turns over this process to
train the algorithm by calculating the error
and adjusting the randomly assigned weights
backward. The whole process that is repeated
is called an epoch, which aims to reduce the
error value. There is an essential parameter in
the backpropagation process called learning
rate, which settles the weights™ changes at
the end of each epoch (Rezrazi et al., 2016).
An activate function is used to simulate the
behavior of the neurons, which differentiates
depending on the application of the algorithm.
Inthis paper, the activation function used s the
sigmoid function, which gives values between
0 and 1; this kind of feature is commonly
used for non-linear problems (Kyurkchiev and
Markov, 2015).

The performance of the ANN model is mainly
dependent on the input parameters, as Rezrazi
et al. (2016) mentioned that the selection
of the most appropriate input variables is
essential to improve the algorithm efficiency.
This paper aims to predict the hourly global
solar radiation using easily accessible data
from the Building Automation System (BAS),
such as temperature and relative humidity.
An ANN model was developed depending
on these data set and mentioned in more
detail in the previous study (Gaballa and Cho,
2019). This ANN model uses temperature,
humidity, solar zenith angle, and time as input
parameters to get the desired output, which



is the hourly global solar radiation (Figure 1).
This model is used four times for the four
seasons separately using different input data
sets.

No. of hidden neurons

Input layer
Figure 1. ANN architecture

An optimization process is performed, which
includes a calculation of three different
variables; the number of hidden neurons,
the number of epochs, and the learning rate.
The optimum variables for each season
were calculated to be used in the ANN model
to predict the most accurate global solar
radiation. Through the optimization process,

Hidden layer

Initial weights
Second step
of weights
Back Propagation
Sigmoid
function
applied

Hourly Clobal
Solar Radiation

Output layer

arange and a distance for each variable were
given. The range for the number of hidden
neurons, learning rate, and the number of
epochs is as follows; 10:100, 0.01:1.0, and
100:1000, respectively, while the distance was
10, 0.01, and 100, respectively. Table 1 shows
the optimum variables’ value for each season.

Season k,:‘ig?ebne;gzrons Learning rate Number of epochs
Spring (March 1-May 31) 60 0.82 200
Summer (June 1- Aug 31) 80 0.03 600
Fall (Sept 1-Nov 30) 10 0.07 600
Winter (Dec 1- Feb 28) 20 0.02 100

Table 1. The optimum values used in the ANN mode/
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horizontal axis shows the date and time every
hour, while the vertical axis shows the global

solar radiation in Wh/m2.

Figures 2- 5 show comparisons between

the predicted and measured global solar

radiations for each season individually. The
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2.3. Simulation

EnergyPlus (US DOE, 2010; Crawley et al.,
2007) is one of the most popular software
programs used for the whole building energy
simulation and analyses (Basarkar M. et al.,
2017). In this paper, EnergyPlus V8.9.0 is used
in simulating two different scenarios through
two different weather files; the predicted 2018
weather files through the ANN model and the
already measured 2018 weather files.

A commercial building located in Durham,
NC, was chosen as a case study building.
The building consists of three floors with
a total area of 4,024 m2. There are 29
different zones divided into the three stories;
in the EnergyPlus software, each space was
assigned to the related zone. The building has
1,690 m2 glazing area with a window to wall
ratio of 42%, as shown in Figure 6.

Figure 6. EPA building west Elevation

EnergyPlus model inputs need full information
of the building; geometry, materials, openings,
location, HVAC system, etc. The two scenarios
are considered the same for the building's
configurations except for the weather files
used to run the simulations. The simulations
were performed for the whole year to make a
comparison.

3. RESULTS AND DISCUSSION

As mentioned before, this study aims to
measure the effectiveness of using the
ANN model in prediction by comparing the
two cases, using the measured and the
predicted weather files. Heating and cooling

loads are selected as indicators to make
this comparison. The CV(RMSE) and NMBE
are calculated to measure the uncertainties
between the two cases. Table 2 shows these
percentages between the two cases for the
entire year, and as shown, cooling and heating
loads differences meet the requirements
of ASHRAE Guideline 14 as less than 30%
for CV(RMSE) and less than 10% for NMBE
(ASHRAE, 2014). Figure 7 shows the total
loads comparison for the entire year and the
difference between predicted and measured
loads.

Loads CV(RMSE) NMBE
Heating loads 23.3% 10.5%
Cooling loads 13.7% -5.9%

Table 2. Statistical measures between measured and
predicted loads for the entire year

Total heating and cooling loads difference
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Measured Predicted Heating Measured Predicted  Cooling
2018 2018 loads 2018 2018 loads
heating  heating  difference  cooling  cooling  difference
loads [kBiulloads [kBtu]  [kBtu] loads [KBtulloads [kBtu] [kBtu] |

Figure 7. Total heating and cooling loads comparison

Loads are calculated for each season
separately to make a clear comparison. Table
3 shows the CV(RMSE) and NMBE for each
season. The results show that in summer and
winter season, cooling and heating loads are
more efficiently predictable while in the swing
seasons, the accuracy decreased but still
within limits. For more clarity, Figures 8-13
show comparisons between the measured
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and predicted loads for each season with zero

load values ignored.

NMBE

CV(RMSE)

Loads

11.8%
-8.6%
-3.9%
10.7%
-7.5%
10.1%

33%
18.7%
9.4%
26.9%
16.2%
18.9%

Heating loads
Cooling loads

Spring

Cooling loads
Heating loads

Summer
Fall

Cooling loads

Heating loads

Winter

Table 3. Error difference between measured and

predicted loads for each season
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CONCLUSIONS AND FUTURE WORK

This paper presented an ANN algorithm
for solar radiation prediction, which makes
developing real-time weather files possible.
Only temperature, relative humidity, and solar
zenith angle are used as input parameters,
which means that the ANN model uses
only readily accessible measured data from
the BAS to predict global solar radiation.
Real-time building energy simulation is
demonstrated using the developed weather
file (Predicted_2018). The simulation is
performed using EnergyPlus software for
the whole year. A comparison between the
measured and predicted building performance
is provided using two weather files, measured
2018, and predicted 2018 weather files.

The results show that the cooling load's
difference is 13.7% (CV(RMSE)) and -5.9%
(NMBE), while the heating loads difference
is 23.3% (CV(RMSE)) and 10.5% (NMBE).
Looking deeply into each season, for summer,
the CV(RMSE) for cooling loads difference
reaches only 9.5%. Besides, in the winter
season, the CV(RMSE) for the heating loads
difference is only 18.9%. These results are
found to meet the tolerance range addressed
in ASHRAE Guideline 14.

In conclusion, this method gives a reasonable
error difference, which makes it possible
to predict realtime building performance.
Building operators can compare these
predictions with the actual measured data
and identify any potential problems that
happen in the building systems to take any
actions required early.

Two different methods were wused in
calculating direct and diffuse solar radiation
from the predicted global solar radiation,
EnergyPlus converter software, and TRNSYS
software. Although the two programs use the
same Perez model, the results are significantly
different. For instance, CV(RMSE) for cooling
in summer, the EnrgyPlus converter shows
21.9%, but TRNSYS 9.5%.

1094 block 5: a future based on technology

For future studies, the pros and cons of
different methods used in calculating the two
derivatives of solar radiation from the global
solar radiation should be presented.
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THE SPATIAL BLOCK: NATURAL VENTILATION AS AN ARCHITECTURAL INSTRUMENT

Ezgi Bay®
2llinois Institute of Technology, Chicago, lllinois, USA

ABSTRACT

The housing deficit is a global problem. In
Turkey, the governmental agency TOKI
has proposed solutions to inadequate and
unaffordable housing. However, it has been
widely criticized that its residential projects
are based on ‘standard regulations’ and
‘repetitive, high-rise typologies’. This approach
is discussed by researchers because of its
limited exploration of contemporary needs
of people. Also, the limited and low quality
architectural and urban conditions in these
projects marginalize the living standards of
the residents.

Sprawling rapidly throughout different climate
regions in Turkey, one of the permanent
complaints of TOKI residents is related to
indoor thermal conditions. As consequence
of this 'homogenization effect’, overheated
and underheated conditions are experienced.
In these 'naturally ventilated buildings’, few
considerations are given to the surrounding
environment and it is ignored how the
residential units perform under extreme
seasonal circumstances.

Through post-occupancy evaluations, this
paper investigates a TOKI built in hot and
dry climate. Also, it brings new ‘typological’
alternatives  analyzed  through  energy
simulations and computer fluid dynamics
(CFD). Results illustrate the dynamic of
thermal stress, and alternatives of using
prevailing winds in consonance with building
form to alleviate these problems.

Summer heat stress periods and cross
ventilation limitations are studied through
Indoor Temperature, PPD and ACH analyses
performed IES-VE software. The link between
thermal comfort and indoor microclimate
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in TOKI housing can be better with the
reformulation of its residential typologies by
proposing a ‘Spatial Block’ approach.

KEYWORDS

Post occupancy evaluation; hot and dry
climates; natural ventilation; residents’
satisfaction; CFD.

INTRODUCTION

Informal settlements appeared in cities due
to the housing demand of high population in
many countries during the industrialization
period (Keles 2006, Majale 2008). This
phenomenon is described as over-crowded,
temporary, probably illegal and unhygienic
by Uzun et al. (2010). In the case of Turkey-
with the last decade migrations mostly
from Syria- the population has reached
to 82 million today (Fig.1). Parallel to the
urban-rural balance shift, the structure
of cities has changed. This generates a
serious pressure on urban areas, where
housing demand has emerged, and informal
settlements appeared through the years..
The currenthousing deficitin Turkey has been
solved through a governmental institution
called the 'Mass Housing Administration’
(Toplu Konut Idaresi Baskanligi / TOKI).
Since 1983, TOKI has replicated a high-
rise typology all over the country with the
purpose of providing ownership to higher
number of people. Gur and Dostoglu
indicate that 70 % of TOKI users prefer these
projects due to the low cost compared to
other housing possibilities (Gur et al. 2011).
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Figure 1. Population growth in Turkey. Source: (The graph was created data from Turkish Statistical Institute)

Applications of TOKI Administration to
meet low-income people’'s necessities
within financial margins result that the
projects have serious limitations in terms
of other aspects. Therefore, TOKI housing
has become the object of multidisciplinary
research. Although TOKI provides better
infrastructure and hygienic environments for
these groups, post occupancy evaluations
(POE) by various researches show that
design decisions on urban form, residential
typology, and building enclosure create
negative outcomes (Bay 2019; Savran 2014,
Turan 2010; Karaca 2008). As Choguill
(2007) mentioned, ‘meeting the needs of the
present without compromising the ability of
future generations to meet their own needs’,
will not be successful in long term. For
sustainable environments, housing problem
should be discussed with multidimensional
perspectives such as the involvement of
the community in all phases (planning,
constructing, maintaining), environmentally
friendly ~ material  selection,  quality,
affordability and providing ideal density.
Although there are many studies about
TOKI housing in social and political
sciences, there has not been much

investigation about these projects in
terms of their environmental sustainability.
Applied research conducted on energy
efficiency in these buildings is relatively
limited. From the literature review, it is
concluded that a key research area in
TOKI project is their sustainability which
is a research gap. For example, how
natural forces such as sun or wind can be
used to improve their indoor conditions.
Therefore, this paper moves along the
idea of using the environmental forces to
satisfy comfort demands of communities.

The objectives of this paper are:

(1) To identify the current conditions of a
TOKI housing project on a hot and dry
climate.

(2) To study natural ventilation and
aerodynamic flow effects to improve
indoor conditions.

(3) To interpret residents’ opinions about
their units.

(4) To investigate residential typologies that
can be more adequate for hot and dry
climates in Turkey

the architect and the city_1099



1. STUDY CASE AND ITS PROBLEMS

In Turkey, one of the most common
complaints expressed by the TOKI residents
is their thermal dissatisfaction directly
related to their specific weather conditions.
This study is conducted on a TOKI residential
project in the city of Gaziantep. Located
in the South-Eastern Anatolian region,
Gaziantep is a city with a hot and dry
climate. In the studied project, residential
units are overheated and cause higher level
of dissatisfaction in the summer months.
Buildings in Gaziantep have high cooling
loads in warm seasons. As a climate zone
3B (ASHRAE 90.1) and Csa- Mediterranean
Climate (Koppen), summer temperatures are
above 30°C while winter are cold (Turkish
State Meteorological Service). In this sense,
a weather data analysis developed in IES VE
shows that in at least 2600 hours per year
(30% of the time), there is no high humidity
that can cause thermal stress in the city.
In this sense, low relative humidity, high
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evaporation and temperature differences
between day and nighttime during summer
months favor the potential of using the
city's southwest prevailing winds for
natural ventilation of buildings. (Fig. 2).
Under these weather circumstances, natural
ventilation techniques favor the connection
between better living conditions and better
thermal environment at lowered cost,
particularly on the reductions to mechanical
cooling (Olgyay, 2015). This paper explores
building form as a manner to improve the
relationship between human thermal comfort
and indoor microclimate in TOKI housing.
The case study ‘TOKI Etiler project’ is
composed by six rectangular towers each
one with 12 stories (Fig.3). These are the
highest structures in the middle of a low-
rise neighborhood. In the recent time, the
city has had a growth rate of 56% receiving
the highest number of Syrian refugees
in the country. With nearly two million of
inhabitants, the city’s housing demand is
expected to rise quickly in the coming years.

|
Gaziantep

Figure 2. Weather analysis in Gaziantep locating in a region with high cooling demand. Source: (The graph was

created in IES-VE by the author)
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Figure 3. TOKI Etiler Project in Gaziantep. Source:
Author, 2019

2. METHODOLOGY

This research employs a mixed methods
approach to integrated qualitative and
quantitative data collected during a field
study carried out in the TOKI Etiler Project.
Three methodological steps are used:
(1) Computational Fluid Dynamics (CFD)
simulations, (2) Post Occupancy Evaluation
and (3) a Generative Design Process. First,
energy modeling was used to observe the
real conditions in the studied project. The
second step surveyed the residents about
their environment to obtain information
regarding the performance of the residential
typology. In the third step, an iterative
design process was used for producing an
alternative typology for this mass housing
project to enhance passive cooling in this hot
and dry climate region.

2.1. Computational Fluid Dynamic (CFD)
simulations

In this study, three ‘key performance indicators”:
indoor temperatures (T), air renovation in units
(ACH), and percentage of people dissatisfied
(PPD) were used for comparison between a
baseline and a proposed case. In addition,
typical flow regimes and their interaction with
the high-rise typology is observed through
computational fluid dynamics (CFD) through
airflow diagrams. CFD simulations (external

and internal) were tested in IES-Microflo. The
time lapse of external simulations is a 5-month
period (from May to September while the time
lapse of internal simulations is applied single
instances in time in specific days. Three dates
which have the highest airflow rate were
selected: May 17, June 14, and September 21)
For external airflow analysis, wind direction,
meteorological wind velocity and exposure
type were used as inputs to obtain streamlines
in a CFD grid. Through a graphical analysis
of velocity profiles, the difference of airflow
rate on windward and leeward facades was
observed along the buildings. For the weather
data, the typical meteorological year (TMY
15) file for Gaziantep was used.G For this
step, three external analysis were conducted
in Microflo that is based on Finite Volume
Method. It uses steady state three-dimensional
convection-condition heat transfer and flow
model. First, aerodynamic flow effects were
investigated in the baseline model. After a
preliminary test series on generic courtyard
buildings, a mid-rise with an equivalent urban
density is proposed as an alternative typology.
A graphical analysis of velocity profiles is done
for different levels. The difference of airflow
rate on windward and leeward facades was
observed. Then, three consecutive test series
examined the flow behavior in courtyards with
gradually changing ‘width to height ratio’ and
openings. After observing courtyards with the
same orientation as the TOKI towers in Etiler
project, the series wererepeated withcourtyards
aligned to the prevailing winds. It showed that
narrower courtyards (w/h of 3.75) have a larger
funnel effect, proportional to a more constant
flow acceleration of the prevailing streams.
Same steps were performed inthe development
of the proposed case. In this process, the aim
was to find possibilities that can enhance
the interconnection of airflow across
courtyards. So, eight courtyard models were
analyzed through velocity profiles. Obtained
results of speeds on inward and leeward
facades showed that homogenous profiles
were targeted between first and top levels.
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Figure 4. External analysis steps in IES-VE. Source: (Author 2020)

2.2. Post occupancy evaluation

The main goal of this step is to understand
objective and subjective factors which
influence the TOKI Etiler residents’
satisfaction. A sample of 143 residents
representing  their household (50 %
households of the project) responded
to a questionnaire. This was a random
sample that the probability of a subject
being selected depended on those who
were at home during the surveying time
and were interested to be surveyed.
Majority of respondents expressed that
without open spaces and major climatic
control, families try to adapt their lives
into the high-rise. The complaints about
life in towers specifically about units,
surroundings lack functionality and thermal
control, generate community disintegration
particularly senior residents. In this project,
a minority of families with more economic
resources invests in space conditioning.
However, these express that it is used
only for overheated periods when other
neighbors rely on open windows to deal with
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the harsh summer. Overall, windows are
opened to enhance cross winds through the
units, this is the most used alternative. Also,
responses to questions on window indicate
the windows in the unit that are frequently
opened during the daytime. Balcony doors
are the type that remains open for a larger
period of time, since these have the larger
opening area. Contrary to its common use for
ventilation, some of these doors’ balconies
are modified by residents, limiting airflow
from outdoors due to reduced opening area.
Related to thermal sensation, residents
manifest in a high proportion a ‘warm’
sensation in winter (with a central heating
system). However, during the summer month
more that 60 percent of people express a
thermal sensation “above neutrality” already
witha“light” clothing value. Inaddition, only 25
percent of residents express an acceptable
satisfaction with their indoor thermal
conditions. However, a dissatisfaction of 80
percent about their outdoor areas shows the
lack of climate control of this project (Fig. 5).
Moreover, in  SPSS  software, the
interdependence  between air  flow
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Figure 5. Thermal sensation of residents in winter and summer. Source: (Author 2020)

performance and thermal sensation is
investigated. A positive correlation shows
that when air flow increases in units,
there is also an increment of 0.357 in the
thermal satisfaction. From coefficient table,
‘adjusted R square’ shows that 12 percent
of the variance of the thermal sensation
is predictable from air performance.

2.3. Generative design process

Previous methodological steps made
evident the potential of a residential typology
(building mass) that can take advantage
of its form to enhance passive cooling. In
this sense, a scenario called “Spatial Block”
was proposed. While energy and external
CFD analysis of TOKI project provided

information of how to assess the baseline
model, generic models with courtyards
shaped the concept of “porosity’. The effect
of voids for decreasing cooling loads in
multi-story buildings was mentioned by
Muhsin et al. (2017). This concept is tested
through not only courtyards also terraces,
porches and balconies as transitional
spaces. Furthermore, the air flow potential
the porous structure is explored through
generative design techniques. For this step,
the Grasshopper plug-in for Rhinoceros that
allows processing the following algorithmic
and geometrical operations was used (Fig. 6).
First, by using five courtyards whose width to
height ratios were determined through previous
steps, a building mass was generated. This model
was comprised of 5mx5m cells — 25 m? cell was
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Figure 6. Generative design process. Source: (Author 2020)
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Figure 7. Mass porosity ratio from 10% to 90%. Source: (Author 2020)

defined as an optimum area per person. The
combination of cells represents apartment units.
Under the influence of prevailing winds, cells
were subtracted to generate a ‘porous’ volume
that allows cross ventilation. At a building scale,
arranging void spaces as vents was conducted
through data validation. With a random selection,
‘cells were omitted from the geometry. After the
development of a culling list, three components
that take Boolean values (true/false) generate a
list of 'selected’ cells. These are subtracted cells
from the massing. Aratio of porosity (10% to 90%)
are controlled through ‘slider components’ that
determine the percentage of reduction (Fig. 7).
Through this step, ‘diverting effect’ was clearly
seen between courtyards at ground level.
In a subsequent step, prevailing winds were
formulated as a ‘generative vector' that based
on its magnitude, direction and sense perforate
the ‘building volume'. So, cells intersected by
this vector were omitted from the massing
by determining the distance from it which are

defined as ‘area of influence’. These processes
are oriented to displace, reorient, and re-scale
iterations that can be analyzed through CFD
simulations to reach a fitness proposal (Fig. 8).
After outdoor CFD in IES-VE analysis and urban
density study in Grasshopper, a model with 40
per-cent porosity was selected. Stronger airflow
moving through the courtyards and apartments
was observed that in more porous models.
These void spaces of the building volume/
mass provide similar velocities across each
one of the floors and units around a courtyard
and enhance the interconnection of wind with
their boundary. Also, this causes the increment
of air exchanges in the units. Under this choice,
the speed levels and outdoor temperatures in
ground and first levels get similar to the values
obtained from level 2 to level 4. Without less
mass on top levels, openings influence a full
flushing courtyards area that is dependent of
having width to height rations larger than 2.4.
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Figure 8. Porosity on massing via CFD analysis. Source: (Author 2020)
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3. FINDINGS

Air flow and heat transfer processes occurring
withing and around buildings were observed
through CFD analysis. Specified boundary
conditions (local climate conditions, internal
energy sources such as people), surface
temperatures of external walls were added for
model accuracy.

Comparisons between baseline and proposed
model through indoor temperatures, predicted
percentage of dissatisfied and air changes

showed that proposed courtyard building model
reached the higher ventilation performance.
Proposed model favors predominant westerly
winds through mainly funnel and diverting effects
when compared with the TOKI building. Indoor
summer peak temperatures are lowered through
building form, also operative temperatures are
lowered corresponding to higher percentages of
satisfaction. In terms of ventilation rates, 33% of
improvement on ACH is obtained compared to
the baseline model (Table 1).

T(°C) ACH PPD (%)
Date
B P B P B P
(Level 3) (Level3) (Level3) (Level3) (Level3) (Level3)
May 17  22.8 20.8 1.8 2.46 6.7 6.3
Jun 14 22.3 21.2 4.6 9.6 10.5 9.3
Sep 21 23.1 21.7 2 3.96 9.3 7.7
Table 1. KPI comparisons on three selected days
’* E ’* 2T
Baseline Proposed

";any walls

Jun 14 potential

g No cross-ventilation :

9.30 am

[ — E—
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Figure 9. Comparison between baseline and proposed model on June 14th. Source: (Author 2020)
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After external analysis, internal CFD simulations
allowed to see airflow intensity and behavior in
units. The TOKI project and the proposed model
were compared on three selected days: May 17,
June 14, and September 21. These days have
the largest natural ventilation potential along
summer. Among these months, June is the
month when the velocity is the highest (Fig. 9).
It affects cross ventilation inside units. Although
airflow between rooms is observable in the TOKI
southeast unit, all proposed units show higher
performance. Overall, increased fagade surfaces
in the proposed projects make cross ventilation
more effective in units. On the other hand, party
walls in the TOKI projects prevent the cross-
ventilation potential and limits rooms for only
single-sided ventilation.This formula does not
have any direct physical meaning but weighs
the criteria following the

4. RESULTS

Under the analyzed case study, the conclusion
of this paper is that the proposed typology
is better by achieving various improvements
and thermal comfort due to the application
of cross ventilation. After outdoor and
indoor analysis in different iterations, the 40
percent porous structure was selected. It
provided a balance between urban density
and air flow performance. Moreover, it has
the potential to bring public housing closer to
human needs and to the environment. Using
renewable sources such as prevailing winds
with the configuration of the new typology
helped to alleviate thermal related problems
in consonance with building forms derived
from vernacular architecture in this region.
Besides KPI's on natural ventilation, also
urban density aspects are compared.
Between projects, there is a difference of
11.2 square meter area per person. In TOKI
model 13.8 square meter domestic pace per
person increased to 25 square meters in the
proposed case. Although number of people
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per hectare is slightly decreased in proposed
units, multifunctional communal spaces have a
potential of positive impact on this community.

CONCLUSION

This paper shows an improvement to the
problematic presented in a public housing in
Turkey. Lessons from vernacular architecture
allow regulating harsh conditions of the climate.
[t proves the reformulation of well-known
techniques can be still used for contemporary
buildings. The usage of rule sets allowed to
generate site-specific outcomes withing the
context limitation, allowing the proposed model
to take full advantage of and contribute to the
environmental and connectivity characteristics
of the surroundings. This generative approach
resulted in a building mass calibrated towards
environmental and social sustainability. The
model based on courtyards shows a significant
role in climate control and resident satisfaction.
This model that is compelling enough with
social aspects that were mentioned previously
does not cause a stigma about social housing
in the society. These are connection to the
street, well-defined green areas, community
spaces and different programs that will provide
a sustainable solution for poorer communities.

ACKNOWLEDGEMENTS

This document was originally adopted from the
author's doctoral dissertation.



REFERENCES

Choguill, C. L. 2008. "The search for policies
to support sustainable housing." Habitat
International 31.

Bay, E. 2018. "Enhancing Natural Ventilation
through Massing: New Possibilities for
Turkish Mass Housing", Prometheus, 3:
120-127.

Bay, E. 2019. "Life in a High-rise: Surveying
Opinions and Expectations on Social
Housing in  Turkey’, ARCC 2079
International Conference, 401-410.

Choguill, C. L. 2007. "The Search for Policies
to Support Sustainable Housing." Habitat
International, 31, 143-149.

Gur, M., Dostoglu, N. 2011. "Affordable Housing
in Turkey: User Satisfaction in Toki Houses."
Open House International, 49-61.

Karaca, M.2008. "Energy Efficiency of Housing
Development: A Survey over Housing
Development  Projects of  Housing
Development Administration of Turkey".
Gazi University, M.Sc. Thesis, 92-143.

Keles, R. 2006. Kentlesme Politikasi. Imge
Kitabevi, Ankara.
Majale, M. 2008. "Employment creation

through participatory urban planning and
slum upgrading: the case of Kitale, Kenya".
Habitat International, 32, 270-282.

Muhsin, F, Tusoff, W. . M., Mohammed, M.
F., Sapian, A. R. 2017. "CFD modeling of
natural ventilation in a void connected to
the living units of multi-story housing for
thermal comfort" Energy and Buildings,
1-16.

Savran, S. 2014. "Evaluation of TOKI Low
Income Housing Areas within the
Perspective of “Adequate Housing” The
Case of Ankara Kusunlar" Gazi University,
M.Sc. Thesis, 123-129.

Takeuchi, A., Cropper, M., & Bento, A. 2008.
"Measuring the welfare effects of slum
improvement programs: the case of
Mumbai." Journal of Urban Economics,
64(2008), 65-84.

Toplu Konut Idaresi Baskanligi  https:/www.
toki.gov.tr/
Turkish  State  Meteorological ~ Service

https://www.mgm.gov.tr/files/en-us/
climateofturkey.pdf

Turan, 1. 2010. "The Evaluation of the Social
Housing Schemes of the Mass Housing
Authority of the Prime Ministery of Turkish
Repubic in the Framework of Sustainable
Architecture: Bezirganbahce Example”,
Istanbul Technical University, M.Sc. Thesis,
154-156.

Uzun, B, Cete, M, Palancioglu, H.P 207).
Legalizing and  Upgrading lllegal
Settlements in Turkey." Habitat
International, 204-209.

the architect and the city_1107



PAPER #5.13

TUNING THE MASSES: CLIMATE SPECIFIC ENERGY OPTIMIZATION GUIDELINES

Alexander Mitchell?, Tom Collins?
Ball State University, Muncie, IN

ABSTRACT

In the United States, residential structures
consume 21.5 quadrillion Btus annually--
approximately 20% of the country’s energy
consumption-- and an equivalent percentage
of carbon emissions. Most of these houses
are not designed to be high performance
buildings, and are built quickly to code
minimums, where simple energy modeling
programs, Res-Check for example, validate
compliance. The goal of this project is
to create an easy to use, accessible, and
open-source framework to improve building
performance specifications in the schematic
design phase, with the goal of complying
with a high-performance building standard.
Programs such as Department of Energy's
(DOE) Zero Energy Ready Homes (ZERH),
and LEED for Homes aim to offer simple,
prescriptive checklist design methodologies,
while organizations like Living Building
Institute and PHIUS offer performance-
based programs that can require the
expertise to achieve their standard, and
in PHIUS' case require a specific, costly
compliance software. There needs to be an
option that helps bridge the gap, in terms of
being open source and more accessible to
non-specialists.

By using direct search optimization methods,
this study developed a tool to determine
residential energy benchmarks to enable
designs to meet high performance standards
such as PHIUS. these are determined through
thousands of iterations on ten different
house geometry typologies in the nineteen
distinct climate zones in the United States.
These newfound limits on performance
ranges get a new, climate specific script that
will tune a mass, and provide the designer

1108 block 5: a future based on technology

with simple, project geometry and climate-
distinct building specification to incorporate
into the building’s design.

KEYWORDS

Optimization; energy modeling; climate
responsive design; parametric modeling.

INTRODUCTION

Building performance standards and codes
are dominated by points systems that may or
may not actually produce higher performance
buildings. A limited number of these
standards are performance based, where the
standard is based on an energy consumption
target, such as PHIUS, PHI, or LEED. These
are relatively complicated standards to meet
and require energy modeling to meet these
standards. Designers of high-performance
houses are increasingly moving away from
prescriptive design standards and toward
system that rely on modeling to prove
performance that meets energy use targets.
These methods require special software
and skills, as such, are beyond the reach of
non-specialists interested in understanding
whether a building form can meet high-
performance standards

Performance based tools allow for building
energy optimization. These types of
programs and methodologies allow for the
design team to evaluate many options in
terms of enclosure, glazing, mechanical
system, lighting and domestic water heating,
and compare them to a series of output
metrics such as carbon emission production,
cost of higher end insulation and systems,



and energy consumption- in both energy
(i.e. Btus) and monetary value. One way that
energy performance modeling tools differ
from prescriptive energy efficiency methods
is that they are based on a specific building

geometry (shape) modeled in specific
climates or locations.
Optimizing a  building's  performance

specifications through an energy model
increases the quantity and quality of
possibilities for achieving high performance
outcomes. The performance-based tools,
especially those running iterative parametric
optimizations, create multiple options
that can meet the design criteria. But this
tool is frequently reserved for qualified
professionals, and it is not accessible to
most people working on home building
projects. Approximately two percent of
American houses are designed by architects
(Conroy 2007), compared to those designed
solely to be the contractor or built from a set
of available plans. Herein lies the goal of this
project, to make a simple, climate-specific
optimization tool that almost anyone can run
on a pre-designed 3D mass. This allows for
architectural flexibility, whether the project
is a new and fanciful architectural design,
or a simple spec home from a pattern
book or set of hardware store plans. These
geometries, or house forms, can be input
into the script and get sets of building
performance specifications as feedback
on the design. Many contractors have the
form in mind already, but just lack the tool
set to determine the building performance
specifications to design to high performance
building standards.

There are some assumptions built into
the design tool, based on practices are
conventional and have worked well in the
past. When challenging and building norms,
it is important to provide references for the
revised idea. The tool will be provided with a
supplemental user's manual, which includes
instructions for using this optimization
framework, some collected anecdotes

about best high performance home design
practices, and some details that may be
handy when it comes to applying the newly
created building performance specification
to the final built house.

Climate specific standards are critical in
terms of high-performance home design,
because an understanding of how the
building interfaces with the climate that has
the largest impact on the building’s overall
energy performance. The more tuned a
building is in form, materiality, and passive
strategies, the less energy it will consume,
especially for space conditioning (Olgyay
2015). In this paper we will describe the
development and pilot testing of a new
tool for climate specific housing design
guidance. The pilot study tested one specific
climate zone as a precursor to the final tool,
which will include all climate zones in North
America.

1. METHODS

Climate specific building envelope specs
started in the 1970s in the United States and
have been greatly developed by organizations
like PHIUS, and that PHIUS+ now represents
the gold standard. These strategies are all
based around energy conservation as the
first step, and meeting the remaining loads
with smaller, highly efficient mechanical
systems.  Therefore a standard based
around passive design principles first will
likely need a few different methods of rating
the buildings, and in the case of the PHIUS+
criteria, there are three key pillars: heating
and cooling demand limits, a source energy
limit for all building energy consumption,
and a prescriptive airtightness requirement.
This creates a standard that requires some
complicated modeling in order to comply
with the goals and may be less accessible to
all homebuilders. A defining feature of the
PHIUS criteria is that it is climate specific.
Every project complies with the PHIUS+
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criteria is built to these climate specific
criteria (Klingenberg, 2015).

The US Department of Energy’'s Building
America Program, and the resulting Zero
Energy Ready Homes (ZERH) standards
provide much of the prescriptive minimums
for the PHIUS+ guidelines. Like the more
rigorous PHIUS+ guidelines, the ZERH is
focused on energy conservation methods
first, by setting an airtightness minimum,
and climate zone specific minimums of
the thermal performance of the building
enclosure.  As this program is purely
prescriptive, there is no complicated
modeling compliance. This is likely due
to a goal to saturate the market with the
standards, while PHIUS standards prove to
be more niche.

2. HYPOTHESIS

This pilot study poses three hypotheses.
First, greater amounts of thermal insulation
are required for climates with more heating
degree days. Second, compact geometries
with less surface area use less energy than
complex geometries with more surface area.
Third, houses with more southern glazing
perform better than houses with more
southern glazing in Chicago's cold, humid
climate.

3. ANALYSIS

To test and determine the appropriate ranges
of input specifications for the Chicago, USA
pilot study climate zone, 11,520 modeling
iterations were performed to create a broad
spread of data to analyze and parse through.
Chicago was selected due to its large
number of households, potentially yielding
a large impact, and the climate is one of
familiarity to the authors. The modeling
methodology described below has been
performed for this climate zone only and will
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be continued for six additional climate zones
with few revisions for the furthering of this
study. The refined data will be built into the
resulting design product, a climate specific
optimization script for any single-family
residential structure in that climate zone.

4. METHODS

The parametric modeling for this study was
performed in multiple stages in order to
ensure the lack of errors that potentially occur
from the design of the study or the myriad
of software utilized and to allow for parallel
computing on multiple machines. Based on
the study of existing, built high performance
homes, it can be understood that an energy
conservation first approach, with efficient
mechanical systems to meet the reduced
loads is a clear and direct path to higher
performance homes. This conservation first
method relies on some of the understood best
building science practices, with simulation of
specific elements to create a refined design.
For this study, the enclosure was the focus
of this load reduction first study, and the
wall insulation value, roof insulation value,
window thermal resistance, and window to
wall ratio of the glazing on each of the four
orientations creates seven variables, with the
house geometry as the eighth.

The building massing models were drawn
using the Rhinoceros 3D modeling program,
and then using Ladybug, Honeybee,
and Colibri, plugins for the Grasshopper
parametric design interface for Rhinoceros,
the variables were iterated and IDF files,
the input document for the EnergyPlus
simulation engine were written. Originally,
the simulations were to be performed directly
using the Honeybee plugin to communicate
with EnergyPlus, however this proved to
be error prone and time consuming, so
EnergyPlus was used in its native format for
the remainder of the study. It is important
to note that all PHIUS+ compliance is



done solely through the WUFI energy
simulation engine, so EnergyPlus would
not be permitted for compliance. However,
the PHIUS+ targets were determined using
BEopt, a platform that uses EnergyPlus as
the simulation engine.

STATISTICAL TOOL
OPTIONS SIMULATION ANALYSIS —®  SCRIPT

3
2 ommss |, s [ MATLAB
RHINO HOPPER ENERGYPLUS % COMPILING
f
v
3 | mATLAB TOOL
MERGE SORT =  SCRIPT
H
H

Figure 1. Flow chart detailing the overall process for
the study. The top flow chart represents the overall
flow of the study, while the bottom details the software
used and interactions between programs.

4.1. Geometry and Grasshopper script

Five different home geometries were
selected to create a variety of inputs for the
study (see Fig. 2). The aim of this variable
is to ensure the results are not a climate-
specific response to only one house shape.
The five house types selected are based on
common American housing forms and are
as follows: T-1 two story Georgian, T-2 two
story foursquare, T-3 ranch, T-4 craftsman

bungalow, T-5 L-shaped gable. See Figure
T below. These were modified to all be
approximately 204 m2 (2200 sqft) to meet
the benchmark size from the US Department
of Energy's Zero Energy Ready Homes
(ZERH) program for a three-bedroom home
(DOE 2019).

4.2. Variables lterated

Four of the five home types are modeled with
three thermal zones with the first floor, second
floor, and unconditioned attic each separated
out for ideal air load analysis, as most two-
story single-family homes are split into zones
by floor. The ideal air load analysis is to allow
for the selection of an efficient mechanical
system later in the design process and focus
on tuning the passive space conditioning
loads to start. The T-3 ranch house was split
in half to create two thermal zones (a public
and private wing of the house) as this style
is typically a one-story house layout. The
occupiable zones then had parametrically
determined window to wall ratios applied on
all four orientations in 0.10 (10%) increments.
East and west facades were eligible for 0.10
and 0.20 options, the north 0.10, 0.20, and
0.30, and the south could have 0.10, 0.20,
0.30, and 0.40 as the window to wall ratio.
All windows matched the same performance
specification, and the southern windows had
shading overhangs determined automatically
through a script based on the tuning point of
the solstices, as to wholly shade a southern

Figure 2. House types, from left to right: 1. Georgian, 2. American Foursquare, 3. Ranch, 4. Bungalow, 5. L-Shaped
Gable. These were selected for their diversity of shape and orientation and are commonly found across the United
States (Howe 2002).
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facing window at noon on the solstice. This
practice is commonly recognized as a good
starting place for shading overhang design
(Kwok 2018).

Windows for the Chicago pilot study all
had a Solar Heat Gain Coefficient (SHGC)
of 0.50 and a Visible Transmittance (VT)

of 070, from the PHIUS Climate-by-
Climate Recommendations for Window
Performance (PHIUS 2019). The houses

were modeled with three different window
U-Factors: 0.568 W/m2 K (0.10 Btu/hr ft2 °F),
1.703 W/m2 K (0.30 Btu/hr ft2 °F), and
2.839 W/m2 K (0.50 Btu/hr ft2 °F) for the
entire window assembly, including the frame.
The houses were modeled different opaque
wall U-factors: 0.284 W/m2 K (0.05 Btu/
hr ft2 °F), 0.189 W/m2 K (0.033 Btu/hr ft2
°F), 0.174 W/m2 K (0.02 Btu/hr t2 °F), and
0.071 W/m2 K (0.013 Btu/hr ft2 °F). These
assemblies were modeled with the insulation
as a no mass material sandwiched between
a 13 mm (0.5 in) layer of gypsum board
on the interior and 25 mm (1 in) of stucco
on the exterior to add a slight amount of
thermal mass to the wall, to more accurately
resemble typical building assemblies.
The houses were modeled with different
roof assembly U-factors: 0.071 W/m2 K
(0.033 Btu/hr ft2 °F), 0.284 W/m2 K
(0.05 Btu/hr ft2 °F), 0.071 W/m2 K
(0.013 Btu/hr ft2 °F), and 0.057 W/m2 K
(0.01 Btu/hr ft2 °F).  Each of these
assemblies was also equipped with the
173 mm (0.5 in) gypsum board on the
interior for some thermal mass. These
houses were modeled with cold roofs,
where the insulation is at the ceiling of the
highest occupiable space in the building.
The airtightness of the of the house has
been kept constant at 0.0002 m3/s per
m2 (0.039 cfm/ft2), and the slab on grade
modeled as a 100 mm (4 in) concrete slab
with insulation underneath, for a total
assembly U-Factor of 0278 W/m2 K
(0.05 Btu/hr ft2  °F), representing a
reasonable  building construction and
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airtightness compliant with the PHIUS+ 2018
requirements.

4.3. Energy Simulation and Data Analysis

With the input variables of the simulation
defined above, the output metrics considered
are ideal air loads for annual heating and
cooling energy, normalized per building
area, or EUI, and the total insulation R-Value
in the house normalized per the respective
enclosure area. This total insulation factor
is labeled R- Points and is used as a cost
and embodied carbon analog. In a more
advanced study, cost and embodied carbon
of the building enclosure can be computed,
but as this is an early analysis tool, these
specific enclosure assemblies have not
necessarily been decided yet.

The IDF files written by the Grasshopper script
were then computed on multiple machines
to batch run in EnergyPlus, allowing for four
simulations to run simultaneously on one
single machine, and save time compared
to the previous method in data storage.
To compile the 11,520 iterations’ output
files, a MATLAB, a numerical programming
environment, script was written. Then, the
resulting data was compiled into a larger
spreadsheet including the input variables.

4.4. Data Sorting

A second MATLAB script sorts through this
data and prompts the user for the upper
heating and cooling limits, and the total
number of R-Points permitted. The space
conditioning limits are determined by the
PHIUS space conditioning criteria, and the
R-Point limit is lowered to find the range of
the 10% of compliant options. This script
filters the data that is beyond the set range
allowances and creates a new table with the
parsed data including the total number of the
iterations after the limits are applied. These
represent the high-performance options in
that climate zone. The MATLAB function



fitensemble was used to apply an ensemble
of learning regressions to the data that
provides the user with a table that describes
the importance of each input variable to the
user. Histograms of the input parameters
are also plotted, to detail the frequency of
occurrence of the input variable. This is the
determining factor of what ranges the input
variables will be used in the tool script.

5. RESULTS

Although writing EnergyPlus IDF files,
running the simulations, and aggregating the
data is quite time consuming, analyzing the
results was relatively quick by comparison.
The resulting data provided the modified
input ranges for guidance as to where to put
the limits on their energy optimization script,
or the tool script.

5.1. Setting Limits

Limits on energy consumption can come
from many sources, but for this pilot
study, the annual heating demand and
annual cooling demand from the PHIUS
Space Conditioning Criteria Calculator has
been used (PHIUS 2018). For the 204 m2
(2,200 ft2) homes used in this pilot study with
an expected occupant load of four occupants,
the calculator provides the performance
specification for compliance with PHIUS+
2018 standard. For the Chicago climate
shown, the annual heating demand limit and
annual cooling demand limit are 31.6 kWh/
m2yr (10 kBtu/ft2yr) and 34.7 kWh/m2yr
(11 kBtu/ft2yr) respectively.  These are
entered when prompted by the data sorting
MATLAB script along with a R-8.8 m2K/W
(R-50 ft2 °F h/Btu) normalized R-Point limit.
The result is a table that has 1,057 iterations
remaining, approximately 10% of the total
iterations. The aim here is to determine
buildings thatare compliant, yet do not require

excessive insulation, typically resulting in
higher costs and higher embodied carbon.

5.2. Variable ranges

The remaining 1,057 iterations have been
analyzed for variable importance, with the
window thermal resistance, wall insulation
value, and house geometry (in that order)
showing dominance in effect on the space
conditioning energy demand. These
ranges are then used to influence a second,
climate specific script to optimize homes
for that climate zone. These input ranges
represent the best practices in the climate
zone, specifically the representative city,
and confirm existing knowledge and other
studies examining passive building strategies
approaching the point of diminishing returns.
These ranges are plotted on histograms
shown in Fig. 4,5,6,7.

Based on this pilot study and across the
input variables given, buildings meeting the
early design PHIUS threshold have 0.189 W/
m2 K (0.033 Btu/hr ft2 °F) to 0.114 W/m2 K
(0.02 Btu/hr ft2 °F) walls, 0.071 W/m2 K
(0.033 Btu/hr ft2 °F) to 0.071 W/m2 K
(0.013 Btu/hr ft2 °F) roofs, well insulated
windows and a minimal amount of glazing.
Whilethis studyaimstobe geometryagnostic,
it is important to note the histogram for the
house type. There are no house type 3'sinthe
results, and a strong showing of house type
4's, with house type 3 as the ranch house, and
house type 4 as the bungalow. This is likely
a factor of the compactness of the bungalow
relative to the other designs, and the ranch
having the highest surface to volume ratio
in this housing geometry selection, which
is a strong driver of energy consumption,
especially in heating dominated climates
like Chicago. This means that none of the
ranch house geometries met the limits in the
statistical analysis.
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Figure 3. Chart depicting the relative importance
of the different input variables for Chicago, IL. The
primary factors on space conditioning for this
climate are window insulation, followed by wall
insulation and then house type, or building geometry.
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Figure 4. House type histograms. The resulting count
of house geometries present after limiting the results.
Note that there are no ranch houses that met the
limits set. The strong presence of bungalow geometry
confirms the advantage of a compact enclosure area.
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Figure 5. Window to wall ratio histograms. Note
the strong trend towards lower glazing areas on all
facades.
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Figure 6. Window U-factor histograms. The lower the
U-factor, the greater the prevalence. This confirms the
PHIUS specifications about window U-factors. [t also
ties in with the high importance of window insulation
relative to other aspects of the building.
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Figure 7. Histograms corresponding to the wall and
roof insulation types. There is the hypothesized bell
curve forming around R-30 walls and R-50 roofs.

5.3. Regression Analysis

A fitness ensemble of regressions was
applied to the data as well and determined
that the mostimportant variable in the design
is the window insulation, followed by the wall
insulation, followed by the overall building
geometry, see Fig. 3. The window ranges
for this pilot study are likely to be a little high
compared to the ranges of windows installed
on most residential structures as the ZERH
guidelines recommend that the window to
wall ratio does not exceed 15% (DOE 2019).



5.4. Resulting Script

The result of this direct search optimization
is a climate specific script to tune residential
structures for a specified climate zone. In
the case of this pilot study, that climate
zone is ASHRAE 5A, Chicago, IL. Based on
the resulting histograms, Fig. 4-7, the input
variables were pared down for this climate.
The house geometry variable is eliminated,
as this script takes in user defined geometry.
East and west glazing are limited to 10%,
being a built-in factor in the script. North
and south glazing are left with the options
of 10% and 20%, so there are two options
in each of those spots. The wall insulation
is varied in two options, 0.189 W/m2 K
(0.083 Btu/hr ft2°F) and 0.114 W/m2 K
(0.02 Btu/hr ft2 °F), and the roof three
options, 0.077 W/m2 K (0.033 Btu/hr ft2
°F), 0.284 W/m2 K (0.05 Btu/hr ft2 °F), and
0.071 W/m2 K (0.013 Btu/hr ft2 °F).
Windows were also limited to two options,
0.568 W/m2 K (0.10 Btu/hr ft2 °F) and
1.703 W/m2 K (0.30 Btu/hr ft2 °F), with
the constant SHGC of 0.50 and a VT of
0.70. Three roof options, two wall options,
four glazing options, and two window
options results in 48 variations for the input
house to be varied through, and based
on an approximately 45 sec runtime per
variation, the user can have 48 options,
the majority of which are likely compliant
with the PHIUS+ 2018 criteria in 36 mins.

CONCLUSION

Even though this is only a pilot study, the
resulting script or tool script is developed.
The pilot study will inform the development
and refinement of the finalized script that
includes a wider range of climate zones. At
this point, the ability for the user to input any
geometry for a residence of their own design,
and get quick options that would comply
with the rigorous PHIUS+ 2018 standard

should prove valuable, especially in the early
design phases. The results provide options
that would comply with standards such as
PHIUS+ 2018, but also the total number of
results that comply with the standard is a
good indicator as to how well the geometry
alone performs. Out of the 48 iterations
in the current tool script, a well-designed
building geometry would have a majority,
say 36 (75%) of the iterations return with
a compliant result. A less efficient shape,
maybe with a low compactness ratio would
likely have less compliant results, or perhaps
none. When further developing the tool script,
it would be wise to have this information
including the surface to volume ratio
displayed as feedback on the design. The
data from this pilot indicates that the script
developed can provide useful information to
users about the potential of their design idea
(as represented by a massing strategy) to
meet high-performance standards.

Future Work

Further studies are to be done in six more
climate zones, to build a library of these tools
to aid in the design to PHIUS+ 2018 criteria
around the United States. However, before
expanding out, a few things should be looked
at further within this study. Primarily, it would
be wise to have more finely graduated steps
in the variables, for better accuracy. For
example, maintaining the current spread of
variation in wall assemblies, but having seven
options instead of the mere four done in this
pilot study. The ranges of window to wall
ratio should be adjusted as well, moving the
south from 10% to 40%, to a range of 5% to
25%,in 5% increments. These window to wall
ratios would better align with the common
residential construction done currently and
follow the ZERH guidelines. It would also
be worthwhile to test this method using
energy simulations other than EnergyPlus,
to see if that influences the results, as other
engines like TRNSYS and WUFI handle some
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building physics aspects differently. This
study focuses on North American climate
zones, but can be expanded internationally,
as many of the climate zones in the world are
represented by and analog in North America.
A graphic, user-friendly interface would be
developed to ensure accessibility for all
users.
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ABSTRACT

Developing new product applications for
waste recycled from building construction
and demolition (C&D) provides environmental
and economic benefits. However, challenges
remain for recycling certain low-value C&D
materials, such as gypsum drywall waste,
which is banned from landfilling in some areas
due to hydrogen sulfide emissions during
decay. The gypsum and paper components
in drywall have low thermal conductivity
relative to concrete and brick, suggesting
a novel insulative masonry block system
made from recycled gypsum drywall waste
could have higher thermal performance than
conventional concrete masonry units (CMU).
The authors have developed such a system,
referred to as Drywall Waste Block (DWB),
and have previously published investigations
of DWB engineering properties including
compressive strength, water absorption, bulk
density, and thermal conductivity. This paper
describes investigation of resistance to heat
flow of a reinforced DWB wall assembly, using
a calibrated hot box apparatus as specified
in ASTM C1363-11. The hot box apparatus
was designed and fabricated as a cost-
effective alternative to commercially testing
services, affording rapid iteration during the
research and development phase of novel
building products made from unconventional
materials. Some aspects of the apparatus
design, fabrication, and characterization are
discussed. Thermal performance of the DWB
wall relative to a comparable CMU wall is
discussed, as are areas for further research.
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Construction & demolition waste; drywall
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INTRODUCTION

Industry studies show waste from building
construction and demolition (C&D) is
a growing problem (US EPA 2016) and
that recycling C&D waste provides many
environmental and economic benefits (CDRA
2017). Challenges remain for recycling some
C&D waste materials, including gypsum
drywall waste, which has limited uses and
low value as a recycled commodity (CDRA
2017) (King Co. 2017). Lack of demand
for recycled drywall waste is a barrier to
increased recycling (Lederman 2015). Drywall
waste recyclers have unused capacity, and
would like new markets for recycled drywall
products (CDRA 2017) (King Co. 2017). To
divert increased amounts of waste from
landfills, new applications for recycled drywall
waste need to be developed and brought to
market.

The authors have developed proprietary
mixtures and methods for producing
a masonry block system that utilizes
recycled gypsum drywall waste. Previous
investigations have shown these Drywall
Waste Blocks (DWB) approach ASTM
compressive strength and water absorption
standards for conventional concrete masonry
units (CMU), with lower density and lower
thermal conductivity than CMU.



However, the construction industry is typically
slow to adopt new building products in
the absence of demonstrated cost and
performance advantages (Sorrell-Neal 2018).
Processing drywall waste for DWB production
is simpler than other drywall recycling
methods, and DWB can be manufactured
using standard CMU machinery and curing
methods. Therefore, cost-per-unit is expected
to be competitive with CMU. Establishing
superior performance vs. CMU in the area of
thermal performance may further adoption of
DWSB, increase recycling of gypsum drywall
waste, and divert more drywall waste from
landfills.

Gypsum drywall panels consist of a gypsum
core (calcium sulfate dihydrate: CaS04+2H20)
sandwiched between paper facing and
backing layers, and are widely used as an
interior finish material in both residential and
commercial construction (Crangle 2018).
Drywall is inexpensive, relatively easy to
install, and inherently fire resistant. However,
installation methods produce significant
waste during construction, typically 10-12% of
installed material (Crangle 2017).

Where permitted, drywall waste is usually
disposed of in municipal landfills. In 2016,
the most recent year for which figures are
available, some 8.8 million tonnes of drywall
waste were landfilled in the United States
alone, approximately 9.1% of the landfilled
waste from building C&D (CDRA 2017). Under
anaerobic conditions common in landfills,
decaying drywall waste emits hydrogen sulfide
gas (H2S). At low levels, H2S is detectable as
an offensive rotten-egg’ odour, and has health
impacts at higher concentrations. Landfilling
drywall waste from construction is now
banned in some locations (Lederman 2015),
(King Co. 2017).

Methods for incorporating drywall waste
in building materials have been reported in
literature, including use of recycled gypsum
drywall waste as a supplemental cementitious
binder in concrete (Naik 2010), and use of
gypsumdrywall waste as a binder in controlled

low strength materials (Raghavendra 2015).
Cited benefits of incorporating drywall waste
in new building materials include reducing
H2S emissions associated with landfilling,
and substitution of waste-derived binders for
Portland cement, reducing energy use and
CO2 emissions.

Gypsum has inherently lower thermal
conductivity than both Portland cement and
conventional concrete aggregates (Asakura
2013). Investigation of insulating composites
of gypsum and natural and artificial fibres
have been reported (Belayachi 2016), (Mounir
2015). Previously published investigations of
DWB engineering properties found thermal
conductivity for a homogeneous sample of
DWB materialtobe aslow as 0.149 W/mK, well
below the range for typical concrete and brick
masonry (Drake 2019). Because masonry
wall construction is typically heterogenous,
thermal performance for a heterogenous
wall assembly is often lower than measured
performance of a homogenous specimens.
ASTM 1363-11 describes procedures for
investigating resistance to heat transfer
of wall assemblies by means of a hot box
apparatus, including schematic designs
and performance parameters for such an
apparatus. Hot box testing by certified test
facilities have lead- and turn-around times
complicating rapid iteration of preliminary
investigations, and can be prohibitively
expensive (Seitz 2015). Nor is there a
commercial supplier of lab-scale hot box
apparatus. Facilitating further investigation
and optimization of DWB wall assemblies
required the design and fabrication of a cost-
effective hotbox testing apparatus, meeting
ASTM 1363-11 standards where practical.
There are few published reports of design
and fabrication of an affordable, lab-
scale hot box testing apparatus. Seitz and
MacDougall report successful construction,
commissioning and characterization of
such an apparatus, and its initial use to test
plastered straw-bale wall sections (Seitz
2015). Costs of $37,135 CAD are reported for
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the completed apparatus, including $9,135
CAD for construction materials, sensors,
and data acquisition. The reported design
is not self-contained, relying on enclosure
of the entire apparatus in an environmental
chamber. Metering wall plus flanking losses
between 94-96% of total heat input to the hot
box are reported, likely due to the temperature
differential between the metering chamber
and the climatic chamber being identical to
the differential between metering chamber
and ambient temperature surrounding both
chambers.

1. MATERIALS AND METHODS
1.1. Hot box apparatus design and fabrication

Figure 1 illustrates the calibrated hot box
apparatus designed for investigation of DWB
assemblies. The apparatus accommodates
specimens approximately 1.5 m-2, the
minimum area required by the ASTM
standard, and consists of two temperature-
controlled chambers: a metering chamber
(‘hot’ side), held at typical indoor temperature
(ile, 21° C); and a climatic chamber (‘cold’
side), controlled to simulate a range of
outdoor temperatures. When separated by
a test specimen, measurement of power
required to maintain hot side temperature can
be used to derive surface-to-surface thermal
resistance, R, to heat transfer through the
specimen, Qsp, provided the temperature of
both chambers can be held in narrow bands
around respective set points, and that heat
transfer along other paths is understood and
minimized. Determining metering chamber
heat flow corrections is accomplished by
characterizing the hot box apparatus with a
specimen of known resistance.

To reduce error, heat lost through the
metering chamber walls, Qmw, and flanking
losses around the edges of the specimen, Qfl,
is designed to be a small fraction of Qsp; the
ASTM standard is < 10%, with 1-2% preferred
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Figure 1. Schematic diagram of calibrated hot box as
constructed, with heating, cooling, and air circulation
systems, typical air flows in the chambers, and heat
flow through the specimen, Qsp.

(ASTM 2018). This can be done by keeping the
chamber wall area small, insulating the walls
of one or both chambers to keep resistance to
heat flow high, and minimizing or eliminating
the temperature differential between metering
chamber and ambient lab temperature.
Noting the loss percentages reported by Seitz
and MacDonald, it was determined a self-
contained design would offer the best control
of temperature differentials.

Chamber construction. Hot and cold side
chamber inner walls are 19 mm plywood,
painted with flat grey acrylic paint for
emissivity > 0.8. Air circulation baffles in
each chamber are 6 mm medium density
fibreboard (MDF), insulated with one 51 mm
layer of Type 1 expanded polystyrene foam
(EPS). Chambers walls are insulated with four
layers of 51 mm Type 1 EPS, bonded with
polyurethane glue, seams offset and taped
to minimize air leaks. Chamber apertures
are gasketed with 16 mm closed cell foam.
An outer wall of 11 mm oriented strand
board (OSB) reinforced with 19 mm plywood
strips protects EPS insulation and provides a
mounting surface for hardware and controls.
Test specimens are installed in an insulated
frame constructed in the same fashion.
During operation, the framed specimen is
clamped tightly between the two chambers
by means of adjustable-tension draw latches



attached around perimeters of the chamber
apertures and the specimen frame.

Heating and cooling systems. Metering
chamber heat source is a 205 W / 120 VAC
foil resistance heater, attached to a galvanized
steel heat diffuser located behind the air baffle.
The climatic chamber is cooled by pulsing
liquid nitrogen (LN2) from a low-pressure
tank (~172 kPa) through a thermostatically-
controlled solenoid valve. LN2 is used rather
than mechanical refrigeration due to lower up-
front costs. Both chambers are equipped with
four 1.44W computer fans for air circulation.
Instrumentation. Electronic  Innovations
EI1022 temperature sensors (operating
range -40°C—110°C; accuracy +1° C) are
installed in the air circulation paths of each
chamber for thermostatic control of heating
and cooling systems. An additional EI1022
sensor, shielded to minimize effect of air
currents, is installed near the outside surface
of the metering chamber to monitor ambient
lab temperature. Specimen temperature
is monitored with nine Texas Instruments
LM34CAZ temperature sensors per side
(operating range -17°C—110°C; accuracy >
+7°C), arranged in an evenly-spaced grids.
Grids of four LM34CAZ sensors are installed
on each air baffle, facing the specimen.
The metering chamber exterior wall is
instrumented to act as a heat flux transducer
using 42 thermocouple junctions (T-type, 24
gauge, special limits sensitivity), alternating
between inside and outside of metering
chamber and connected in series. All sensors
are attached to surfaces with foil tape topped
with black duct tape to increase emissivity.
Controls and data acquisition. A LabJack
T7Pro data acquisition and control module,
expanded to 56 input channels with LabJack
Mux80 multiplexer and two LabJack CB37
terminal boards, is used for all monitoring,
controls, and data acquisition. A LabJack
RB12 relay board with Opto22 relay modules
is used to pulse power to the LN2 solenoid
valve and heater. Kipling3 software is used
for configuration and custom Lua scripting.

LJLogM software is used for data acquisition
and recording. Data logging interval is 100 ms,
averaged and recorded every two seconds.
Expenditures. Final costs for the hot box
apparatus were $15823 USD, of which
$3,900 USD was for construction materials,
cooling, heating and air circulation systems,
instrumentation, and data acquisition;
and $11,923 was for fabrication and
commissioning labour. The LN2 lockset tank
is rented for $30 USD per month, and cost of
LN2 is $1.10 USD per liter.

1.2. Hot box apparatus operation

Minimum test run duration. To establish a
minimum duration for test runs (outlined in
ASTM C1363-11 sec. A10.3), a 3 mm MDF
panel was installed in a specimen frame,
instrumented, and sealed with self-adhesive
polyethylene plastic film and tape to minimize
air permeability. Real-time monitoring using
LJLogM software was used to determine
when the system reached initial steady-state,
(i.e, hot and cold side temperature sensors
stable around respective setpoints, with no
more than +0.5° C fluctuation, and calibrated
panel and baffle sensor readings within + 1°C
of each other), and when the system returned
to steady-state following a 1°C change in the
climatic chamber set point. Time to return to
steady-state following perturbation was found
to be = 10 minutes. Although a so-called ‘time
constant’ calculated according to the ASTM
standard would be shorter than the time to
return to fully to steady-state, it was decided
characterization test runs for a minimum of
60 minutes following initial steady-state were
practical and exceeded the ASTM standard of
six consecutive time constants.

Characterization. A characterization panel
of 1219 mm x 1219 mm x 153 mm was
constructed using three layers of 51 mm Type
1 EPS foam. The panel was mounted in the
specimen frame, and instrumented and sealed
as above. Once operating procedures were
established, a total of five characterization
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Test t t At t Q Q Q Q Qe Qs Qaux
No. (&) O (o (b o W oM (5" @)
001 29.5 -14.3 43.8 26.5 12.3 5.8 18.1 14.9 3.2 17.7
002 309 9.2 40.1 259 12.2 58 18.0 13.0 5.0 27.8
003 29.1 1.6 27.5 26.1 7.1 5.8 129 8.9 4.0 31.0
004 29.2 11.9 17.3 25.0 53 5.8 11.1 5.6 55 495
005 31.2 17.2 14.0 26.3 53 5.8 11.1 4.6 6.5 58.6

ty: panel surface temperature, hot side; t.: panel surface temperature, cold side; At: temperature differential (fp. t;); ta:
ambient lab temperature; Qp,: heater power input; Qs: fan power input (from manufacturer’s data); Qaux: total power input
(Qn + Qy); Qcp: heat flow through panel; Qumusny: heat flow through metering chamber wall and around panel (Qaux - Qgp)/

Table 1. Characterization panel results

tests were performed, at nominal temperature
differentials of 35°C, 30°C, 20°C, 10°C, and
5°C.

Characterization test runs are summarized in
Table 1. Heat flow through characterization
panel, Qcp (W), is calculated using:

Equation 1.

Ao (ty, —t,
Qcp = (f? )

Where A (m2), is the characterization panel
area, th and tc (°C) are temperatures of
panel hot and cold sides, and R (K m2/W),
is resistance to heat flow of the panel per
manufacturer-supplied data. For the EPS
panel used to characterize the hot box
apparatus R =4.5 Km2/W.

Heater power input to the metering chamber,
Qh, is calculated by taking a one-minute
moving average of on/off time as recorded
by the data acquisition model and multiplying
by heater power, Wh, for the length of time
heat balance within the system is observed in
steady-state.

1.3. Waste block materials and methods

Mixing, forming, and curing. Gypsum
drywall waste (GW) was sourced from
local building construction and demolition
sites, and included a typical variety of types
and thicknesses. Demolition waste tested
negative for asbestos (third-party certified
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lab). Waste drywall boards were reduced to
convenient size by manual breaking, then
pulverized using a hammer mill equipped with
5 mm screen (Figure 2a).

Blocks measuring 75 mm x 305 mm x 153
mm were formed on a custom-made hydraulic
block press (Figure 2b), at formation pressure
of 7.6 MPa, resulting in block dry density of
approximately 1.2 g/cm3 Blocks were cured
for seven days covered with polyethylene
sheet, followed by > 56 days of drying at
ambient lab temperature and humidity.

A single-wythe DWB wall section measuring
apx. 1219 mm x 1219 mm x 153 mm was
constructed, consisting of 15 courses of
block, mortared with 7 mm joints of Type
S mortar (ASTM C270). All cores were fully
grouted with fine aggregate grout meeting
ASTM C476-18, and the two perimeter cores
were reinforced with nominal 13 mm steel
reinforcing bars (1070 mm on centre). The
assembly was allowed to cure and dry for
> 28 days at ambient lab temperature and
humidity before mounting in specimen frame
for testing (Figure 3).

A series of five tests were conducted, at
nominal temperature differentials selected
to match characterization conditions. Due to
lower ambient lab temperatures and sensor
sensitivity limits, actual differentials were less
than for characterization tests.
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Figure 3a. DWB specimen wall prior to testing. Figure 3b: Wall detail. Wall has been instrumented, mounted in
frame, and frame is clamped to climatic chamber.

the architect and the city_1123



2. RESULTS AND DISCUSSION

Results from DWB specimen test runs are
summarized in Table 2. Note these test runs
were conducted on the same DWB specimen
wall, with the variables under examination
being the temperatures of specimen hot and
cold sides (th and tc), and the consequent
temperature differential between them.
Resistance to heat flow, R (Km2/W), is
calculated using:

Equation 2.

Ae(tp —tc)
R=——nt <
Qsp

Where A (m2) is specimen area, th and tc (°C)
are temperatures of specimen hot and cold
sides, and Qsp (W) is the net flow of heat
through the wall, equal to metering wall and
flanking losses, Q(mw+fl), minus the metered
input of heater and fans, Qaux.

SStoeo) 10 A0 (o) QW) QW) Q. .W) RKmYW) R R
105 14.2 -6.0 20.2 14.1 354 28.5 6.9 1.05 4.0:1
091 20.5 6.4 14.1 16.9 32.2 23.0 9.2 0.91 3.5:1
104 14.3 0.6 13.7 12.5 34.1 25.4 8.7 0.80 3.0:1
090 21.0 13.7 7.3 14.4 30.9 25.0 11.9 0.43 1.6:1

tn: specimen surface temperature, hot side; t¢: specimen surface temperature, cold side; At: temperature differential
(tn- tc); ta: ambient lab temperature; Qaux: total power input; Qsp: heat flow through specimen; Qmy:s): heat flow through
metering chamber wall and around panel; R: resistance to heat flow of the specimen; Rgwn:Rcmy: ratio of DWB R to

published CMU R.

Table 2. DWB specimen wall results.

= ColdSideAvg == HeaterOn/Off

ColdTemp - HofT

a0

= AmbienfTemp == HotSideAvg == 1MinPwrAvg/10
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Averaged sensor data (°C)
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0:00:00 1:00:00

2:00:00 3:00:00

Elapsed run time

Figure 4. DWB wall specimen test no. 090. Steady-state observed after approximately 00:30:00 minutes.
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Figure 4 illustrates temperature and power
levels logged during a typical DWB specimen
test run. Fluctuation of average temperatures
measured across specimen hot and cold
sides (“ColdSideAvg” and “HotSideAvg”), is
< 1°C, as required by ASTM C1363. Sensors
used for thermostatic control of heating and
cooling systems (“HotTempSensor” and
‘ColdTempSensor”) also show recorded
fluctuations < 1°C, as required by ASTM
C1363. Dip in ambient lab temperature
starting ~ 1:45:00 due to exterior building
doors being opened.

The value of R for the DWB specimen,
calculated using power input Qaux and
Equation 2, is regarded as relative, not
absolute. As expected, heat flow through
both the characterization panel and the
DWB specimen increased as temperature
differentials increased. As expected, heat flow
through metering chamber wall to surrounding
lab, Qmw, and flanking losses through the
specimen frame, Qfl, both decreased as
temperature differentials increased; test runs
with higher differentials have less potential for
error than test runs with lower differentials.
Losses, Qmw+fl, are a higher percentage
of total heat transfer than allowed by the
ASTM standard, but significantly lower than
losses reported for the apparatus designed
by Seitz and MacDougall. Losses calculated
during characterization using Equation 1
are relatively sensitive to an exact value
for characterization panel R; since R is
calculated from manufacturer's data rather
than established empirically, this is a possible
source of error. However, when R is calculated
for the DWB specimen using Equation 2, the
inverse is true, and the calculated value for R
is relatively insensitive to the exact value of
Qmw-l.

Calculated R for the DWB specimen is up to
four times higher than published values for
nominal 152 mm thick, unreinforced single
wythe wall assemblies of normal weight
CMU with fully grouted cores (NCMA 2013).
Because steel reinforcing rod has greater

conductivity than concrete mortars and
grouts, it is likely that R for a steel-reinforced
CMU wall would be lower still, i.e., thermal
performance of DWB specimen relative
to reinforced CMU would be even greater.
Construction and testing a reinforced and fully
grouted CMU wall to directly compare thermal
performance is an area for further research.
The apparent correlation in Table 2 between
higher R, higher temperature differentials, and
lower cold side temperatures is also an area
for future research.

CONCLUSIONS

The constructed hot box apparatus meets
ASTM parameters for temperature control.
Data acquisition and controls were found
to be reliable. Flanking losses and metering
wall losses were higher than prescribed,
likely due in part to a metering chamber
area proportionally  greater relative to
specimen area than would be the case for
a larger apparatus. This could be mitigated
by increased air-sealing of box sections and
specimen contact with frame, as well as
increased insulation of hot box chambers
and specimen frame. Use of an LN2 cooling
system permits rapid temperature changes
and precise control, with low upfront costs,
but operating costs are high (~$11 USD/
hour for test runs with =30° C differentials)
and eventual replacement with mechanical
refrigeration is planned. Nevertheless, the
design represents a cost-effective alternative
tocommercial testing facilities, andis practical
for use as a design tool in educational and
R&D facilities.

Results of initial investigations favour the
conclusion that DWB wall assemblies have
higher resistance to thermal conductivity
than CMU, even when using conventional
reinforcement, mortar, and grout. This is
further evidence for the potential of DWB
as a high-performance, low-cost alternative
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to CMU, and concomitant diversion of
problematic C&D waste from landfills.

Hot box testing of DWB assemblies that utilize
lower-conductivity reinforcement, mortar, and
grout is an area for further research, with
the goal of developing DWB wall assemblies
that approach or equal thermal performance
previously found for homogenous DWB
specimens.  Such  assemblies  could
potentially meet energy code standards
for non-residential construction, without
requiring additional insulation. This would
represent considerable reduction of labour
and material costs. It is also appreciated that
lower-conductivity reinforcement, mortar, and
grouts may be higher performing with regard
to embodied energy and carbon footprint.
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INDOOR ENVIRONMENTAL ANALYSIS OF A LEED GOLD-CERTIFIED OFFICE BUILDING IN
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ABSTRACT

Building quality and performance can be
assessed in terms of indoor air quality,
thermal comfort, lighting quality, and
acoustic comfort, collectively referred to as
“Indoor Environmental Quality (IEQ)." User
satisfaction in buildings has been clearly
linked to productivity, lower absenteeism,
and employee retention among other
outcomes. Conducted as part of a larger
Post-Occupancy Evaluation (POE) of a LEED
Gold certified office building located in
Wisconsin, USA (ASHRAE climate zone 6),
this study takes a comprehensive approachto
analyzing the IEQ of the building by employing
a questionnaire conducted in parallel with
measuring several indoor environmental
parameters. The field measurements were
used to explore, understand, and validate the
outcomes of the survey.

The building is approximately 90,000
square feet including both private offices
and open-plan spaces, plus other facilities.
It is conditioned through a centralized
HVAC system that separately supplies the
three 2-storey wings and controls indoor
temperature, relative humidity, and fresh
air supply based on a pre-programmed
algorithm. A total of 126 answers were
collected out of 200 employees, representing
a response rate of more than 60%. The
questionnaires were collected and analyzed
using the online survey tool: QualtricsXM.
The results show that office design layout
and orientation play a key role in occupant
satisfaction and productivity. Employee
thermal comfort was strongly impacted
by their location in the building. This was
due to a mixture of design and operational
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issues, which also strongly impacted the
building’s energy use. As is expected in open
plan design, issues with noise and privacy
were also identified. The results however
showed a high level of satisfaction with air
quality, which was supported by the field
measurements.  The findings will inform
architects, engineers, and researchers in
their efforts to promote more efficient and
healthy office spaces and to run POEs of
existing office buildings.

KEYWORDS

Indoor Environmental Quality (IEQ); office
building;  Post-Occupational  Evaluation
(POE); LEED Gold; health.

INTRODUCTION

One of the key factors to improve occupants’
health and productivity in the workplace is
Indoor Environmental Quality (IEQ) (Fisk
2002; Hedge 2000; P. Wargocki 2000; Choi
and Moon 2017; de Dear, Brager, and Berkeley
1998). In order to provide a healthy and
comfortable indoor environment, buildings
need to use energy for heating, cooling,
ventilation, etc. Based on this thought, IEQ
and energy efficiency go together while
designing a sustainable and healthy building
(Geng et al. 2019). Additionally, these
two parameters are two key factors while
certifying a building with the Leadership
in Energy & Environmental Design (LEED).
Generally, occupants are able to identify
the air quality level through their sensory
perception reflects, responding with yawns



and sneezes (Wolkoff et al. 2006). However,
many of these parameters are difficult or
nearly impossible to people to notice while
working in their workplace. For example,
Carbon Dioxide (CO2) is considered colorless
and odorless, then occupants are unable to
identify the concentration level, which can
have a very strong impact on health. In fact,
a high concentration of CO2 could derive in a
sick building syndrome (SBS) (Gupta, Khare,
and Goyal 2007).

A common best practice to understand the
correlations between occupants’ opinion
and IEQ measurements is comparing the
IEQ measurements with a Post-Occupational
Evaluation (POE) (Loftness et al. 2009;
Newsham et al. 2009; Veitch et al. 2007). In
fact, Formaldehyde (HCHO), Total Volatile
Organic Compounds (TVOC), CO2 and
Particulates (PM2.5 and P10) are crucial IEQ
parameters that are often considered in the
field measurements of a POE.

Itis critical to have good indicators in order to
detect problems, monitor progress over time
while trying to reach objectives (Cole 2005;
Fisk, Black, and Brunner 2011). For instance,
one of the most important parameters
when identifying indoor air quality due
to poor ventilation rate is CO2. This high
concentration  will generate dizziness,
nausea, mental fatigue, throat irritation,
headache and eye irritation, known as well as
SBS symptoms (Thach et al. 2019). Moreover,
most of the parameters responsible for this
SBS symptoms are affected by outdoor
air quality conditions, building ventilation
system operations, and indoor activities
(Cheng 2017). In 2017, a study showed that
indoor air quality and thermal conditions
generally affect performance, impacting
negatively in the ability to concentrate and
to think clearly (Pawel Wargocki and Wyon
2017).

This research presents an extensive
IEQ monitoring campaign together with
the results of exhaustive environmental
questionnaire in LEED gold-certified office

building in a cold climate. Authors believe
that the collection of qualitative and
quantitative data in addition to a thorough
data analysis is the most accurate method
to assess the thermal comfort and indoor
environmental performance of a building.
This study measured indoor concentrations
of CO2, HCHO, TVOC, PM2.5 and PM10, air
temperature and relative humidity, together
with the subjective occupants’ opinions of
the indoor environment. The results and
correlations of this paper can be used to
determine a detailed characterization of the
air pollutants present in office buildings and
the impact of the office design on air quality
and occupants’ productivity.

1. DESCRIPTION OF CASE STUDY

The building analyzed is the Grande Cheese
Corporate Home Office located in Fond du
Lac, Wisconsin (USA), 5 miles South from
the lake Winnebago and 40 miles West
from lake Michigan (Figure 1). Fond du Lac
is 760 feet above sea level and its climate
according to the ASHRAE classification
(Briggs, Lucas, and Taylor 2003), is zone 6.
The building was completed in 2016, and its
main use is administrative (office), although
there are two cheese laboratories on the
first floor. The structure consists of 83,402
ft2 air-conditioned space, of which 79,967
ft2 are offices, and 3,435 ft2 are lab spaces,
all distributed in three wings with two floors
each, surrounding a large internal courtyard.
The office building also houses a fitness
center, a cafeteria, two kitchens, a coffee
room, a study room, a game room and a
loading deck. Over 175 people occupy the
building daily with a regular office schedule
from 9:00am to 5:00pm Monday through
Friday, although a few of the occupants
work different hours since the building is
accessible 24/7. Additionally, the building
is LEED gold-certified by the United Stated
Green Building Council (USGBC). This
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certification proves the building performance
in terms of energy efficiency, water usage, air
quality, and choice of building materials as
well as environmental factors such as access
to public transportation and responsible land
use.

The HVAC system is divided in three
sections that each one of them supplies
fresh air, heating and cooling to each
building wing. However, the two cheese
laboratories, with dedicated 100% outside
air HVAC, are independent of the general
HVAC system. The office spaces have two
different typologies, open spaces with
individual cubicles, and private offices and
small conference/meeting rooms. These
diverse office designs generate very different
occupants’ satisfaction.

Figure 1. Grande Cheese LEED gold certified building.
Exterior (left) and courtyard (right) views.
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2. METHODOLOGY

This study was conducted in an office
building equipped with a mechanical
ventilation  system, including air and
heating cooling, and air supply devices, for
maintaining comfortable room temperatures
and good indoor air quality. A very detailed
data collection campaign was performed
combining qualitative (occupants’
satisfaction) and quantitative (environmental
monitoring) data. This campaign took place
June through August 2019.

2.1.Questionnaire

In order to understand what type of
opinion occupants currently have of the
indoor environment, the research team
used an analytical qualitative method with
online questionnaires as main tool. The
questionnaire  included  multiple-choice
questions (using Likert-type scales) and
open-ended fields, and was divided into the
following sections: Individual data; personal
workspace; office layout; thermal comfort;
air quality; acoustic quality; building features;
and general comments.

An anonymous link to access the online
questionnaire prepared on the Qualtrics
(“Qualtrics XM” 2019) platform was sent to
occupants of all departments and was kept
open for three months (from June 2019 to
August 2019). The link was distributed to the
participants via email and reminders were
sent periodically by using the same strategy.
The questionnaire was designed with
the goal of extracting honest and reliable
responses with the following considerations
in mind: brevity and simplicity. Indeed, it was
unlikely that occupants would have filled
out the questionnaire if it was too difficult to
understand, and responses would not have
reflected the real experience.



2.2. Indoor environmantal monitoring

Indoor and outdoor temperature and relative
humidity levels of the office building were
monitored for the duration of the of 3 months
and data gathered at one-hour intervals. The
equipment utilized for the internal monitoring
was carried out with the use of a pre-installed
network of data loggers evenly distributed
throughout the building. To evaluate the
indoor environmental quality, one-time
noise, CO2, HCHO, TVOC, PM2.5 and PM10
measurements were taken during a regular
building operation day, in every room.

3. OUTCOMES

This part presents the results of the
quantitative objective monitoring through
data logger and the results of the qualitative
investigation through questionnaires, in
order to assess occupants’ satisfaction with
the indoor environment. These outcomes
are divided in three sections: thermal
satisfaction; acoustic satisfaction; and air
quality satisfaction. As shown in Table 1, the
response sample analyzed in this study was
evenly distributed along the entire building,
therefore, this data can be considered reliable
and representative of the case study. The
Tst floor on the North wing does not house
offices (only common areas), therefore, there
were not responses collected in that area.

3.1. Thermal satisfaction
Table 1 summarizes the 3-months indoor

average temperature values monitored,
showing mainly that there is a significant

difference between floors. While 1st floor
temperatures range between mean values
of 69°F or 70°F, 2nd floor has higher values
around 73°F. Based on the sustainable
building design and usage, and the
occupancy pattern, this 3°F - 4°F difference
between floors is very substantial and worth
to investigate.

Despite the temperature difference shown
in Table 1, Figure 2 depicts that most of
occupants feel thermally comfortable in the
building (67%), and only 5% of them reported
being hot. However, it is very significant
that 28% of workers answered to the
questionnaire reporting feeling cold (28%).
This 28% is too high and does not fit in the
parameters that are acceptable to consider
the building thermally comfortable (Paliaga
et al. 2013). Looking at floor level, there is an
insignificant difference in answers between
the 1st and 2nd floor, therefore, a more
detailed analysis was required (Figure 3).

= Cold = Hot

Neutral

Figure 2. Total workers’ subjective thermal comfort
opinion.

Questionnaire Responses

Indoor Average Temperature

West Wing 23% 70.3
15t Floor -

South Wing 25% 68.6

West Wing 21% 73.2
2" Floor  South Wing 23% 73.5

North Wing 8% 72.4

Table 1. Spatial distribution of questionnaire responses, plus indoor temperature values.
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Figure 3. Workers' subjective thermal comfort opinion by building wings.

A result breakdown among different wings
and floors is depicted in Figure 3. While there
was no disparity between 1st and 2nd floors,
building wings get very diverse answers.
While West and North wings are consistent
with 70% neutral, 20% cold and 10% hot
answers, the South wing occupants reported
being only around 60% neutral and 40% cold.
This data locates the occupants reporting
being cold and narrows it to both floors of the
South wing. The questionnaire results also
revealed that office design has a significant
impact on thermal satisfaction. Occupants in
closed offices feel colder (34%) than workers

d 'P

= Satisfied = Neutral = Dissatisfied

Figure 4. Total occupants’ noise level (left), sound privacy satisfaction (center) levels, and location of dissatisfied

occupants (right).

= Satisfied = Neutral = Dissatisfied
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using an open space office (cubicles) 10%.
Combining all the answers gathered, building
occupants have a general opinion of being
cold while being in their workplace.

3.2. Acoustic Satisfaction

As mentioned above, offices design heavily
impacts on the overall occupants’ experience.
The acoustic performance of the building is
not an exception. Figure 4 presents the results
of workers satisfaction to the buildings’ noise
level, sound privacy and noise satisfaction
based on office design. The 78% of occupants

96%

= Cubicles = Enclosed office



described their noise experience as neutral
or satisfied, against 22% of the answers
were negative. Regarding sound privacy,
dissatisfied answers are higher reporting a
46% of negative opinions. This undesirable
number of discontented occupants (46%),
were located mainly in cubicles in the open
office  spaces. Therefore, this negative
feedback is due to a design solution since, in
general, open office spaces have less privacy.

3.3. Air quality monitoring

It is very difficult that occupants notice
pollutants, that is the reason for mostly
relying on the monitoring results instead of
occupants’ opinion. However, an air quality
satisfaction question was included in the
general questionnaire with very positive
results. Figure 5 depicts the occupants’ great
opinion regarding indoor air quality with only
1% of the surveyed workers unsatisfied.

As a part of the indoor monitoring campaign,
Formaldehyde (HCHO), Total Volatile Organic
Compounds (TVOC), Carbon Dioxide (CO2)
and Particulates (PM2.5 and P10) were
measured throughout the entire building.
Particulates are responsible for sore throat,
eye irritation, and nervousness (PM10), and
there is a strong correlation between PM2.5
and perceived air quality by occupants.

= Satisfied

= Neutral = Dissatisfied

Figure 5. Total workers” air quality opinions.

The way of addressing and reducing these
particulates levels is cleaning the duct
system, filter replacement and cleaning
carpets. Figure 6 shows the levels of PM2.5
and PM10 all rooms analyzed in the building.
It is very clear that indoor levels are very
low and far away from the recommended
limits of 35PPM for PM2.5 and 150PPM for
PM10 according to the American Society of
Heating, Refrigerating and Air Conditioning
Engineers ASHRAE and EPA. In fact, the
outdoor readings are the higher registered
with 14.1PPM (PM2.5) and 20.8PPM (PM10).
Figure 7 shows other critical indoor
environmental aspects that were measured
such as Total Volatile Organic Compounds
(TVOC), Formaldehyde (HCHO), and Carbon
Dioxide (C0O2). Regarding the CO2 readings
registered in the building, they are very
consistent ranging between 100PPM and
172PPM with the only exception of the areas
where more people are concentrated such
as open office spaces (294) and conference
rooms (201). Moreover, in the loading deck
CO2 values were 647PPM, a total of a 100%
more than the second highest recorded
value. This high value could be attributed
to trucks that regularly park in the loading
deck to deliver supplies for the labs. All
these CO2 figures are below the maximum
recommended value of 800PPM (Park et al.
2019). Concerning TVOCs, concentration
values are below the recommended
parameters except, once again, open offices,
conference rooms and kitchen. However,
the readings in the laboratories, cafeteria
and loading deck are close to this limit of
TPPM. In particular to HCHO, all the rooms
in the building have concentrations below
the recommended limit of 0.40PPM, except
the laboratories. It is worth mentioning that
these laboratories have dedicated 100%
outside air HVAC.
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CONCLUSION

From user satisfaction surveys in this LEED
gold-certified office building in ASHRAE
climate Zone 6, 64% of occupants overall
responded “satisfied”, 27% answered “neutral”
and 9% of occupants reported “dissatisfied”
with their indoor environmental conditions.

= Satisfied = Neutral = Dissatisfied

Figure 8. Total workers’ overall building satisfaction
based on indoor environmental quality.

While 1st floor temperatures range between
mean values of 69°F or 70°F because of
the impact of the HVAC system, 2nd floor
has higher values around 73°F, probably
due to the solar radiation. With these
temperatures, 28% of occupants felt cold or
very cold which is a percentage too large for
high performance building. Most of these
unsatisfied occupants were located in the
South wing, particularly on the first floor and
seating in open office spaces. Occupants
also reported being cold during both seasons,
winter and summer. Due to the building
design and occupancy pattern, this reported
discomfort could be easily addressed with
location specific HVAC operation. Large
office buildings are impacted by the outdoor
environment in different ways and building
locations, therefore, require a HVAC broken
down approach for each particular area.

Furthermore, open space offices are proven
to promote occupants’ interaction and
accountability, however, sound privacy and
noise are the main two negative aspects
of this design solution. Occupants seating
in open office spaces reported a 46% of
dissatisfaction of sound privacy. This is a
design approach that has these negative
consequences and there are very limited
applicable solutions that can be implemented
such as higher partitions, etc.

Given the measured air  quality
concentrations, occupant satisfaction with
overall air quality is very positive. Most
rooms do not exceed the recommended
thresholds, only particular locations with high
occupancy levels like open office spaces and
conference rooms. The loading deck is a very
different space form the rest of the building
where truck engines are constantly running
and the CO2 readings are the highest, but not
exceeding the permitted parameters. When a
mixed used space is located inside a building
with occupants and vehicles together, a very
strict ventilation strategy must be in place to
reduce exhaust air and other pollutants. One
of the most interesting aspects about this
building is that the cheese laboratories, have
dedicated 100% outside air HVAC, and are
independent of the general HVAC system.
These laboratories generate high quantities
of air pollutants (highest HCHO level in the
building beyond the recommended values)
and need a very strict ventilation strategy in
order to preserve optimal conditions for their
operation.

As a result, it can be concluded that
occupant satisfaction can help inform design
decisions. Among the technical attributes
of building systems, the factors mentioned
above are critical for user satisfaction and
health and can support workspace design.
Moreover, this research demonstrates that
the use of occupant satisfaction surveys
could redefine user comfort thresholds.
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ABSTRACT

The installations and construction systems
in a typical residential block in the Ensanche
de Valencia quarter have been analysed, and
the parameters that allow economic costs
to be optimised have been quantified, and
can be extrapolated to other similar blocks
in the neighbourhood, giving us a global
vision. The construction dates from 1910,
affecting a total of 92 homes. We start by
taking construction and energy data. Then
we calculate the urban compactness and
complexity and take the reference grid.
Houses and premises have been asked for
receipts for energy consumption. A survey
has also been developed to assess the
acceptability of energy saving measures.
Final y, we implemented the thermography
technique.

After diagnosing the real situation, we
developed the analysis for the viability
of building's services improvements. To
conclude, the results are presented according
to the convenience or not to install active
systems, as well as a rethinking of the
enclosures in order to minimize energy
consumption.

KEYWORDS

Rehabilitation; energy consumption; building
envelope; efficiency.

INTRODUCTION

Valencia is a city located in the East Coast
of Spain. (Longitude 0°22728'W Latitude
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39°28'36"N). Its maximum altitude is 24
meters above the sea level. The average
annual temperature in Valencia is 17.4°C. The
approximate rainfall is 445 mm.

The intervention takes place in the Ruzafa
district, located in the southeast of the city,
which nowadays is part of Valencia historical
centre, and is of outmost sociocultural
importance. The permanent relationship that
already existed between Ruzafa and Valencia
when the former did not belong to the city,
increased with its annexation, and was later
reinforced due to the project for urban centre
widening (in Spanish, ‘Ensanche”). Ruzafa
enjoyed the title of municipality between 1863
and 1877, when it was finally annexed to the
city of Valencia, and started being a residential
neighbourhood  with  major commercial
activity [1]. Figure 1 shows the urban planning
scheme for the Ensanche, where the existing
town conditions the alignments and so the
pre-existences have major importance. The
new building regulations coexist with a public
space typical of the old town, totally different
from the orthogonal plot that characterised
the first Ensanche of Valencia, resulting in a
spatial configuration with its own personality
and particular conditions which are of great
interest. (fig.1).

The urban organisation of this nucleus laid
out around the church of San Valero and the
axis formed by Ruzafa Street, which links
the neighbourhood to the city centre and
the unique irregular streets. Concerning the
building, it is characterised by an architecture
built for the middle class and bourgeoisie,
based on dwellings between party walls,
facing the street and the inner courtyard of
the block, which has modified its regulations
over time and varied its formal language



through the use of new materials. The urban
regulations of the "Ensanche" provided for the
construction of buildings with a maximum of
three floors, but successive regulations have
progressively increased this height to 8 floors
in some cases [2].

Figure 2. Building at the crossroads of Carlos Cervera
and Cura Femenia streets

The model chosen is an extension block made
up of 8 residential and commercial buildings
with a total of 92 dwellings arranged over a
ground floor plus three floors, bounded by the
streets Cura Femenia, Carlos Cervera, Dels
Tomasos and Cadiz (Figs.2 and 3). Energy
performance data of the buildings have been
taken to implement, improvement measures,
aimed at minimising overall consumption [3].
The final aim is to ensure that the comfort of
the occupants is achieved through the rational
use of energy in the buildings. [4]

An assessment has been carried out using the
CE3X tool to obtain the qualification of energy
efficiency in the existing residential buildings.
Energy bills have also been collected to
provide evidence of their actual expenditure.
Subsequently, a survey has been carried out
with two different groups of questions: a
first one to indicate the real environmental
performance of the house, and a second one
which reveals the degree of satisfaction of the
user. Finally, the construction performance
of the building was studied and the thermal
losses along the building envelope were
located using a thermographic camera.

Figure 3. Selected buildings. Source: Sede Catastro
Valencia.
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1. OBJECTIVES

. To evaluate the real performance of
the building, an extension block in the city
of Valencia that can be extrapolated as a
repetitive typology to other buildings in the
neighbourhood [5]

. To compare the current performance
with what could be reached if a series
of  technological  improvements  were
implemented to minimise consumption

. To adopt measures to improve the
energy efficiency of housing

. To provide a formal opinion on the
construction system used in buildings which,
as a result of their age, are significantly
different from current ones, mainly in the
treatment of the building envelope. We
emphasise on the use of passive systems
(walls, windows, blinds, carpets, curtains,
carpets, etc.) to act as corrective screens and
reducing dependence on artificial systems.

2. METHODOLOGY

In order to achieve the proposed objectives, a
methodology has been developedto obtainthe
necessary information and draw conclusions
for possible intervention, according to the
following steps: (1) Carrying out a graphic
analysis of the buildings and the extensions
that have been made from their original state;
(2) characterisation of the building envelope;
(38) carrying out surveys of the homes’
residents who make up the extension block,
so to get information on the conditioning

systems, degree of well-being of the homes
and willingness to incorporate active and
passive measures in the block; (4) evaluation
of real energy consumption through energy
bills for both electricity and gas (owners were
asked to provide the “CUPS” (Universal Supply
Point Code) on their bills), which allow (5) the
results of the simulator to be compared with
reality; and (6) results are justified by means
of thermography simulation of every internal
and external part of the building envelope that
form the block.

Al data collected were processed and
analysed using the programmes recognised
by the Ministry of Industry, Energy and
Tourism (MITECO): CE3X version2.1., CE3
version 2375.1015, HULC version 20151113,
and CERMA version 4 to characterize the
houses from the energy perspective, as
well as to check whether there have been
alterations in the results.

3. DATA ANALYSIS
PRESENTATION

AND  RESULTS

Climate data:

The climate data for the city of Valencia (table
1) and the construction of the buildings under
analysis have been taken into account.

Constructive materialization:

The buildings were constructed using the
characteristic construction techniques of this
period, thus:

. The main fagades are solved with
solid brick load-bearing walls of one and a

Month Jan | Feb | Mar | Apr | May

Jun | Jul | Aug | Sep | Oct | Nov | Dec

11.2 13.4|15.3 | 18.2

Tavg (°C)

21.81246|249|228|18.9|145 119

Tmin (°C) | 6.8 8.6 |10.6 | 13.8

204|209 (184|143| 10 | 7.5

T max (°C) | 15.7 18.3| 20 | 227

26.1 | 288| 29 |27.3|23.5| 19 | 163

Table 1. Climate data for the city of Valencia
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half or two feet thick and joined with lime and
mortar cement (thermal transmittance value
U=1.22 W/m2 °K.)

. The rear fagades have half a foot
of solid brick wall closing the interior doorway
(U=2.13W/m2 °K.)

. The dividing walls are the building's
own wall separating the boundaries, made
up of piled up walls of solid brick, half a foot
thick, and taken with lime mortar (U= 2.42 W/
m2 °K.)

. The sloping roof is formed with
purlins interposed to bard bricks. This layer is
the base on which 3 or 4 cm of lime mortar
is poured directly onto the Arabic tile (U= 3.45
W/m2 °K.)

. The "Catalan" style flat roof is made
up of three layers of ceramic tiles plus the
floor, supported by purlins, which are in turn
supported by the roof structure (U= 3.33 W/

m2 °K.)
. The floor that divides the
commercial  premises is made of

unidirectional wooden beams and covered
with a two-threaded revolving floor of ceramic
pieces. The hydraulic floor is supported by a 2
or 3 cm lime mortar filling. (U= 2.42 W/m2 °K.)
[6]

Surveys of residents:

From surveys conducted to residents (Table
8), which were answered by 32% of them, it
is possible to know the current status of the
building (Tables 1 and 2), as well as inferring
a well-being indicator (Table 3). It can also
be gathered from the surveys the degree of
a person’s liking on the changes required for
the inclusion of new measures to improve
the current situation. All the information
collected during the study has provided
an understanding of what their needs are,
and the relevance that each resident gives
to them (Table 4). Finally, it is appreciated
that any measure that can technically solve
a deficiency, may not necessarily imply
an improvement in the well-being of the
residents (table 5). The ultimate aim of the

proposed questionnaire is to evaluate the
degree of acceptance of common energy
saving measures by the residents of a block of
homes. The form used for the survey is shown
intable 7.

Electric radiators 54,17
Air Conditioner 37,50
LGP furnace 08,33

Table 2. Survey results on Heating Systems

Do not have
Air Conditioner

41,67
58,33

Table 3. Survey results on Refrigeration Systems

Winter
Bearable 65,50 %
Hard to bear 20,83 %
Pretty hard to bear 04,17 %
Very hard to bear 0,00 %
Unbearable 0,00 %
No answer 12,50 %

Table 4. Survey results on thermal comfort in winter
and summer,

Completely acceptable 08,33
Acceptable 54,17
Mostly unacceptable 12,50
Completely 04,17
No answer 20,83

Tabla 5. Survey results on the acceptability of
measures

Bearable 25,00
Hard to bear 12,50
Pretty hard to bear 37,50
Very hard to bear 0,00 %
Unbearable 0,00 %
No answer 25,00

Tabla 6. Survey results on uncertainty degree on the
economic charges distribution among neighbours.
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1. Do you home have a heating system installed?

If answered yes to Q1

, which system do you have?

Eleciric radiators

\Air Conditioner

LGP furnace

3. Does your home have

a cooling system installed?

4. Rate the comfort degree you perceive during winter

Bearable

Hard to bear

Pretty hard to bear

Very hard to bear

Unbearable

5. Rate the comfort degree you perceive during summer

Bearable

Hard to bear

Pretty hard to bear

Very hard to bear

Unbearable

1. Would you be willing to accept changes in your building

1o help improving the comfort?

Completely acceptable

\Acceptable

Mostly unacceptable

Completely unacceptable

No answer

2. How do you rate the economic cost these improvements

would mean?

Completely acceptable

\Acceptable

Mostly unacceptable

Complefely unacceptable

No answer

Tabla 7. Survey Questionaire Model used

Energy simulator:

The evaluation of the energy consumption
demand has been carried out using, as
already indicated, the tools endorsed by the
Spanish Ministry of Energy, which enable
obtaining the energy efficiency rating in
existing residential buildings, and easing a
detailed study to improve the resulting rate.
In this study the simulation results were
compared with the real energy consumption
data, by means of the electricity and gas bills
of the visited homes. The obtained model
indicates that the maximum demand of
energy occurs during winter time, and not
that much in summer (Fig.4). In terms of the
buildings’ envelope, results indicate that the
most generalized losses arise from the rear
facades, where the is almost no isolation
at all. Another construction element where
significant losses are produced is through the
roof of the buildings.
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Figure 4. Energy consumption demand of a modelized building (kWh/month)
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Measurements:

Figure 5. Thermografy measurements taken for inner and outer facades (note the effect of shadowing over
facades thermal performace) Source: (Vicente Blanca 20172).

The thermographic measurements performed
over the facades of the buildings under study
confirm the result of the simulation modelling.
The most significant losses occur through the
rear facades and the wooden enclosures (Fig.
5).

4. DISCUSSION

Concerning the proposal of a global
improvement of the building's thermal
envelope, , it is concluded that about 10 cm
of insulation would be needed, to reduce CO2
emissions, until the letter initially obtained in
the energy rating, which was an E, is modified.
This thickness would be required to be
enlarged to 10cm for the facades and roofs
and, in addition, to install low emission glass
windows, to reach a qualification of D, one
level above the current one [7].

A possible way to alleviate the economic
effort that the building envelope global
improvement would mean, considering the
very long amortization periods estimated, is
to make specific improvements in particular
points, like only isolating the clearly deficient
facades,which are those facing the inner
courtyard, or to restore the windows and their
shields [8].

Obviously CO2 emissions are reduced to
a minor amount, but if it is related to the

investment to be made in each case, from
the perspective of the optimum cost of the
action, it would be more feasible to consider
this type of intervention, taking into account
the specific climatic conditions of Valencia.

In relation to the possible position of the
thermal insulation in the facades studied, it
could be concluded that in the main facade
which is very thick and has a high thermal
inertia, the placement of the insulation is
not excessively relevant. Furthermore, in
the walls of the rear facades, which are
very thin and have a high level of inertia, the
differences between the two situations are
more pronounced, although not substantial.
In these cases, placing the insulation on the
inside of the fagade has a significantly better
performance in winter conditions, but worse
than in summer. On the outside, the behaviour
is the opposite, that is, it works better in
summer. In any case, considering that
many of the main fagades of the buildings
in the neighbourhood are protected, if the
installation of the insulation on them were
planned, it would only be possible to intervene
on the inside.

With regard to the fagade openings, it has
been observed that the original woodwork
was made of wood, an important aspect
given the low conductivity of said material.
Nevertheless, it has been found that many of
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the original woodwork has been replaced and,
in the case of the solar protection, it has been
altered or removed. The aim is to recover and
improve the thermal behaviour of the original
damaged wooden windows, including their
protection (blinds, shutters, gazebos, etc.),
which in many cases has been removed.
In this sense, it is understood that the most
interesting option would be to repair the
carpentry by placing flashing to improve its
behaviour with regard to air permeability and
the arrangement of the corresponding glazing
beads to be able to place double glazing with
a chamber, so that, if the replacement of
original glass is considered, normally of very
little thickness, ranging between 3 and 6 mm.
by 4/12/4 19][10]

If intervention on the enclosure and on the
installations is considered, it is concluded
that CO2 emissions are reduced, but not
enough to reach a letter C in the energy
rating [11]. Only the installation of a biomass
boiler could achieve a letter B. As these are
through houses with two opposite facades, it
favours good ventilation, an important aspect
especially in summer [12]. Another system
typical of this type of building for natural
ventilation is the staircase itself. In order for
it to work properly, in addition to the usual
openings to the interior courtyards, it is vital
that it also has them at the top and bottom
of the stairwell, that is, in the hallway and
the roof [13]. It has been observed that, in
many cases, the original doors of the building
have been replaced, which had practicable
elements in the upper part to favour the
entry of air and the consequent ventilation
through the staircase. The recovery of these
simple natural ventilation systems has been
considered, given that the cost-benefit ratio in
summer is very beneficial, but incorporating
control systems over the openings so that
they can remain closed in winter [14][15][16].

1146_block 5: a future based on technology

CONCLUSIONS

Given the difficulty created in the collection of
energy data, as a result of the distrust created
by the occupants of the homes and the lack
of information, it has been very positive to
provide the homes with intelligent meters.
There have been no relevant changes in the
results obtained with the use of the software
backed by the Ministry of Industry, Energy and
Tourism, when characterising the energy of
the homes.

In a warm climate, such as the city of Valencia,
the years needed to recover the investment,
if it is considered the rehabilitation of the
entire enclosure, are more than 10 years. This
means that energy service companies are
not interested in managing the renovation of
buildings with these climatic characteristics.
In this sense, the most relevant result is the
improvement of the thermal comfort and the
quality of life of the users, more soif we consider
that a high percentage of homes do not have
heating systems. Another problem detected
is the high number of uninhabited dwellings
in the buildings of the neighbourhood. This
differentiates the theoretical results obtained
by means of the computer tool from the real
global consumption data for each building.
This situation is aggravated by the fact that
most occupied dwellings are occupied by
users over 65 years of age and, in many cases,
they live alone. All these problems together
mean that the owners are not interested in
investing in their houses' rehabilitation.

The very uniformity of the cornice heights in
the buildings, that make up the neighbourhood,
avoids the shadows cast by facilitating the
incorporation and use of renewable energies
through thermal and photovoltaic solar
panels, notably improving the building's energy
management [17].

The division of the urban development, the
similarity in construction, the occupation of
the houses and the socio-economic study
carried out, allows us to extrapolate the values
obtained, as well as the indicators, to other
blocks in the same neighbourhood.
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ABSTRACT

The study aims to know the alternatives to
thermal insulation currently used in the type
of double-sheet enclosure, with or without an
air chamber, and thermal insulation inside.
Objective data is provided to justify the
value of new eco-friendly thermal insulating
materials that allow a more respectful
architecture with the environment.
Ecological awareness today reaches any
discipline. Architecture does not escape
this concern and, therefore, new, greener
materials are introduced. On the other
hand, the new regulations advocate for
more efficient, ecological and sustainable
construction.

In this sense, the new materials come from
natural sources or from recycled products,
which, through simple transformation
processes, achieve a new product that
complies with current regulations, as well as
new social and architectural requirements.
To know the characteristics of these
sustainable thermal insulating materials, a
comparative study of different products is
carried out, contrasting their characteristics
and properties. The formats that best fit
the double-sheet enclosure solution are
the blanket, board and bulk. The selected
thermal insulators are natural cork, cotton,
hemp, cellulose, sheep wool and wood fiber.
In order to determine their behavior, several
technical features are studied. In addition,
some environmental properties are evaluated
to complete the comparison. Various studied
aspects are the origin of the raw material,
the consumption of energy and the level of
emissions generated by the manufacture.

1148 block 5: a future based on technology

All values and data obtained show the
thermal and ecological insulating value of
the studied sustainable materials against
those currently used in the construction of
enclosure systems.

KEYWORDS

Thermal insulation; sustainable; recyclable;
comparative study; ecological.

INTRODUCTION

Over time, humans have taken into
consideration their environment regarding
architectural construction in  terms of
the collection of materials, the climatic
conditions and the adaptation to the
surroundings. However, this adaptation
has been abandoned mainly due to the
technological developments that have been
incorporated during the industrialization.
From that moment on, we have arrived
to a point in which the construction of
buildings consumes 40% of the materials,
generates 40% of wastes and consumes
40% of the primary energy in the European
Union (Baflo & Vigil-Escalera 2005).
A great amount of this consumption takes
place due to the building activity in cities.
Technology has improved living conditions
and has provided more suitable conditions
to increase the amount of population.
Nonetheless, it has now a responsible role
in the development of sustainable ways to
preserve and keep improving social welfare.
In this sense, many courses are being taken



at this precise moment. In a long term
research, bioinspired materials and artificial
reproduction of existing substances are
two of the most growing research fields.
Regarding building conditions, thanks to the
growth of a more ecological consciousness,
a change towards sustainable
construction is  slowly taking place.
This transition is necessary considering
that if we maintain the current consumption
rate, the stocks of the different fossil fuels
will disappear: between 35 and 45 years for
petrol, between 60 and 70 for natural gas and
between 200 and 230 for carbon (BP 2013).
Hence, sustainable construction, which is
based on respecting and adapting to the
environment,savingresourcesandenergy,and
considering the users, becomes a wide field
of research to reduce our consumption rate.
Embracing both sustainable construction
and technological development, this
paper outlines another approach towards
what a future based on technology
could be: the use of more natural,
sustainable and environmentally friendly
materials in  the building industry.

The use of fossil fuels for heating, lighting
and ventilation of buildings is responsible for
the 50% of the global heating, being transport
another of its main causes (25%) (Edwards
2005, 4).

Thus, amongst the variety of natural and
environmentally friendly materials, this
work aims to provide further information
on those which are thermal insulators,
sustainable, available in the market and
feasible to implement in the most common
brick wall constructive technics in Spain:
the double layer fagade with and without air
chamber. Consequently, this study is framed
on the second condition of the sustainable
construction (saving resources and energy)
since it will delve into the study of thermal
insulator materials that are suitable, have low
environmental impact and have properties

with high influence on the energetic
behaviour of buildings. In order to consider
these materials as potential substitutes
of the traditional thermal insulators they
will need prove of being not only more
sustainable but also provided with at least as
good properties as the traditional materials.

1. MATERIALS AND METHODS

The aim of this paper is to present the
researchmade on several sustainablethermal
insulators in order to review their potential
as substitutes of the traditional materials.
To do so, a precise methodology has been
applied along the investigation. It consists
of a comparison between the sustainable
materials and with the traditional ones both
in technical aspects and in environmental
features. The first consideration emphasizes
their suitability to perform as thermal
insulators, since they should behave
as well as de usual thermal insulators,
while the second allows determining the
level of sustainability and environmental
impact amongst them. To accomplish
this comparison, their technical features
and environmental characteristics have
been translated into numeric parameters.

The studied technical aspects
have been the following:
Thermal conductivity, A [W/mK]: it is an
indicator of the heating transmission

capacity and represents the ease of the
material to conduct it. The smaller the
value of A, the better the thermal insulator.
Thickness, e [m]: to achieve an equitable
comparison, a certain thermal resistance
is fixed, R = Tm?K/W. Thus, for the same
value of thermal resistance, the value of
the thickness of each material is obtained

e=R A [1]

Where: R = thermal resistance [m2K/W]

\ = thermal conductivity [W/mK]
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Allthe studied materials present a thickness of
400or50mmasthevaluethatwouldcorrespond
with the closest commercial value available.
Hygroscopicity [%]: the capacity to absorb or
spread the humidity in the air. It promotes the
equilibrium of internal humidity. The higher the
percentage, the better hydrophilic behaviour.
Water steam diffusion, Sd [m]: the capacity
of a material to allow water steam to move
through it. Materials with a good water steam
diffusion are prone to expel out the steam.
Sd=pe [2]
Where: = resistance to steam diffusion
e = thickness of the material [m]
Being Sd: <4: optimal

4-7: satisfactory

7-15: bad

15-25: very bad

>25: impermeable barrier to steam
Thermal diffusivity, a [m?/s]. itis the expression
of the capacity of a particular material to
transmit a variation of temperature in a
specific time. The lower the value, the longer it
will take the material to transmit a variation of
temperature from the exterior to the interior.

A

Q=m [3]

Where: A = thermal conductivity [W/mK]

p = density [kg/m?]

Cp = specific heat [J/kgK]

Fungi and insect resistance: all the studied
materials present this feature.

Fire resistance: it is expressed according to

the Euroclasses:

A Non-combustible, no contribution to fire

B Combustible, very limited contribution to fire
C Combustible, limited contribution to fire

D Combustible, middle contribution to fire

E Combustible, high contribution to fire

F Unclassified, no specific fire behaviour

Price [€/m?]: the indicated price belongs to
the material according to the appropriate
commercial thickness to ensure R = Tm?K/W.
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The environmental characteristics of each
material can also be translated into tangible
numbers to facilitate the comparison between
their values. In that sense, the following
magnitudes are the ones that have been
evaluated:

Energy [MJ/kg]: total energy consumed along
its life cycle.

Emissions [kgCO%kg]: CO, emissions during
the whole life cycle of each material.
Biodegradability: is the ability of organic
substances and materials to be broken
down into simpler substances through the
action of enzymes from microorganisms. If
this process is complete, the initial organic
substances are entirely converted into simple
inorganic molecules such as water, carbon
dioxide and methane (Ecozema 2020).
Recyclability: is a characteristic of materials
that maintains useful physical or chemical
properties after serving their original purpose
and therefore allows them to be reused or
remanufactured into additional products
through a recognized process. All the studied
materials are recyclable but the bulk format is
itself harder to recycle.

After determining all the numeric parameters
considered in the study, it is necessary to
narrow the scope of the research and adequate
it to a feasible analysis which could provide
conclusions. To do so, four conditions have
been applied to preselect the materials (Fig.
1): the material must be sustainable, thermal
insulator, the material must be available in the
market and it must be feasible to implement
in the most common construction systems.
The double layer fagade with and without
air chamber are the most common brick
wall constructive technics in Spain. This
condition is applied to reduce the variety of
formats of the materials to either board or
blanket and bulk. The formers are meant to
be implemented through fixation while the
latter is used as insufflated insulator. The
materials that fulfil all these requirements are
potential substitutes of the traditional thermal
insulators used in the building industry. The



Sustainable

Feasable to
implement

Thermal
insulator

Available in
the market

Figure 1. Conditions to select a material.

resulting ones are cork, hemp, wood fibre,
cellulose, sheep wool, cotton and mineral wool.
They are commented in the paper hereunder.
Once the materials have been specified,
the condition of availability in the market
will determine which formats are studied
for each material. This specification on the

Double layer fagade
with air chamber

Double layer facade
without air chamber

:
|

S5 e —

configuration of each of them is worth to
be highlighted because it is not equivalent
to all the materials. There are some that
can be transformed to be implemented
with different technics while others are
limited to a single application (Table 1).

Materials Format
Board Blanket In bulk

Cork X X

Hemp X
Wood fibre X X X
Cellulose X
Sheep wool X X X
Cotton X X X
Mineral wool X X

Glass wool X

Extruded polystyrene X

Table 1. Formats available in the market.
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1.1. Cork

Natural cork consists of the rind of the cork
oak, which is made up of death cells that
are filled with a gas similar to air. This gas
constitutes the 90% in volume of the cells
and is responsible for the low weight and
compressibility of the cork. The extraction of
the material from the tree does not damage it,
since this process takes place mainly in July
when it offers less resistance to be detached,
and it does not require cutting down the tree,
providing a renewable and durable process
(Barnacork 2020).

Cork presents a great mechanical strength
due to its ordered cell structure that does
not allow gaps between them. Thanks to its
resistance against atmospheric changes
and the impossibility to rot, cork does not
suffer dimensional variations along its useful
life (Barnacork 2012). The product is 100%
natural, since it only needs water steam and
an increase of pressure. The glue used to
ensemble agglomerate cork should be water
based and totally biodegradable (ICSuro 2020).

Figure 2. Cork: in bulk and board.

1.2. Hemp

Hemp fibre is subjected to a genetic selection
process to ensure that the chosen varieties
present a low quantity of THC, the main
psychoactive constituent of cannabis (under
0,2%), an amount supported by the European
Union (Lopez 2018). These fibres contain
lignin, which provides strength and resistance,
and the absence of proteins avoids the attack
by insects. Since these fibres are renewable,
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biodegradable and grow fast, hemp is
considered a sustainable material. The life
cycle consists of the growth of the plant for
more than a hundred days and the extraction
of the fibres by moisturizing the plant (Tipos de
aislantes. LANA DE CANAMO 2020).

It is durable, comfortable and presents an
ecological process without requiring chemical
agents throughout it (Rodriguez 2014). In
addition, it allows the recovery of the soil where
it is produced thanks to its herbicide effect
(Cannabric 2008).

Figure 3. Hemp: blanket.

1.3. Sheep wool

Most of the raw material comes from shearing
sheep, what is a necessary process in the life
of sheep that should occur every year. This
means that the basic element is naturally
designed to provide thermal comfort while
being elastic, hygroscopic and able to breath.
Shearing one sheep can provide three to five
kg of wool that should be transformed by
bleaching the wool with a borax salt treatment
after removing the dirt by washing it in hot
water. Then, a 15% of polyester binder is
added to gather all the fibres and the thermal
insulator is ready to be implemented (Tipos de
aislantes. LANA DE OVEJA 2020).

The final product is renewable, recycled and
recyclable and contributes to improve the
environment in a social aspect by helping to
develop the wool sector (RMT-NITA WOOL
2020).



Figure 4. Sheep wool: in bulk & blanket.
1.4. Cotton

The thermal insulators derived from cotton
are obtained from recycled textile products,
thus, the raw material is not totally natural but
it is completely recycled. The transformation
process consists of a shredding operation to
extract single fibres that are later gathered into
a multi-fibre product.

For this particular material, the ecology of
the process can only be guaranteed in the
production but the whole process is sustainable
in time. Cotton insulators need a special
treatment to resist fire, fungi and insects and
help to reduce the production of emissions and
waste (RMT-NITA COTTON 2020).

Figure 5. Cotton: in bulk & blanket.

1.5. Cellulose

Once again, the origin of the basic material
is not natural but recycled. It consists of
newspapers that have not been sold. The whole
transformation process is based on collecting
newspapers to transform them by means of
grounding and borax treatments into a bulk
thermal insulator (RMT-NITA CELL 2020).

This alternative presents great resistance
to biological attacks while helping to create
dry environments where it is incorporated.
Cellulose insulators also provide great comfort

and acoustic performance thanks to their
thermal lag (8-12h) (AISLAnat 2020).

Figure 6. Cellulose: in bulk & blanket.
1.6. Wood fibres

Grinded wood is the raw material used to
produce this thermal insulator. Forestry
and wooden industry generate wastes in
form of sawdust and cutting pieces that
are transformed by means of grinding and
shredding either in a wet or a dry process.

Wood fibres insulators are comfortable,
ecological and sustainable. Theirtemperature
is stable before temperature variations and
are suitable to be implemented in almost
every constructive system. However, they are
mainly produced out of Spain (GUTEX 2020).

Figure 7. Wood fibres: in bulk & blanket.

2. RESULTS

The following table contains the fundamental
technical and environmental features to
understand the behavior of each material.
The R-values and U-values have not
been included for space, as they can be
approximated from thermal conductivity.
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Technical features

Environmental features

Ther ;Isyg(; Wat
Den mal Gt e Ther  Fire Emis
sit cond p stea  mal resis Pric Ener sion Biod
Y uctiv {y m diffu  tanc e (€/ gy s egra
p ity ° diffu sivity e m2) (M (kgc  dabl
(kg/ of its . 5
m) A own  Sion a(m?  (clas kg) O3/ e
(W/ Yosd fs) s kg)
weig
mK) el (m)
222
Board 100 0.037 7 4.20 E.07 E 14.82 7.54 -1.72 Yes
Cork
3.68
In bulk 65 0.040 7 4.20 E.07 E 10.55 6.75 -1.70 Yes
5.94
Hemp Blanket 30 0.041 17 0.50 E07 F 7.10 - -0.62 Yes
Blanket 14 0.043 33 0.50 |15.?)16 F 7.50 18.92 1.55 Yes
5.88
Sheep wool Board 35 0.035 33 0.40 E.07 F 10.29 16.64 145 Yes
In bulk 20 0.041 33 0.50 121 B- 4.60 10.96 0.71 Ye
nbu : Y E06 s3d0 ¢ : : es
Blanket 25 0.036 24 0.50 |15.?)16 F 6.00 9.69 0.70 Yes
Cotton Board 60 0.034 24 0.40 g-g)f_; F 9.00 9.69 0.70 Yes
In bulk 20 0.042 24 0.50 1.91 B- 2.20 7.46 0.46 Yes
’ ’ E-06 s2d0 : ’ ’
40-6 3.62 B-
Cellulose In bulk 0 0.038 30 0.60 E07  s1d0 212 5.55 -0.65 Yes
343
Blanket 50 0.036 20 0.80 E.07 E 4.62 19.59 0.20 Yes
Wood fibres Board 110 0.038 20 1.60 é_gf_; E 8.00 20.40 0.23 Yes
4.52
In bulk 40 0.038 20 0.80 E-07 E 2.06 11.15 -0.34 Yes
Extruded Board 32 0034 No 60 33 B 1266 5747 265 No
polystyrene E-07
Glasswool  Blanket 35 0032 No 040 L& F 745 4481 295 No
6.07
Blanket 70 0.034 No 0.40 E-07 A1 7.00 18.15 1.26 No
Mineral wool
In bulk 70 0.037 No 0.40 g_%?, A1 6.47 20.30 1.03 No

Table 2. Technical and environmental features.
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CONCLUSION

In this section, the conclusions extracted
from the analysis and comparison of
different traditional and alternative thermal
insulators are presented, with respect
to their technical and environmental
features. The outcomes are divided in two
parts, according to the insulator format.
This decision responds to the different
implementation in each case. The thermal
insulators in bulk are generally used to be
insufflated inside an air chamber while the
blanket and board formats are meant to be
attached vertically to a layer of the fagade.
The best in bulk insulators in a global scene
aregranulated cork,woodfibresand cellulose.
While cork outstands due toits environmental
factors, such as the fixation of CO, during its
process (-1.70 kgCO,/kg), wood fibres show
better technical characteristics is aspects
like the thermal conductivity (0.038 W/mK).
However, cellulose insulator presents great
performances in both fields and has a really
competitive price (2.12 €/m?). Regarding
technical values, its thermal conductivity
(0.038 W/mK) is one of the lowest of
all the studied materials. It has a good
hygroscopic behaviour (30%), an optimal
behaviour in terms of thermal diffusivity and
its fire resistance is type B. Environmentally
speaking, cellulose presents a low energy
consumption (5.55 MJ/kg) and a negative
value of CO, emissions (-0.65 kgCO,/kg).
A quite surprising outcome of the study is
that the price of the traditional insulator
materials, which was supposed to be one
of their biggest advantages, appears to
be at the same level as some alternatives.
In relation to board and blanket formats,
the best options are wood fibres blanket,
cork board and cotton both in board and
blanket. In this case, each of the mentioned
materials outstands for a reason. The wood
fibres blanket presents one of the lowest
prices (4.62 €/m?) while cork board insulator

presents excellent environmental features
such as its negative level of CO, emissions
(-1.72 KgCO,/kg). With regard to blanket and
board cotton, both present similar features.
Blanket format stands out due to its low price
(6 €/m?), while board format is preeminent in
relation with the thermal conductivity (0.034
W/mK). Nevertheless, both of them show
comparable hygroscopic behaviour, with
one of the higher values of the analysed
materials (24%). Their water steam diffusion
is optimal while their fire resistance is class
F the lowest. Concerning environmental
performances, the energy provided during
their life process is 9.69 MJ/kg and their level
of CO, emission reveals one of the lowest
values with only 0.7 kgCO,/kg. Furthermore,
due to their vegetable origin, they are
biodegradable and recyclable materials. As a
result, it is possible to acknowledge that due
to its great balance between environmental
behaviour, low price and good thermal
conductivity, cotton thermal insulator is the
most complete of the studied alternatives.
Ultimately, this research can confirm that the
best sustainable alternatives to traditional
thermal insulators are cellulose in bulk
format and cotton both in blanket and board.
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RESEARCHES AND PROJECTS BETWEEN CONSERVATION AND RENOVATION FOR THE

FUTURE OF THE CITIES
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ABSTRACT

The paper proposes the synthesis of some
recentresearch experiences carried out by the
authors, in Genoa and Liguria Region. These
researches, committed by public authorities
(Ministry of Cultural Goods and Heritage,
Regional Department of Culture) and public
owners (the University of Genoa among
others) are both theoretical and applied to
single buildings or architectural complexes.
Objects of the researches are, in some case,
ancient monuments (in need of restoration,
re-use and renovation) located in the
consolidated tissue of the contemporary city.
In other cases, we worked on Architectures
belonging to the Modern Movement, spread
off in our whole region that need to be known
and appreciated by the community, as first, in
order to be conserved and reused respecting
their architectural, constructive, historical
and social values. All the researches show
a high interdisciplinary interaction and
collaboration among experts in architectural
restoration and conservation, consolidation
of traditional buildings, history and archival
researches, building physics, chemistry, ICT
and digitalization, energy efficiency, thermal
enhancements and technical equipment.
These works have led to important operative
consequences in terms of safeguarding,
restoration, renovation and re-use, through
the social engagement of local communities,
with significant impacts on the future of the
contemporary city. To quote some examples,
we worked on the monumental complex of
the “Albergo dei Poveri” in Genova (almost
60.000 square meters of total covered
surface, built from XVII to XIX C.), preparing
a general masterplan for its complete reuse
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and restoration (for crowdfunding). Another
real case has been the historic palace
Belimbau (one of the most important of the
“Rolli Palaces” dating from medieval age and
transformed since XVII C.). Thanks to our
researches, the University obtained in this
case some funds to restore the monumental
rooms and open them to the city. We also
worked on the ancient former church of the
Jesuits’ college (XVII C.), now abandoned
and in need of a future destination and on
the Prince Andrea Doria’s Palace, one of
the major Renaissance Villas in Genoa and,
recently, on the Doge's Palace, in the heart
of the city. Ancient and recent buildings are
essential parts of the collective memory of
the contemporary cities and built landscapes.
Their permanence and transmission to the
next generations are thus essential for a
conscious, creative and not oblivious future
and for human well-being. The paper deals
with all these aspects going beyond the
single case studies.

KEYWORDS

Conservation; renovation, cultural heritage;
interdisciplinarity; digitalization.

INTRODUCTION

The expansion, for fields of interest and
meanings, of the term ‘“heritage’, as
suggested by the Italian Code of Cultural
Heritage, leads not only the scientific
community to question the values
(testimonial, historical, economic, social and
of other nature) conveyed by ancient but also



by recent and even very recent architectures.
In this perspective also their fate and their
protection, enhancement, redevelopment
or, conversely, their definite oblivion and
destruction, are nowadays on the fore as
a matter of discussion. The continuously
expanding universe of artefacts to which
conservation and restoration necessarily turn
theirattentionis in fact extraordinarily rich, for
historical, constructive and formal variations,
in time and space, and it escapes any claim
of total and autonomous domination by a
single discipline and, even more by individual
technical operators. In fact, the forms and
spaces of the artefacts change, according
to the resources, places and historical
moments of their realization, as well as
their constructive principles, the techniques
of working materials, the executive or
installation devices adopted by blacksmiths,
bricklayers and carpenters, belonging to
the different material cultures involved.
The causes of the processes and of
degradation phenomena that afflict the
buildings are also very changeable, from
place to place, from time to time and from
building to building, and this outlines a
universe of very vast and complex problems
that no single expert can face alone. We must
therefore ask ourselves, since there is no
answer that is valid forever and for everyone,
whether we recognize and want to take those
elements of our heritage as a real legacy of
which to take care of, with the contradictions
and shadows that every process of
“patrimonialization” brings with itself. For
this reason, it is necessary to raise the level
of training, to allow future professionals
and technicians to handle the increasingly
complex demands and problems posed
by contemporary society in regard with the
fate of our heritage(s). The paper briefly
illustrates the structure and the training
objectives of the School of Specialization
in Architectural Heritage and Landscape of
the University of Genoa (Master-post-Master
Programme), its links with the main cultural

institutions and local and national bodies
in charge of tutorship and safeguarding,
its relations with advanced research
activities and its impact on education.

1. RESEARCH AND INTERVENTION ON
CULTURAL HERITAGE

1.1. An interdisciplinary path of higher
education

The post-graduate training course of
the School of Specialization responds
to the extreme complexity of the field of
architectural restoration, that involves many
specialists. Among them are surveyors,
analysts, chemists, physicists, technicians
of different kind, restorers, expert in the
various materials and constructive elements
involved, structural engineers, historians, art
historians and experts in artistic techniques
and many others. The School, therefore,
trains professionals characterized by a
strong technical profile, rich in articulated
and complex skills and competences but,
above all, in those of cultural nature, rising
their awareness and ability to rule the many
aspects, sometimes even conflicting, that
characterize this delicate field of study,
design and practical work.

The School of Genoa has therefore a strong
multi-layering and operative imprinting and
the curriculum with the organization of
teaching activities follow the phases and the
sequence of operations that characterize a
real restoration project, albeit in the “didactic”
time of the two years of the course. In order to
strengthen this objective, the final thesis also
retraces the same analytical and planning
path, put to the test in the “professional time”
of about six months.

The teaching courses cover, in their
articulation, the fundamental scientific,
technical and cultural guidelines  of
restoration, nevertheless overcoming the
apparent and rigid separation between the
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two years of the course. The frontal teaching,
the laboratory and practical experiences
are therefore oriented to the acquisition
of knowledge, skillsand competences
necessary to carry out and to control the main
and most common non-destructive analysis
and diagnosis techniques on the material
consistency of buildings and their behaviour
over time. This involves a strong focus on
documentary and archival investigations
and rigorous architectural survey (through
traditional and innovative techniques). Aside
these, strong attention is given to chemical
and physical, mineralogical-petrographic
and technical-mechanical characterization
of materials. Also the evaluation of the
spatial and morphological characteristics
of buildings, according to their potential
use and compatible reuse, is crucial, as
well as the exam of their technological and
construction components, the analysis and
diagnosis of decay phenomena, of structural
instability, as well as of the environmental
conditions that affect their consistency,
stability, functionality and durability. Further,
the School provides the knowledge and the
necessary skills to design and coordinate
the various forms and phases of intervention
on existing buildings: from the preliminary
design (of technical-economic feasibility)
to the final and detailed one, including the
methods of management of the entire
building process. This includes the use of
ICT tools, the knowledge of the construction
phase, the direction and final assessment of
the works, as well as the attention for fate of
the restored good (planned maintenance and
conservation, modes of use, management
models). Within the didactic activity, at
least one full day every week is dedicated
to an ‘Interdisciplinary Laboratory”. The
laboratories are the instrument, the space
and the occasion for outlining a path, guided
by teachers, throughout the analytical-
diagnostic inquires and elaborations, in
the first year, and the design phases, in the
second one. All activities regard a specific
artefact and site, chosen in agreement
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with the bodies in charge of the protection
and safeguard of cultural heritage or other
local authorities, because of their cultural
interest and on which they really intend to
intervene with a restoration. By working on
the selected artefact, the students have the
chance to develop some clearly finalized
studies and to elaborate on their basis a
project characterized by correct proposals
and feasible technical solutions for real
needs. Moreover, the design choices must
be culturally aware and coherent with the
laws and regulations in force on the subject,
with the different and often contradictory
demands of protection, conservation, use
and compatible re-use, environmental
sustainability, improvement of energy
and seismic behaviour, valorisation and
future management of the restored good.
Particular attention, during the first year
of the programme, goes anyway to the
use of information and communication
technologies (ICT) for the cataloguing and
management of data acquired during the
study phases.

At the end of the first year, the students will

acquire the following knowledge and develop

the corresponding competences and skills:

- understand the architectural artefact,
through the related studies of its
geometries, building elements and
materials, surfaces, structures and
stability, spaces, accessibility, usability,
functions and safety;

- understand the transformations of the
building over times, relating the results of
historical reconstructions from indirect
sources and those deriving from direct
archaeological analysis;

- evaluate the state of conservation of the
building, as a whole and in its individual

parts and construction components,
recognizing  phenomena of  decay,
damages, failures, deficits affecting

materials and installations, construction
elements, systems and structures;

- identify the causes and extent of
damage, failures and deficits, assess the



vulnerability and level of exposure of the
good to the aggression of environmental
factors and related risks of different
nature;

- assess the compatibility  between
the functions and current uses, the
characteristics of the available space,
the characters of the structures and the
primary needs of conservation;

- manage sets of information of various
kinds, complex, heterogeneous and
evolving in time, through relational
databases and, in general, digital data
management systems (GIS, BIM, ...);

- ldentification of adequate criteria
and guidelines for the design of the
interventions of conservation, restoration
and redevelopment of buildings and
spaces of cultural interest.

The second year faces the elaboration of the
real restoration project of the building object
of interest during the first year. At the end of
the second year, the student should therefore
acquire the following knowledge and develop
the corresponding competences and skills:

- consciously and critically use the results
of the studies and of the analytical and
diagnostic phases developed during
the first year and integrate them where
necessary;

- identify the general objectives of the project
of restoration of the involved building and
the strategies to pursue through a gradual
focus (from the programmatic phase to
the technical final report of the project
and its graphical-digital and administrative
elaborates);

- motivate the project's choices with
reference to the contemporary
methodological, disciplinary and cultural
debate and to some similar significant
examples of interventions carried out in
recent years;

- adapt the project to the regulations
(related to earthquake's resistance
improvement,  fire-proof,  overpassing

containment
...), identifying

of architectural barriers,
of energy consumption,

solutions consistent with the conservation
objectives, respecting the specificity of the
protected property;

- choose the type of installations (heating,
cooling, lighting, air treatment) necessary
and most suitable, in relation with the
conditions of use of the building, the needs
of conservation and enhancement of the
property and the current standards of
regulation and comfort;

- choose the most appropriate materials,
techniques and products for therestoration
interventions, based on the specific
needs of the building, the surrounding
environmental conditions, their technical
and commercial characteristics, in a cost-
benefit conscious budget.

1.2. The Laboratory of Analytical Methods
for Restoration and History of built Heritage
(MARSC)

The teaching of restoration in the School
of Genoa can count on the technical and
operational support of the Laboratory of

Analytical Methods for Restoration and

History of the Built (MARSC Laboratory

of high qualification of the University).

The  Laboratory  comprehends  three

sections: dedicated to: analytical methods

for  architectural  survey, archaeology
of architecture and characterization of
materials.

Among the research activities and the fields

of applications developed by the section

dedicated to the survey we can remember:

- rigorous longimetry for the three-
dimensional survey of architecture and
and solid modelling;

- topography for architecture;

- the rigorous analytical and digital,
flat and three-dimensional analytical
photogrammetry;

- simple and mosaic rectified photos for the
relief of flat surfaces (ortho-photos), also
deriving from clouds of points obtained
through the use of laser scanners or with
structure from motion techniques;
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- advanced information systems for the
management of the restoration project
(interoperable relational data-bases, GIS,
BIM, WEB-GIS);

- the treatment and quantitative analysis
of digital images for the recognition of
materials and decay phenomena and the
simulation of the expected results of the
restoration interventions;

- the construction of repertoires and
repositories of adequate techniques of
intervention in restoration.
The second section of the Laboratory,
dedicated to the Archaeology of Architecture,
is the development of the laboratory founded
attheend of the 1980s by Tiziano Mannoniand
is dedicated to the study of the constructions
of the ancient and recent past, in their quality
of direct “material sources”. The section
developed many methodological and applied
researches within the field of stratigraphy and
archaeology of architecture to reconstruct
the history of the buildings and to date its
materials and constructive elements. Also
important are the analysis of documentary
sources and the analysis of decay phenomena
and structural instability conducted according
to a historical perspective, in order to provide
restoration designers with extensive and
integrated elements of knowledge and
evaluation in this field.
The third section of MARSC, is devoted to the
study and characterization of the materials
employed within buildings of historical and
cultural interest. The areas of research regard
the pre-industrial production of binders (with
particular regard to dolomitic limestone), the
formation of lumps in lime mixes, the role
and characteristics of hydrating agents in
mortars. The production and processing of
iron in pre-industrial times, with attention to its
structural use in tie rods is as well a research
theme with the use of pigments in fresco and
dry colouring
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2. EDUCATION AND RESEARCH: A
NECESSARY COMBINATION

Alongside the traditional educational activities,
the School reserves adequate space for
practical experimentation, proposing to the
students an intervention of restoration and
reuse of buildings and sites of cultural interest,
based on real needs. The buildings and sites
for each year's work belong to historical centre
of Genoa or the Liguria Region that require
conservation, consolidation, restoration, and
enhancement and eventually a compatible
re-use. In agreement with the public or private
owners of the selected buildings, the students
work on the analytical and diagnostic
phases (first year) and in the elaboration of
design hypotheses in the second year, as
already mentioned. Much of the matters
thought can thus be immediately reflected
in the design activity, with contributions by
many specialists in subjects like technical
installations and equipment, safety and
accessibility requirements, lighting solutions,
energy saving and comfort improvement. The
projects reach the definite level and executive
details with the necessary technical and
estimative documentation.

The buildings or monumental complexes
described in the following paragraphs have
beenthe subject of research funded at national
or local level, and represented for the students
the occasion to achieve methodological,
technical and cultural advancements.

2.1. The Doge’s Palace of Genoa: prisons and
the “Grimaldina tower”

The Doge’s Palace, currently the heart of the
city’s cultural life, was the seat of the first
Genoese Doge, Simon Boccanegra, during
the early medieval age. The first Palace
incorporated different pre-existing buildings, in
a glorious moment of the Republic of Genoa,
after the victories against the Pisans (1284)
and the Venetians (1298) that gave Genoa the
supremacy within the Mediterranean basin.



The so-called “Grimaldina Tower”, between
XII-XIIl centuries, knew some transformations
and the addition of a new floor in the first half
of the 16th century. Between the 14th and 15th
centuries, the Palace enlarged, until it reached
a closed configuration along the four sides of
an inner and secluded courtyard (now Piazza
Matteotti). The succession of the porticos
and courtyards and the covered atrium
belong to the 16th century constructive phase
due to architect Andrea Ceresola, known as
“Vannone” who designed and built also the
monumental double staircase leading to the
main noble floor. In 1777, a great fire almost
completely destroyed the palace and architect
Simone Cantoni, who also came from Ticino
district like Vannone, was committed to
rebuild the damaged parts among which the
great rooms of the Maggiore and the Minor
Consiglio, on the first floor with their covering
structures and the Doge’s apartment. He
adopted for the roofs a solution characterized
by parabolic arches in bricks, without using
wooden beams (still surviving in the Minor
Consiglio), thus preventing the risk of a new
fire. The Grimaldina Tower is, together with
the Lantern (the medieval lighthouse of the
harbour), a string symbol of the political power
of the Oligarchic Republic. Its inner spaces,
together with others located above the Doge's
Apartment, were in the past a jail where also
famous prisoners were imprisoned along the
centuries (Niccolo Paganini, Jacopo Ruffini...).
The objective of making the spaces of the
Tower accessible and ready to host a small

Figure 1. Doge's Palace, the Salone del Maggior
Consiglio. Source: (G. Franco 2020)

museum (exhibiting objects found during
the restoration works of the 90s of the 20th
century) required the students undertake a
refined analytical and design path throughout
so many and precious signs of the history
and memory of .the city. In this way, the
School will answer to the needs expressed by
the Direction of the Foundation of the Ducal
Palace contributing to a wider social use of
this monument of the city.

2.2. Former Church of SS. Gerolamo and
Francesco Saverio, former seat of the
University Library of Genoa

The Church of the Jesuits’ College of Genoa,
currently hosting the Rectorate of the
University, was built in the mid-seventeenth
century by the nobleman Francesco Maria
Balbi on the ruins of an older church, adjacent
to the convent of the nuns of St. Augustine.
The church, with a single nave and four
side chapels (partly added afterword), was
decorated with frescoes by Domenico Piola,
one of the most important painters of the
period.

With the suppression of the Society of Jesus
(1773), the Republic of Genoa assigned the
College and the Church to higher educational
institutions; at the beginning of the 20th
Century, the former church was transformed
into the Natural History Museum of the
University. In 1915, the “Casa del Soldato”
(Soldier's House) was installed in the
Rectorate also using the former church, which
knew afterwards further transformations
(insertion of side galleries). In 1926, Eng.
Arch. Carlo Fuselli presented the first project
for the insertion of the University Library
inside the church; the project aimed at the
division in height of the nave thanks to a new
reinforced concrete ceiling at the base of the
vaults, to create the books' stores below and
the reading room above it. After of Fusell’
death the Superintendence for Monuments, in
1934, committed to architects Mario Labo and
Giuseppe Crosa di Vergagni the design of the
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University's library inside the former church,
to recover and ameliorate the works already
realized. The Library was inaugurated in 1935
and, in 1947, it was transferred to the state's

property.

e,

>/

Figure 2. Frescoed apse in the former church of Saints
Gerolamo and Francesco Saverio. Elaboration of the
photoscan survey. Source: (MARSC 2019)

In 1966, the complex of the former Jesuits’
collegium with its church was recognized
as of “Cultural Interest”, according to Law
1089/39, "because it preserves the original
17th century facade and, inside, valuable
frescoes by Domenico Piola in the apse area’”.
Following the recently completed transfer
of the University Library to another location
(the former Hotel Columbia, via Balbi 40), the
church has been closed to the public since
2014 and is currently abandoned, in needs
of conservation and restoration interventions
with new compatible uses. The School is now
working to support the local Superintendence
in this perspective thus giving a real
contribution to the City development.

2.3. Villa of Prince Andrea Doria in Fassolo,
Genoa

The “Palazzo del Principe Andrea Doria” (the
winner of Lepanto's naval battle against the
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Turks), built during the first half of XVI century
incorporating some pre-existing buildings, is
one of the largest and most important noble
residences of the Renaissance age in Genoa.
The Villa is known for a significant decorative
cycle, realized by Perin del Vaga, Raphael's
best pupil. The monumental complex, that
comprehend a ltalian-style garden towards
the sea (with a private landing place, no more
existing) and a romantic park (now completely
disappeared) towards the hills on the back,
was enlarged by Andrea's heir, Giovanni
Andrea |. Today, the Palace still houses the
Doria Pamphilij family and a museum full
of masterpieces of art. The eastern wing of
the Villa, partly unused, contains spaces of
considerable interest, partly belonging to pre-
existingresidences. The students of the School
of Specialization consulted public and private
archives, recovering many documentary and
iconographic sources about the history and
transformations of the complex. They also
realized a rigorous topographic and laser-
scanner survey and studied the material
consistency of the artefact, its constructive
techniques as a primary and direct source
of information about its history. This allowed
us to re-write a history almost completely
unknown to the city, even if it is in a focal and
a crucial point of it. The Trustee Florida Doria
Pamphilj that manage the complex asked

Figure 3. Villa of Prince Andrea Doria, XVI Century.
Source: (G. Franco 2018)



the School to develop these researches and
to provide some design suggestions for the
restoration and the compatible-sustainable
re-use of its east wing and its valorisation for
the entire city.

2.4. “Belimbau Palace”, Genoa

The Belimbau Palace, located in the heart of
the ancient city and at the junction between
“Piazza della Nunziata”and "Via Balbi”, belongs
to the system of Rolli palaces destined to host
the most illustrious guests of the Republic
of Genoa. It belonged to noble families until
the end of the 20th century when their last
descendant left it to the University of Genoa,
which is now taking care of its complete
restoration and reuse. The Palace was built
at the behest of the nobleman Francesco
De Ferrari at the end of the 16th century by
incorporating some pre-existing buildings
and the rests of the medieval aqueduct still
visible in the body of the fagade. The pictorial
decorations by Lazzaro Tavarone (pupil of the
great painter Luca Cambiaso who ended his
life in Escorial in Spain) are among the most
important of the XVII century in Genoa. The
frescoes decorate the vaults of the atrium, of
the staircase, the entrance loggia and the main
room of the first noble floor (with one of the
first representations of the natives of America
and of Christopher Columbus kneeling in
front the Queen and the King of Spain coming
back from the Americas). Between the end of
the 18th century and the early 19th century,
the Palace underwent a major renovation
of the monumental staircase and of the
main fagade. Over the centuries, the Palace
knew several fragmentations into single
apartments and suffered many modifications
that make now difficult to read and completely
understand  its  original  configuration.
Together with the Head of the Technical Office
of the University and under the supervision
of the teachers, the students of the School
conducted many analytical and diagnostic
activities aimed at better understanding the

Figure 4. Belimbau Palace. Elaboration form photo-
scan and laser scan survey. (Laboratory MARSC 2017)

evolution of the Palace and its current state
of conservation. The materials thus produced
and the knowledge acquired thanks to them
made it possible to obtain some funding by
the Italian Government for the restoration of
the monumental spaces of the palace, for its
future public use.

2.5. Albergo dei Poveri, Genova

The "Albergo dei Poveri” (the Poors’ Hostel) in
Genoa is a vast welfare complex dating from
the middle of 17th century, built outside the
city walls, radically modifying a natural valley.
It was built for philanthropic purposes (at the
behest of the nobleman Emanuele Brignole
Sale) but also as a sort of seclusory for poor
people. The complex, afterward incorporated
into the expansion of the modern city (after
the demolition of the city walls in the first half
of XIX century), lost its original role and was
definitely abandoned in the late Nineteens of
XXth century. The complex, in force of a loan,
is now in the hands of the University that is
in charge of its management and already
restored and reused about 30% of its covered
surface for the departments of humanities
and law and their didactic spaces. However,
an exact knowledge of the physical state of
the structure and its spaces was missing until
recent years. The School of Specialization, on
behalf of the Rectorate therefore concentrated
the teaching activities for some years on
the study of this vast and very important
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architectural complex. It has been also a
case study within a Research Programme
of Significant National Interest (PRIN 2070-
2017). It investigated the possibility that the
computer tools of parametric nature, that
facilitate the management of cognitive,design
and management data, could be adapted
to the needs (theoretical, cultural, technical
and operational) of a complex reality such
as an architectural and urban monument of
ancient formation and stratified consistency
like the Albergo. The School thus developed
rigorous architectural surveys (topographic,
longimetric, digital photogrammetric, Z-scan,
laser scanner, Structure from Motion), a
BIM and a GIS information system, for the
collection and archiving of the numerous data
collected. The constructive characteristics
and the macro-conditions of conservation
of the complex were as well investigate and
recorded alongside the identification and
location of the most relevant risk factors,
the correlated most urgent interventions, the
functional layout for the entire complex and
some design hypotheses on single parts
related to new possible and compatible
uses. Thanks to these studies and design
explorations,  several new  restoration
interventions are now going on.

CONCLUSION

Thefew quoted examples of studies carried out
during the years by the School of Specialization
show how the University can provide real and

effective contributions to the future life and
quality of the contemporary cities. Knowledge
and technical or professional expertise are
in fact necessary for any intervention, at any
scale, on the continuous material palimpsest
of our cities, very often multilayered not only in
material terms but also in symbolic end social
ones. The quoted buildings, as many others,
ancient or recent, are essential part of the
collective memory of the local communities if
recognized of cultural, architectural, historical
and social or economic value. Their fate thus
depends first on their knowledge and shared
appreciation among the citizens. On this level
lies a first fundamental filed of commitment
for the University. We can/must in fact spread
of the knowledge we can acquire whilst
educating and training future professionals
culturally aware and technically strong and
ready to face the many challenges the destiny
of these or other buildings, in strict connection
with the entire urban fabric they belong to.
Then University can support their public and
private owners in looking for the necessary
economic resources for restoring, enhancing
and correctly re-using them in order to be still
part of the city’s life. Further University can
provide several forms of design explorations
of possible solutions, thus increasing the
quality of the whole process, from the
planning scale to the real construction sites.
University can and must thus play a real role
for the future of our cities.

Figure 5. The Albergo dei Poveri, front facade. (MARSC 2016)
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ABSTRACT

Life cycle assessment (LCA) has been used
as an analysis tool to help decision-makers
plan for mass urbanization and building
construction; however, the research to date
focuses on either the individual building
scale or overall urban scale. Although several
methodologies have been applied to both
scales, the results have not been reconciled
or synchronized. In light of this, this paper
first presents a systematic literature review
using bibliometric network data to assess
state-of-the-art knowledge of the use of LCA
at different scales from 1990-2017. Second,
the paper identifies the main research foci
at the building and urban scales. At the
building scale, three research focal points are
identified: building materials and products,
design solutions, and energy consumption/
emissions reduction. At the urban scale,
there are three research areas of focus
as well: urbanization and infrastructure
planning, urban metabolism (water/energy/
waste synergy), and complexity of urban
issues. Next, the most influential papers and
journals are presented. Drawing upon the
findings from the literature review, major gaps
in current research activities are identified
as the building-centric approach, energy
performance—centric approach, and lack
of consideration for uncertainties. These
are critical areas requiring further study and
research

KEYWORDS

Life cycle assessment; literature review; urban
scale; building scale; bibliometric network
data.
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INTRODUCTION

Addressing the ecological impacts of the
built environment requires an understanding
of global trends in the building sector. Life
cycle assessment has been used as an
analysis tool to help decision-makers plan for
mass urbanization and building construction;
however, the research to date focuses on
either the individual building scale or overall
urban scale. Although several methodologies
have been applied to both scales, the results
have not b