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Editorial

Ulrich Knaack !, Thaleia Konstantinou *

Delft University of Technology

We are proud to publish a new issue of the Journal of Fagcade Design and Engineering. This first
issue of volume 10 covers a broad range of themes such as adaptivity, automation, circularity,
refurbishment, daylight, acoustics, and user interaction are addressed by peer-reviewed articles.

We would also like to take this opportunity to share some changes in the JFDE editorial team

and publishing process. Prof. Tillmann Klein is changing his role from editor-in-chief to editorial
board member. Tillmann Klein has been a front-runner in open-access publishing since JFDE was
launched in 2013. Together with Ulrich Knaack he was responding to a call from the Netherlands
Organisation for Scientific Research (NWO) to develop new Journal models. The editorial team is
most grateful for its outstanding contribution to making JFDE a reference point in the fagade design
and engineering field. The role is taken over by Dr. Thaleia Konstantinou, who has been promoting
the Journal as managerial editor in the past years.

As we go forward, we strive to ensure scientific quality as well as relevance for society and industry.
JFDE has revised the editorial process giving a larger responsibility to the editorial board to control
the scientific rigour of our published articles. We have also introduced procedures to regularly extend

the editorial board.

It makes us very proud to have reached the 10" year of publishing with JFDE, respected and valued
by our authors and readers. Thanks for this! And, of course: to be continued!

Ulrich Knaack and Thaleia Konstantinou - Editors in Chief

DOI
http://doi.org/10.47982/jfde.2022.1.00
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Selection of Exterior Wall System
and MCDM Derived Decision

Andelka Stilié ", Igor Stilié 2

Corresponding author
Academy of Applied Studies Belgrade, Serbia, andjelka.stilic@gmail.com
Founder of architecture and design bureau Igor Stili¢, Belgrade, Serbia

Abstract

In the field of construction practice, decisions regarding material selection frequently come down to a
choice based on tradition, i.e. recommendations based on the experience of the engineers hired by an
employer as designers, contractors, or energy efficiency engineers.

In the presented research, in addition to the Employer, technical individuals were involved in the
decision-making process. The harmonisation of Employer opinions and those of experts were obtained
through NGT technique and Delphi based method, due to the fact that different criteria for a decision
could represent a field of interest of an individual participant in the process. The result was determining
the criteria, their strictness, and their weighted effect.

As multi-criteria decision analysis has evolved into a powerful tool that assists decision-makers in
generating “a cut above” choice in resolving specific cases and overcoming certain problems in the
architectural and construction industry, the use of the MCDM method EDAS+ in the research ensured an
exterior wall system ranking that was not influenced by experience or marketing.

Without intending to favour any manufacturer of building materials, the research presents eight
exterior wall systems belonging to different categories of core materials, all with individual features,
similarities, and differences.

When compared to otherwise arbitrary estimates or recommendations based on experience and

the most commonly used building materials, the application of multi-criteria decision analysis in

the case of exterior wall system selection for a particular 1938 Belgrade building generated more
relevant selection results.

Keywords
exterior wall system, building materials, EDAS+, multi-criteria decision making

DOI
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1 INTRODUCTION

The construction industry has developed significantly as it has taken into account conflicting,
immeasurable, and experientially determined decision-making criteria. Environmental and social
aspects are becoming more important and their proper synergy with economic aspects is the
cornerstone for success in any construction business or procedure.

When facing a wide range of options in resolving specific cases and overcoming certain problems
in the architectural - construction industry, multi-criteria decision making and analysis have
become powerful tools that help decision-makers to generate “a cut above” choice. These tools

are much more than simply a collection of theories, methodologies, and procedures; they are a
distinct approach in dealing with decision problems (Greco et al., 2016). The evolution in the use of
multi-criteria decision analysis techniques clearly shows an increased level of confidence in their
assistance in the decision-making process (Jato-Espino et al., 2014). Multi-criteria decision-making
methods are not only comprehensive, but also well-known instruments that are used for resolving
decision-making dilemmas in architecture, construction, urban planning, and energy efficiency
projects. As shown in territorial delimitation presented in articles by Ogrodnik (2019) and Bruen
(2021), Asia, North America, and Europe (notably Poland and Lithuania, followed by Italy, Spain,
Czech Republic, and France) are the leading study hubs on the topic of multi-criteria decision-
making in architecture and civil engineering. In the aforementioned articles, researched authors
used wide range of different methods, i.e.. AHP, ANP, CBA, COPRAS, CRITIC, (...), TODIM, TOPSIS

and VIKOR. According to Ogrodnik’s (2019) survey of the literature, MCDM approaches enable the
deconstruction of different decision problems, increase the transparency of decision processes, allow
the comparison of various decision alternatives, and reveal their strengths and shortcomings. (De
Toro & lodice, 2016; SioZinyte & Antuchevigieng, 2013).

At the moment, there are no clear guidelines on how to choose the optimal exterior wall system

or structural wall, which meets all the required criteria set by various intertwining disciplines.

The question of how to make a more relevant selection of an exterior wall system arises when
decisions about material selection frequently come down to a choice based on tradition, and
recommendations based on the experience of the engineers hired by an employer as designers,
contractors, or energy efficiency engineers. Construction and energy efficiency standards in different
countries establish minimum requirements (Pérez-Lombard et al., 2009), but the design process
should not be reduced to choosing the best alternative solely in terms of standards and initial design
requirements. When Terms of Reference cannot be accomplished all at once it is necessary for the
designer to define project objectives first and then limitations (Moghtadernejad et al., 2018).

The aim of the research study is the selection of a contact fagade alternative (exterior wall system)

in the specific case presented in this paper - the extension of a three-storey over ground downtown
Belgrade (Serbia) building dating from 1938 by adding two more floors (Figure 1).
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FIG. 1 Existing building and planned extension overlapped, Author's drawing based on Archive design, on-site measurements and
planned extension

Since certain criteria could be in seemingly direct contradiction, for example the cost of construction
compared to that of energy-efficiency, the success of such choices will not be reflected in maximising
each of the criteria (Moghtadernejad et al., 2020). For these reasons, finding a balance between the
criteria will be a requirement that must be met for the selection to be adequate. In the specific case
presented in this paper, design teams must consider a wide range of options during the early phases
of a project, both materials (exterior wall systems) and the process of their selection, in order to select
those that best address the project constraints and objectives (Donato et al., 2017). Therefore, it is
necessary to conduct a series of reviews and actions in order to find the optimal solution. Otherwise
—1in the building permit project and construction phase, the design would be modified through
unnecessary, time-consuming and costly changes (Moghtadernejad et al., 2019).

The objective of the research is to provide a systematic decision-making process for selecting an

exterior wall system that may be utilized in both particular project and future extension projects of
the same multi-family building typology.
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METHODOLOGY

The paper aims to provide a selection of exterior wall systems that can be used in the project, for the
extension building permit and detailed design of the specific multi-family building typology.

The methodology was developed in the context of the selection of the exterior wall system, as a
part of the thermal envelope of a multi-family residential building at a geographically determined
location, through the application of the multi-criteria decision-making method (MCDM).

1
|
Criteria
Clustering

Stakeholders

R e ®

Data identification phase

Exterior wall systems alternatives
construction

Data set

MCDM
calculations

Data processing phase Data collection phase

Y

Exterior wall system
selection

Decision phase

Acceptance Rejection

FIG. 2 Research methodology

The research methodology recognized four phases of the research. The phases consisted of

Data Identification, Data Collection, Data Processing, and Decision Phase, which dealt with tasks

of stakeholder identification; criteria, clustering and weights; exterior wall system alternatives
construction; MCDM calculations; and selection of exterior wall system as the objective.

The methodology is presented in Figure 2, and phases are explained through the individual tasks in
subsections 2.1 - 2.5.
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2.1
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STAKEHOLDERS

In terms of the paper’'s research, identification of the stakeholders — decision makers was established
as the earliest stage of the research, as a collaborative approach to design and delivery that is
supported by key stakeholders — employers, architects, engineers and contractors is a characteristic
of idealistic building information modelling (McAdam, 2010).
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FIG. 3 Archive design and part of static calculations obtained from Historical Archive of Belgrade, Author's presentatlon

The group of stakeholders included three independent experts: an architect and two civil engineers
- building physics and construction expert, who were appointed to the project of additions and
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extensions of the case building, as well as the Employer'. The contractor (who was also the vendor)
was excluded from participating as a stakeholder in this particular case considering his appointment
would be made at the stage when exterior wall system has already been selected.

The initial requirements of the Employer were determined in discussions, as well as through the
experts' assessment of static impacts and loads by analysing static calculation obtained from the
archive design (Figure 3). The initial requirements were prioritising construction deadlines, lightness
of the structure (due to a layman'’s position of the Employer on avoiding the existing structure load),
minimizing exploitation costs, and first and foremost: minimizing construction costs.

According to the Employer's request, the Terms of Reference, inter alia, stipulated the desired net
usable area of the added section. Therefore, the spatial arrangement had led to the conclusion that it
is possible to provide the desired area within the overall horizontal dimensions of the building, only if
the facade wall has a maximum layer thickness of 36cm (Figure 4).
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FIG. 4 Typical floor plan of the case study building, Author’s drawing based on Archive design and on-site measurements

Representative of the group of investors — owners of the apartments in the existing building.
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2.2

Accordingly, after appointed experts provided a brief explanation of other important factors,
the Employer was required to specify the order of priority of stated subjective criteria, while
technical criteria were applied based on experts’ review of the matter from several different
perspectives. Nevertheless, there were also legal and technical frameworks which stipulated
possibilities and limitations.

CRITERIA

As questions expressed as criteria involve decisions in a dynamic environment in which the outcome
of a decision is influenced to some extent by the decisions of others, and decisions are frequently
dictated by the context in which judgements are made (Weber & Johnson, 2009), the stakeholders
were expected to explore and generate “ideas” on their own (Van de Ven & Delbecq, 1971; Harvey &
Holmes, 2012; Hugé & Mukherjee, 2018) and to identify criteria using the Nominal Group Technique®.
Criteria clustering into income and expenditure was conducted and the Delphi based weight
determining technique (Hecht, 1977) was used as a tool for determining criteria weights (Figure 5).

NGT DELPHI

Nominal Group
Criteria identification Criteria consensus

Criteria weight determination

Round 2: Rating agreemeant

Round 3: Ranking importance

Q000

FIG. b Criteria identification, clustering and weights phase

In terms of the research presented in this paper, the Employer prepared verbal terms of reference,
with the intention of achieving maximum returns with minimum investments. After reviewing the
archives (Figure 3), design and static impacts were analysed, the benefits and negative impacts of
the location were considered, technical-technological problems, urban conditions (which are not the
subject matter in this case) were observed, and the subject matter was reviewed.

By applying NGT, stakeholders proposed two (2) expenditure criteria and eight (8) income
criteria, which were in compliance with the commonly-used criteria involved in the decision-
making problems in the field (Wen et al., 2021). Detailed descriptions of each criterion will be
described hereinafter.

007

The nominal group technique (NGT) is a structured group-based consensus-building approach. The NGT terminology is derived
from the fact that participants are nominally in a group, but are working individually, as NGT is based on a combination of indi-
vidual and collective reflection. In this case, NGT will be used to identify and clarify problems, as well as to produce appropriate
research questions in order to develop solutions and prioritize actions (Hugé & Mukherjee, 2018)
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EXPENDITURE CRITERIA

Criterion K1 - Weight — negative impact on the foundation load, was established as the case study
of this paper, relating to the extension of and addition to a specified existing building built in 1938.
The starting point of discussion was the stability of the facility itself. Considering the facility's and
the used materials' life span (Akanbi et al., 2018), as well as the available static calculation (Figure 3)
and the currently valid local standards for calculating the load on the existing structure and ground,
as well as seismic, wind, and atmospheric phenomena (Bylaw on building constructions, 2020), it
was concluded that, in order to avoid additional settling of the structure and its potential collapse, the
total mass of the extended part of the building must have as little vertical influence on the existing
structure, foundations, and soil as possible (Fajfar, 2017). The presented values of the alternatives will
be calculated as actual weight values of the exterior wall system. The values of the alternatives will
represent the weight of the exterior wall system, expressed in kg/m2 . (International Organization
for Standardization (150}, 2007b)

Criterion K2 — Total price, i.e. cost of construction — was one of the determining factors (Bari et al.,
2012). Pricing is a complex process that requires exact input data obtained through understanding
the technologies used to accomplish particular job activities, construction conditions, facility location,
and construction standards (Stojanovi¢ et al., 2004). Norms applicable in the Serbian region, levelled
with average prices on the local market, were used to calculate the labour required to execute and
complete the entire, bilaterally processed system. When establishing the price, the purchase price of
materials on the local market will be considered, and the values will represent the cost of building a
square metre of the exterior wall system. All layers of the system, plastered on the interior side using
flexible mortar, whose exterior side is finished with acrylic fagade plaster, will be calculated and
expressed in EUR/m2 of the exterior wall system. The total price of system will include the fire
protection of core materials that could not obtain a flammability certificate (i.e. wood and steel).

INCOME CRITERIA

Criterion K3 — Reduction in costs of exploitation — will represent the numerical indicator of the
exterior wall system maintenance, which will be derived from the aggregate scoring results for
the selection of different materials, systems and designs, performance variability, etc. (Chev &

De Silva, 2004; Chev et al., 2006). A sustainable facade is defined by the ease of maintenance in
terms of design and management, therefore, it is weather resistant and requires minimal life cycle
costs, including cleaning, repair and replacement (Yeoh, 1990; Honstede, 1990; Chev et al., 2006).
The quantitative indicator will represent aggregated scores of a discrete scale ranging from low (1)
to high (5) that will be used to reflect the degree of individual longevity, possibility of intervention
on the inner side of the wall, further new or additional installations, possibility of surface cracks,
possibility of window replacement or servicing, loss of performance in case of moisture, and
behaviour under fire.
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Criterion K4° — Ease of processing, as an additional acceleration of execution of specialist’s

trades — has an impact on all subsequent interventions executed on buildings, such as adaptations,
change of the intended purpose, laying additional installations. Therefore, it could be referred to

as transformability. In addition to convenience and an accelerated installation-laying procedure

and finishing of structural elements, workability after installation is exceptionally important

(Hendry, 2001). When installing heating, water supply, sewage, and electrical infrastructure, in the
case of materials that are not easily workable, if the materials in their structure are not compact,

are brittle or excessively hard, the energy efficiency characteristics of the material itself will be
affected. The values of the alternatives will present a 1 to b scoring scale and will refer to the exterior
wall system itself.

Criterion K5 - Local availability of materials — will be presented after careful consideration of

the availability of materials in warehouses, the time required to deliver the required quantity

of materials, transportation costs (primarily depending on whether material is available on the

local / regional / EU market). The transportation of material was taken into consideration as local
availability of materials is particularly important, as the ecological and economic advantages could
derive from local availability of materials (Riickert et al., 2014). In the case of the addition and
extension to an existing building (Figures 1, 3, and 4), which invariably results in unforeseen and
additional work, the unavailability of materials due to i.e. country lockdown (Covid-19 era) and border
procedures (for transporting imported building materials) would significantly compromise the entire
process. A 1 to b scoring scale will be established to assess availability.

Criterion K6 — Thermal conductivity coefficient : For many years now, awareness of energy saving,
reducing emissions of harmful gases into the atmosphere, using alternative energy sources, all in
order to preserve the planet, general health, and the commitment to leave a better living environment
for future generations, has been high (Clarke, 2003). Criterion Ké -Thermal conductivity coefficient
will be presented through values of the alternatives which refer to the thermal conductivity of the
exterior wall system per 1m” of wall surface, expressed in W/mzK units. The criterion will be
determined through the heat transfer coefficient of the applied structural system of the fagade wall
by applying the calculation methodology stipulated by locally applicable legislation: Serbian Law on
planning and construction (2021) and Bylaw on energy efficiency of buildings (2011), based on ISO
(2007a), revised version IS0 (2017):

1
U=

RSi + Zn

d
“+R,
)\'n

Where Rsi - is heat transfer resistance at entrance, Rse - is heat transfer resistance at exit, dn is

, layer thickness expressed in # (meters) and 7\.n - is thermal conductivity coefficient of the ,
layer. As the role of layers in selected systems is to prevent outdoor heat release in winter conditions,
as well as to reduce the amount of heat that penetrates inside during summer, thermal mass, i.e.

the mass of materials used as a part of the fagcade wall, plays an important part in this process.

009

The criterion was observed as a completed system with all structural elements and interior finishing elements included.
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Criterion K7 — Weight — positive impact on the thermal stability of the building will be presented
through the values of the alternatives: actual wall weight expressed in kg/m2 of the system (IS0,
2007b), and the values will be identical to those given for criterion 1. However, the impact will be as
income criterion, as energy savings potential of heavy walls is high (Bellamy & Mackenzie, 2001).
The greater the mass of the wall, the more thermally inert the building is.

Criterion K8 — Labour force availability — The need to find skilled labour force (Bari et al., 2012) or
provide training for the existing human resources arises in the case of all non-standard procedures.
However, even if the training may be simple, it could be lengthy. A 1 to 5 scoring scale will be
applied to criterion K8, based on the harmonisation of norms (Mijatovi¢, 2008), building material
manufacturer recommendations, and the assessment of experienced human resources available

to local companies.

Criterion K9 — Construction speed — was agreed on as an important criterion (Bari et al,, 2012)

in this case. Criterion will be evaluated by applying the 1 to b scoring scale, through the method

of execution. Diversification is performed according to the variety of required work — masonry,
carpentry, facade, joinery work, ease of handling and workability of elements in terms of
construction, transportation, etc. - all based on the harmonisation of norms (Mijatovi¢, 2008) and the
recommendations of manufacturers for non-standard building elements.

Criterion K10 — Regulations - certification by domestic institutions- is related to the design phase,
where designated institutions (The Ministry of the Interior of the Republic of Serbia) should approve
the use of construction materials and where the problem of nostrification of foreign certificates

and standards and the need for local standardisation is quite frequent. In addition, the strictness of
institutions (The Ministry of the Interior of the Republic of Serbia) regarding fire protection standards
for highly flammable materials (Law on fire protection, 2018) slows down the process of issuing
building approvals. Therefore, this is considered to be an aggravating factor for walls whose core
material is made of wood or steel.

As ten (10) criteria were selected for making a decision regarding the selection of the exterior wall
system, they are presented in Table 1.

TABLE 1 Selected criteria

CRITERIA CODE | CRITERIA EXPLANATION INFLUENCE

Weight - negative impact on the foundation load Expenditure criterion ( 4 )

Construction cost Expenditure criterion ( 4 )
t)
t)
)
)
)
)
t)
t)

Reduction in costs of exploitation Income criterion

=
=

Ease of processing, as an additional acceleration in the execution of specialist's trades Income criterion

Local availability of materials Income criterion

Thermal conductivity coefficient Income criterion

t
+

=

Weight - positive impact on the thermal stability of the building Income criterion

Labour force availability Income criterion

Construction speed Income criterion

(
(
(
(
(
(
(
(

Regulations - certification by domestic institutions Income criterion
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CRITERIA WEIGHT

As elaborated in the description of criteria, there were a certain number of both mutually inclusive
and exclusive factors. Therefore, it was decided to weigh criteria based on which materials, i.e.
exterior wall system, would be selected. With a small but finite number of stakeholders involved in
the reconstruction project, therefore—in the particular case of the extension of a downtown Belgrade
building—the Delphi based weight determining technique (Hecht, 1977) as a tool for determining
criterions weights, was used to reconcile the individual opinions of the experts and stakeholders,

in a group decision.

Both NGT and the modified Delphi technique foresaw the existence of a moderator who
communicated with group members independently. After compiling a questionnaire and having
individual communications with the team of experts, the focus was placed on those subject matters
where disagreement existed among the group members in terms of argumentation or quantitative
assessment. More specifically, experts and other stakeholders with the status of decision-makers
were asked to express their preferences regarding each criterion individually by giving a percentage
score; an example is presented in Figure 6.

Subject: Selection of the exterior wall system, case of#

Round: 1

After achieved consensus on criteria identification and their clustering, at this time you are expected to assign
wach criterion weight, expressed in percentlage on a linear scale next to the criterion. Please note that the sum
of the percentages you assign cannot exceed total of 100%

Thank vou far your collaboration.
Criteria explanation Influence Welght

WeIEht - negative iImpact on the 0 10,20 30 40 30 60 70 80 90 100
faundation load

o 10 /20 30 40 50 L1} To L] 20 100
Construction cost L | | 1 1 | 1 1 | | | |

of /A 20 330 40 0 & 70 W0 80 100
Reduction in casts of exploitation 0 T ] o] e | Ji R

FIG. 6 Criteria percentage scoring

The process of answer approximation, decreasing standard deviation, increasing the correlation
level - reducing the variation level process, as part of Delphi method (Linstone & Turoff, 2002), was
completed after the 3" round, after which the following weights to the criteria were allocated, as
presented in Table 2.
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TABLE 2 NGT technique and Delphi method results

CRITERIA CODE

=
=~

2.3

2.4
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CRITERIA EXPLANATION WEIGHT INFLUENCE
1

Weight - negative impact on the foundation load 0.08

Construction cost 0.22 1

Reduction in costs of exploitation 0.06 1

Ease of processing, as an additional acceleration in the execution of specialist's trades 0.08 1

Local availability of materials 0.10 t

Thermal conductivity coefficient 0.12 t

Weight - positive impact on the thermal stability of the building 0.16 t

Labour force availability 0.06 t

Construction speed 0.06 t

Regulations - certification by domestic institutions 0.06 t

EXTERIOR WALL SYSTEM ALTERNATIVES

Exterior wall systems are constructed with different physical structures, thermal capacities, and
specific gravities, with different installation methods used to achieve the best possible performance
of the components of each system, and described in detail.

Within a given total thickness of maximum 36 cm, as presented in Figure 4, exterior wall systems
will be formed with core materials belonging to different groups, different physical structures,
thermal capacities, and specific gravities, and with different installation methods.

MCDM CALCULATION

Different MCDM methods, which are employed in the architectural and construction industries, offer
generating outputs that can be shown in the form of results and ranking of alternatives. The objective
of introducing a MCDM method was to generate a hierarchy (rank) from the set of alternatives.

As a decision-making method, the EDAS method (Keshavarz Ghorabaee et al,, 2015) is set for the
ranking of exterior wall systems, as one of the methods of multi-criteria decision analysis whose
result distribution consistency is confirmed by its high level of Spearman correlation coefficient
Mathew & Sahu, 2018) and which, during segment calculation of positive and negative distance
from the mean, and sum weighting, provides insight into the structure of input data and the flows
of their transformation up to ranking, inclusive, which may possibly result in the correction of

criteria. As some criteria could have a narrow and some could have a broad range of attribute values
by criteria, the extension of EDAS method — EDAS+ method (Stili¢ et al., 2019) is proposed, as the
latter eliminates favouring criteria with broader ranges of attribute values. On the other hand, the
normalisation implied by EDAS+ makes it somewhat difficult to monitor the fluctuation values of the
positive and negative distances from the mean, however, monitoring is still possible.

The method's calculation steps (Stili¢ et al,, 2019; Stili¢, 2020) are given hereinafter:

JOURNAL OF FACADE DESIGN & ENGINEERING VOLUME 10/ NUMBER 1/ 2022



013

Step 1. Recognizing key criteria, weighting factors for criteria and alternatives in solving the problem
of multi-criteria decision making.

Step 2. Forming a decision-making matrix:

x11x12x13 xlm
xZ 1 xZZ x23 xZ m
X = [Xj ]nxm = XXX, X,

X X X ....X

L "'n17n2""n3 " nm

Step 3. Normalizing the decision-making matrix by applying the “Correct mapping”:

Tt -1,
il -1y,
R=[R ] = rrrs-n,
IRAUSUSETTL
x, - x;
where 7, = ———— ,with i=12,...,m; j=12,..,n.
x} - x/

Step 4. Determining the average solution for each criterion separately:

X, Xy, X

av=[av] .

n n n
Do E 2 e [ ]
n n

n

Step 5. Calculating the positive and negative distance from the mean by taking into account the type
of criterion function — income or expenditure:

[PD4, ]m d =

y

x ;je Q

) id. =
[NDAU ]"Xm ! max(O, x,,j—x*))

min
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where Qmax represents a group of “income” criteria, and Qmi the group of "expenditure” criteria.

n

Step 6. Calculating the weighted sum matrices:

[sP],, =[Pp4,] *[w], end[SN] A =[ND4,

1 y mx nx Y dnxm

“[w]

mxl

Step 7. Normalizing the values of [SP] and [SN] for the alternatives:

[sp], .
[nsP],, = (man[sP] ) (mox[5P]) [sp],, and
B [SN], 1 .
DL = Gratsn ) ™ manse ) OV

Step 8. Calculating the appraisal score ( AS') for the alternatives:

i

AS, = %(NSPI.+ NSN,) . where: 0< A4S, <1.

Step 9. Ranking the alternatives in order of decreasing of appraisal score ( A4S ) worth. The best
option among alternatives is the one with highest AS (Keshavarz Ghorabaee et al., 2017).

SELECTION BASED ON RESULTS

Comprehension of the ranking results and implementation of the MCDM-derived selection of exterior
wall system, as a part of the thermal envelope in the extension building permit and detailed design
project, is set as a final phase of the research.

Acceptance of a hierarchy of exterior wall system alternatives should follow, however if the
optimal alternative is not adopted in other cases of building extensions, the research phases
could be iterated again.

EXTERIOR WALL SYSTEM ALTERNATIVES

In order to avoid a naive discussion about generally known materials that could and should be
used as core materials for the addition and extension of a multi-floor residential building and to
base the selection on an experiential assessment, the employer was presented with exterior wall
systems with different physical structures, thermal capacities, specific gravities, and with different
installation methods.
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In order to form the exterior wall system, core materials belonging to different groups were selected:
groups of polystyrene concrete, ceramic/structural clay products, aerated concrete, as well as wooden
and steel structures. Fillings, and internal and external linings were arranged so that all systems
could have the most similar thermal properties and be mutually competitive. The aim was to achieve
the best possible performance of the previously mentioned components of each system, within the
given total maximum thickness of 36 cm, which was presented in Figure 4. As an outcome, only

contact facades were evaluated.

A more detailed description of selected exterior wall systems is provided hereinafter, and all eight (8)
exterior wall systems will be presented through their data in Table 11.

As decided by the authors of this research, the identity of manufacturers of specific materials shall
remain confidential, in order to avoid different interpretations of the quality of certain products.

The paper's research focuses on a particular case study and therefore does not offer a general
classification of materials at this stage.

THE EXTERIOR WALL SYSTEM S1
(system belonging to the polystyrene concrete group)

The exterior wall system designated as “S1", presented in Figure 7, is a wall made of polystyrene
concrete blocks as core material, with intermittent vertical concrete cores in block cavities.

The exterior wall system S1 could be observed through its vertical cross section: interior plaster
-1lcm, insulated foam block with periodic concrete cores — 30cm, thermal insulation (XPS) - 5cm, and

facade acrylic plaster as the outer layer — 0.5cm.

core mat.
Ry d p A m
m kg/m3 W/(mxK) kg
interior plaster 1em interior plaster 0,01 1700 0,85 17
interior p polystirol concrete block 03 682 0,057 | 204,52
XPS 0,05 33 0,035 1,65
insulated foam block with facade acrilyc plaster 0,005 1850 0,7 9,25
periodic concrete cores 30cm 0,365 232,42
thermal insulation (XPS) 5cm Uhalus= 0,160 [W/(mK)]
*(calculated line transmission losses)
facade acrilyc plaster 0.5cm

FIG. 7 Exterior wall system S1

This type of wall is characterised by highly rated system solutions in terms of construction, but may
have limited availability on the local market depending on the manufacturer and the availability of
skilled labour (Table 3). Extremely good thermal characteristics (Ismaiel et al., 2021), but also high
price (Figure 7), are some of the distinctive characteristics of this system.

TABLE 3 Exterior wall system S1: Numerical values by criteria

ki ke ke ke ks ke o ke k9 ko
5 2 2

232.42 101 33 0.160 232.42 2 4
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THE EXTERIOR WALL SYSTEM S2
(system belonging to the polystyrene concrete group)

The exterior wall system designated as “S2", presented in Figure 8, is an exterior wall system
whose core material is made of concrete-core polystyrene or extruded polystyrene blocks filled
with concrete, as a very good and precise system solution in terms of construction. The exterior
wall system S2 could be observed through its vertical cross section: interior plaster -1cm, insulated
foam block with constant concrete cores — 30cm, thermal insulation (XPS) - 5cm, and facade acrylic
plaster as the outer layer — 0.5cm.

core mat.
d P A m
m kg/m3 W/(mxK) kg
interi Jast 1 interior plaster 0,01 1700 0,85 17
interior plaster cm XPS foam 0,06 33 0,035 1,65
concrete 0,15 2200 2,04 330
insulated foam block with XPS foam 0,1 33 0,035 33
constant concrete core 30cm XPS 0,05 33 0,035 1,65
facade acrilyc plaster 0,005 1850 0,7 9,25
thermal insulation (XPS) 5cm 0,365 362,85
facade acrilyc plaster 0.5cm U value= 0,184 [W/(m*K)]
*(calculated line transmission losses)

FIG. 8 Exterior wall system S2

This type of wall is characterised by its poor availability on the local market and a significant lack of
skilled labour (Table 4). It does not have a wide range of applications, due to smaller design ranges
available, however its thermal performances are high (Figure 8). (Ismaiel et al,, 2021)

TABLE 4 Exterior wall system S2: Numerical values by criteria

S N N 7R N VS P N P TR
5 1 4 1

362.85 109 32 0.184 362.85 1
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THE EXTERIOR WALL SYSTEM S3
(system belonging to the ceramic / structural clay products group)

The exterior wall system designated as “S3", presented in Figure 9, is the system whose core material
is made of clay. The exterior wall system S3 could be observed through its vertical cross section:
interior plaster -1cm, thermally improved ceramic block — 25¢m, thermal insulation (XPS) — 10cm
and fagade acrylic plaster as the outer layer — 0.5cm.

core mal

d P A m
m kg/m3 W/(mxK) kg
S interior plaster 0,01 1700 0,85 17
interior plaster 1icm thermal and acustic
inproved 0,25 1200 0,201 300
thermal and acustic inproved XPS i 0.1 33 0,035 3.3
ceramic block 25cm facade acrilyc plaster 0,005 1850 07 9,25
0,365 329,55
thermal insulation (XPS) 10cm
U value= 0,256 [W/(mK)]
facade acrilyc plaster 0.5cm

FIG. 9 Exterior wall system S3

It has improved thermal properties (Fioretti & Principi, 2014) due to the geometry of the horizontal
cross section of the block, lambda value presented in Figure 8, but due to their dimensions the blocks
tend to be heavy, and thus, difficult to handle, and processed later. They do offer good availability on
local market, there is qualified labour, but like all walls in this group, they do not have sufficiently
good thermal characteristics (Caruana et al,, 2017), and during the design phase and the actual
execution of work, thermal bridges and linear transmission losses are common (Ismaiel et al,, 2021).

TABLE 5 Exterior wall system S3: Numerical values by criteria

S N N 7R N TS P N N TR
1 5 5

329.55 71 22 0.256 329.55 4 2
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3.4 THE EXTERIOR WALL SYSTEM S4
(system belonging to the group of ceramic / structural clay products)

The exterior wall system designated as “S4" is a standard hollow ceramic block (ISO, 2007Db)
presented in Figure 10. The exterior wall system S4 could be observed through its vertical cross
section: interior plaster -1cm, standard hollow ceramic block — 25¢m, thermal insulation (XPS) —
10cm and facade acrylic plaster as the outer layer — 0.5cm.

core mal

d P A m
m kg/m3 W/(mxK) kg
. . interior plaster 0,01 1700 0,85 17
interior plaster fem standard hollow ceramic 0,25 1400 0,61 350
XPS 0,1 33 0,038 33
standard hollow ceramic block 25cm facade acrilyc plaster 0,005 1850 07 9,25
0,365 379,55
thermal insulation (XPS) 10cm U value= 0,341 [W/(m2K)]
*(calculated line fransmission losses)
facade acrilyc plaster 0.5cm

FIG. 10 Exterior wall system S4

System S4, with poor thermal properties (Al-Tamimi et al., 2020), is relatively easy to acquire

in the Serbian market, local labour force is available, and the cost of construction is very
affordable. (Mijatovi¢, 2008) Though as is true of the previous system, there is a risk of thermal
bridges, and consequent condensation, moisture, and mould, which results in major problems in
terms of its utility.

TABLE 6 Exterior wall system S4: Numerical values by criteria

e ki Jke R Jke ks ke Kk ke K9 K]
1 5 2 5

379.55 64 21 0.341 379.55 5
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THE EXTERIOR WALL SYSTEM SbH
(system belonging to the ceramic / structural clay products group)

The exterior wall system designated as “S5" is presented in Figure 11. Standard brick is the most
traditional material (Fioretti & Principi, 2014), which is the basis of the system S5. The exterior
wall system Sb could be observed through its vertical cross section: interior plaster -1cm, standard
brick (25x12.5x6.25cm) — 25cm, thermal insulation (XPS) - 10cm and fagade acrylic plaster as the
outer layer — 0.5cm.

core mat.
d [ A m
m kg/m3 W/(mxK) kg
interior plast 1 interior plaster 0,01 1700 0,85 17
interior plaster cm brick 0,25 1800 0,76 450
XPS 0,1 33 0,035 33
standard brick 25x12.5x6.25 25cm facade acrilyc plaster 0,005 1850 0,7 9,25
0,365 479,55
thermal insulation (XPS) 10cm U value= 0,326 [W/(m2K)]
. " " st 05 *(calculated line transmission losses)
acade acrilyc plaster .5em

FIG. 11 Exterior wall system S5

This is the system that requires the longest construction time (Mijatovi¢, 2008), and consequently it
incurs the highest labour costs (Mijatovi¢, 2008). Construction errors are difficult to correct, despite
the fact that elements are easy to process, but subsequent interventions are quite difficult. The great
weight of this system ensures the greatest inertia of the building, i.e. temperature stability (Kumar et
al., 2017), but it also poses the greatest risk of collapse of the existing structure in the case of poorly
installed material. The material is readily available.

TABLE 7 Exterior wall system S5: Numerical values by criteria

KLk JKk3 ke ks ke JK7 ke [k9 Ko |
2 5 1 5

479.55 85 21 0.326 479.55 5
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3.6 THE EXTERIOR WALL SYSTEM Sé6
(system belonging to the aerated concrete group)

The exterior wall system designated as “Sé", presented in Figure 12, belongs to the aerated concrete
group. The exterior wall system Sé could be observed through its vertical cross section: interior
plaster -1cm, aerated concrete block — 25¢m, thermal insulation (XPS) — 10cm and facade acrylic
plaster as the outer layer — 0.5cm.

core ma
d P A m
m kg/m3 W/(mxK) kg
. . interior plaster 0,01 1700 0,85 17
interior plaster fem aerated concrete block 0,25 460 0,096 115
XPS 0,1 33 0,035 3,3
aerated concrete block 25em facade acrilyc plaster 0,005 1850 0,7 9,25
0,365 144,55
U value= 0,195 [W/(m?K)]
thermal insulation (XPS) 10cm *(calculated line transmission losses)
facade acrilyc plaster 0.5cm

FIG. 12 Exterior wall system Sé

With a slightly higher price on the local market than the clay blocks, system Sé is considered to be
a desirable exterior wall system due to its plasticity, workability, and relatively good availability on
the local market. It has good thermal properties (Ulykbanov et al, 2019), due to its weight aerated
concrete block being easy to handle and process, and a labour force is available. The system Sé, as
observed from practice, is commonly chosen as a (core) building material in Serbia.

TABLE 8 Exterior wall system Sé: Numerical values by criteria

S N N 7R N VS P N N TR
4 4 3 5

144.55 86 23 0.195 144.55 4
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3.7 THE EXTERIOR WALL SYSTEM S7
(system belonging to the standard wooden structures’ group)

The exterior wall system designated as “S7" is presented in Figure 13. The exterior wall system

S7 could be observed through its vertical cross section: double plaster board — 2.5cm, thermal
insulation (rockwool) - 8cm, woodboard - 2.5cm, thermal insulation (rockwool) between wooden grill
construction — 10cm, woodboard - 2.5¢m, thermal insulation (XPS) — 10cm and fagade acrylic plaster
as the outer layer — 0.5cm. Construction of this system was decided based on good practice and the
traditional assembly of wooden structures. (Gojkovié, 1989)

core mat
d [ A m
double plaster board 2.5cm m kg/m3 _ W/(mxK) kg
th i It wool 8 double plaster board 0,025 900 0,21 225
i ermal insulation (rockwool)  8cm rockwool 0,08 160 0,037 12,8
1 wood board 2.5cm wood board 0,025 600 0,14 15
e thermal insulation (rockwool) rockwool 01 80 0,037 8
. between wooden grill Wxsgd board 060$5 6320 008345 ;z
ﬁ;;r;?;?g 120;; facade acrilyc plaster 0,005 1850 0,7 9,25
. 0,36 85,85
thermal insulation (XPS) 10cm
facade acrilyc plaster 0.5cm U value= 0,131 [W/(m?K)]
1 *(calculated line transmission losses)
36

FIG. 13 Exterior wall system S7

The wooden structure of this fagcade wall has significant advantages, but also limitations. Wood is
easily accessible on the local market and it is extremely easy to process. However, a major part of
the system consists of thermal insulation materials in the form of filling. Taking into consideration
the need to install moisture barriers, multilayer linings, thermal insulation panels, as well as the
price thereof, the speed of construction cannot justify the cost (Mijatovi¢, 2008) of such a system.
The material is easily accessible, transportable, extremely workable, and easy to handle (Gojkovic,
1989), but the weight of the wall obtained in this way is low. Therefore, thermal stability represents
an unfavourable factor in this system, with summer overheating and winter heat release being poor
features of such a wooden wall.

TABLE 9 Exterior wall system S7: Numerical values by criteria

s K Jke ke Jke ks ke k7 ke Ko k]
3 4 5 4

85.85 92.3 23 0.131 85.85 3
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THE EXTERIOR WALL SYSTEM S8
(system belonging to the adapted steel structures’ group)

The exterior wall system designated as “S8" is presented in Figure 14. The exterior wall system S8
could be observed through its vertical cross section: double plaster board — 2.5cm, thermal insulation
(rockwool) - 8cm, polyurethane sandwich panel — 2.5¢m, hollow steel box and steel beam - 8cm,
thermal insulation (rockwool) — 8cm, polyurethane sandwich panel - 2.5¢m, thermal insulation (XPS)
- 8cm and fagade acrylic plaster as the outer layer — 0.5cm.

core ma
d P A m
m kg/m3 W/(mxK) kg
double plaster board 2.5cm double plaster board 0,025 900 0.21 22.5
thermal insulation (rockwool)  8cm rockwool 0,08 160 0,037 12,8
-— polyurethane sandwich panel  2.5cm polyurethane panel 0,025 302 0,04 7,55
| rockwool 0,12 80 0,037 9,6
= hollow steel box polyurethane panel 0,025 302 0,04 755
— thermal insulation (rockwool) ~ 12cm XPS 0,08 33 0,035 2,64
polyurethane sandwich panel  2.5cm facade acrilyc plaster 0,005 1850 0,7 9,25
thermal insulation (XPS) 8cm 0,36 71,89
facade acrilyc plaster 0.5cm U value= 0,135 [W/(m2K)]
L_f steel beam *(calculated line transmission losses)
36

FIG. 14 Exterior wall system S8

Steel structures are frequently utilized to save space because of their density, which results in
compact dimensions as a structural element, ensuring space reductions. Steel structures need a
highly qualified workforce for the building process, which has a negative impact on price criteria.
The dry process during installation certainly allows a faster completion of the building procedure,
and accordingly, like the previous exterior wall system (S7), it differs from the other in terms

of the interior layer.

TABLE 10 Exterior wall system S8: Numerical values by criteria

KL KKk ke ks ke ]k ke [k9 Ko |
2 3 4 4

71.89 97 21 0.135 71.89 3

For better comparison, exterior wall systems are presented in Table 11. The table is populated with
numerical presentation of systems by determined criteria.
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TABLE 11 Presenting values of the alternatives by selected criteria

4 4 t 1 t t 1 t t 1

WALL SYSTEM

2 362.85 109 32 5 1 0184 36285 1 4 1

s3 e 32955 71 22 1 5 0256 32955 4 2 5
. P

S4 i 37955 64 21 1 5 0341 37955 5 2 5

S5 i, 47955 85 21 2 5 0326 47955 5 1 5

S6 36 14455 86 23 4 4 0195 14455 4 3 5

7 “, 8585 923 23 3 4 0131 8585 3 5 4
g‘ilg

S8 wm 7189 97 21 2 3 0135 7189 3 4 4
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RESULTS AND DISCUSSION

With wide range attribute values observed in Table 11, the extension of EDAS method — EDAS+
method (Stili¢ et al., 2019) was applied as the method eliminates favouring criteria with broader
ranges of attribute values. The application of the method began with the presentation of key criteria
and direction of the criterion function, weighting factors for the criteria and alternatives for making
choices (Table 11). Under Step 2, formation of a decision-making matrix based on calculated values
of different exterior wall systems followed:

XXXy - oo Xy,
XX Xps oo Xy,

X = I:XU :|"m = Xy Kpp Xy oo Xy, =
X X X X

(23242 101 33 5 2 0160 23242 2 4 2
362.85 109 32 5 1 0.184 36285 1 4 1
32955 71 22 1 5 0256 32955 4 2 5
379.55 64 21 1 5 0341 37955 5 2 5
47955 8 21 2 5 0326 47955 5 1 5
14455 86 23 4 4 0.195 14455 4 3 5§
8585 923 23 3 4 0.131 8585 3 5 4

| 7189 97 21 2 3 0135 7189 3 4 4|

As the Step 3 process continued with normalisation performed by applying a fair mapping
method, it resulted in:

R:[R} =| Ky, | =
I _Lnxm - ”

[0.394 0.822 1.000 1.000 0.250 0.138 0.394 0.250 0.750 0.250]
0.714 1.000 0.917 1.000 0.000 0.252 0.714 0.000 0.750 0.000
0.632 0.156 0.083 0.000 1.000 0.595 0.632 0.750 0.250 1.000
0.755 0.000 0.000 0.000 1.000 1.000 0.755 1.000 0.250 1.000
1.000 0.467 0.000 0.250 1.000 0.929 1.000 1.000 0.000 1.000
0.178 0.489 0.167 0.750 0.750 0.305 0.178 0.750 0.500 1.000
0.034 0.629 0.167 0.500 0.750 0.000 0.034 0.500 1.000 0.750

0.000 0.733 0.000 0.250 0.500 0.019 0.000 0.500 0.750 0.750 |

Step 4 of the calculation followed:
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! n n n

AV = AV.:LM ={Z'n=‘x" DU Z‘L‘x‘"’}=[x:, x;,...,x;] =

[0.463 0.292 0.469 0.656 0.405 0.463 0.537 0.594 0.531 0.719].

Steps b-9, with positive and negative distance from the mean calculations, weighted sum matrices,
normalised weighted sums; determined the alternative ranking. Results of the calculation are
presented in Table 12.

TABLE 12 Ranking result obtained by applying EDAS+ method
0.352 0.277 0.805 0.389 0.597
0.376 0.453 0.858 0.000 0.429
0.306 0.240 0.700 0.470 0.585
0.438 0.399 1.000 0.120 0.560
0.331 0.405 0.757 0.105 0.431
0.200 0.128 0.457 0.718 0.588
0.269 0.221 0.615 0.512 0.564
0.222 0.371 0.507 0.181 0.344

~

PN O O W N e

As presented in Table 12, calculated ASZ. values vary from 0.597 to 0.344, based on which

the ranking was obtained. The exterior wall system with the highest ASi is the best

ranked exterior wall system and the results could be observed in the following manner:
S1<856<853<S57<854<855<82< 88  where the smallest number in the ranking represents
the best ranked exterior wall system.

Among eight constructed and presented alternatives of the exterior wall systems, the exterior wall
system “S1", a wall made of polystyrene concrete blocks as the core material, with intermittent
vertical concrete cores in block cavities, achieved the highest rank by selected and weighted criteria,
where the highs of construction possibilities and good thermal characteristics, easy workability and
maintainability, counterbalanced the lows of limited availability on the local market, a lack of skilled
labour and a high price, among other criteria.

Taking into account the three most highly valued criteria, we could observe that the exterior wall
system “S1" (Figure 7) has the most unfavourable values reflected in the price, which is often the key
determinant for investors. On the other hand, “S1" values in the other two criteria, thermal mass and
thermal conductivity, stay ahead in the competition. By examining the ranking results, the rank of the
exterior wall system “S1" could raise the question of production representation, and future prospects
of specific core materials on the Serbian market.

In case of selection of the exterior wall system as a part of the thermal envelope for the extension
of a multi-family 1938 residential building in Belgrade — Serbia, the Employer accepted the MCDM
derived selection, and system “S1” will be used in the project for the extension building permit
and detailed design.
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5 CONCLUSION

Architecture, urban planning, and energy-efficient construction often recognize the need to take
into account a wide range of preferences and opinions, both from experts and residents/users of
the facilities (Ogrodnik, 2019). In the architectural — construction industry, selection of the optimal
materials and exterior wall systems is a complex task (Tian et al., 2018).

Following the methodology of the research, involving experts as stakeholders through NGT and
Delphi based method and applying MCDM method (EDAS+) in the process of selection of the exterior
wall system as a part of the thermal envelope for the extension of a multi-family 1938 residential
building in Belgrade — Serbia, resulted in determining measurable and comparable values of the
systems and ranking that was presented.

The question of how to make the most appropriate selection of an exterior wall system, when
decisions about material selection frequently come down to a choice based on tradition or
recommendations based on the experience of the appointed engineers, was answered through
the selection of the optimal and adequate exterior wall system whose rank was not reflected in
maximising each of the criteria (Moghtadernejad et al,, 2020) but through a balance between the
various criteria in the set.

The study's research resulted in an exterior wall selection hierarchy that benefited both the employer
and the appointed engineers. The numerical indicator ranked the most commonly used (locally)
exterior wall system second, after the S1 system; this comprised a wall made of polystyrene concrete
blocks with intermittent vertical concrete cores in block cavities, which is not commonly used in
practice in Serbia. The Employer's standpoint shifted from recommendations to concise data on
which he could make an educated decision as a result of a systematic decision-making process.

The freestanding, multi-family subject building is typical of the Belgrade municipality where

it is located. Bearing in mind the typology of the building and urban constraints in GRP by The
Institute of Urbanism Belgrade (2016) for the building area of the local self-government unit —

the City of Belgrade, study results are applicable to other cases of building extensions. From this
perspective, benefits for the (appointed) engineers could be in support of the exterior wall systems'’
proposal in future projects.

Even though limitations of the rank could represent its singularity, the case of the extension of the
particular 1938 Belgrade building and a “real-life” situation of involved stakeholders’ subjective
opinions, as well as experts’ opinions, through the selection of criteria, assigned weights, and
proposed exterior wall systems, provided a replicable systematic decision-making process for
selecting an exterior wall system that may be utilized in future extension projects of the same multi-
family building typology.
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Abstract

Adaptive fagades are multifunctional systems that are able to change their functions, features, or
behaviour over time in response to changing boundary conditions or performance requirements.

As one of the significant developments in the fagade industry over the last decade, the adaptive fagade
offers an intelligent solution that can decrease energy consumption and potentially increase users’
comfort in a building. From an engineering perspective, these advanced technologies aim to improve
the overall performance of the building while generating a better indoor environment for the users,

but unfortunately, investigations show that this goal is not always achieved. This is why, to bridge this
performance gap, we embark on a change of perspective in fagade design, from a technology-centred
to a human-centred one. This research emphasizes that, with their changeability aspects, adaptive
fagcade technologies offer unique potential, although the design of such fagades requires a deeper
understanding of users. With this as its focus, this paper aims to identify the factors affecting the user
experience in a working environment, considering the interactions of the user with building services and
facade systems from a holistic point of view, in which facade-user relationships are to be distinguished,
towards the larger aim of developing a human-centred approach for adaptive fagade design.
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human centred design, user experience, adaptive behaviour, adaptive fagade, fagade design,
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INTRODUCTION

The complex multifunctional aspects of fagade design hold an inherent duality between optimizing
the energy performance of a building and providing comfort for its users (Klein, 2013). Although
these two sides are inseparable and highly intertwined, as a result of their conflicting nature

one could be easily overlooked in favour of the other, which unfortunately would result in poor
design on both sides.

Worldwide, there have been several research projects that have searched for new ways and
developed new technologies to design more energy efficient buildings for a more sustainable future
(Aelenei et al., 2018). The belief that “technology will save us” has been a clear trend in building
engineering, but there has been a general disregard for the people who will use it. Even with the
use of high technology solutions, in practice we may end up with the following scenarios: a building
may be highly energy efficient but its users could be dissatisfied or because of users’ interference
the building may not achieve the predicted levels of energy performance and we may end up with
dissatisfied users anyway (Lazarova-Molnar & Mohamed, 2017).

Since the fagade is the mediator between the exterior and interior environments, it could be said
that its design is the key to shaping the whole performance of the building (Knaack et al., 2014).
However, implementing high technology solutions to reduce energy consumption should not turn
the facade into a barrier between the indoor and outdoor, which would create hermetically sealed
spaces in which every physical aspect is regulated through HVAC systems (Addington, 2009).
Instead, the facade needs to be carefully designed and integrated with the service systems, where
smart technologies would be used as the tools to provide desired indoor environmental conditions
in harmony with the users and to find an optimal energy efficient balance. In order to achieve

that goal, a human-centred approach in facade design, rather than a technology centred focus,
needs to be embraced.

The current applications of high performance buildings with smart building automation systems
stress even further the need for such human-centred approach (Capeluto & Ochoa, 2017). These so-
called intelligent systems are creating new pathways for user interactions, where user expectations
and user experiences are changing along with it (Kaasinen et al., 2013). Wigginton and Harris used
the analogy of the human body's neural system to explain their user-centred perspective on the
topic, in which the somatic system that is responsible for the voluntary actions of the muscles that
create movement is likened to the actions of the users in the building. Conversely, the autonomic
system refers to the building's intrinsic responsive envelope (Wigginton & Harris, 2002). This
approach highlights the co-existent nature of users’ adaptive behaviours and the automated dynamic
responses of the building systems.

A paradigm shift from occupants being passive subjects in a building to being active participants
has begun by acknowledging the effects of occupant behaviour on the energy performance of the
building (Yan & Hong, 2018). Although significant efforts are being made to better understand and
simulate the adaptive behaviours of the users, the influencing factors behind these interactions
and how these affect the user experience in the first place, are still quite theoretical (Heydarian et
al., 2020). There needs to be further interdisciplinary studies investigating multi-domain exposure
situations on users’ satisfaction and behaviour, humans' perception of the built environment, and
user-oriented design of the control interfaces, in order to achieve an occupant-centric building
design approach (O'Brien et al., 2020).
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There are many factors affecting and shaping users’ experience in a building (Figure 1). The feeling
of comfort (or discomfort) brought about by the effects of the factors related to the indoor and/or
outdoor environment, spatial conditions, as well as the individual parameters related to the user
itself are the main elements that could be listed. It is not just the comfort-related satisfaction, but
also the overall user sensation and perception that results in interactions with the building facade
and/or service systems, that are important parts of the user experience in the indoor environment
(Law et al,, 2009). Considering the amount of time we spend inside, especially in work environments,
several studies highlight the importance of users’ comfort and wellbeing on their health and
productivity (Bluyssen, 2019; Fisk, 2000; Humphreys, 2005).

Even though the fagade is highly significant in shaping the indoor environment, there seems

to be a lack of understanding about its effects on the overall user experience (Alavi et al., 2017).
Even in low technology buildings, the fagade is a system that users commonly engage with, by
opening the windows, closing the window blinds, or simply by looking outside. It does not seem
far-fetched to state that these interactions have a crucial effect on users’ experience, while they
also create a gap between the predicted and achieved performance of the building (Masoso &
Grobler, 2010). Such adaptive behaviours of users are one of the key factors that influences a
building’s design, performance optimization, and energy simulation (Yan & Hong, 2018). In the
case of adaptive facades, with their smart and dynamic automation systems, it could be said that
interactions between the fagade and the user become even more significant. From an engineering
perspective, being able to change fagade properties would enhance their performance -by providing
dynamic responses to ever-changing external stimuli—, but this dynamic character may also
enhance the effect of the fagade on the user experience, hence, it may also potentially deepen the
aforementioned performance gap.

There is a limited number of studies focusing on adaptive fagades, investigating the comfort and
well-being of the users as they relate to their interactions. In a recent study, Luna-Navarro presents
a classification scheme for different pathways in occupant fagade interaction, which offers a deeper
understanding of the conflicts and relationships between the user and intelligent control strategies
in adaptive fagades (Luna-Navarro et al., 2020). Another study on occupant-centric control strategies
for adaptive facades discusses the implementations of adaptive comfort models and personalized
control strategies to improve user satisfaction (Tabadkani et al,, 2021). In addition, there are a few
other research studies on post-occupancy evaluations and real-time occupant feedback in buildings
with adaptive fagades, demonstrating the influences of different physical factors on the feeling of
comfort in users (Alavi et al,, 2017; Attia et al, 2018; Bakker et al,, 2014; Lassen et al,, 2021; Luna-
Navarro et al.,, 2021).
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Acknowledging the contributions of such research towards reaching a human-centred adaptive
facade, the influence of human factors on user behaviours and the indirect effects of interactions
on the user experience still requires further investigation. Therefore, this paper (1) investigates
how different factors affect the user experience in a working environment, (2) presents an overview
of adaptive user behaviours with a human-centred approach, (3) distinguishes the fagade - user
relationship within the larger context, and (4) identifies the missing links towards reaching the full
potential of adaptive fagades.

A holistic perspective is embraced in this study and the presented overview is built over the user
experience concept, which covers all human senses, emotions, behaviours, and interactions with

the fagade and/or environment. With this focus, this paper aims to bring the scattered information

in the literature from different fields of expertise like engineering, architecture and social sciences
together, ensuring that not just the effects of the environmental factors but also the human factors
on user experience are investigated. As a broader aim, the information provided in this paper offers a
starting point towards developing a human-centred approach for adaptive fagades.

SCOPE AND METHOD OF RESEARCH

Research presented in this paper starts with an initial exploration of literature, which draws the
context for further investigation. Exploratory research is conducted using Science Direct, Google
Scholar, ITU and TU Delft Libraries, with the keywords: human-centred design, adaptive facade, user
experience. Because of the lack of literature specifically focused on the fagade and user relationship,
the scope of the overview later widens to involve: human-centred design in various fields, fagade
technologies and applications (traditional or advanced), facade properties and performances in general
(physical and energy related), user comfort, satisfaction, well-being, and related studies to improve
indoor environment quality. After reading the titles, abstracts, keywords, and highlights of the papers
collected in the initial exploration, the context of the detailed investigation is formulated. Figure

2 below portrays the research boundaries around respective keywords and concepts, presents an
outline of this paper, and draws the relationship of its sections.

The users or the occupants are the main subjects of this overview. The scope of the study evolves
around the user experience concept, which embraces a holistic approach to cover the users’
comfort, satisfaction, and well-being, as well as users’ emotions, behaviours, and interactions.

The relationship between these concepts and their relevance to user experience are examined
through studies of human-centred design, from different fields (social sciences, industrial

design, environmental psychology, etc.). Although the main focus is on the adaptive fagades and
distinguishing its dynamic relationship with the users, since there is a scarcity of literature with
this specific focus, studies related to user experience in indoor environments are investigated in
general. Workplaces are chosen as the main domain of the research. In order to define a whole

list of influencing factors, several agents of the indoor environment and adaptive fagades are
searched within the context of user experience. Thus, various studies evaluating users’ comfort
during the occupancy stage, theoretical studies investigating different parameters affecting user's
satisfaction, studies regarding users’ adaptive behaviours and the motivations behind that, users’
effects on the energy performance of the building, studies investigating occupant-centric design and
automation of the adaptive facade, and other relevant studies within its broader reach, formed part
of the review process.

JOURNAL OF FACADE DESIGN & ENGINEERING VOLUME 10/ NUMBER 1/ 2022



3.1

033

/ ADAPTIVE FACADE INDOOR ENVIRONMENT \
FACADE SYSTEM COMFORT CONDITIONS
OPERABLE WINDOW USER / OCUUPANT VISUAL
WINDOW BLIND / SHADING THERMAL
AIR QUALITY
EXPERIENCE ACOUSTICAL
( CONTROLABILITY j
BEHAVIOR [ ENERGY PERFORMANCE ]
INTERACTION
3 EMOTION
S,
/o/,
4 \\0“5
O\
COMFORT e
SATISFACTION
HUMAN CENTERED DESIGN WELL-BEING
Qection 3 /

FIG. 2 Scope and boundaries of the research

As for the structure of the paper, Section 3 presents background information on different approaches
of human-centred design to establish the point of view of this research, and to describe the
relationship between adaptive behaviour and user experience. Section 4 introduces the potentials

of adaptive fagades, presents a brief overview of their relationship with the users, identifying

the missing links, demonstrating the perspective of the authors and relevance of the research.
Section 5 is the main body of the paper, where the findings of the review process are presented

in a systematic way and different factors affecting user experience in working environments

are identified, through a mechanism of change. Lastly, Section 6 presents an overall discussion

and highlights relevant issues that require further investigation for a human-centred approach

for adaptive fagades.

HUMAN-CENTRED DESIGN

Human-centred (or centric) design is a concept which, over the years, has found application in
various different fields, mainly in industrial design and software engineering (Hoffman et al., 2002).
Different approaches to the concept in architecture and related behavioural theories that highlight a
deeper understanding of the user experience are overviewed in this section.

HUMAN-CENTRED DESIGN APPROACHES

Norman describes human centred design as the process which ensures that the designs match the
needs and capabilities of the people for whom they are intended (Norman, 1988). In other words, it
is a philosophy that starts with understanding humans, to support the design of a useful, usable,
pleasurable, and meaningful product/system (IDEO.org, 2015; Norman, 2013).

Designing for the users has been a part of design thinking since early ages. The evolution of the
concept has started with the consideration of the physical ergonomics of the users while engaging
with the product/system (Verbeek & Slob, 2006). Later, this concept evolved into usability, which
covers the effectiveness, efficiency, and satisfaction in a specified context of use (IS0 9241-210, 2010).
Then, the consideration of emotions, behaviours, and users’ experiences became part of the approach,
often referred to as interaction design in the literature (T. Zhang & Dong, 2008). Recent approaches
aim to cover not just the present experiences but also the needs and aspirations of the future (van
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der Bijl-Brouwer & Dorst, 2017). Designing with the users on the other hand, by means of involving
them in the design process (participatory design and generative techniques) or asking for feedback
regarding the design (human-computer interaction), could be traced back to the 1970s — 1980s
(Damodaran, 1996; Maguire, 2001; Visser et al., 2005; Zoltowski et al,, 2012).

Sanders maps the different human-centred approaches in design practice and defines the designer's
mindset as two categories; expert or participatory (Sanders, 2008). Expert mindset refers to the case
where users are seen as subjects and the design aims to achieve the best possible usability for

them. Participatory mindset, on the other hand, refers to the case when users are seen as partners
and are actively involved in the design process from the beginning (Abras et al., 2004). Involvement
of the users in the design phase is a way of ensuring that the design would match their needs, but
unfortunately, there are operational barriers (Chammas et al.,, 2015). Consequently, in the case of
building design, engagement of the users mostly occurs only at the occupancy phase, in the form

of post-occupancy evaluations with real-time occupant sensing and/or feedback technologies
(Wagner et al., 2018).

A collective perspective of the different approaches is offered by ISO 9241-210, where the
human-centred design is defined as an approach to systems design and development that aims

to make interactive systems more usable by focusing on the use of the system and applying human
factors/ergonomics and usability knowledge and techniques (ISO 9241-210, 2010). Feedback and
communication between the stakeholders (users and designers) are highlighted as the key to this
approach. By acknowledging ISO's definition of human-centred design and embracing an expert
mindset, we are taking the user as the subject of this research. Hence, we start by investigating how
users interact with and experience their surroundings, thereby aiming to translate and transfer the
information learned from users to the designers.

ADAPTIVE BEHAVIOUR AND USER EXPERIENCE RELATIONSHIP

The term experience is used to define the encounter of an event or occurrence and the takeaways
from it. It could be a piece of knowledge, a skill or an impression, a feeling. In other words, experience
defines how people remember their interactions (Norman, 2013). From a human centred point of view,
any system that interacts in some way with its users should be designed with consideration given to
users’ needs and capabilities. Therefore, in order to achieve the best user experience, it is crucial to
understand the factors that shape the nature of such interactions and how these may differ from one
individual to another.

According to the stages of action model (Norman, 2013), an action (or behaviour) like opening

a window is a goal-driven activity that could be triggered by various different physiological,
psychological, or sociological factors. The activity starts by making the decision to take action, which
is defined as the planning stage, followed by specifying the action and performing it by engaging
with the window. The effects of the action will begin to show themselves, like creating changes in
the air quality and temperature of the room. Then the user will perceive the new condition, interpret
the reason behind it, compare it with the previous situation and make a decision to either close the
window or keep it open. In this instance a data/event-driven activity occurs, which has surfaced as a
result of the user’s emotions in the initial condition (Naqvi et al., 2006). In other words, the perception
of the environment triggered the interaction with the surroundings, while at the same time the
interaction created a change in the perception.
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Even though Norman’'s model defines a certain loop between perception and behaviour, it does not
explain what exactly drives the behaviour itself. There are several other cognitive behaviour theories
used in explaining occupant interactions with different building systems. From these theories, five
commonly acknowledged models could be listed as: Theory of Reasoned Action - TRA, Theory of
Planned Behaviour - TPB, Theory of Interpersonal Behaviour -TIB, Norm Activation Model - NAM
and Value, Belief, Norm Theory — VBNT (Ajzen, 1991; Heydarian et al., 2020; Triandis, 1977), in which
affect, attitude, social norms, perceived control, and habits are referred to as the main elements that
create the intention of taking an action. Affect refers to what the organism feels, and defines the
value, in other words, the quality of the experience. Interpretation of such feelings could be referred
to as emotions that shape preferences for the future or moods for the present situation (Ortony et

al., 2005). Along with the affect, different personal or social norms and individual beliefs are also
related to the intention of a behaviour (Pee et al,, 2008). The perceived control and individual's attitude
towards taking an action are other elements that generate behavioural motivations (Heydarian et

al., 2020). In addition to these conscious behaviours, habit refers to a sequence of behaviour that has
become an automatic response to specific cues in the environment (Verplanken & Aarts, 1999), which
can be defined as an unconscious behaviour or an intentional one.

Allin all, a behaviour could surface because of a poor affect, with the intention to make it better and
as a result, it will create an interaction to change the values of the experience. This phenomenon
could also be explained with the concept of adaptive behaviour which is often referred to in the
literature as follows: if a change occurs such as to produce discomfort, people react in ways that tend to
restore their comfort (Nicol & Humphreys, 2002). Such comfort-driven behaviours are an important
part of the user experience and simultaneously affect the overall energy performance of the building
by creating unforeseen energy consumptions (Jia et al., 2017; Stern, 1992)

Agent/Influencer
(Impulse)

USER
EXPERIENCE

Action/Behavior

direct effect .
(Mechanism)

indirect effect ----

Effect/Change

(Response)

FIG. 3 The dynamic cycle of the user experience: the mechanism of change

Within the context of the built environment, users’ behaviours, in terms of interactions with the
building's service systems or fagades, are significant elements of the user experience, which

either (1) shape or (2) reflect upon the experience itself (Alavi et al., 2017). These behaviours

may differ for each individual, due to their different physiological, psychological, or sociological
conditions/backgrounds (Khalid, 2006). Therefore, understanding the mechanism of change is
considered to be an important step towards defining how different factors affect the user experience
in work environments.
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POTENTIALS OF ADAPTIVE FACADES

The previous section introduced the dynamic cycle of user experience over a mechanism of change
(Figure 3). In the case of adaptive behaviours, users are the actors that trigger the mechanism of
change. Influencers that affect the users' behaviours may be related to human or environmental
factors, which will be overviewed in the following section in relation to the user experience. Triggered
by those factors in a case of discomfort, to achieve a more desired comfort condition, users can either
choose to alter themselves, like changing their clothing level or the occupancy conditions, or they can
alter their environmental conditions by interacting with the building's fagade and/or service systems
(O'Brien & Gunay, 2014) (Figure 4). Adaptive facades with their smart automation systems have a
similar mechanism of change, by creating an artificial response to certain impulses, which results in
a change in the indoor environmental conditions.

Agent/Influencer Action/Behavior Effect/Change
(Impulse) Actor (Mechanism) (Response)
P +| Change in user
Human > USER User alters itself > cor?ditions
Factors
A Facade systems
\ 4 are altered Change in
Environmental —>> environmental
Factors — —— AUTOMATION Service systems conditions
> are altered

FIG. 4 Relationship of factors indirectly affecting user experience

If we take a holistic approach to fagade design, it could be said that today’s challenge is to find

an energy efficient fagade solution that would also create a positive user experience. To deal with
that complexity, and with their changeability aspect, adaptive fagades offer a unique opportunity.
This research explores the hypothesis that there is a missing link (shown in red lines on Figure 4)
between the human factor and the adaptive fagade. The operation of the adaptive fagcade by means

of automation should regard the human factors as agents, along with the environmental factors.
Moreover, automation systems should be designed to co-exist with and learn from the users’ adaptive
behaviours, and to consider the indirect effects on the user experience. If these gaps could be
bridged, only then would adaptive facades reach their full potential.

Adaptive technologies have the potential to significantly reduce the energy use of the buildings
(Perino & Serra, 2015) along with having a profound influence on user satisfaction ( Attia, 2017).

The performance of the adaptive fagade — in terms of comfort and energy - is highly dependent on
its dynamic operation strategies (Favoino et al., 2018). The automation system is another actor like
the user, which is used to manipulate the change in indoor environmental conditions, thus directly
and/or indirectly altering the user experience. Therefore, design consideration of an adaptive fagade
system should consider the implementation of occupant-centric automation and integration with the
operation of other building services systems, along with the functional requirements of the fagade.

Each adaptive facade technology (such as movable solar shading, switchable glazing, phase change
materials, dynamic insulation, multifunctional facades ...etc.) requires a unique consideration

since they offer different ways of interaction with the user and may have different effects on users
satisfaction and well-being ( Attia et al., 2019). In terms of a human-centred design approach to
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adaptive technologies, existing studies and performance modelling approaches are limited to
considering environmental factors as the main agent of change, thus missing the relationship with
the human factors and user experience.

Along this path, one of the key issues that needs to be investigated is the balance between
automation and user control. Adaptive facades controlled by an intelligent automation system
could be designed to predict a possible result of discomfort and act on behalf of the users to alter
the indoor environmental conditions (Béke et al.,, 2020). However, there are also studies indicating
that users are more satisfied, happier, and more productive when they are given at least a certain
degree of control (Samani, 2015). This opens up the discussion on how much control should be left
to the users considering the building's energy performance. Educating the users and improving the
response feedback mechanism would be the highlighted ways to deal with a possible performance
gap between the predicted and actual energy consumption of the building (Al-Obaidi et al., 2017).

Another issue is the diversity of each user's needs and preferences. There have been several studies
aiming to model the reasoning behind users’ behaviours and simulate them in order to demonstrate
the actual energy performance (Yan et al,, 2015). However, it is quite impossible to predict how each
user would react to a certain situation. From another perspective, despite the variety of each human
factor and its endless combinations, by observing user’'s behaviour under certain conditions, it
could be possible to identify some user types (Ortiz, 2019), which requires a deeper understanding
of the human factor and an interdisciplinary study that incorporates architecture, engineering, and
social science. From an expert point of view, by identifying what are the key factors that affect the
experience and how they show diversity, the level and type of adaptation that is needed for certain
user types could be defined. Thus, this would be used as a starting point towards a human-centred
adaptive facade design approach.

From this perspective, which aims towards a human centred design approach, we are looking

from the users’ point of view to understand what experiences that they expect from their fagades.
Identifying the complex and dynamic mechanisms of the user experience in an indoor environment
(workspaces in the context of this paper) would be the first step. To that end, this research
investigates how each factor affects the mechanism of change and portrays a better understanding
of the triggers that make users take action. From there, it would be possible to (1) identify certain
patterns in users’ adaptive behaviours that could be mimicked with the adaptive facades, (2)
determine the effects of human factors and define certain expectancies of different user groups,

(3) distinguish certain aspects of the facades that need to be variable in order to satisfy individual
adaptive comfort needs.

USER EXPERIENCE IN WORK ENVIRONMENTS

User experience is defined as a person’s perceptions and responses that result from the use or
anticipated use of a product, system, or service (ISO 9241-210, 2010; Law et al., 2009). It is a concept
that not only covers the past and present experiences but also those anticipated for the future.

In the context of this paper, experience is used as a holistic term to cover all human senses and
refers to any kind of emotion, perception, sensation over interaction, and any feeling of comfort,
satisfaction, or well-being.
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Although the facade is one of the main systems that shapes the indoor environment, there has been
only a limited number of studies exploring how it affects users’ experiences. The ways in which users
engage with their facade and experience it could be defined in two ways: active or passive. (1) Passive
experience refers to the perception, for instance, of feeling the sunlight coming through the glazing
or looking outside the window. (2) Active experience refers to interaction, for instance, opening the
window because of feeling warm, closing the window blind to prevent glare. In other words, passive
experience indicates a path for the direct effect of an influencer, while active experience draws an
indirect path where certain behaviour is triggered.

Based on the review of the existing literature, the effects of different factors on the user experience,
in a working environment, are identified. Figure 5 shows the relationship of the parameters from
the findings of the review, which are systematically organized in a way to demonstrate the dynamics
between the influencing factor, the mechanism that is triggered by it, the response that results in a
change of the initial state, and how this whole cycle affects related user experiences (Figure 3).

Referring to the aforementioned mechanism of change, we classify the influencing factors under two
main groups: human and environment. According to occupant behaviour studies, it could be said that
it is not only physical factors of the environment, but also the individual factors for each user, that
influence the experience in an indoor environment (Frontczak & Wargocki, 2011). As the elements
that could be easily manipulated by the building design, the general tendency in the related research
projects is to focus on the environmental factors. There are only a few studies that investigate the
diversity of individual factors and their relationship with users’ adaptive behaviours (Hong et al.,
2017). Taking the human as the centre of focus, first of all, personal descriptors and needs that are
different for each individual and which affect the experience are outlined. Environmental factors,

on the other hand, are related to the surroundings of the user. On a building scale, these would be
divided into three subcategories: external, internal, and spatial factors.

Agent/Influencer Action/Behavior Effect/Change .
(Impulse) (Mechanism) (Response) Experience
e RS Openlpg/closmg Air exchange
window \ K rate
Descriptors N
Adjusting N Sunlight
Needs window blind . ™\ transmittance
<N
Env;r;n:g\l:ntal Adjusting S\ Indoor
HVAC temperature
External
Internal Turning on/off o - _ direct effect __
- lights lllumination level indirect effect ----
Spatial

FIG. 5 Relationship between the parameters within the mechanism of change

The main adaptive behaviours that users would take to alter their indoor environment, based

on the common mentions within the existing literature as potential causes of unpredicted

energy consumptions, could be listed as (1) opening/closing windows, (2) adjusting window blinds
(shading elements), (3) adjusting HVAC systems (heating, cooling, ventilation units), (4) turning on/off
lighting (Boerstra, 2016; Delzendeh et al,, 2017; Nicol & Humphreys, 2002). In addition to these, in
cases of discomfort, users may also choose to (5) adjust their clothing or upon arriving/departing the
space (6) change their presence without engaging with their surroundings (Haldi & Robinson, 2008;
Zhang et al,, 2018). The main focus of this paper is on the experiences of the users that resulted
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from their comfort-driven interactions with their fagade and integrated service systems, thus the
first four behaviours that require engagement with the windows, shading, HVAC, or lighting systems
are investigated, in the context of a working environment. Each of these actions creates a reaction
and alters at least one of the properties of the fagade and/or the indoor environment. These could
be respectively defined as the changes at (1) air exchange rate, level of (2) sunlight transmittance,
value of (3) indoor temperature, (4) illumination level (Frontczak & Wargocki, 2011; Wagner et al,,
2018). The changed conditions that resulted from the adaptive behaviours indirectly affect the user
experience, and thereby become an influencer once again.

As mentioned before, within the context of this research, the user experience concept is issued from
a holistic point of view that covers all human senses, emotions, behaviours and interactions with

the fagade and/or environment. It not only refers to a state of comfort or discomfort, but it is about
the overall sense of satisfaction that occurs before, during, and after use (ISO 9241-210, 2010; Law

et al,, 2009). Therefore, from a human-centred point of view, this paper takes the human senses

to its centre and classifies user experiences as seeing, feeling, hearing, and controlling. The aim

is to broaden the commonly used visual, thermal, air quality, and acoustical comfort titles, and to
investigate the indirect effects of comfort-driven adaptive behaviours on the user experience. With
that perspective, seeing refers to any experience related to sight, issues regarding visual comfort and
aesthetics are covered under this title. Feeling is used to cover the experiences related to the haptic
and olfactory senses of the human. The factors that are mentioned in relation to the experience of
feeling show a similar mechanism of change and are related to the thermal comfort and indoor air
quality collectively, and therefore could not be separated. Hearing refers to the audial experiences and
is related to acoustical comfort. Controlling is added since the main focus of this study is adaptive
fagades and it refers to the anticipation of control during user interaction and its psychological

effect on user experience. In addition to these, the overall experience title is also used, referring to
the factors that may not have a direct effect on a specific sense, but still found to be in relation to a
general positive sensation of the human being.

Based on the above-mentioned classification, collected and interpreted information from the
literature on how each human or environmental factor triggers each comfort-driven adaptive
behaviour, which in turn creates a change in the environment that affects user experience, (Figure 5),
are systematically presented in this section over the defined mechanism of change.

HUMAN FACTORS

Each person by nature has their own unique traits. These are not just physiological factors, but also
psychological, social, cultural, economic, or other contextual factors that show diversity among each
individual. These different characteristics alter a person’s needs, habits, aspirations and influence
his/her experience (Khalid, 2006). These human factors are grouped as personal descriptors and
needs. A holistic approach to how each human factor triggers an adaptive behaviour and alters

the experience in a working environment is found to be lacking in the literature. Therefore, an
attempt to gather the existing but scattered information from the literature is made and presented
in detail in this section. Table 1 below presents the relationship of each factor with each adaptive
behaviour and user experience
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TABLE 1 The human factors that affect user experience in a mechanism of change

IMPULSE MECHANISM RESPONSE RELATED EXPERIENCE
(Influencer / Agent) (Action / Behaviour) (Effect / Change)

HUMAN
FACTORS

Personal
Descriptors

Personal Needs

Age

Opening / Closing window

Adjusting window blind

Adjusting HVAC

Turning on/off lights

Air exchange rate

Sunlight transmittance

Indoor temperature

Illumination level

Gender

Country of Origin

EducationLevel

Type of Job

Socio-personal traits

Security

Privacy

Hygiene

(o]

(o]

View

+

(o}

+

(+) Direct mention in the literature, (o) Interpreted from the literature, (-) Not mentioned in the literature

5.1.1
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Personal Descriptors

Controlling

The factors mentioned in this category refer to the characteristic features of an individual, which
may be quantifiable tangible conditions or identifiable intangible aspects of the users.

Age

Age is mentioned as one of the physiological factors that have an impact on the users’ comfort
requirements and mainly on the thermal comfort perceived by the occupants (Al horr et al., 2016;
D'Oca et al,, 2016; Fanger, 1970). Frontczak & Wargocki, in their research, portray how individual
characteristics influence satisfaction with indoor environmental quality, and age is associated with
subjective air quality, visual satisfaction, and adverse perception (Frontczak & Wargocki, 2011).

In another study that identifies the influencing factors on occupants’ energy related behaviours, age
is listed as one of the social and personal parameters (Delzendeh et al., 2017). In terms of adaptive
behaviours, window opening behaviour (Fabi et al. 2012; Zhang et al. 2018), heating thermostat
adjustment (Deme Belafi et al., 2018), and in general the need for personal control (Boerstra, 2016)

are affected by the age factor.

Gender

Another frequently mentioned physiological factor that influences thermal satisfaction and the
overall comfort perception of the users is gender (Al horr et al,, 2016; Boerstra, 2016; D'Oca et al.,
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2016; Day & Gunderson, 2015). It is an acknowledged fact in the field that in general, due to different
body compositions, thermal preference and satisfactory set temperature for a female and a male
differ from each other (Delzendeh et al., 2017; Fanger, 1970; Huizenga et al., 2006). In the case of
discomfort, altering clothing (Holopainen et al., 2014) could be the initial act followed by heating
thermostat adjustment (Deme Belafi et al., 2018), opening or closing the windows (Fabi et al., 2012;
Zhang et al,, 2018) or interfering with the HVAC system to alter the intensity of airflow (Fountain et
al,, 1996). Along with thermal sensation, Frontczak & Wargocki also mention gender as influencing
the satisfaction with air quality and the visual satisfaction along with general preference on indoor
environmental conditions (Frontczak & Wargocki, 2011).

Country of Origin

Country of origin is listed as another human factor that has both physical and socio-economic
aspects. First of all, due to racial features and/or accustomed climatic conditions, users may have
different means of thermal comfort (Al horr et al, 2016). In addition, the expectation of thermal
conditions would also vary from country to country due to cultural differences and defined local
standards, which would result in different experiences in terms of feeling (Day & Gunderson, 2015).
As aresult of various customs and habits, individuals’ acoustical dissatisfaction and any overall
adverse perceptions would also show diversity (Frontczak & Wargocki, 2011). Lastly, in terms of
adaptive behaviour, cultural norms are mentioned as an influence on the use of electrical systems
(O'Brien & Gunay, 2014).

Education Level

The level of education is mentioned in relation to the user's knowledge and awareness. As a socio-
personal factor, education affects users’ attitudes, motivations, and behaviours in their working
environment (Delzendeh et al., 2017). Although it is not possible to define a direct correlation,

users with different levels of education have a different perception of thermal comfort, air quality,
and overall satisfaction (Frontczak & Wargocki, 2011). Day & Gunderson states that to minimize
energy consumption, especially in high-performance buildings, training and education have a crucial
effect (Day & Gunderson, 2015). Informing users on how to control the facade and service systems,
and in which way their actions would affect the energy performance of the , greatly influence
adaptive behaviours such as opening/closing windows, adjusting HVAC units, and turning on/off
lighting (Yan & Hong, 2018).

Type of Job

Type of job is one of the most comprehensive factors that covers dress codes and activity levels,
working hours, time pressure and stress levels, relationship with colleagues, relationship with
employees/employers, and overall contentment with the job. According to Frontczak & Wargocki
different factors related to different professions, defining a variety of needs and influencing

the perception of thermal comfort, visual comfort, and air quality, as well as overall satisfaction
(Frontczak & Wargocki, 2011). Job satisfaction in general is shown to have a significant effect on
work performance, productivity, and psychological well-being (Samani, 2015). Depending on the job
description, the required level of activity would define a metabolic rate and clearly have an influence
on the thermal comfort parameters (Delzendeh et al,, 2017; Haldi & Robinson, 2008; Holopainen
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et al,, 2014; Nicol & Humphreys, 2002). Another influencing factor in terms of thermal satisfaction
is clothing (Al horr et al., 2016; Day & Gunderson, 2015). The level of clothing could be defined by

a dress code for certain professions or it could be a parameter that is for users to alter and adapt
(Fanger, 1970; Huizenga et al., 2006). In any case, clothing could be mentioned as one of the factors
that influences users to take adaptive actions in order to control the indoor temperature (Fountain
et al., 1996). In addition to these, working routine and arrival and departure patterns are found to
be important motivational factors for adaptive behaviours (D'Oca et al., 2016). Opening the windows
on arrival to the office and closing them upon departure is a common habit (O'Brien & Gunay, 2014).
Adjusting the window blinds, turning on/off heating and lighting are other actions that are consistent
with the working schedule (Deme Belafi et al.,, 2018; Wagner et al., 2018). Moreover, these could

be listed as some of the main occupant behaviours that create the gap in the predicted and actual
energy performance of the buildings (Masoso & Grobler, 2010).

Socio-Personal Traits

The main intangible factors that show diversity among the users and influence behaviours in various
different ways are grouped under the title socio-personal traits. There are several behavioural
models that try to portray the intentions and motivations of users’ adaptive behaviours based on
their personal and social properties (Deme Belafi et al., 2018). Personal factors could be listed as
individual traits, beliefs, and attitudes which are the reflections of one’s character (Fabi et al., 2012).
A study investigating the influence of personality traits on occupant behaviour shows how the Big
Five Personality Traits influence the behaviours associated with window opening, adjusting blinds,
fans, or clothing, in addition to how thermal sensation and preference are affected (Schweiker et

al,, 2016; Wagner et al,, 2018). Briefly, it states that people with high neuroticism traits tend to stick

to the actions that they know and are able to control more, like clothing adjustments or operating
windows. On the other hand, the extraversion trait could define a person who may very likely act
quickly against any discomfort. Similarly, people with a high degree of openness to experience would
be more open to changes, and hence feel less need to engage in adaptive behaviour. In other words,
depending on their level of willingness to take action, a person could be defined as more active or
passive (D'Oca et al,, 2016). Apart from the personal profiles, social parameters could also be highly
influential as a behavioural motivation (Zhang et al,, 2018). Social constraints, norms, and pressure in
a shared office are some of the most effective factors in terms of energy awareness and influence the
adaptive behaviours related to energy usage (Day & Gunderson, 2015; Wagner et al.,, 2018). Besides,
one's cultural belonging or certain lifestyle is another factor that affects human cognition and would
alter the user behaviour (Delzendeh et al,, 2017). All in all, perception and preference of comfort are
highly interrelated with the socio-personal traits, thus these factors are significant influencers on
the user experience.

Personal Needs

The factors mentioned in this category cover the main psychological elements in terms of users’
needs and stressors that affect users in positive or negative ways.
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Security

The need for security is a factor that influences the experience both directly and indirectly. According
to Vischer, health and safety are part of the physical comfort parameters that are the first step of the
habitability pyramid (Vischer, 2007). Additionally, the feeling of safety and security is a significant
psychological factor that affects the indoor environmental satisfaction of the users (Russell et al.,
2013; Zagreus et al,, 2004). In terms of adaptive behaviours, in residential or working places, the act
of window opening and closing is influenced by the means of providing security (O'Brien & Gunay,
2014; Roulet et al,, 2006). To indicate whether someone is outside, adjusting window blinds could also
be another adaptive behaviour that is influenced by the feeling of security (Deme Belafi et al., 2018).

Privacy

The need for privacy is another psychological factor (like security) that both directly and indirectly
affects users’ experience in a working environment (Vischer, 2007). The need for privacy applies

to both visual and acoustical environments (Kim & de Dear, 2012). Especially for open-plan

offices, communication privacy is an important parameter that affects the level of satisfaction and
productivity in the physical work environment (Al horr et al.,, 2016; Samani, 2015). For visual privacy,
controlling the shading elements could be listed as the main influenced adaptive user behaviour,
which applies to homes as well as offices (Deme Belafi et al., 2018; Lee et al., 2013).

Hygiene

The need for hygiene is one of the basic human needs as a part of physical comfort (Vischer, 2007).
Cleanliness of the working space and maintenance of the building directly influence occupants’ level
of satisfaction and productivity in the work environment (Huizenga et al., 2006; Kim & de Dear, 2012;
Roulet et al.,, 2006; Samani, 2015; Zagreus et al., 2004). Although there is no mention in the literature
about it triggering an adaptive behaviour, by means of protecting the indoor environment it may be
interpreted that there is an indirect effect on the window closing action.

View

The need for a view is mentioned in relation to outside view, visual quality, and aesthetic appearance,
which would influence the level of satisfaction with the working environment (Samani, 2015).
Architectural features of the space, colours, textures, materials, and components affect the sense of
aesthetics and positively influence the seeing experience (Delzendeh et al., 2017). In addition, view
out is one of the significant factors that affects visual comfort. Lack of view to outside may cause

eye tiredness (Day & Gunderson, 2015), but having a pleasant view like a green landscape positively
influences the overall satisfaction (Kim & de Dear, 2012). After sunlight levels, quality of view is

the next main factor that triggers the window blind controls (Bakker et al., 2014; Kwon et al., 2019,
O'Brien & Gunay, 2014; Vischer, 2007; Wagner et al,, 2018).
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ENVIRONMENTAL FACTORS

Apart from the human factors, the conditions of the environment surrounding the users directly
affect their comfort, both physically and psychologically (Vischer, 2007). As the barrier between
the exterior and interior environments, facades undertake multiple functions with the main goal
of providing a comfortable indoor environment (Klein, 2013). Therefore, its design is surfaced
with regard to external conditions and it is the main element that shapes the internal conditions.
Besides, other design characteristics related to the functionality of the building, referred to as
spatial conditions, would also be factors that affect users’ comfort in their environment. Effects
of environmental factors on users’ comfort and behaviours are a more commonly studied aspect,
therefore the information presented in this section is a brief mention within the context of the
mechanism of change. Table 2 below represents the relationship of each factor with each adaptive
behaviour and user experience.

External Factors

The factors mentioned in this category are the main climate-related factors that depend on the
geographic location and show variety for each season, time of year, or time of day.

Outdoor Temperature

Outdoor temperature is one of the main factors that affects thermal comfort. In different seasons, it
influences the window opening/closing behaviours of the users, as well as the adjustment of window
blinds and heating/cooling units (Al horr et al., 2016; Bakker et al,, 2014; Brager et al., 2004; Buso

et al, 2015; Day & Gunderson, 2015; Delzendeh et al., 2017; Fabi et al., 2012; Frontczak & Wargocki,
2011; Haldi & Robinson, 2008; Wagner et al., 2018; Zhang et al., 2018)

Solar Access

Solar access, depending on the orientation of the building, is one of the main factors that affects
visual comfort. Along with the time of the day, the intensity of the daylight and sky conditions are
mainly effective on the shading elements opening/closing behaviours of the users and turning on/off
artificial lighting. Besides, the effect of sunlight may cause overheating which is related to thermal
comfort. In terms of temperature adjustment, closing window blinds or altering the HVAC systems
could also be listed as other influenced adaptive actions (Day & Gunderson, 2015; Delzendeh et al,,
2017, Fabi et al., 2012; Huizenga et al.,, 2006; Wagner et al,, 2018; Zhang et al., 2018).
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TABLE 2 The environmental factors that affect user experience in a mechanism of change
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Building Layout + + o o + + + 4
Fagade Characteristics + + 0 o 4 + + +
Service Systems o (o] + + o [¢] + +

(+) Direct mention in the literature, (o) Interpreted from the literature, (-) Not mentioned in the literature
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Wind and Rain

Wind and rain conditions are listed together as factors that affect the window opening/closing
behaviours of the users. Due to their effect, it results in changes in the indoor air quality and it
also affects thermal comfort (Delzendeh et al,, 2017; Fabi et al., 2012; Haldi & Robinson, 2008;
Zhang et al,, 2018).

Relative Humidity

The outdoor relative humidity is linked with thermal comfort and indoor air quality, in relation to the
window opening behaviour and if there is an active ventilation system, by means of adjusting its air
flow (Al horr et al,, 2016; Delzendeh et al,, 2017; Deme Belafi et al., 2018; Zhang et al,, 2018).

Outdoor Noise Levels

Outdoor noise levels have a direct effect on acoustical comfort, and the resulting hearing experience,

and they are also mentioned as one of the factors that influence window closing behaviour (Day &
Gunderson, 2015; Haldi & Robinson, 2008; Roulet et al.,, 2006; Vischer, 2007)
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Internal Factors

The factors mentioned in this category are the main quantifiable/measurable conditions of
the indoor environment.

Indoor Temperature

Indoor temperature is one of the main factors that affects thermal comfort. Its effects could be
investigated under two main sub-categories: mean radiant temperature and temperature variability
created by the air movement, in other words, draught (Frontczak & Wargocki, 2011). Due to different
needs, it influences the window opening/closing behaviours of the users as well as the adjustment of
window blinds and heating/cooling units (Al horr et al,, 2016; Bakker et al., 2014; Boerstra et al., 2012;
Boerstra, 2016; Bordass et al,, 1993; Brager et al,, 2004; D'Oca et al,, 2016; Day & Gunderson, 2015;
Delzendeh et al,, 2017; Deme Belafi et al., 2018; Fabi et al., 2012; Fanger, 1970; Frontczak & Wargocki,
2011; Haldi & Robinson, 2008; Holopainen et al.,, 2014; Huizenga et al., 2006; Kim & de Dear, 2012;
Kwon et al., 2019; Nicol & Humphreys, 2002; O'Brien & Gunay, 2014; Roulet et al., 2006; Samani, 2015;
Wagner, 2018; Zagreus et al., 2004; Zhang et al., 2018)

Lighting Conditions

Lighting conditions are the primary indicator of visual comfort. It covers the level of illumination
within the space, homogeneity of the brightness, and formation of glare. It is affected by the external
conditions, mainly solar access, and regulated initially by adjusting the window blinds and later by
means of artificial lighting. In relation to the outside view and sunlight's overheating capability, it is
linked with the window opening behaviour as well as the adjustment of window blinds (Bakker et al.,
2014; Boerstra et al., 2012; Boerstra, 2016; Bordass et al., 1993; D'Oca et al,, 2016; Day & Gunderson,
201b; Delzendeh et al,, 2017; Deme Belafi et al,, 2018; Fabi et al,, 2012; Kim & de Dear, 2012; Kwon et
al., 2019; O'Brien & Gunay, 2014; Roulet et al., 2006; Samani, 2015; Vischer, 2007; Wagner, 2018).

Air Quality

Indoor air quality refers to the CO, concentration of the air, odours, and air composition as in the
content of dust/electrical particles/microorganisms. It is related to the feeling experience and
affects the window opening/closing behaviours of the users (Bakker et al., 2014; Boerstra et al,,

2012; Boerstra, 2016; Bordass et al,, 1993; D'Oca et al,, 2016; Deme Belafi et al., 2018; Fabi et al,, 2012;
Fanger, 1970; Haldi & Robinson, 2008; Huizenga et al,, 2006; Kim & de Dear, 2012; Kwon et al,, 2019;
Roulet et al.,, 2006; Samani, 2015; Zagreus et al., 2004; Zhang et al., 2018).

Relative Humidity

The indoor relative humidity, similarly to the external conditions, influences thermal comfort and
indoor air quality, in relation to the window opening behaviour and if there is an active ventilation
system, by means of adjusting its air flow (Al horr et al., 2016; Day & Gunderson, 2015; Deme Belafi
et al, 2018; Holopainen et al., 2014; Huizenga et al., 2006; Kwon et al,, 2019; Roulet et al.,, 2006;
Zhang et al., 2018).
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Indoor Noise Levels

Indoor noise levels is one of the main factors that creates discomfort in a working environment.

It directly affects acoustical comfort. Depending on the source of the noise - if it is from the outside

it impacts window closing behaviour, and if it is an operational sound interfering the window blinds
and/or HVAC systems, operations would be influenced (Boerstra, 2016; Day & Gunderson, 2015; Kim &
de Dear, 2012; Roulet et al,, 2006; Samani, 2015; Vischer, 2007; Zagreus et al., 2004).

Spatial Factors

The factors mentioned in this category are the properties related to the design of the
space and its function.

Building Function

The function of the building is one of the main factors that defines the user requirements. It defines
the function of the space and its spatial needs for comfortable usage. Therefore, it influences all
adaptive behaviours in various ways and could be linked with all the user experiences (Al horr et
al, 2016; Boerstra, 2016; Brager et al,, 2004; Delzendeh et al,, 2017; Frontczak & Wargocki, 2011;
Huizenga et al,, 2006; Kwon et al., 2019; Nicol & Humphreys, 2002; Roulet et al,, 2006; Samani, 2015;
Vischer, 2007; Wagner, 2018).

Building Layout

Building layout is the other factor that covers a wide range of design aspects like private or open-
plan working environments, area of workspace per person, and position of each user within the
space. It may affect all experiences in terms of seeing, feeling, and hearing. Users' interactions with
their facade vary due to their distance from it, hence building layout is listed as one of the influential
factors for opening/closing windows and adjusting shading elements behaviours (Kwon et al,, 2019;
Luna-Navarro et al,, 2021). In addition to that, as was also mentioned under the socio-personal traits,
being in a private or shared office may alter ones adaptive behaviours by creating social pressure
(Bakker et al., 2014; Boerstra, 2016; Brager et al,, 2004; Buso et al., 2015; D'Oca et al., 2016; Day &
Gunderson, 2015; Delzendeh et al,, 2017; Fabi et al., 2012; Huizenga et al,, 2006; Kim & de Dear, 2012;
O'Brien & Gunay, 2014; Roulet et al,, 2006; Samani, 2015; Vischer, 2007; Wagner, 2018; Zagreus et al,,
2004; Zhang et al.,, 2018).

Facade Characteristics

Facade characteristics refer to window size and position, wall to window ratio, mass, robust or
dynamic character, and other design aspects of the fagade. In the case of adaptive fagades, it is
clearly a factor that influences the controlling experience of the users (Tabadkani et al., 2021).

The level of manual or automated control of the openings and shading units influence the level of
user interactions and along with that effect the visual and thermal comfort of the occupant (Bakker et
al., 2014; Buso et al,, 2015; Fabi et al., 2012; Kwon et al,, 2019; Vischer, 2007; Zhang et al., 2018).
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Service Systems

Service systems refer to the active, mechanical units of the building, which have a great influence

on shaping the indoor environment. Their design is outside the context of this paper; however,

their control and feedback mechanisms can be mentioned as one of the factors that influences the
controlling experience of the users (0'Brien et al,, 2020). Alterations made by engaging with the HVAC
systems or lighting element can also affect the visual, thermal, and overall comfort of the occupant
(Brager et al,, 2004; Buso et al,, 2015; Delzendeh et al., 2017; Fountain et al,, 1996; Huizenga et al.,
2006; Kwon et al,, 2019; Nicol & Humphreys, 2002; Wagner, 2018; Zhang et al,, 2018).

DISCUSSION

In the previous section, an overview of the factors that affect user experience is systematically
presented over the mechanism of change. According to the findings, it could be said that the

most affected experience by the human factors is feeling. There is a direct effect, mainly related

to the perception of thermal comfort, and an indirect effect as a result of being triggered by users'’
interactions. Among these, the most commonly investigated adaptive behaviour is found to be
opening/closing windows, followed by adjusting HVAC. Both of these actions are in relation to the
changes in the air exchange rate and/or indoor temperature, hence associated with the feeling
experience. Other commonly affected experiences are seeing and controlling. Related to these
experiences, the indirect effect of adjusting window blind behaviour needs to be further investigated,
in terms of user-facade interactions. From the listed human factors, type of job and socio personal
traits covered a wide range of factors, therefore it was an expected outcome to see that these titles
are in relation to all the listed adaptive behaviours and experiences. Even though, with a holistic
perspective, it was possible to gather information regarding the influences of human factors on user
experience, the number of studies with this focus is limited and research targeted on the experience
was found to be especially scarce.

As for the environmental factors, there was more research in the literature investigating direct or
indirect effects on user experience. From the listed external factors, solar access is found to be the
most influential one that could trigger all the issued adaptive behaviours. It directly and indirectly
affects the seeing and feeling experience, and, related to the mechanism of change, could also be
associated with the controlling experience. It is followed by the outdoor temperature, and from the
internal factors, indoor temperature. From the listed spatial factors, the function of the building shows
a clear relationship with all the adaptive behaviours and is related with the overall experience.
However, based on the existing literature, it is difficult to define a direct effect caused by the
building's function on each experience. On the other hand, studies show direct and indirect effects

of building layout on seeing, feeling, and hearing experiences. By looking at the results of the review,
studies investigating the effects of the environmental factors in relation to hearing experience seems
to be lacking. Considering the fact that outside or inside sound levels are indicated as some of the
main causes for discomfort, the indirect effects of these factors in relation to the mechanism of
change need to be explored in a deeper way. Besides, controlling experience requires a more targeted
study, where indirect effects on the experience would be investigated when the fagade systems are
fully or partially left to the users’ control or fully automated. In addition to that, fagade and service
systems characteristics needs to be further explored in terms of their direct effects on each user
experience. As a final remark on the review, the collective effect of different parameters is another
issue that needs to be further investigated in terms of user experience.
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The presented overview shows that the adaptive mechanisms related to the fagade, like opening/
closing windows and adjusting window blinds, are highly influenced by human factors. It could be
said that the users’ intention behind adaptive behaviours is the reflection of their adaptive comfort
needs and adaptive control expectations. A similar outcome could be drawn for the behaviours
related to the building service systems. Each adaptive behaviour is performed to overcome a certain
discomfort and/or to enhance the user experience. Therefore, users’ adaptive actions reflect their
way of thinking. With a human centred approach, if the adaptive facades are to be designed in
harmony with its users, users’ anticipations of their indoor environment, as they relate to their
experiences, require further research. Transferring this information from the occupancy to the
design stage is crucial for developing occupant-centric control and operation systems, predicting the
building's energy consumption, and enhancing users’ positive interactions with their surroundings,
with the ultimate aim of reaching the full potentials of the adaptive facades.

CONCLUSION

An overview of human-centred design and user experience in the context of working environments
is presented in this paper. With a holistic perspective, all of the factors affecting users’ experience are
investigated through a literature review process. A mechanism of change is defined to explain the
dynamic cycle of the user experience with respect to users’ interactions with the building facade and
service systems. According to the findings, factors that trigger a change mechanism by influencing
an adaptive user behaviour are identified and categorized under two main groups: human and
environmental factors.

Human factors are divided into two sub-groups: (1) age, gender, country of origin, education level,

type of job, and socio-personal traits as personal descriptors; (2) security, privacy, hygiene, and view as
personal needs. Environmental factors are divided into three sub-groups: (1) outdoor temperature,
solar access, wind/rain, relative humidity, and outdoor noise level as external factors, (2) indoor
temperature, lighting conditions, air quality, relative humidity, and indoor noise level as internal
factors, (3) building function, building layout, facade characteristics, and service systems as spatial
factors. The main adaptive behaviours are identified as (1) opening/closing windows, (2) adjusting
window blinds (shading elements), (3) adjusting HVAC systems, (4) turning on/off lighting, and

the change effects that these actions would result in are listed as (1) air exchange rate, level of

(2) light transmittance, value of (3) indoor temperature, and (4) illumination level. Through these
impulse, mechanism, and response relationships, the direct or indirect effects of each factor on user
experiences are distinguished. Where the user experiences are defined as seeing, feeling, hearing, and
controlling, they are therefore not only focused on the concept of comfort but also cover all human
senses, emotions, behaviours, and interactions.

Based on the outcomes, in the simplest terms, it could be said that every user has different needs,
perceptions, and thus, different behaviours. With a human-centred point of view, adaptive fagades
with their changeability feature, offer great potential to deal with these diverse needs and to keep
the indoor environment in its preferred condition with a reduced level of energy consumption.

An understanding of the users’ relationships with the fagade is essential in creating an ideal way
of interaction, thus improving the user experience. In order to achieve that goal, the relationship
between the human factor, as an agent of change, and automation systems of the adaptive facades,
as the actor in the mechanism of change, is pointed out as the missing link. Therefore, relevant
issues and further research areas towards a human-centred adaptive fagade design approach
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are introduced. The information presented in this paper could serve researchers in the field as a
starting point, and show fagade designers the adaptive nature of the users, hence transferring the
knowledge on the dynamics of occupancy to the design phase.
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Abstract

Bistable laminates are composite structures that exhibit more than one static configuration, showing
a "snap-through” behaviour that results from residual stresses generated during the curing process.
This study focuses on finding adequate fibre and laminate arrangements for bistable laminates

used in functional kinetic shadings. We present a study with a mixed-methods approach, combining
experimental prototyping and performance simulation studies. We fabricated and analysed the
geometry of a series of prototypes, conducting daylight studies to assess the performance of different
laminates and fibre arrangements and showing how specific fibre arrangements can help control
daylight throughout the day. We concluded that controlling fibre arrangements of bistable laminates
could increase the functionality of bistable kinetic shadings in terms of daylight control, leading to
more differentiated shapes between their two stable states, which corresponds to the open and closed
positions of the shadings. Increasing such a difference increases the range of system configurations and,
therefore, the ability to respond to various external lighting conditions and internal user requirements.
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INTRODUCTION

In recent years, there has been an increasing interest in designing more efficient building envelopes.
Kinetic shadings adjust their configuration to shifting environmental conditions, thereby improving
a building's environmental performance (Fiorito et al., 2016). There are several ways to describe
kinetic systems like the one described in this research, including terms such as Adaptive Envelopes
and Climate Adaptive F s (Barozzi et al,, 2016; Juaristi et al.,, 2018). For this study, kinetic shades

are defined as solar-shading elements that can change their shape configuration. Daylight control

is critical for designing energy-efficient buildings, which can be regulated with kinetic shading
structures. One of the main obstacles to developing kinetic shading systems is the cost of production
and maintenance of sophisticated mechanical systems that these have traditionally relied upon.

In this context, bistability—a phenomenon observed in daily life in snap bracelets and measuring
tapes—can be considered a promising approach to designing lightweight kinetic shape-morphing
shading devices. However, little is known about incorporating bistable laminates in shading devices;
therefore, we must first investigate what suitable shapes and forms can be obtained with bistable
laminates for functional kinetic shades.

The use of bistable laminates as shape-morphing structures has attracted researchers’ attention
because they do not require continuous power to remain in either of their states (Emam & Inman,
2015). These laminates can keep their static(s) configuration(s) and transition on demand by
supplying a small external force as needed. Bistability has been implemented in shape-morphing
structures for multiple functionalities. Still, it has yet to be studied in architectural design as a
potential strategy that can be used for developing kinetic fagades. An architectural application of
such laminates requires the design and study of prototypes with shapes and dimensions suitable
for use at the building scale, the analysis of their shape-morphing range and their usefulness

for daylight control, and the optimization of their configuration. Bistable systems could be used
for automated kinetic systems where the user does not need to operate the shading device,
which is particularly important for spaces with multiple users. They could also provide a wide
variety of design forms and shapes and increase the granularity of shading devices. This study is
motivated by the desire to attend to both performance needs (daylight control) and design needs
(aesthetics, flexibility).

The research described in this article is part of a larger research agenda, the goal of which is

the design and fabrication of kinetic shading screens that can increase the control of daylight

being captured and filtered to interior spaces. This research includes several steps: (1) to identify
adequate design forms for bistable laminates used in a kinetic screen, (2) to study suitable actuation
mechanisms for bistable laminates using smart materials, and (3) to assess the performance of a
bistable kinetic screen in a full-scale test. This paper is focused on the first step, whose goal is to
identify configurations of the bistable flaps used in the shading screen with an increased difference
between the open and closed positions to improve the capacity of the screen to control the filtering
of daylight. In this step of the research, the only performance metric was light intensity. Future steps
of the research will be concerned with activating the bistable laminates using smart materials,
including glare as an additional lighting requirement, and optimizing daylight capture, considering
the lighting requirements for the activities assigned to the space.

This study focuses on finding adequate fibre and laminate arrangements for bistable laminates
used in functional kinetic shadings with a mixed-methods approach that combines experimental
prototyping and performance simulation studies. In the first step, a set of bistable laminate designs
are compared in terms of their curvature and impact on light capture performance, considering
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a north-facing fagade orientation, where diffuse light is prevalent. After this initial evaluation, the
selected bistable laminate is used to explore the effects of changing fibre orientation to achieve
material configurations that permit increased control over how sunlight enters the building.

We show how prototypes with the same base geometry but different fibre arrangements could help
maintain a daylight performance target throughout the day. The study shows the potential of bistable
systems as an alternative to current shading solutions, showing possible shapes and opening
patterns, and manipulating fibre arrangements to control curvature deflections, thereby diversifying
kinetic shade design.

BACKGROUND

KINETIC BUILDING ENVELOPES

Kinetic or dynamic building envelopes are hardly a new concept in architectural design, albeit few
built examples exist worldwide. Unlike kinetic devices in aviation or automotive industries, Kinetic
systems in architecture are usually custom-designed and manufactured for every application,
making them very costly. Some well-known icons of kinetic fagades are the Institute du Monde Arabe
(1987) and the Al-Bahr tower in Abu Dhabi (2012). Barozzi et al. (2016) present a review of several
built examples of kinetic fagades, classifying the different design approaches based on case studies.
Researchers have also sought to characterize kinetic systems’ performance by developing building
performance simulation workflows that can potentially inform the design of such fagades (Loonen

et al., 2017)while maintaining high levels of indoor environmental quality. The development of such
innovative materials and technologies, as well as their real-world implementation, can be enhanced
with the use of building performance simulation (BPS. However, the current trend is to create kinetic
systems that do not require mechanical actuation (Fiorito et al.,, 2016; Yi & Kim, 2021). Research in
this area has sought to develop shape-changing mechanisms and study how smart materials can
actuate such mechanisms. This paper focuses on finding adequate shape-changing forms of bistable
composite laminates for kinetic fagades, which can be used in combination with smart materials for
actuation. A few studies have focused on developing shape-changing forms, for instance, Flectofin®,
an elastic mechanism developed for fagade shading systems inspired by the movement of plants
(Lienhard et al., 2011).

In addition, there has been increasing interest over the past two decades in developing kinetic
systems using smart materials. Recent advances in smart materials and methods have allowed
designers to envision lighter and more efficient shape-changing fagcades that can change according
to existing environmental conditions (Addington & Schodek, 2005). A recent review (Vazquez,
Duarte, & Randall, 2019) identified different design and fabrication strategies used by researchers
and designers over the past twenty years to develop kinetic envelopes using smart materials.
There are two main strategies for incorporating smart materials into kinetic fagades: passive and
active actuation. In passive actuation, kinetic systems rely on changing environmental conditions
to change shape, for instance, hygromorphic wood structures (Wood et al., 2016; Vazquez, Glirsoy,

& Duarte, 2019), and structures made with thermo-bimetals (Sung, 2016), or Shape Memory Alloys
(Denz et al,, 2021; Sigmund, 2016). In active actuation, kinetic systems can be activated on demand,
for instance, in designs with electroactive materials (Kretzer & Rossi, 2012) or with shape memory
alloys activated with joule heating (Khoo, Salim, & Burry, 2012). While passive systems can be
highly advantageous, relying only on shifting temperature and humidity to change their shape,
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active systems are preferred when the system'’s on-demand user control is required, or specific
performance metrics are needed. We argue that bistable composite laminates can be used in
combination with smart materials with on-demand actuation to develop novel kinetic architectural
fagade systems. While actuation is not the focus of this study, a basic diagram of the proposed
system is shown in the Conclusions section of the paper. Combining bistable mechanisms with
smart materials for shape transformation is not new in fields other than architectural design, as will
be discussed in the next section.

BISTABLE SHAPE-CHANGING SYSTEMS

Bistable mechanisms exhibit more than one static configuration and are a well-established
research area with over thirty years of development (Emam & Inman, 2015). Current research trends
focus on developing applications for such structures, both for actuation and energy harvesting
functionalities. As actuators, studies include morphing aircraft structures (Mattioni et al., 2008) and
wind turbine blades (Lachenal, Daynes, & Weaver 2013), allowing them to change shape according
to operational or environmental requirements. Thin asymmetric laminates—used in this study—are
a bistable mechanism that can assume large deflections from one static configuration to another
with only a small input of energy (Emam & Inman, 2015). The low energy use and substantial

shape transformation make them particularly promising for architectural applications, where
energy efficiency is critical. Table 1 compares measured values for critical loads needed to transition
between stable states. These values were obtained through experimental and modelling studies.
While critical force values depend on boundary conditions, they estimate the required force to
transition between states. The results confirm the practicality of combining bistable carbon fibre
laminates with smart materials as actuators for kinetic shading systems. The critical loads are very
low (~0.4 N) for the type of carbon-epoxy prepregs utilized in this study. To transition from one state
to another, researchers have studied the use of smart materials such as piezoelectrics (PZT) and
other smart materials (Schultz & Hyer, 2003). As an example, a study by Kim et al. (2010) presented
a flytrap robot combining bistable laminates and shape memory alloy (SMA) springs. Together,
these studies indicate two main characteristics of bistable laminates that make them appealing

for building applications: a large shape-morphing motion and low energy requirements to snap
through different stages.

TABLE 1 Critical force to allow snap-through of bistable laminates

BISTABLE CRITICAL REFERENCE

LAMINATE FORCE - N

MATERIAL

Carbon-epoxy ~0.4N Modules of 130 x 62 mm (Lele et al,, 2019) 0.075mm thick

prepregs

Carbon-epoxy 58N 120x100 mm (Cantera et al.,, 2015) 0.44 mm thick

prepregs

Graphite-epoxy 2.37N 152.4 x 152.4 mm (Tawfik et al., 2007) 0.1 mm thick. The critical force
prepreg depends on the aspect ratio

Instability is not typically the desired feature in architectural design, primarily associated with
structural malfunctions. Nevertheless, some studies utilize bistable principles in designing kinetic
architectural elements. Seminal research in the area is the work of Song et al. (2018), who presented
a prototype for a snapping fagade that exploits instability for a shading device.
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The bistable components utilized are snapping beams that offer a mechanical behaviour similar

to elastic springs. Polyester membranes are then attached to the snapping beams with a Miura-

ori folding pattern, and the device is designed to be operated manually. In a similar approach,
Vander Werf (2009) developed a shading system using snapping beams made with carbon fibre
plastics, covered with a textile membrane, and actuated with a metallic coil actuated with heat. Both
studies rely on snapping beams and secondary materials to develop kinetic shades successfully,
demonstrating the potential of using bistability as a design principle for kinetic architecture.
Researchers, however, have not yet considered the use of another type of bistable element, bistable
laminates, as a material for kinetic architecture. As opposed to bistable beams, bistable laminates
present two stable states in the form of surfaces, which can be used as the skin itself in kinetic
architecture applications. We argue that bistable laminates—which remain virtually unexplored

in architecture—present significant potential for developing kinetic shading systems. Figure

1 shows the schematics of bistable laminates in two stable cylindrical shapes and a diagram
showing the potential energy of bistable systems, which have two zero energy states corresponding
to the stable shapes.

Potential energy

A
1
1
1
1
|

y‘\,bx
——————— £--->

a) b) 1 2
Displacement

FIG. 1 The two stable states of a bistable composite laminate 2) a diagram depicting the potential energy of bistable systems,
redrawn from Noh et al. (2021).

The bistable carbon fibre laminates in this study are fabricated following the method described by
Yang et al. (2018) using prepreg carbon fibre sheets and a three-step process are summarized as
follows. The first step is freezing and cutting, in which the carbon fibre prepregs are cooled in a
freezer to ~0°C and then cut into the desired shapes. The freezing step avoids putting any additional
stress on the samples. The next step is to layer the composites and assemble them in a vacuum

bag. Two consecutive layers of carbon fibre prepregs are placed on an aluminium plate covered with
mould release wax. These layers have fibre arrangements orthogonal to each other, i.e., 90°-180°,
45°-135° and so on. A layer of perforated plastic sheet, followed by a polyester sheet and a breather
fabric layer, goes on top of the uncured carbon prepregs. A vacuum bag film seals all the layers and
is fixed to the aluminium plate with high-temperature tape. The entire package is vacuumed using
a vacuum pump that is turned on during the whole curing process. The bag is then placed in the
oven at 135°C for one hour, then slowly cooled down by turning off the oven until it reaches room
temperature. When taken out of the vacuum bag, the prototypes are already settled in one of their two
stable states. The authors explain that the prototypes’ heating up and cooling down creates internal
thermal stresses that generate the laminates’ bistable behaviour.
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DAYLIGHT PERFORMANCE AND KINETIC BUILDING SHADES.

Shading devices significantly impact both energy consumption and daylight performance of internal
building spaces (Bellia et al,, 2014). Static shades, however, present some limitations in terms of
daylight and thermal performance in that they cannot adjust to shifting environmental conditions
(Al-Masrani et al., 2018). Researchers have recently investigated the potential of kinetic shades in
improving daylight performance, radiation, and even natural ventilation (Vazquez et al,, 2019). This
study focuses on daylight control because it is one of the main performance aspects that can be
improved with kinetic shades. In a review by Al-Masrani & Al-Obaidi (2019), eleven out of the twenty
studies were concerned with kinetic screen’s daylight performance. Therefore, this study adds to

the growing body of literature on kinetic building shades interested in daylight performance, with a
focus on bistable elements. The study forms part of a larger research agenda aimed at characterizing
the performance of bistable kinetic screens, addressing daylight performance in this first step.

METHODS AND MATERIALS

In recent studies, researchers have used experimental methods to develop kinetic fagade systems,
relying mostly on prototyping and testing cycles, aided by digital design and fabrication strategies.
Ahlquist et al. (2013) characterize this research model as a material-centred approach, where a
sequence of experimentations in increasing levels of complexity inform the introduction of new
engineered materials into architectural design. Research into new materials in architecture has
mostly relied on such experimental inquiry models. For example, Yoon (2019) develops kinetic
facades using shape memory polymers by proposing design solutions and evaluating them through
fabrication and performance simulation. Similarly, Sung (2016) argues that her research into

smart materials for responsive shading is at the middle point between “scientific reduction and
aesthetic expression.”

BOTTOM-UP APPROACH TOP-DOWN APPROACH
1) Prototyping+ FEA Modeling + testing 2 Modeling + testing

i
i
[l

i
AR
i
B

I

Development Testing Modeling Testing
Experimental + Evaluating —> Develop parametric Predict
Prescriptive study prototype &— digital model of kinetic daylight

adaptability range

- system performance
and transformation

FIG. 2 Methods: A combined bottom-up and top-down approach. The bottom-up approach combines FEA modelling and testing.
The obtained forms are then used in the top-down approach to conduct daylight studies.

This research adopts a mixed-methods approach that combines experiments and simulation studies.
The methodology implemented is summarized in Figure 2. A bottom-up approach is concerned

with prototyping at a smaller scale and evaluating the resulting deflection by measuring physical
prototypes and comparing them to FEA modelling results. From the bottom-up explorations, we
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obtain the geometry of the two stable states. These geometries are tested later in the top-down
approach. The iterative development and analysis of prototypes permit the selection of promising
configurations. A complementary top-down approach simulates the performance of the fabricated
prototypes in terms of daylight. We developed a digital model of the kinetic system to assess the
performance and defined a test room for conducting digital simulation studies. From the top-down
approach, we obtain daylight performance data. Combining these two approaches aims to find
adequate shapes and configurations for bistable laminates that enhance their performance as
architectural elements. The prototypes are evaluated on their potential as architectural elements
and ranked according to a design decision matrix. The most promising solutions then enter the
subsequent rounds of prototyping and simulation studies.

In terms of digital simulations, we developed two different models: a daylight model that simulates
the performance of the bistable shading device and an FEA model that simulates the cured state

of bistable laminates. The daylight model was developed using the DIVA plugin for Grasshopper,
which relies on Radiance as the simulation engine. The simulation was conducted in Rhinoceros.
The FEA model was developed in ABAQUS, using the thick shell element SR4. The model uses the
Standard/Explicit model, where the geometry is defined as a composite laminate of two plies of 0.12
mm thickness placed at 90 degrees from each other. The development of the FEA model includes
two steps. First, defining the mesh geometry of the shell, identifying the composite layup, and setting
the boundary conditions —for this experiment, the composite is fixed at the geometric centre, and
second, establishing a temperature field to simulate the uniform heating of the samples followed

by the cooling down of the samples. The nonlinear behaviour that results in the accurate cylinder
shapes instead of saddle shapes (Schultz & Hyer, 2003) is implemented in the model with the NIgeom
function. For further details on the FEA model, readers can refer to Pirrera et al. (2010).

In addition, the main material used in the experimental component of this study is the prepreg
carbon fibre sheets, which were obtained from Rockwest composites. The prepregs utilized are
0.11684 mm thick with standard modulus and a unidirectional fibre arrangement. Table 2 lists the
material properties of the carbon fibre prepregs. Figure 3 shows photos of the fabrication process,
including layering carbon fibre prepregs and curing them in the oven under a vacuum.

TABLE 2 Material properties of the carbon fibre prepregs

PROPERTY VALUE PROPERTY VALUE

Thickness 0.11684 mm Epoxy Newport 301

Pattern Unidirectional Curing temperature 250-300°F

Material Standard Modulus Carbon Tensile strength (0-90) 2950 MPa-79MPa
(Graftil TR50S) Tensile modulus (0-90) 142 GPa-9GPa

FIG. 3 Fabrication process. From left to right: 1) Placing the two layers of prepreg carbon fibres, 2) arranging the vacuum bag, 3)
curing process in the oven, 4) prototypes after cooled in one of the stable states.

JOURNAL OF FACADE DESIGN & ENGINEERING VOLUME 10/ NUMBER 1/ 2022



4.1

062

Numerous variables need to be considered in the design and fabrication of bistable composite
laminates: fabrication variables, material variables, actuation variables, and design variables (Figure
4). Fabrication variables describe the manufacturing conditions, i.e., curing temperature and time,
vacuum strength, and so on. Material variables relate to the carbon fibre properties and the resin
utilized to layer the laminates. This study uses thin prepreg carbon fibre sheets to achieve a very
lightweight structure that does not require much force to transition between states (the thicker the
material, the more strength required to change states). Actuation variables refer to the snapping
conditions that make the prototypes transition from one state to another. This study focuses only on
two bistable laminates’ design variables, the geometry of the composite and fibre arrangement, to
determine the configurations that lead to their increased daylight functionality as part of a kinetic
architectural shading device through experimental prototyping and daylight performance evaluation.
These variables are selected because we hypothesize that these could significantly impact the
daylight performance of the kinetic bistable screen. As such, the composites’ shape and size are
considered to determine how different shapes translate into different shading configurations.

The fibre arrangement is also considered to explore its potential to enlarge the dynamic systems
design's solution space by systematically changing the fibre angle of the prototypes. The layer order
is not considered since a preliminary study did not show any significant statistical difference in the
resulting bistable states’ average curvature when changing the layer order in the prototypes. Layer
count is also not considered since the goal is to have thin laminates with only two layers, since
increasing the number of layers would decrease the curvature of the two stable states.

BISTABLE COMPOSITES
Fabrication Variables Design Variables Actuation Variables Material Variables
Vacuum strength :"Geometry of composite \‘; Strength (N) to change Thickness
Oven temperature ! Size : state Material Properties
Curing time :\fiber arrangement design ; Resin type
Cutting conditions Layercount
Humidity Layer order

FIG. 4 Bistable laminate variables. The design variables considered for this study are highlighted.

RESULTS

DESIGN AND FABRICATION OF PROTOTYPES

The first set of prototypes was aimed at exploring different kinetic shading designs that could be
constructed with three basic units: a rectangle (w, 1), a triangle (b, h, a°), and a trapezoid (b1, b2,
h). These initial shapes were defined through preliminary design exploration, following examples
of other shape-changing architectural skins that rely on quadrilateral shapes (Worre Foged &
Pasold, 2015) and triangles (Correa et al., 2015). The quadrilateral shapes also remain inside the
1-3 aspect ratio, over which Tawfik et al. (2007) found that shapes cannot go back to their original
position. Figure 5 shows geometric designs A, B, and C, —whose basic shapes are a rectangle,
triangle, and trapezoid, respectively, their predicted ‘open’ and ‘closed’ positions, and design ideas
for overall configuration options. Note that the two stable states are named ‘open’ and ‘closed’
due to the predicted morphology that these will adopt. The open state is when the laminates k
curvature is transversal to the prototype’s longest side, and the closed state is when the laminates
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k2 curvature is parallel to the longest side. The overall configuration options are shown with their
parameters, which can be adjusted according to specific design requirements on a case-by-case
basis. Although many other arrangements exist, two possible design configurations are displayed
for each prototype. As this study is not focused on the overall configuration design, these are shown
to illustrate the potential to create various bistable screen designs from the three basic shapes
considered in the study.

A B C
= b2
Basic shape D ll ﬂ [
+
Shape parameters ] h = "
b b1

Static stable
positions

Overall configuration
options

+

Design parameters

FIG. b Designs with basic shape, predicted open and closed positions, and overall configuration options

The three basic prototypes A, B, and C, were fabricated using the manufacturing method described
in the previous section. In the initial prototypes, the dimensions were as follows: prototype A, w=7.62
cm 1=15.24 cm; prototype B, b=30.5 cm h=15.24 cm a°=45°; and prototype C, bl=7.62 cm, b2=3.81
cm and h= 15.24 cm. All the prototypes had a 0-90° fibre angle arrangement parallel to the lines
that conform to the basic shapes. In prototype A, the two layers had the carbon fibres aligned with
the width and length of the rectangle, the triangle had the fibres aligned to its base and height, and
the trapezoid had the prepreg fibres aligned with its base and height. After the layering, curing,
and cooling procedures, the prototypes were 3D scanned with a 3D Systems SENSE scanner. After
scanning the prototypes, the resulting meshes were edited, and the surface was rebuilt to simplify
the geometry and obtain the curvature k values. The modelling of the two bistable positions also
allowed us to determine the adaptability range of each prototype.

Figure 6 shows the fabricated prototypes and the scanned surfaces corresponding to their open and
closed positions. In Figure 6-1, we overlaid pictures of the two positions. Note that in prototype B the
two positions are not significantly different. Furthermore, the most significant curvature k is parallel
to the longest side, resulting in a configuration different from that initially anticipated, drawn, and
shown in Figure 5. Results show that the height must be longer than the base to obtain a unit with
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a more significant curvature k, parallel to the triangle’s height, provided all other variables remain
unchanged. In prototypes A and C, the open position is also the one with curvature k parallel to the
longest side. However, unlike in prototype B, the difference between the two positions is such that it
would work for a shading device, as shown in Figure 6-1. Figure 6-3 compares the FEA model with
the 3d scanned prototype. The curvature values from both are within a 10% difference, which can
be considered acceptable. The FEA model is used in this study to predict the cured state of different
bistable laminates and analyse the deflection shape and curvature of the built prototypes. The FEA
model also provides the digital models of the prototypes used in the simulation studies.

X W
RN

3D scan Rebuilt surface *open  *dlosed *open *closed *open *closed
k=5.3" k=5.8" k=4.96" k=7.9" k=4.5" k=8.4"
3 3Dscan FEA 3Dscan FEA 4
FEA k= 1/R=8d/C* +4d?
material properties m
a
/ Shell sr4 element c
Type: Orthotropic, Lamina
E1 = 135000, E2: 9500, R
Nu12:0.3, G12: 5000, G13:
k 3D SCAN= 4.4 k3DSCAN=45" 7170, G23:3970
k FEA=4.1" k FEA= 4.05"

FIG. 6 Prototype fabrication with different geometries. 1) Built prototypes 2) Scanned and rebuilt surfaces with curvature value. 3)
Compared curvature values from 3d scans and the FEA model. 4) Curvature formula.

The second set of studies aimed to assess the impact of changing the fibre arrangement on the
prototypes. Changing the fibre arrangement made it possible to obtain two stable states that
enhanced the units’ potential use as shading devices, enriching the design space, and thereby
increasing the possibility of achieving aesthetically pleasing architectural skins. The fibres were
angled 45-135° with respect to the main lines used to construct the rectangle, triangle, and trapezoid.
The manufacturing process mainly remained the same, except that the prototypes needed to be

cut with particular attention given to the fibre orientation. The layer order, in which the 45° or 135°
carbon fibre laminates are placed first on the aluminium plate, did not seem to affect the stable
states’ resulting curvature.
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Figure 7 shows the prototypes fabricated with a 45-135° fibre arrangement; 7-1 shows the prototypes
in their two stable positions by overlaying two photos; and 7-2 shows the scanned and rebuilt digital
prototypes. All three basic shapes—rectangle, triangle, and trapezoid—were fabricated with the same
initial measurements. The prototypes were also scanned, and the geometries were rebuilt to obtain
the curvature k values and study the adaptability range of both stable states. One main difference in
this set of prototypes is that instead of having ‘open’ and ‘closed’ positions, the stable states can be
characterized as position one and position two due to their present geometry, as depicted in Figure
7-2. As seen in Figure 7-1, the two states for Prototypes A and C are distinct and appear promising
for a shading device design since they could direct sunlight in two different directions. This
hypothesis is tested in the next section of this paper. On the other hand, Prototype B with the 45-135°
fibre arrangement does not present distinct positions in its two stable states. Modifying the triangle's
boundary condition could yield better results for skin design.

45-135°

*position 1 *position2 *position 1 *position 2 *position 1 *position 2

FIG. 7 Prototype fabrication with changing fibre arrangement 45-135°

DAYLIGHT PERFORMANCE EVALUATION
OF FABRICATED PROTOTYPES

As mentioned before, this study combines bottom-up experimental prototyping with top-down
studies to simulate the performance of the kinetic shading systems and assess their functionality
as environmental control elements. The prototypes described in the previous section were scanned
and rebuilt in modelling software. To evaluate the different prototypes’ performance, we developed
a digital model of the kinetic system and defined a simple test room to perform daylight simulation
studies. This study aims to measure the amount of daylight that enters a test room in the screen’'s
open and closed positions. For this study, a larger difference in daylight performance between
open and closed positions is better, since this would provide a broader range for daylight needs.

In contrast, if there is not much of a difference between the open and closed positions, the kinetic
screen is not functional for the purpose of this study. The test room measures 2.1 x 2.5 m, and has
a large window opening of 1.7 x 1.86 m. The shading screen is placed 12.7 cm behind the window's
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glass pane to avoid the bistable flaps colliding with the glass facing north. North-facing windows in
the northern hemisphere receive little direct sunlight, so we selected this orientation for the study:
To assess the difference between daylight with the screens in their all open and all closed positions.

Details of the materials and enclosure are shown in Figure 8-3.

DA: 18.3

: *open
5l
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o /
=
o
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§: /II
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& ﬂ I ﬁ i
“: opa:ser DA: 16.7

i *closed *closed *closed

1 ‘ 0 100
— DA(% Time > 300 lux) |l
A Screen detail B Screen detail Screen detail

N

-

Location: State College, PA
Analysis type: Daylight autonomy
Time-frame: Annual

Screen orientation: North

Screen design: Variable.

Screen material thickness: 2 mm.
Occupancy: Office space
Simulation software: RADIANCE
Grid sensor size: 0.2 m

2
: DA:88.3 DA: 15.8 DA: 59.2
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o
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nE ;
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FIG. 8 Daylight simulation studies

Prototypes A, B, and C were simulated with two different fibre arrangements, 90-180°, and 45-135°.
Again, it is noted that only prototypes with a 90-180° fibre arrangement have differentiated ‘open’
and ‘closed’ positions. Annual daylight autonomy analysis studies were conducted for State College,
PA, to compare the screen'’s performance in its two stable states. The main advantage of kinetic
shape-morphing systems is that each unit that forms the screen can adopt different positions during
the day to achieve enhanced environmental performance. However, in this first set of simulations,
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the shading screen was assumed to remain stable for the entire year. This is because this study's
goal was to assess where there was a significant difference in daylight performance when the
prototypes were in one stable state versus the other, i.e,, when screens are open versus closed,
position one versus position two. With the second set of simulation studies, we aimed to find optimal
screen configurations and states for achieving specific daylight targets throughout the day.

Figure 8-1 shows daylight simulation results for designs with a 90-180° fibre arrangement. Notice
how Prototypes A and C present distinct daylight performances in their open and closed positions,
decreasing from ~98 % to 36% and from ~63% to 27% daylight autonomy. This result indicates

that the two stable states of the bistable laminates are enough to impact daylight performance
significantly and could be manipulated to achieve specific daylight requirements. On the other

hand, Prototype B does not present significantly different daylight values for its two stable states,
changing only from ~18 to 17% annual daylight autonomy. This result indicates that these prototypes
need to be redesigned to increase the design’s adaptability range and utilize them as units in a
functional shading device. Figure 8-2 shows the simulation results of prototypes with a 45-135°

fibre arrangement. Visual inspection of the daylight results shows that screen designs A and C direct
daylight to either the right or left sides of the room, having distinct daylight performances. Although
these results concern annual daylight values, they show the potential of designing different fibre
arrangements of bistable laminates to achieve specific functional requirements, such as regulating
daylight throughout the day. Prototype B, however, does not show distinct performance metrics for
the two stable states. As mentioned above, the basic unit's proportions and design could be rethought
to enhance its functionality as a shading device unit in terms of its potential for daylight control.

RANKING DESIGNS

The results from the experimental prototyping and simulation studies discussed above presented
different criteria for evaluating the designs and selecting the most promising ones regarding their
functionality as shading screens. While daylight performance was limited in scope, it indicates how
distinct the performance that the two states of the prototypes generate is. Prototypes A, B, and C
were evaluated according to the following criteria in a design decision matrix shown in Figure 9:

1) ability to easily maintain two states; 2) adaptability range; 3) adaptability range with other fibre
arrangements; and 4) daylight performance in different states. The design decision matrix compares
design alternatives from multiple points of view, where each attribute is assigned a score based on
the scale. The prototypes’ ability to maintain their two states was assessed empirically by handling
the prototypes and referring to the amount of force needed to transition from one state to another.
Since these prototypes are asymmetric, i.e., have one side longer than the other, the stresses in one
direction are not the same as the other direction’s stresses. Therefore, more considerable forces are
needed to transition from position 1 to position 2 than from position 2 to position 1—position 1 being
the one in which the curvature is parallel to the longer side. If this difference is too big, it becomes

a problem to use them in a shading screen because the actuator would have to be measured up to
the largest force, thus decreasing the system's efficiency. These findings are consistent with Tawfik
et al. (2007), who found that prototypes required a decreasing force to snap through to position

1 as the length to width ratio got higher until the prototypes stopped exhibiting two stable states.
Prototypes B and C required a large force to transition from position 1 to position 2, but a small
force to transition back, making them unappealing for kinetic skin applications as any unintended
force (air current) might make the laminates transition between states. The adaptability range was
assessed by overlaying the pictures of their two stable positions and visually inspecting the two
states’ differences. The third criterion, fibre arrangement and adaptability range, was also evaluated
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through visual analysis of the overlaid photos. The last criteria, daylight performance in different
states, was assessed through daylight performance studies. Figure 9 shows the design decision
matrix with the scores assigned to each prototype. Prototype A was selected as the most promising
one. Therefore, the third set of experimental prototyping and the second round of simulation studies
focused only on Prototype A.

[ Typology A Typology B Typology C
Able to
maintain states 5 1 1
Adaptability range
ON/OFF state 5 1 5
Adaptability range with
different fiber arrangements 5 2 5
Daylight performance in

different states 5 2 5

Ability to maintain states: 5)Two similar forces are needed to snap from one position to the other to 1) The difference between the forces is so large that the
prototype maintain only one position. Adaptability range: 5) There is a large difference in the shape of position 1 versus position 2 assessed visually to 1) There
is not much difference in the shape of position 1 versus position 2. Adaptability range with different fiber arrangement (same as previous scale). Daylight
performance in different states: 5) There is a 50+ percentage difference in daylight autonomy assessment to 1) There is a 10+ percentage difference in daylight
autonomy assessment

FIG. 9 Evaluating the prototypes

FABRICATING PROTOTYPES WITH MULTIPLE
FIBRE ARRANGEMENTS

The third set of studies focused only on Prototype A, as it was selected as the most promising

one to use in a kinetic shading device. This study aimed to explore the potential of multiple fibre
arrangements to increase the design space of kinetic shading systems while potentially enhancing
functionality by tailoring fibre arrangements to targeted performance requirements. The second
aim of this study was to characterize the geometry of the two stable states resulting from designed
fibre arrangements. Six different prototypes were built with dimensions w=7.62 cm 1=15.24 cm.
The prototypes had different fibre arrangements, namely, 0-90°, 15-105°, 30-120°, 45-135°, 60-
150°, and 75-165°. The angles were selected to test a gradient of options from 0 to 90 degrees.

The prototypes were cured in a single aluminium plate to decrease any possible variability derived
from different fabrication conditions (temperature, humidity) in multiple rounds.

Figure 10-1 shows the photograph of the prototypes in both states. At first glance, it is apparent

that Prototypes 1 through 4 present a significant adaptability range, while prototypes 5 and 6 do not
present states that are easily differentiated from each other. Also, the scanning and modelling of the
prototypes and comparing them with FEA results gave more accurate information on the adaptability
range. Figure 10-1 characterizes the geometry of all six prototypes, regardless of the individual

fibre arrangement. The geometry is derived from a straight generatrix 1 and a curved directrix m.
The angles of | and m with the main geometric lines of the prototypes change according to the
designated fibre arrangement. Figure 10-3 shows the curvature k1 and k2 of the different prototypes,
corresponding to position 1 and 2 states. Curvature k1 (position 1) presents a shorter radius—
meaning it is more curved—in all the prototypes. Prototypes 1 through 6 have a shorter curvature
radius parallel to the longest side of the rectangle in position 1, which indicates that the curing
process generates more stress in that direction due to the fibres being longer in that direction. With
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both the scanned prototypes and the FEA results, the modelling and geometric characterization allow
one to construct accurate digital models that can be used to predict their performance as functional
shading devices. In general, the directions of the fibres determine the directrix of the curved states,
and the curvature radios appear to be smaller in the direction of the longer fibres.

1 2 3

|- straight line generatrix  q,n,s,j- border lines
1 2 3
FEA Model m- curved line directrix k curvature, constant

( 1205
120° > (’3o° m2’

4 E 6 Cart?on _f'lber angles for Position 1 Position 2
fabrication
4
! % 0-90° 2 % 15-105° 3 % 30-120°
k1=4.5" ki=4.4" ki1=4.1"
%\/ k2=8.9” % k2= 8.6” % k2=6.5"
=

k2=6.4" k2=5.6" k2=6.7"

4 5 6
45-135° 60-150° 75-165°
% k1=3.8" % ki=4.1" % ki=3.8"

FIG. 10 Impact of fibre arrangement on the two states of the prototypes

OPTIMIZING KINETIC SHADING CONFIGURATIONS

The advantage of kinetic screens relies on being able to adapt their configuration according to
changing environmental conditions. The first simulation studies compared daylight performance
between the kinetic shades’ different states, disregarding dynamic features. A second simulation
study was then conducted to test the efficiency of Prototype A (w=7.62 cm 1=15.24 c¢cm), in two
variations, in helping to maintain a certain level of daylight throughout the day. Prototype A.1 has
fibres at angles of 90-0°, and Prototype A.2 has fibres at angles of 45-135°. The idea is that the
kinetic shading system adopts multiple configurations throughout the day to guarantee a targeted
performance, which, in this case, was to maintain an average of 500 lux in the space—appropriate for
office work. It may be recalled that one of the benefits of having kinetic systems with active actuation
is that they can be adjusted on demand to meet functionality requirements. Optimization algorithms
were used to find the optimal screen states in two-hour intervals for the year's longest day—June

20. The objective of the study is the average lux value in the space: The algorithms seek to minimize
the difference between the obtained average lux and the target average lux of 500. The variables

are the values for each row (0: row is open, 1: row is closed). The room settings were the same

as those adopted in the first simulation study. They were also conducted using Radiance as the
simulation engine, with the DIVA plugin for Grasshopper 3D. The optimization problem was solved
using Galapagos, a plugin for Grasshopper that utilizes genetic algorithms to minimize or maximize
a function. Each row of the screen could adopt either one of the two stable positions modelled
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according to the study on fibre arrangement. The selected fibre arrangements to test were 90-0° and
45-135°, which displayed wide adaptability ranges and tight curvature values in both states.

Figure 11-3 shows the performance of the optimized solution, which indicated that the screen with
Prototype A.1 (90-0° fibres)—in optimized configurations—can keep a targeted daylight average

of 500 lux throughout the day. The optimization algorithm found the best configuration to achieve
an average value close to the targeted daylight value. As shown in the graph, prototype A.1 is more
successful in maintaining the target daylight due to its shape in both states. For instance, at 2pm,
the optimized configuration for the screen with Prototype A.1 is to have all the rows in Position 1,
blocking the high sun rays at that time of day. Prototype A.2, on the other hand, can only achieve an
average of ~1000 lux even in its optimal configuration at noon. The study showed that between two
designs, A.1 and A.2, which only differ in their fibre arrangement, the optimal configuration of one
design (A.1) performs better than the optimal configuration of the other. The optimization results
suggest that selecting adequate fibre arrangement for kinetic bistable screens yields designs with
better daylight performance.

The screen adopts a different configuration every two hours to maintain the targeted daylight.

The study was performed every two hours due to the time (~10 hours) that the optimization takes.
The possible kinetic shading configurations were also limited; we limited the number of possible
screen configurations by establishing that all laminates on the same row must adopt the same
position at a given time, which was decided based on the high position of the sun at the selected
date, as shown in Figure 11.1. Future studies could allow each screen unit to move independently,
enhancing daylight control and creating more complex aesthetic design solutions. Nevertheless,
finding optimal screen configurations with such an ample design space and possible individuals in
the optimization problem would require other heuristics to reduce computation time. Furthermore,
finding the optimal configuration for the kinetic shadings would probably have to be done a priori,
since real-time optimization does not seem feasible due to long computation times.

Position 1 Position 0 Position 1 Position 0 Location: State College, PA

Y ey Analysis type: llluminance
2PM b 2PM oy Time-frame: June 20: 8AM, 10AM, 12PM, 2PM, 4PM
i Screen orientation: South
Screen design: Prototype A.1 90-0 and A.2 45-135.

3 : f % i ] Occupancy: Office space
Y A ¥ 4 Simulation software: Radiance
e %} 4 il ‘ s Grid sensor size: 0.2 m

Optimization software: Octopus

Al

Fiber angles: 90-0° A2 fiberangles: 45135

3] . 4

Average lux
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FIG. 11 Daylight simulation studies conducted to optimize screen configuration.1) Sunray angles for both prototypes 2)
Optimization settings 3) Optimization results, and 4) Design code for results.
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CONCLUSION

This paper presents a comprehensive investigation of using bistable composite laminates for kinetic
building shading devices. Following experimental prototyping, we analysed a series of bistable

units with different geometrical configurations, aiming at different design solutions for kinetic
shading devices. The analysis of such prototypes allowed us to identify the most promising units by
assessing their adaptability range and studying their forms in the two equilibrium states, using an
FEA model and scanned digital models. A series of annual daylight simulation studies were then
conducted to compare the performance between the two states. We selected one prototype (Prototype
A arectangle of w=7.62 cm 1=15.24 cm) as the most promising unit to continue the investigation
using a design decision matrix. In the second round of experimental studies, we explored the effects
of changing fibre arrangement on the resulting stable states and characterized its impact on the
units’ geometry. The presented strategy for designing the fibre alignment increases the range of
possible design configurations of the shading units, thereby increasing their potential as shape-
morphing elements. The proposed strategy enhances their functionality as architectural elements by
offering designers important insights for designing with bistable materials. Finally, we compared the
effectiveness of a kinetic shading system using Prototype A with two fibre arrangements (90-0° and
45-135°) in maintaining target daylight throughout the day.

The first set of simulation studies demonstrated the impact of geometry on the resulting two stable
states and its effect on daylight performance. Results show that some base geometries, such as
rectangles, have a more distinct open and closed shape configuration and therefore are better
suited to use in the design of kinetic shading devices for various daylight needs. The second set of
simulation studies shows that the proposed system facilitates keeping daylight within the desired
range. Research results indicate that fibre arrangement has an impact on the difference between
the open and closed position of the bistable flaps, which is important to improve the daylight
performance of the shading screens. Therefore, fibre arrangements and overall geometry are
important design variables in achieving specific daylight targets.

This study argues that bistable kinetic systems could be introduced as an alternative to conventional
shading solutions, with increased design potential in shape variety and shape morphing range of
motions. This system offers increased granularity (resolution) by having smaller shading modules
than in conventional systems, thereby allowing increased control of daylighting in terms of level.
The main advantage of bistable systems for kinetic applications is their ability to maintain two stable
states without additional input energy. Nevertheless, bistable laminates still have some limitations
that need to be addressed: the non-manual actuation, the high cost of the carbon fibre prepregs,

and the unknown impact carbon fibre has on the environment after its use. The design space of
kinetic bistable shades increases when considering fibre arrangements, as shown with the different
prototypes of this research.

A limitation of this study is that we only considered geometry, size, and fibre arrangement as
design variables for the proposed kinetic shading system using bistable composite laminates. Other
variables such as material thickness and mechanical properties, and optical values (reflection,
absorption) were not explored. Considering that fatigue, durability, overall robustness, and human
factors are critical for building-scale applications. Also, we only considered daylight in evaluating
the performance of the shading devices; future research could also consider metrics such as glare,
radiation, energy performance, and solar heat gain coefficient. Furthermore, this study assumes
that the proposed kinetic systems can be actuated with a smart material actuator. We base that
assumption on both the studies that have demonstrated the feasibility of combining bistable
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materials and smart actuators and the low energy required to transition between states that previous
studies, described in the literature review, reported using the same material in this study—carbon
fibre prepregs. Future studies will combine bistable composite laminates with smart actuators,

as shown in Figure 12. Notwithstanding these limitations, the study suggests that the geometric
configurations that bistable composite laminates express render them a promising material for
developing novel and functional kinetic systems for buildings.

Strings .

Bistable
laminates Exterior
window
CLOSE OPEN

2-way SMA Actuation T>55° C

FIG. 12 Actuation mechanism schema, bistable laminates combined with two-way shape memory alloy springs.
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Abstract

Many studies concerning lowering the Operational Energy (OE) of existing dwellings have been
conducted. However, those studies barely cover its collateral Embodied Energy (EE). As the Circular
Economy is gaining momentum and the balance between OF and EE is shifting, the Life Cycle

Energy Performance (LCEP) is becoming increasingly relevant as an indicator. LCEP accounts for all the
OF and EE a building consumes during its lifespan. However, clear insights into the LCEP are still to be
investigated. This study focuses on developing a circular and energy-efficient renovation solution for a
common terraced dwelling typology in the Netherlands. The energy-efficient renovation is based on three
circular strategies: Biomimicry, Urban Mining, and Design for Disassembly (DfD), covering the aspects of
EE and future reuse of building materials and components. The developed renovation solution reduces
82% of the LCEP compared to the existing scenario. With additional photovoltaic (PV) modules, the
dwelling reduces 100% of the LCEP. Applying biomimicry, urban mining, and DfD-based renovation can
significantly lower the overall LCEP and its collateral environmental impacts to achieve a Life Cycle Zero
Energy circular renovation.
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INTRODUCTION

Buildings are responsible for up to 40% of Operational Energy (OE) consumption in the European
Union (EU) (Poel et al., 2007), and more than 60% of this energy comes out of fossil fuels, with

an alarming collateral carbon emission rate (Martins et al,, 2018). OE can be defined as the

energy required to maintain comfort conditions and the building itself, such as lighting, heating and
cooling systems (Li et al., 2020).

Therefore, to lower OE consumption as a path to reduce carbon emissions, policies and developments
are underway to achieve a nearly Zero Energy Building (nZEB). An nZEB is a building with high
energy performance in which the low amount of energy required is covered by energy generation
from renewable sources on-site or nearby, such as photovoltaic (PV) modules (Chesné et al.,

2012; European Commission, 2016). By 2021, all new buildings in the EU should be nZEB, and by
2050 the complete building stock should achieve this target (European Commission, 2010).

LIST OF ABBREVIATIONS

Cbw Construction and Demolition Waste
DfD Design for Disassembly

EC European Commission

ECO02 Embodied Carbon

EE Embodied Energy

EU European Union

LCEP Life Cycle Energy Performance
nZEB nearly Zero Energy Building
OE Operational Energy

PV Photovoltaic

ZEB Zero Energy Building

The fagade plays an essential role in OE reduction, as most heat and light transfers occur

through it (Tokug et al,, 2018). Therefore, the fagade design strategy highly influences the thermal
performance of a building. A commonly adopted solution towards an energy-efficient building is
the addition of inorganic fibrous materials and organic foamy materials, such as polyurethane and
extruded polystyrene insulation throughout the facade (Papadopoulos, 2005). Reused and bio-
based insulation materials are less applied, and their full potential and effect on LCEP are still to be
thoroughly investigated.

A significant amount of studies has been conducted related to energy-efficient buildings' fagcades
design, such as ventilated fagades (Ahmed et al,, 2015; Balocco, 2002; De Gracia et al., 2013; Fantucci
et al, 2013, 2020; Gratia & De Herde, 2003; Medved et al,, 2019; Sanjuan et al,, 2011; Zhou & Chen,
2010), showing a decrease of up to 87% of the energy consumption during summer (Rasca, 2014).
However, these studies barely cover the energy consumption related to the building's construction,
demolition, disposal phases, and raw material consumption, which is covered in this research.

Of all extracted materials, 50% is attributed to buildings (Cottafava et al., 2020), and according to
the European Commission (EC), construction waste accounts for over 35% of all waste generated in
the EU, with its collateral Embodied Energy (EE) (European Commission, 2020c). The EE is defined
as the energy required in buildings and their materials during the manufacturing, construction,
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final demolition, and disposal phases (Dixit et al., 2010). Hence, the EC set up a long-term circular
economy plan: the construction sector will be fully circular by 2050, and the intermediate goal is to
have a 50% circular economy by 2030 (European Commission, 2020a).

Due to the growing progress toward a Zero Energy Building (ZEB), the shift between OE and the

effect of building materials is becoming increasingly relevant for the environmental impact (BPIE,
2021; Sartori & Hestnes, 2007). It means that with OE reduction, the EE percentage tends to have

a higher impact on the total energy consumption during the building's lifespan. Figure 1 visually
expresses the balance shift between OE and EE for different energy profiles of dwellings. It shows
that the better the energy efficiency of the dwelling (such as passive houses), the bigger the
significance of EE. Therefore, the assessment of EE associated with the buildings’ materials, and the
buildings' energy performance by OE, are becoming equally vital to effectively evaluate the way to a

sustainable built environment.

Total Energy (primary)
- Feist, 1996 -

B Operating Energy
¥ Recurring EE
Olnitial EE

[ kWh I m?]

0 T T T T T
Ordinance Low-Energy Low-Energy Self- Passive, as  Passive,
1984 + el. eff. sufficient built new
solar

FIG. 1 Life cycle energy demand in different dwelling types (Source: (Feist, 1996))

In order to evaluate OE and EE at the same scale, this paper makes use of the Life Cycle

Energy Performance (LCEP) analysis. The LCEP of a building corresponds to the summation of the
total OE and EE consumption throughout its lifespan, enabling to address the total energy input and
formulate strategies to reduce the primary energy use of the building and control emissions (Ramesh
et al, 2010). In this sense, the LCEP should be as low as possible to reach the most sustainable
building performance, assessing both EE and OE.

Accordingly to the EC, 85 to 95% of the existing buildings will remain standing by 2050 (European
Commission, 2020b). This means that to achieve the mentioned goals, it is necessary to focus on the
new buildings as well as on renovating existing ones. In this sense, the Renovation Wave comes as
a strategy established by the EC in 2020 to double renovation rates in the next ten years and ensure
higher energy and resource efficiency within the EU (European Commission, 2020b).
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However, the total LCEP of building renovations has to be investigated as one path of the Renovation
Wave to achieve the European plan using circular strategies and energy efficiency improvement.
Therefore, this study aims to develop a circular and energy-efficient renovation of a common
terraced dwelling type in the Netherlands, aiming at achieving a minimal LCEP, based on three
strategies: firstly, “biomimicry” aiming at lowering the OE consumption and improving summer
comfort; secondly, “urban mining” with maximum locally reused, recycled and bio-based materials
to reduce the EE consumption; and thirdly, “Design for Disassembly” (DfD), aiming at multi-cycle
circular solutions of building materials and components.

2 BACKGROUND ON THE STRATEGIES CONSIDERED IN THIS STUDY

2.1 BIOMIMICRY

Since nature has developed over aeons to provide sufficient solutions, it is the source of our
sustenance and has the potential to be the source of answers to most of the challenges humankind
faces. Therefore, analysing and mimicking natural strategies can also be a promising scenario for
human design challenges. Biomimicry is the practice of designing and creating artificial replicas of
natural phenomena to learn from them and improve upon or replace human-made counterparts.

Biomimicry has already been applied successfully in the built environment, bringing ample
opportunities for innovation in engineering and architectural design (Badarnah, 2015). As an
example, Figure 2 shows a building located in Harare, Zimbabwe, designed by architect Mick Pearce.
Inspired by a termite mound system, this building is entirely cooled by natural ventilation.

Termite Mound

FIG. 2 Ventilation system in a termite mound vs a realised building (Source: (Aithal, 2020; Samimi, 2011))

Buildings' thermal performance, adaptability, and overall OE can all benefit from the application of
functional biomimicry (Webb et al., 2018).
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URBAN MINING

Urban mining first appeared with urbanist Jane Jacobs half a century ago. Jacobs estimated that

if the metal content in rock continues to decline and the rate of metal resources extracted in the
speedy mining increases, it would bring environmental problems and depletion of natural resources.
Therefore, she penned the phrase “the cities are the mines of the future” and predicted a situation
that is considerably more evident to perceive today (Graedel, 2011).

Even though the concept of urban mining kicked off with the metal extraction insight some time ago,
it is widely extended to refer to the process of reclaiming components and elements previously used
for buildings, infrastructure, and industries (Cossu & Williams, 2015).

The term "urban mining” is closely linked to the circular economy and offers an idea contrary to
the classical “take-use-disposal” approach. It represents the process of recovering and reusing
waste materials from urban areas once most of the materials incorporated into cities are disposed
of in landfills, incinerated, or downcycled into products of much lower value at the end of their
lifespan (Brunner, 2011).

Material Waste process

Sorting
Stones
on-
site

R7 Sub
A  Vai : Export unknown recyciing
- ] X : e Incineration - green energy recovery
. ‘ = Incineration - energy recovery

Metal recycling

FIG. 3 Material End of Life Sankey diagram in the Netherlands (Source: (TNO, 2018))
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In the Netherlands, about 85% of Construction and Demolition Waste (CDW) is downcycled into
materials for building foundations, roads, or new residential areas and industrial estates, and only
3% of waste is recycled to construct new buildings (TNO, 2018), as visually represented in Figure

3 with the material end-of-life diagram. This overview reveals a critical improvement needed, and
urban mining shows to be a promising strategy to upgrade these rates.

DESIGN FOR DISASSEMBLY

DfD is a key strategy that guides construction decisions and material selections, altering how
elements are connected and structured to be simple, reversible, and resilient, ensuring that building
components may be reused or recycled in the most effective manner possible at their end-of-life
(Rasmussen et al,, 2019). In the built environment, this strategy challenges the current processes,
minimising the use of primary materials and maximising the rethinking of the shape of buildings by
employing an easy assembly and disassembly technology for the reuse of components and materials.

Different tools have been developed to assess the disassembly level of building elements.

For example, Alba Concepts (Mike van Vliet et al., 2019) has developed a methodology to measure

the disassembly level. Moreover, the European Level(s) framework and the Belgium GRO framework
show similar approaches (European Commission, 2021; GRO, 2022). They form a relevant basis for
determining the environmental impact of entire or partial reuse and are directly in line with the end-
of-life processing scenarios from LCA calculations.

Building components can only be recovered if they are easily connected to the surrounding building
elements. Dry and mechanic connections, such as bolts and screws, are thus more effective than
wet and chemical ones, such as glue and mortar (Galle, 2017). Therefore, easy assembly and
disassembly design solutions are promising strategies to advance innovation towards a more
circular built environment.

METHODOLOGY

This chapter is structured as follows: 3.1 describes the boundary conditions for the development

of the renovation, such as the characteristics of the existing dwelling type and the available waste
demolition materials for the application of urban mining; 3.2 describes the design methodology used
throughout the development of the facade design; and 3.3 describes the methods used for assessing
the renovation developed in terms of LCEP (3.3.1), such as EE and OE, and DfD (3.3.2).

BOUNDARY CONDITIONS

Existing dwelling design and structure
In the reconstruction period from 1946 to 1965, after World War 1I, terraced dwellings were rapidly

built all around the Netherlands on a large scale. During that period, no regulations concerning
energy performance were imposed (M. J. Ritzen et al,, 2016). The choice of materials and design
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strategies focused on reducing the costs as much as possible, while energy performance was not
of significant relevance. According to the governmental Dutch Enterprise Agency (RVO.nl) of the
Ministry of Economy, Innovation and Agriculture, 42% of all the dwellings in the Netherlands are
terraced dwelling types (Agentschap NL, 2011).

FIG. 4 Existing terraced dwelling (Source: Google maps)

FIG. b Floorplan of the dwellings (analysed dwelling highlighted in red)

|

7.75m

]
0
7.68m

775m

FIG. 6 Existing terraced dwelling: south fagade, section, fagade structure and floor plan
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The selected dwelling for this study is a barely insulated two-floor residential dwelling, as indicated
in Figures 4-6 and Table 1. The fagade consists of two bricklayers with a ventilated air cavity between
them, which does not efficiently insulate the dwelling, resulting in high energy consumption to
maintain the inhabitants’ thermal comfort. As an outcome, these terraced dwellings consume 41% of
all primary energy intended for buildings in the Netherlands (Agentschap NL, 2011).

Moreover, terraced dwellings in the Netherlands are mainly social housing intended for people
with lower incomes. Consequently, the reality of most of these houses is a lack of cooling systems,
outdated heating systems, such as gas-heated radiators, and low insulation levels.

TABLE 1 Terraced dwelling: general characteristics.

GENERAL CHARACTERISTICS

Total area 132 m?
Heated area 81.25 m?
Orientation front facade Azimute 0 (North)
External wall 2.70

Roof 4.76

Floors 1.96

Windows 5.10

Doors 3.40

Available materials for renovation

The applicability of the urban mining concept in this study consists of reclaiming demolition
materials from a region in the Netherlands called Parkstad, in the southeast of Limburg,
Netherlands. The area faces a population decline, which causes a significant demolition assignment
of approximately 10,000 dwellings and 150,000 m? utility and retail buildings (Stadhouders et al.,
2021), resulting in a significant amount of waste materials, as indicated in Figure 7.

Among the materials presented in Figure 7, this study focuses on reusing wood. Firstly, because

of the large quantity available (14kton). Secondly, wood has a high thermal resistance, is easy to
separate from other building materials, has aesthetical appeal, and can be used in different building
segments, such as insulation and construction structures.

Moreover, wood stores CO, and consequently can contribute to a low-carbon economy. The CO, stored
in trees throughout their lifespan is retained in about 50% of the wood's dry weight in wood products.
Therefore, the longer the wood remains in the application, the longer the CO, is removed from the
atmosphere (Friedmann & Kelly, 2003; Petersen & Solberg, 2002; van der Lugt, 2012).

However, it is essential to highlight that critical issues occur when designing and constructing

wooden fagades, such as ageing treatment, suitable protection from various harmful effects, and fire
protection (Herzog et al., 2005; Ivanovié-Sekularac et al., 2016).
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FIG. 7 Materials from demolition in Parkstad (Source: (Stadhouders et al,, 2021))

DESIGN METHODOLOGY

The design methodology of this study follows the strategy of “Research by Design” (Biggs, 2002;
Hauberg, 2011; Roggema, 2016; Zimmerman et al,, 2007). Generally speaking, employing Research by
Design means that the research and the design processes work intertwined; the design is not just a
product of research but also a significant component of the research process.

According to Roggema (Roggema, 2016), the Research by Design process can be
divided into three parts:

Pre-design phase: this first stage of a Research by Design process is characterised by understanding;

Design phase: this is the heart of the process, in which the research is continuously brought into the
design process and deliberations;

Post-design phase: the results are the final syntheses of the work, which must be
coherently presented.

The applicability of this methodology strategy in the present study is shown in Figure 8.
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FIG. 8 Research by Design process

ASSESSMENT METHODOLOGY

This section describes the methodology for assessing the developed fagade and the complete
dwelling renovation. As previously mentioned, this paper uses the LCEP analysis to evaluate
the designed renovation, addressing both the EE and OE (3.3.1) and assesses the developed
DfD concept (3.3.2).

Life Cycle Energy Performance

In order to assess the LCEP of the developed renovation, the present study compares OE and EE in
three different scenarios:

Scenario 1: The existing dwelling before renovation (characteristics shown in section 3.1);
Scenario 2: The renovated dwelling, implementing the developed fagade design;
Scenario 3: Scenario 2 with the addition of 25 m? PV modules on the south-orientated roof.

For comparing the three scenarios, a lifespan of 50 years was assumed. The lifespan of a building
is both essential and difficult to predict. Generally, the lifespan ranges between 30 and 100 years
(Mequignon et al,, 2013). The choice of 50 years was based on previous buildings' life cycle studies
(Barbara, R. et al,, 2012; M. J. Ritzen et al,, 2016; Van Ooteghem & Xu, 2012).

The minimal insulation value for facades in the Dutch standard is 4.5 m?K/W (Bowens et al., 2020).
However, for comparison with existing products available on the market in subsequent steps of the
research, this study is based on an insulation value of at least 7.10 m*K/W.

The conversion from kWh to MJ considered in this research was 5.22, based on system efficiency in
the Netherlands (Bowens et al., 2020).

The OE and EE for scenarios 1, 2, and 3 are named OE , OE, OE,, and EE , EE,, EE, respectively.
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Operational Energy

For the OE assessment, the present study used external literature and the programs Uniec 2 (Uniec,
n.d.) and Photovoltaic Geographical Information System (PVGIS) (European Commission, 2020).

Uniec 2 is an online tool that allows performing energy calculations for buildings based on Dutch
regulations. The energy demand calculation is a multi-zone model, and the weather input file and
occupancy and schedule for lighting and equipment were based on the NTA 7120. This makes

it slightly more difficult to create a realistic picture of a situation but simplifies the program
considerably. For the weather input file, Uniec 2 uses an average and standard climate year, which
is provided by NTA 7120. For the occupancy and schedules for lighting and equipment, NTA

7120 has different rules, some of which are related to the size of the building. The energy calculation
only applies to building-related installations. Energy for household appliances, such as TVs,
fridges, etc., is not included in the calculation. The infiltration load considered is 0.7 dm?®/s per
usable area (m?. As output, the total primary energy consumption of the building is revealed,

and the percentage destined for heating, hot water, cooling, summer comfort, ventilation, and
lighting is specified.

The energy intended for “summer comfort” provided by Uniec 2 is a way to alert to the risks of
overheating in the summer period. This energy refers to the energy required for cooling features to
maintain the building’s summer comfort in overheating periods (Uniec, 2018).

PVGIS is an online free solar PV energy calculator to estimate the solar electricity production of

a PV system. PVGIS has been developed by the European Commission Joint Research Centre to
disseminate knowledge and data about PV performance and solar radiation. The tool employs
high-quality satellite data on solar radiation, ambient temperature, and wind speed from climate
reanalysis models. The PVGIS energy model is validated by the Joint Research Centre's European
Solar Test Installation (ESTI). Input data such as location, module type, slope, orientation, and peak
PV power are entered into the tool. It then calculates the potential monthly and yearly electricity
generation of the specified PV system.

Scenario 1
Firstly, the yearly OE, has been calculated using Uniec 2, following the
characteristics described in 3.1.

Scenario 2

The OE, was divided into two parts: firstly, the renovation (without the developed ventilated facade
addition) was calculated using Uniec 2. In this part, the glazings were changed from single to triple-
glazed, and the external doors were changed to insulated wooden doors. Furthermore, 150 mm of
insulation was added to the roof and ground floor and 240 mm to the exterior wall. The heating and
hot water system were changed from a gas-heated radiator to an air heat pump. The U-values of the
new building elements input in Uniec are shown in Table 2.
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TABLE 2 U-value data input for energy simulation in Uniec.

U-VALUE (W/M?K)

External wall 2.70 0.14
Roof 4.76 0.13
Floors 1.96 0.21
Windows 5.10 1.10
Doors 3.40 2.00

Secondly, regarding the open-joint ventilated fagade developed, due to the complexity of

existing software, some values to analyse the effect of the ventilated fagade on the buildings’

energy consumption are based on previous research. Studies with similar designs and technologies
present the scenarios’ temperature differences, making the predictions of energy savings percentage
for the complete building difficult (Sanjuan et al,, 2011; Schabowicz & Zawislak, 2021). Therefore, a
review study regarding ventilated fagades (Ibaniez-Puy et al,, 2017) was used to define the expected
energy percentage reduction destined for summer comfort with the addition of a ventilated fagade.

Scenario 3

25 m? of PV modules (320 Wp/panel or 200 Wp/m? (Innodura, 2021)) on the south-orientated roof was
included, corresponding to the available area of the south-oriented roof, resulting in a peak PV power
of 5 kWp. The output energy per year from the PV modules implementation was calculated using
PVGIS and discounted from the OE,.

Embodied Energy

The EE of the three different phases of renovation were calculated through a cradle-to-gate
assessment, which is an analysis of a portion of the product life cycle, starting with the resource
extraction (cradle) and ending at the factory gate (before transportation to the consumer) (C.Cao,
2017). It is considered the energy spent for material extraction or harvest and the energy spent
for the manufacturing process, as shown in Figure 9. Therefore, this study did not consider the
energy used for the transportation of the material, the energy spent during the building assembly,
the energy used for maintenance during the usage phase, and the energy consumption related to
the end-of-life phase.

Firstly, the three scenarios were accurately modelled in Autodesk Revit, with the precise dimensions
of the components, and the volumes of each material used in the models were calculated by Revit.
Secondly, after having the density and materials’ volume in the three scenarios, the EE in MJ/kg of
each material was determined by gathering information from material suppliers, literature reviews,
and the "ICE database”.
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FIG. 9 Cradle-to-gate assessment scheme

The ICE database is a spreadsheet format developed by Geoff Hammond and Craig Jones from

the Sustainable Energy Research Team (SERT) of the Department of Mechanical Engineering of

the University of Bath (UK) (SERT, 2011), which compares different alternatives and calculates the
environmental impact of components. It includes LCA information on the material or component
levels and provides the EE MJ/kg] and ECO, [kgCO,/kg] of the most common construction materials
utilised in the built environment (Bach & Hildebrand, 2018) based on the cradle-to-gate assessment.
The database was selected by the consortium of a European research project.

The total EE from scenario 1 (EE,) is the total of all EE from all materials that compose the existing
terraced dwelling. The EE in scenario 2 (EE,) is EE, discounting all the EE referent to the components
demolished or changed in the renovated scenario, plus the energy related to the manufacturing of
fagcade components. The calculation of EE in scenario 3 (EEB) is the sum of EE, and the EE required

for the PV modules extraction, manufacturing, and construction (EE,, ).

Design for Disassembly

The methodology adopted to assess the DfD index of the proposal was based on Alba Concepts (Mike
van Vliet et al, 2019) and ISSO assessment (ISSO, 2021).

This method assesses the DfD index of a product, both in the end-of-life and the maintenance
scenarios, by analysing the connections within its components based on four aspects: connection
type, accessibility of the connection, piercing, and inclusion.

The “end-of-life” scenario refers to a situation where the complete structure is either demolished
or disassembled. It evaluates the element’s potential to be reused for a new application

in a new building. It depends on the product quality after use and how damage-free the

product can be removed (disassembly). For that, the elements are assessed by their type and
accessibility of connections.

The "maintenance” scenario refers to a situation in which one or more components of the structure
will be removed or replaced during the lifespan of the building. It is assumed that every element will
be removed individually. Therefore, besides the connection’s type and accessibility, the piercing and
inclusion in its original positions in the building are also considered.
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A connection can be valued at 0.1 - 1.0 according to its characteristics, with 0.1 giving the lowest
rating for DfD and 1.0 the highest, as shown in Table 3. The average of these four scores determines
the DD level of the element in question. The weighted average of all the elements used in a building
together constitutes the DfD Index of a building.

TABLE 3 Ranking for scoring an element connection for the DfD assessment.

Dry connection Dry connection 1

Click connection Dry connection 1

Velcro connection Dry connection 1

Magnetic connection Dry connection 1

Bolt and nut connection Connection with added elements 0.8
Spring connection Connection with added elements 0.8
Corner connection Connection with added elements 0.8
Screw connection Connection with added elements 0.8
Connection with added elements Connection with added elements 0.8
Pin connection Direct integral connection 0.6
Nail connection Direct integral connection 0.6
Lute connection Soft chemical bond 0.2
Foam connection (PUR) Soft chemical bond 0.2
Glue connection Hard chemical bond 0.1
Pouring joint Hard chemical bond 0.1
Welded connection Hard chemical bond 0.1
Cement bound connection Hard chemical bond 0.1
Chemical anchors Hard chemical bond 0.1
Hard chemical bond Hard chemical bond 0.1

Accessibility of connection

Hi

Freely accessible

Accessible with actions that don't cause damage 0.8
Accessible with actions that cause repairable damage 0.4
Not accessible - irreparable damage to objects 0.1

’_‘i

Open, no inclusion

Overlap 0.8

Closed (on one side) 0.2

Hi

No piercing

Piercing by one or more objects 0.4
Full integration of objects 0.1
RESULTS

This chapter is structured as follows: 4.1 discusses the design process (clarifying the reasons for
each choice) and describes the final facade design; 4.2 reports the assessment in terms of LCEP of
the three different scenarios; 4.3 shows the DfD assessment of the developed fagade design.
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FACADE DESIGN

The first part of the energy renovation proposal for the existing dwelling consists of added insulation
on the facade structure. The proposed insulation addition does not only focus on improving the
energy performance of the building but also on reusing the materials from demolition (urban
mining) in its manufacturing process. In other words, this study defines the available materials at
the demolition site that can potentially be transformed into an insulation material, which filtered the
analyses between the use of glass (fibreglass) or wood (cellulose fibre and wood fibre). These options
were then compared in terms of thermal conductivity, EE, and fire class, as indicated in Table 4.

TABLE 4 List of insulation materials and properties to be compared.

INSULATION MATERIALS

Cellulose Fibre 0.041 0.94-33 B
Wood Fibre 0.038 10.8 D
Fibreglass 0.033 28 B

Firstly, cellulose fibre shows the best results in terms of EE. However, the current manufacturing
process of cellulose fibre is based on downcycling newspapers, and the process of reusing cellulose
fibre from wood waste is not yet developed. As this study focuses on reusing the available materials
from demolition waste, this option was discarded.

Regarding fibreglass insulation, it is the best among the options in terms of thermal conductivity,
and glass is one of the listed materials available at the demolition site. However, its EE is the highest
among the materials analysed.

Thus, wood fibre insulation has shown to be the best option. If it can be made from wood waste from
demolition (available at a rate about 14 times higher than glass), it has an outstanding performance
in terms of thermal conductivity (around 0.038 W/mK), and its EE is almost three times lower than
that of fibreglass. An ambitious alternative for the production process of wood fibre insulation could
be the reuse of the sawdust produced during the manufacturing of the wooden structure.

However, since this material has fire class D, some strategies should be adopted to improve the fire
resistance of the whole construction. Most of the alternatives to overcome this hindrance are related
to adding chemicals into the insulation material, such as boric acid (Veitmans & Grinfelds, 2016),
contradicting the idea of the circular analysis, bringing harmful consequences into the environment,
and carrying high collateral EE (An & Xue, 2014; Cusenza et al,, 2021). As a potential alternative, using
fire-resistant boards (such as fibre cement) on the outsides of the insulation material was the chosen
solution for this research.

After defining the insulation material to be used, the discussion relates to how this wood fibre
insulation would be placed on the existing fagade. As presented previously, the current facade
consists of two brick layers with an air cavity between them. Therefore, the insulation material could
be applied in three ways in the cavity wall, as shown in Figure 10.
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CURRENT CONDITION POSSIBILITIES
Demolish one brick layer
T
i1 : : [
i1 I [ \
i1 i1 .
Wall Structure i1 1
1 . [
1 2 3 i 2 8 1 2 3 4 1 2
1 Brick 100 mm |1 Brick 100 mm (1 Brick 100 mm |1 Brick 100 mm
2 Ventilated air cavity 70 mm |2 Insulation 70mm |2 Ventilated air cavity 70mm |2 Insulation 240mm
3 Brick 100 mm |3 Brick 100 mm |3 Brick 100 mm
4 Insulation 240mm
Thickness (mm) 270 270 510 340
Rc (m2K/W) 0.37 2.27 7.14 7.14
U (W/m2K) 2.70 0.44 0.14 0.14

FIG. 10 Comparison of different insulation settlements

Firstly, it could be placed between the two brick layers; however, the void of 70 mm is not enough

to reach the Dutch standard of 4.5 m?K/W as a minimal Rc (Bowens et al,, 2020). Secondly, the
insulation could be placed in front of the double-brick fagade; however, the wall would be very thick
and unrealistic from a practical perspective. Therefore, the option that would meet the requirements
consists of demolishing the external brick layer and placing the insulation outside of the single brick
layer. The red and green cells in Figure 10 represent the values that do not meet the requirements

and those that meet the requirements, respectively.

Thus, 240 mm of wood fibre insulation was placed on the outer part of the single-brick wall, and
150 mm of insulation was added to the roof and ground floors, as shown in Figure 11.

X %,

Y/

&4

1o%

o

FIG. 11 Insulation addition and structure of renovated wall (existing fagade in grey, the brick layer to be demolished in red, and
the new insulation addition in yellow)
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However, this arrangement raises the need to think about a structure to which this insulation can be
attached. When analysing the demolition site, a significant number of wooden beams from existing
roof structures will be discarded after demolition in Parkstad.

Aiming at reusing these wooden beams in the least processed manner possible, this study proposes
sawing the beams into two parts and using them directly as the structure for the insulation material.
The proposed process from the roof structure (waste from demolition) to the insulation structure is

shown in Figure 12.

FIG. 12 Urban mining process: wooden structure for insulation
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FIG. 13 Final concept of fagade design inspired by cricket's openings

After developing an insulation application based on the urban mining strategy, a open-joint ventilate
facade based both on the urban mining and biomimicry concepts was developed in this study.

Ventilated facades work as follows: the cool air enters through the bottom opening, and air pressure
pushes out the hot air through the top opening. The developed open-joint ventilate fagade works
similarly. However, in the developed ventilated fagade, openings were applied throughout the height
of the facade, as the design was inspired by the openings of the cricket's respiratory system, as
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shown in Figure 13. Thus, the fagade's final structure consists of a single brick layer, an insulation
element and structure, an air cavity, and an additional external wooden skin.

Moreover, following the urban mining concept, the external skin of the ventilated fagade was
developed by reusing the wooden beams from demolition. As shown in Figure 14, the wooden beams
from the roof structure were sawed into two parts, and the wooden slabs were placed along the
fagade length with a space between them for air circulation.
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~
£

T I R R RN Y

FIG. 14 Urban mining process: ventilated fagade
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FIG. 15 Easy and dry assembly, based on the concept of DfD
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Nevertheless, using wood as a cladding material has several problems due to its exposure to external
weather conditions, such as accelerated ageing and mould infestation. With a focus on avoiding the
use of chemicals in preventing these harmful effects, the study proposes using heat treatment for
ageing and moisture control. As reviewed by (Esteves & Pereira, 2008), the heat treatment enhances
the wood's resistance to insects and increases durability.

Finally, the whole fagade renovation was also based on the previously discussed concept of DD, with
an easy assembly and disassembly method to reduce tenants and neighbourhood disturbance as
much as possible, guarantee a fast and clean construction, and enable the reuse of components.

The strategy consists of using a pre-moulded insulation structure fastened with screws. The cladding

material for the ventilated facade will be placed using a hook system, avoiding any use of glue or
mortar. The assembly method is shown in Figure 15.

LCEP CALCULATIONS

Operational Energy

In scenario 1, the yearly energy calculations performed using Uniec indicated that the OE of the
existing dwelling is 1.38E+0b MJ/year, as shown in Figure 16. Thus, OE1 = 6.88E+06 MJ over a
lifespan of 50 years.

This result is equivalent to 324.20 kWh/m?/year, considering a kWh to MJ conversion of 5.22 and the
previously mentioned heated area of 81.25 m?.

SCENARIO 1
Primary energy consumption

Mlfyear M1 (50 years) %
Heating 1.11E+05 5.54E+06 81
Hot water 1.50E+04 7.49E+05 1k
Cooling - - 0 >
Summer comfort 5.09E+03 2.55E+05 4
Ventilation 2.98E+03 1.49E+05 2
Lighting 3.74E+03 1.87E+05 3
Total 1.38E+05 6.88E+06 100 M heating: 81% M hot water: 11%

M cooling: 0% M summer comfort: 4%
M fans: 2% W lighting: 3%
FIG. 16 Scenario 1: OE consumption and the percentage calculated in Uniec

In scenario 2, before considering the ventilated fagade, the Uniec simulation indicates an OE
consumption of 2.07E+04 MJ/year, which reduces 81.8% of the OE,. The percentage distribution of
the energy use is shown in Figure 17. The total energy consumed per dwelling is approximately
1.03E+06 MJ over 50 years.
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SCENARIO 2

Primary energy consumption

Mlfyear  MI (50 years) % \
Heating 4.86E+03 2.43E+05 23
Hot water 9.46E+03 4.73E+05 46 >

Cooling - - 0
Summer comfort 2.10E+03 1.05E+05 10
Ventilation 5.17E+02 2.59E+04 2
Lighting 3.74E+03 1.87E+05 18
Total 2.07E+04 1.03E+06 100 M heating 23% M hot water: 46%

M cooling: 0% M summer comfort: 10%
M fans: 2% W lighting: 18%
FIG. 17 Scenario 2: OE consumption and the percentage calculated by Uniec

After simulating the energy required in scenario 2 without the ventilated fagade, the effect

of the ventilated fagade is considered. The summer comfort corresponds to 10% of all the

energy consumption in scenario 2, as shown in Fig 17. As reviewed by (Ibafiez-Puy et al,, 2017),
the ventilated fagade studies typically include energy savings in summer periods exceeding 40%.
Therefore, considering a 40% reduction of summer comfort energy, there will be a reduction of 840
MJ/year and 4.20E+04 MJ over 50 years. Thus, the total OE of scenario 2 corresponds to:

OE, = 1.03E+06 — 4.20E+04
OE, = 9.88E+05

This result is equivalent to 46.78 kWh/m?/year, considering a kWh to MJ conversion of 5.22 and the
previously mentioned heated area of 81.25m?.

Finally, in scenario 3, the output energy was calculated considering the PV technology Crystalline
Silicon, as indicated in Table 5.

TABLE 5 Scenario 3: Energy output from PV modules

PV PANELS - ENERGY GENERATION

(m?) (kWh/year) (MJ/year) (years) (MJ)
South (180) i 25 ¢ 5.12E+03 : 2.67E+04 : 50 i 1.34E+06

The energy output from the PV modules is discounted in the OE from scenario 2. As a result, the total
OE associated with scenario 3 is:

OE, = OF,- O, . =9.88E+05- 1.34E+06

OE, = - 3.52E+05 MJ

This result is equivalent to -16.60 kWh/m?/year, considering a kWh to MJ conversion of 5.22 and the
previously mentioned heated area of 81.25m?
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A negative OE means that the building generates more energy than it consumes. In other words, the
energy generated from the PV modules installed in the building is higher than the energy required
for maintaining the building, such as lighting, heating, cooling, and hot water. However, for a
complete overview of the building's LCEP and to analyse whether this scenario does indeed generate
more energy than it consumes over 50 years, EE should also be addressed.

4.2.2 Embodied Energy

For scenario 1, Table 6 lists all the materials in the terraced dwelling, its volume, and associated EE
following the previously discussed methodology. The calculations result in a total EE, = 2.60E+05 MJ
for the existing scenario.

TABLE 6 Scenario 1: Calculation of existing EE.

BUILDING MATERIALS QUANTITY DENSITY AL AMO
COMPONENT OF MATERIALS

Unit of measure Per dwelling
each material (4 dwellings) [m®] | [kg/m?] [kgl [MJ/kg]

Foundation Basement walls 1.97E+01 2.40E+03 1.18E+04 9.90E-01 1.17E+04
(0,03m thick)
Basement floor 4.12E+00 2.40E+03 2.47E+03 9.90E-01 2.45E+03
(0,08m thick)
Foundation slabs 1.19E+01 2.40E+03 7.11E+03 7.10E-01 5.05E+03
600x300mm
Foundation slabs 1.16E+00 2.40E+03 6.96E+02 7.10E-01 4.94E+02
300x300mm
Opaque Internal bricks 3.07E+01 1.70E+03 1.30E+04 3.00E+00 3.91E+04
facades External bricks 3.17E+01 1.90E+03 1.50E+04 3.00E+00 451E+04
Roof 2 wall plates 3.69E-01 5.10E+02 4.70E+01 1.00E+01 4.70E+02
(50x155mm)
1ridge purlin 3.50E-01 5.10E+02 4.46E+01 1.00E+01 4.46E+02
(80x180mm)
6 purlins 1.57E+00 5.10E+02 2.00E+02 1.00E+01 2.00E+03
(65x165mm)
Roof underlayment : 4.37E+00 5.10E+02 5.57E+02 1.00E+01 5.57E+03
(18mm thickness)
Roof beams 9.37E-01 5.10E+02 1.19E+02 1.00E+01 1.19E+03
(25x38mm)
Roof tiles ceramic 2.91E+00 2.00E+03 1.45E+03 1.00E+01 1.45E+04
(12mm thickness)
Frames, Wooden frames for | 1.41E+00 5.10E+02 1.80E+02 1.00E+01 1.80E+03
doors, windows and doors
windows (fagades)
Internal wooden 8.02E-01 5.10E+02 1.02E+02 1.00E+01 1.02E+03
sill
Internal doors and : 2.58E+00 5.10E+02 3.29E+02 1.20E+01 3.94E+03
frames
Glass panels 2.80E-01 2.50E+03 1.75E+02 1.50E+01 2.63E+03
3.2mm thick

>>>
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TABLE 6 Scenario 1: Calculation of existing EE.

BUILDING MATERIALS QUANTITY DENSITY OTAL AMOUNT DATA FROM ICE
COMPONENT OF MATERIALS INVENTOR

Description of Amount Revit nit of measure Per dwelling Embodied Energy | Embodied Energy
each material (4 dwellings) [m®] | [kg/m?] [kgl [MJ/kgl] [MJ]

Internal Internal ground 3.40E+01 2.40E+03 2.04E+04 7.50E-01 1.53E+04
ground floor concrete
floor (200mm thick)
Floor finish 3.10E+00 1.90E+03 1.47E+03 4.51E+00 6.65E+03
("plasterboard”)
20mm thick
Internal Internal first-storey | 3.40E+01 2.40E+03 2.04E+04 7.50E-01 1.53E+04
first-storey floor concrete
floor (200mm thick)
Floor finish 3.10E+00 1.90E+03 1.47E+03 4.51E+00 6.65E+03
("plasterboard”)
20mm thick
Internal Wooden floor 2.06E+00 5.10E+02 2.63E+02 1.00E+01 2.63E+03
second floor structure
Floor finish 2.90E+00 5.10E+02 3.70E+02 1.00E+01 3.70E+03
(“wooden floor”)
18mm thick
Internal Internal bricks wall @ 3.26E+01 1.70E+03 1.39E+04 3.00E+00 4.16E+04
walls (200mm thick)
Internal bricks wall : 1.19E+01 1.70E+03 5.05E+03 3.00E+00 1.51E+04
(100mm thick)
Internal bricks wall | 8.32E+00 1.70E+03 3.54E+03 3.00E+00 1.06E+04
(70mm thick)
Stairs Wooden structure 3.47E+00 5.10E+02 4.42E+02 1.00E+01 4.42E+03
1. Dutch demonstrator (surface: 132.82 m?) EEl= 2.60E+05

In scenario 2, the EE calculation considers EE, and discounts the changes promoted by the wall
demolition, wooden frames, insulation material, ventilated fagade, heating and hot water systems,
and new windows and frames.

Firstly, since the external facade brick layer is demolished and the windows and frames are
changed, the EE from the external brick layer (4.51E+04), glass panels (2.63E+03), and facade frames
(1.80E+03) shown in Table 6 were not considered in the “Existing” phase of EE, resulting in 2.10E+05.

Secondly, for calculating the EE associated with the wooden structure, the energy necessary to saw
the wood was considered. According to (Nwuba & Kaul, 1987), the energy required to saw the wood
with a power chain is 3.8kJ/min. The sawing process takes approximately four hours, resulting in a
consumption of 0.91MJ.

Regarding the wood fibre insulation material, the values from the ICE database were considered: EE

of 10.8 MJ/kg and density of 40kg/m?®. The total volume of insulation necessary is 41.26m? resulting
in an EE of 17,825.18 MJ.
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As previously mentioned, for the cladding material of the ventilated fagade, the beams from the
demolition site undergo a sawing and heat treatment process, both of which are included in the
calculation. Firstly, the energy required for sawing the wood was considered the same for sawing
the wooden structure (0,91MJ). The heat treatment was considered a thermal modification, with
the volume of wood about 3.32 m®. According to (Candelier & Dibdiakova, 2021), the EE associated
with this treatment is 2830 kWh/m? based on kWh to MJ conversion of 5.22 (Bowens et al., 2020),
corresponding to 14,772.60 MJ/m? resulting in 48,999.18 MJ.

The new heating and hot water system adopted is the air heat pump. The energy required for this
system is calculated in Table 7.

TABLE 7 EE calculation of air heat pump.

Low alloyed steel 32 56.71 1814.4
Reinforced steel 120 56.7 6804
Copper 36.6 57t 2086.2
Elastomere 16 102.1* 1633.6
Polyvinylchloride 1.6 77.2! 123.52
Polyolester oil 2.7 37.28?% 100.656
HDPE 0.5 76.7" 38.35
R-134a (20 yrs) 13.3 26.508° 352.5564
Total 1.30E+04
1 ICE database 2011

2 Energy Demand and Greenhouse Gases Emissions in the Life Cycle of Coffee Harvesters lubricant oil
3 1430 kg CO, International Energy Agency / Evaluation of Embodied Energy and CO eq for Building Construction (Annex 57); 6,6 kg
CO,: From mine to refrigeration: a life cycle inventory analysis of the production of HFC-134a

The energy values associated with the new windows and frames are provided by the manufacturer.
Thus, Table 8 shows the final EE of scenario 2, considering all the processes and materials
mentioned for this scenario.

TABLE 8 Scenario 2: EE calculation.

RENOVATED SCENARIO

2.1 Existing 2.10E+05
2.2 Wooden frames 9.12E-01
2.3 Insulation 1.78E+04
2.4 Ventilated fagade 4.90E+04
2.5 Heating and hot water system 1.30E+04
2.6 Windows, door, frames 1.11E+04

TOTAL EE2 (MJ) 3.01E+05

Finally, for scenario 3, the EE associated with the PV modules is indicated in Table 9.
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TABLE 9 EE from PV modules (Source: (Michiel J. Ritzen, 2017)).
EE - PV MODULES

EE extraction EE manufacturing EE construction TOTAL EE
(MJ/m?) (MJ/m?) (MJ/m?) (178)]
600 : :

1488 13 25  5.25E+04

Thus, the EE of scenario 3 is the sum of the previous EE, and the EE of the PV modules:

EE, = EE, + EE = 3.01E+0b5 + 5.25E+04

PV modules

EE, = 3.53E+05 MJ

Total LCEP

After calculating the OE and EE for each scenario, the total LCEP per scenario can be calculated
and compared based on:

Life Cycle Energy = Embodied Energy + Operational Energy

Figure 18 and Table 10 show the values calculated of EE and OE from each scenario, with the
reduction percentage compared to the existing situation (scenario 1).

8.00E+06 Total LCEP in 50 years (MJ)

7.00E+06
6.00E+06 m Embodied Energy  m Operational Energy
5.00E+06
4.00E+06
3.00E+06

2.00E+06

1.00E+06

Scenario 1 Scenario 2 Scenario 3

0.00E+00

-1.00E+06

FIG. 18 Total LCEP of each scenario, accounting for OE and EE
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TABLE 10 Total LCEP of each scenario, accounting for OE and EE, with the reduction percentage.

TOTAL LCEP IN 50 YEARS (MJ)

Operational Energy 6.88E+06 9.88E+05 -3.49E+05
Embodied Energy 2.60E+05 3.01E+05 3.53E+05
Total LCEP 7.13E+06 1.29E+06 4.82E+03
Reduction 0% 81.9% 99.9%

DESIGN FOR DISASSEMBLY ASSESSMENT

The DfD index calculated for end-of-life and maintenance results in 0.86/1.0 and 0.95/1.0,
respectively, as shown in Figure 19.

End-of-life

0.86

score

1. Ventilated facade
Connection hook and cladding material
Type of connection
Accessibility of connection
Connection hook and fire resistent board
Type of connection
Accessibility of connection

T

0.95

1.00 Dry connection
1.00 Freely accessible

0.80 Screw connection
1.00 Freely accessible

2. Fire resistent board
Connection to wooden structure
Type of connection
Accessibility of connection

0.80

0.80 Screw connection
0.80 Accessible with actions that don't cause damage

3. Insulation
Connection to wooden structure
Type of connection
Accessibility of connection

0.90

1.00 Dry connection
0.80 Accessible with actions that don't cause damage

Connection to wooden structure
Type of connection
Accessibility of connection

Inclusion
Piercing

4. Wooden structure 0.80
Connection to wall
Type of connection 0.80 Screw
ibility of 1 0.80 Accessible with actions that don't cause damage
Maintanance [ITT 1T/ 0.95
score _toelichting
1. Insulation - 0.90

1.00 Dry connection
0.80 Accessible with actions that don't cause damage

0.80 Overlap
1.00 No piercing

2. Ventilated facade
Cladding material
Type of connection
Accessibility of connection

Inclusion
Piercing

1.00

1.00 Click connection
1.00 Freely accessible

1.00 Open, no inclusion
1.00 No piercing

FIG. 19 DfD index of developed facade design

DISCUSSIONS

Renovating the building stock is a potential key aspect toward an energy-neutral built environment.
Literature shows that the OE has a more significant effect on the overall LCEP. However, with the

increasing attention and improvements regarding this concern, the EE is becoming increasingly

relevant. Therefore, OE and EE, in conjunction, are vital indices in assessing the complete

environmental impact of a building.
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Concerning the EE calculations and the use of the ICE database, some limitations and uncertainties
exist since the ICE dataset refers to the United Kingdom, and the version applied is not up-to-date.
However, as this is a comparative study in an international context, this is not a very relevant
shortcoming. If an absolute answer is needed, a national database such as Nationale Milieudatabase
(NMD, 2020) could be used in a particular context.

Regarding the wood fibre insulation, there was a lack of information concerning the fire resistance
treatment in a circular and/or bio-based way. Through literature reviews, the options were mainly
related to using chemicals with high EE to improve the fire class of the material.

Furthermore, reusing the wood straight from the demolition site to produce the wood fibre insulation
is still very theoretical, and studies concerning the process of upscaling still need to be investigated.

Since scenario 1 of this paper corresponds to approximately 42% of the dwellings in the Netherlands,
the importance of this research is related to the possibility of upscaling the renovation of these
dwellings. It would bring significant energy savings and, consequently, a significant reduction

in CO, emission rates.

FIG. 20 Mock-up developed for results validation

As the next step in this research, a mock-up has been developed to validate the results, as shown

in Figure 20. In this mock-up, the designed facade is compared with already existing ventilated
fagade products in the market and the existing fagade (as scenario 1). In this mock-up, the circular
aspects related to the reuse of wood from demolition and the DfD strategies are fully considered, also
working to evaluate the urban mining and the assembling and disassembling processes.
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CONCLUSIONS

As aresult of the complete design, scenario 2 presents a reduction of 82% in the total LCEP, and
scenario 3 shows a 100% reduction in the LCEP. This means that the Zero Energy Building was
achieved with the renovation proposed in scenario 2 and the addition of PV modules in scenario 3.
Nevertheless, the developed ventilated facade does not bring positive results for the LCEP when
applied in combination with the complete building renovation (scenario 2) and in the Dutch weather
characteristics. Contrariwise, the results show an EE of the ventilated fagade (4.90E+04 MJ) higher
than the OE savings due to the ventilated facade (4.20E+04 MJ) in a lifespan of 50 years. It signifies
that the energy spent for manufacturing the ventilated fagade was higher than its effect on the
energy reduction and, therefore, not beneficial for the conditions applied in scenario 2.

There are two ways to analyse this result: firstly, in the renovated scenario (scenario 2),

the energy destined for summer comfort is a small percentage of the overall building's

energy consumption (10%). It means that the ventilated facade would bring better results in
scenarios where the energy for maintaining summer comfort is higher, such as in countries with
warmer weather and in a future perspective due to climate change and temperature increment.

Secondly, suppose the developed ventilated fagade is added separately to the existing dwelling
(scenario 1). In that case, the OE savings due to the ventilated fagade (40% * 2.55E+05 MJ = 1.02E+05
MJ) is greater than the energy required for manufacturing (4.90E+04 MJ). Thus, if the developed
ventilated fagade is applied individually to an existing dwelling with low energy performance, the
results are positive even in the Dutch scenario.

The DfD index for the developed fagade design presents high results for the end-of-life (0.86/1.0)

and maintenance (0.95/1.0) analysis. This indicates that the developed ventilated fagade technology
and wooden structure can be an innovative alternative to strengthen the circular built environment
concept and deal with construction and demolition waste. However, future research should still study
the trade-off between LCEP and DfD.
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Abstract

This paper evaluates how parts of the building engineering design processes can be automated using
software automation, with a focus on the analysis of thermal bridges in fagades. Reduced repetition in
fagade design requires the automation of routine tasks that would otherwise be performed manually.
Because full software automation is seldom achievable, a preliminary decision-making process that
considers both the effort to create automation and the benefit to exploit it is required. A methodology is
presented to achieve beneficial trade-offs between effort and benefits, by using heuristic knowledge.
The knowledge was gathered by interviews with fagade professionals. The methodology was tested

on two case studies based on the analysis of the expected thermal bridge heat loss of two large-scale
and low-repetition buildings. The results of the automated process described in the methodology were
compared against information obtained from traditional approach, where the engineer/consultant
performs each individual task manually. The results shows that the introduction of automation leads to
time savings of 44%, if compared to the manual approach.
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INTRODUCTION

Facade engineering requires many routine tasks to be performed on fagade types or interfaces,
especially when repetition in the project is minimal. With architectural expression growing in
ambition, and with increasing performance requirements that need to be coordinated with many
different engineering disciplines, this aspect becomes a source of risk due to the lack of precision in
the expected performance, requiring analysis of the most critical parts of the project and leading to
product over-engineering and, therefore, less sustainable solutions.

Facade design automation is a current topic of interest in the sector as it provides ways of
streamlining the design of complex systems, while capturing the underlying mechanisms that
govern the design of the product (Henriksen et al., 2016; Montali et al., 2017). The paradigm is
fostered by recent advances in software programming languages, propelled in turn by the growth of
data and advances in web technologies in the last decades.

An opportunity therefore emerges in combining software automation and fagade engineering

to achieve a better understanding of the expected performance when designing non-repetitive
fagades. The traditional use of software via graphical user interface (GUI), requiring manual mouse
and keyboard interaction on every single task to be performed, is currently being replaced by
more sophisticated software applications based on programming interfaces (API). Commercially
available, off-the-shelf software applications like Rhinoceros (Robert McNeel & Associates, 2021) or
Revit (“Revit,” 2021) nowadays provide users with access to the same GUI objects via API that can
be controlled via commonly-available programming languages (such as Python or C#). Such API
normally extend the functionality the software’'s GUL

Excluding human labour from repetitive tasks, while leaving a supervising role to people who

would otherwise perform the tasks in question, simplifies processes and provides opportunities for
increasing productivity and creativity. To this end, research has shown that there is no clear solution
on how to manage repetitive tasks manually as they prove intrinsically challenging. For instance,

it has been shown that interruptions in repetitive tasks provide benefits (Back et al., 2010). But,

if exceedingly short and unwanted, they can reduce productivity and lead to more human errors
(Altmann et al., 2014). It has also been shown that a key role is played by how the GUI is built and

its level of user-friendliness (Tsai & Byrne, 2007)computer-based routine procedural tasks involving
execution of multiple steps. Differences were found in error frequencies at particular steps between
the three tasks, a result that is consistent with predictions derived from Altmann and Trafton's
(2002. As Israelian Nobel prize winner Daniel Kahneman would say: “humans are noisy”, hinting that
the same person will produce different outputs (some of which incorrect) by performing the same
task repetitively. Computer automation thus allows for more time to be spent on value-adding and
less error-prone activities, and partly addresses the construction sector “productivity imperative”
(McKinsey & Company, 2015).

In this paper, a method is presented to show how to implement software solutions for task
automation. The method builds upon existing literature in the field of knowledge management
(Milton, 2007), as well as optimization techniques (Ashby, 2011) that prioritise which tasks to
automate first in order to minimise the initial cost of software implementation. A case study of the
total heat loss calculation through the envelope for two UK-based, large-scale Passivehaus projects
will be used to demonstrate the validity of the proposed method.
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The choice of the heat loss through the building envelope for energy-efficient buildings as a case
study is driven by recent international ambitions to tackle the energy crisis. It is estimated that
the incorrect incorporation of thermal bridges can lead to an underestimation of the heating peak
power by 29% and of the annual energy demand by 37% in passive houses (Berggren & Wall, 2011).
Furthermore, the adoption of a fixed percentage increasing the centre-of-pane building envelope
thermal loss to account for thermal bridges was proven not suitable in cold climates (Berggren

& Wall, 2013). Therefore, a more in-depth analysis of the actual thermal bridging is required, and
automation can be a valuable instrument in this regard.

The present study is structured as follows. First, the methods will be shown, along with a
description of the two case-study projects. The paper will follow with the application of the
method to the above-mentioned projects, while it will end with discussions of the results and
conclusions and final remarks.

METHODS

The method is based on the technique described in Milton (2007), and adapted by selecting specific
steps (in particular step numbers 7, 28, 32, 33) to reduce the time required to complete and to
streamline the automation process. An overview of the method is shown in Figure 1 in a BPMN

("BPMN,"” 2017) view.
Implement software
CissiciSeteinolnet ) solutions to automate tasks ( >

N Loop until there is no cost/benefit
Teree opportunity to automate
or if measured benefits don't meet expectations

Map the process
to be automated

Implement software solutions to automate tasks

Implement the most urgent Remove item from
P : N Measure benefits
item on the scoping matrix scoping matrix

FIG. 1 BPMN view of the method adopted.

The method consists in the following tasks:

Map the process to be automated

This task requires to create a detailed process map showing each individual task required. Each
task is a detailed and individual operation that is normally performed manually and whose
automation will be evaluated. See Figure 3 in the results section for an example. BPMN (‘BPMN,"
2017) can be used as it is a widely used formal process mapping language, although any process
mapping style is valid.

JOURNAL OF FACADE DESIGN & ENGINEERING VOLUME 10/ NUMBER 1/ 2022



2 Create a scoping diagram

The automation of each task from the process map created at the step above is then evaluated

in terms of benefits and cost. For this purpose, two tables are produced (example in Table 1): one
addressing the benefits and another one the cost of automating each task (table rows). Each task

is evaluated against a series of topics (table columns), which depend on the project and may differ
between the two tables. The evaluation score could be a number ranging from 1 to 5, where 1=lowest
score and b=highest score. The topics are weighted in case the relative importance of topics differs.
An example of a topic for evaluating costs can be “time required”, while an example for evaluating
benefits could be “increased quality”. Each task is then given a weighted average, calculated as a
linear combination of the scores and the weightings. The weighted average represents the overall
cost or benefit in automating a specific task. See Table 3 and Table 4 in the results section for

a practical example.

TABLE 1 Example of table for capturing cost or benefits in automating a specific task

Topic 1 Topic 2 Weighted average
Weighting 2 1
Task 1 1 1 3.0
Task 2 2 2 6.0
Task 3 3 3 9.0

The evaluation scores in each diagram are normally based on heuristics. The matrices can be
completed by one or more expert people. If more than one person is required to complete the
assessment, either individual tasks (rows) or aspects (columns) are assigned to each person. In the
case of a multitude of people contributing to a single task/topic entry, a simple average can be used.
Once the two tables are prepared, each task is prioritised via a scoping diagram (Figure 2). Given that
each task presents two weighted scores, a diagram (“scoping diagram”, named after the “scoping
matrix” in Milton (2007) can be drawn to prioritise the tasks to be automated. As the diagram
presents benefits and costs on the axes, a point in the diagram identifies a task. The optimal tasks,
i.e. tasks laying on the Pareto front (Sawaragi et al., 1985), are those that have the priority in terms
of implementation as they improve in both cost and benefit at least another task. For this reason,
optimal tasks are also referred to as “non-dominated”, while the remaining are defined “dominated”
(Sawaragi et al., 1985).

A Non-optimal task
Optimal task

5 D/

L

= ;i

T i

“— H

o

1%}

8 [ [ ]

V\ Pareto
®

front

Y

Benefit of automation

FIG. 2 Scoping diagram showing which tasks shall be automated first
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Implement software solutions to automate tasks

The third step consists of an iterative process where the most urgent task from the scoping diagram
is automatised first via software implementation. Given that all tasks on the Pareto front have the
same level of priority, an expert judgment may be required. Depending on the inclination of the
front, it is possible to start with the task with the lowest cost (nearly vertical front) or largest benefit
(nearly horizontal front). Alternatively, it is possible to transform the problem from multi-objective
to single-objective via a penalty function approach, by determining the appropriate exchange
coefficient, if possible (Ashby, 2011). In this case, the most urgent task is the task with the minimum
penalty function value.

Once the task is chosen, both the time required to implement the software solution and an
assessment of the time required to manually perform the task are produced. If the assessment
proves that the automation of the task increases productivity (e.g., by showing that the time required
to implement the software and run it is lower than what measured in a manual approach) or quality
(e.g., by counting the number of typos/errors in the final output), then the team marks the step as
completed and proceeds with a second iteration. The second iteration will automate the second most
urgent item between those on the Pareto front in the scoping diagram.

DATA

The data used in the results section are taken from two real-world projects currently under
development in London, UK. Both projects present miscellaneous end uses, such as student
accommodation, office, and retail and are pursuing the Passivhaus certification.

»
0
.
.
»
N
™~
m
Eay
'y
&y

FIG. 3 Render images of the two projects used to test the automated process. Courtesy of Alford Hall Monaghan Morris, Apt and
Urbanest.

The two projects are characterized by a series of tower blocks and a podium area at ground level.
The tower blocks are mainly student accommodations, while the podiums present a mixed use.
Both projects present two additional levels below ground. The total GFA area of the projects is
approximately 25000 m? and 60000 m?.

JOURNAL OF FACADE DESIGN & ENGINEERING VOLUME 10/ NUMBER 1/ 2022



4.1

The Passivhaus certification required in-depth evaluation of the total heat loss through the building,
including thermal bridging. All thermal bridges related to the curtain wall fagcade were excluded in
the present analysis as analysed separately in the U_, as per BS EN 12631. Therefore, only thermal
bridges at roof and basement levels were considered in this study, including those at the interface
between roofs/slabs and curtain walls (a.k.a. non-facade thermal bridge types). The number of non-
fagcade thermal bridge types identified in the two projects and analysed in this paper was 77 and 109.

RESULTS

MAP THE PROCESS TO BE AUTOMATED

The first step comprised mapping the process by defining all individual tasks. In this case, the
process consisted of automating the calculation of the lengths and number of thermal bridges for the
two projects investigated. This process was deemed to contain repetitive and error-prone activities
as it required the determination of the length and count of a large number of different types of
thermal bridges. For this reason, the process was first performed manually for a few representative
examples and then represented in a process map as shown in Figure 4.

Import general Identify thermal Draw thermal bridges.
O—’{ arrangements in Rhino bridges types. for each type Compute the quantity Generate output

FIG. 4 BPMN process map for determining all thermal bridges lengths and number.

The individual tasks of the process were:

Import general arrangements in Rhino: in this step, the architectural plans in CAD format were

retrieved and imported in Rhinoceros. The process consisted in using the “Import...” function for each

general arrangement imported.

Identify thermal bridge types: all possible thermal bridges were identified by inspecting the

above general arrangements. When a new thermal bridge type was identified, a new layer in Rhino

was generated with the following naming convention:
XXX-YYY-L00-TB123-0_0_0_0_0-Description-H123-V123

Where the hyphen-separated fields are:

XXX is the project code

YYY is an additional descriptor field

L00 identifies the project level at which the thermal bridge refers
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TB123 is the thermal bridge code where:

TB identifies the thermal bridge type and can be PT (point), LH (linear horizontal), LV (linear vertical)
123 is a progressive number for numbering the thermal bridge

0_0_0_0_01is the ratio of the thermal bridge heat loss to a specific project zone/area. For instance, a
0.1_0_0.9 code assigns 10% of the heat loss to the first project zone, zero to the second, and 90% to
the third. This field is useful in case of projects requiring the total heat loss calculation for different
zones/areas of the same building, such as in Passivhaus certifications.

Description is a natural language description of the thermal bridge in question

H123is a mandatory field for LV thermal bridge types, representing only their lengths, as this is not
captured in plan views, where 123 is the thermal bridge length in metres.

V123 is the value of the thermal bridge loss, where 123 is either in W/K for point thermal bridges (x)
or W/m?K otherwise (¢)

Draw thermal bridges for each type: each of the identified thermal bridges were drawn in Rhinoceros
as either points (for “PT" or “LV" types) or lines (for “LH" for linear horizontal types)

Compute the quantity: per each thermal bridge type, the total quantity is calculated by determining
the number of point thermal bridges or the total length of linear thermal bridges.

Generate output: the output consists of determining the total heat loss Qi[%] for each

thermal bridge type I

Where lev1 is the sum of all individual length of a specific linear thermal bridge type i and Yj is the
count of all point thermal bridges of type i, as calculated from the step above. The values of ¢, and ¥,
are determined via separate FEM modelling or tabular data.

CREATE A SCOPING DIAGRAM

The purpose of this step is to assess the cost/benefit of automating the above tasks by creating a
scoping diagram. For each task from the process map, two tables were created to independently
assess benefits and cost.

Table 2 defines the benefits of automation and it was evaluated against two possible aspects: time
savings and increased quality. In this instance, the former was given a weight of 2, while increased
quality was assigned a weight of 1, indicating that the benefit of automation was expected to have
more of an impact on productivity than quality, if compared to a manual approach.
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TABLE 2 Assessment of the benefits in automating each step

Time saving Increased quality Weighted average
Weighting 2 1
Import general arrangements in Rhino 1 1 1.0
Identify thermal bridges types 2 2 2.0
Draw thermal bridges for each type 3 3 3.0
Compute the quantity 3 1 2.3
Generate output 3 1 2.3

Similarly, Table 3 was used to assess the cost of automating each task from the process map.
Two cost aspects were analysed: time required to automate i.e., time to produce code, and cost in
terms of additional specialist people i.e., the task requires advanced techniques to be used, such
as machine learning.

TABLE 3 Assessment of the cost of automating each step

Time required to Specialist people Weighted average
produce code required

Weighting 2 1

Import general arrangements in Rhino 1 1 1.0
Identify thermal bridges types 5 3 4.3
Draw thermal bridges for each type 5 2 4.0
Compute the quantity 1 1 1.0
Generate output 2 1 1.7

In this case, both tables were completed by experts in the field. All tasks are then given a weighted
average both in terms of cost and benefit, which were represented in the scoping diagram show in
Figure 5. The scoping diagram evaluates all individual tasks (triangles) against their cost/benefit,
with the best tasks to automate being the ones that have lower costs and greater benefits.

5.0
4.5
A
4.0 A
A Import general arrangements in

< 35 Rhino
q . .
S A Identify thermal bridges types
g 3.0
S A Draw thermal bridges for each
g 2:5 type
‘s Compute the quantity
220
“v
8 15 A A Generate output

1.0 A

0.5

0.0

0.0 1.0 2.0 3.0 4.0 5.0

Benefit of automation

FIG. 5 Scoping diagram (Milton, 2007) for the investigated process. The scoping diagram evaluates all individual tasks (triangles)
against their cost/benefit, with the best tasks to automate being the ones which have lower costs and larger benefits.
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IMPLEMENT SOFTWARE SOLUTIONS TO AUTOMATE TASKS

This step is an iterative as it requires the identification of the most urgent tasks from the process
map at step 1). The iteration is terminated when there is no cost/benefit opportunity or if, after
having implemented a specific task, measured benefits don't meet the expected results.

The most urgent item on the scoping diagram is chosen from the subset of optimal tasks, i.e., those
lying on the Pareto front. In this case, there are three out of five tasks that are optimal and they
are, in ascending order of cost of automation: “Compute the quantity’, “Generate output’, and “Identify
thermal bridge types” In this case, the task with the lowest cost of automation was chosen, as all
three Pareto front tasks seemed to have similar values in terms of benefit (vertical Pareto front).

Iteration 1

The "Compute the quantity” task was chosen to be the most urgent as it was the one with the lowest
cost of those in the Pareto front. The task was implemented via custom C# scripting by creating
dedicated classes of objects that represented the thermal bridges (Figure 6). Note that the naming
convention of the Rhinoceros layers containing thermal bridges of the same type can be interpreted
as a serialised version of the objects in Figure 6, in that it includes all object properties except for
the read-only properties “"TotalQuantity” and "HeatLoss". The former is calculated as the sum of all
thermal bridge quantities (either number or length), while the latter is equal to the product between
the two properties Value and TotalQuantity. There is also an array of thermal bridges quantities
“Quantities” which is excluded from the layer-naming convention as it is a property that gets
generated at runtime and serves to determine the “TotalQuantity”.

ThermalLoss <<Enumeration>>

+ ProjectName: String ThermalLossType
+ AdditionalField: String

+ StoreyLevel: String

+ Code: String

+ Boundary_Proportion: String

+ Description: String

+ ThermalLossType: ThermalLossType
+ Value: double

+ Quantities: double[0..*]

LinearHorizontal
LinearVertical
Point

+ TotalQuantity: double {readOnly}
+ HeatlLoss: double {readOnly}

ThermalLossVertical

+ Height: double

FIG. 6 UML class diagram representing the taxonomy of the thermal bridges in the software application.

The benefits were measured by comparing the time to perform the task manually with the time
to implement the software solution and run it. For this task, an average of 1bs per element to be
measured (if a Rhino point, adding it to the count, whereas if a Rhinoceros line, by reading the
length and reporting it onto an Excel spreadsheet, including a 10 minute break every hour of
work) was determined. The time required to automate the task was measured to be 4 hours, while
the time to run it required approximately 1 ms per task. For the two projects, the total number of
Rhinoceros elements was 1756.

Figure 7 represents the obtained results, showing that the time required to complete the task
manually is 440 minutes. As task automation required overall 240 minutes (time to run the
automation was negligible in this case), the increase in productivity was positive and it was thus
possible to move to the next task automation.
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FIG. 7 Measured benefits from the automation of the task “Compute the quantity”

Iteration 2

The second iteration involved the automation of the "Generate output” task. Due to project
requirements, it was necessary to both report the total heat loss per each individual thermal bridge
and their location in plan view. As the number of identified thermal bridge types was larger than
100, a plan view of each thermal bridge and their location was required. An example of the expected
output is shown in Figure 8.

Value of the total heat loss (W/K) by thermal bridge type

BTS-RES-L01-PT02-0_0_0_0_1_0-ColumnSlab-V0

Quantity: 6
O =
‘e
>
/, X
jN == == g
i
N — = = T
Xl 7 1
X
=
= X i
i
19077-RES-LO1-LYV-4 wm 06 g
1
19077-RES-LR2-LH1 | €0 = 1
19077-RES-RLLHS | 00 | I
07 RES LR PTL | 00 | |
1807745 WL UG | 00 | |
19077 RLS LRZLH2 00 = | U= - ol
18077 WS LU | 00
o0
o0
o0 y
o0
o R

FIG. 8 Expected output for the two projects investigated. Left: summary of total heat loss per each thermal bridge. Right: example of the
location of a thermal bridge in plan view (courtesy of Allford Hall Monaghan Morris).
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Building upon the code from iteration 1 and the classes shown in Figure 5, first an extension of the
C# code was made to export results into an Excel table automatically. This code was used to generate
the clustered bar chart on the left of Figure 9. Then, additional code was produced to automatically
take screenshots of each thermal bridge and the Rhinoceros entities representing coloured in red,
along with the project general arrangements shown in the background in a lighter colour, as shown
on the right of Figure 9.

Once the code was implemented, results were measured and compared. It was measured an average
of b minutes per thermal bridge, if the task were to be performed manually. This value considers

the act of turning all Rhinoceros layers off except those identifying the thermal bridge and the
background general arrangements, setting the right layer colours and including a 10-minute break
every hour of work. The time to create and use the automation was measured to be 240min and
1ms/task, respectively.

Generate output
1000

900
800
700
600

500

Time (min)

400

300

200

100

1 10 100 1000
Number of operations (-)

—-—Manual --Automated

FIG. 9 Measured benefits from the automation of the task “Generate output”.

The measured benefits arising from automating this task are shown in Figure 6. While the
manual approach would require approximately 880 minutes of work, the automated task would
slightly exceed 240 minutes.

[teration 3

The third iteration would involve the automation of the “"Draw thermal bridges for each type" task.
This would mean automating a task with a software solution capable of recognizing complex
concepts such as “building”, “thermal bridge” and even more abstract ones, such as representing
a thermal bridge with a line on a building's general arrangement plan view. While these concepts
would be quite elementary to be performed manually by an experienced professional, it is

harder to embed them into a software application such as an artificial intelligent agent via, for
instance, machine learning. For this reason, the iteration was stopped and the rest of the tasks
were performed manually.
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5 DISCUSSION

The proposed method was used to automate part of the calculation of the total heat loss through
the building envelope on two large-scale UK projects. The method was proven to produce a

series of results that increased productivity. First, it demonstrated how to identify bottlenecks in

a manual engineering task. For the two projects analysed, these were the tasks associated with
counting the number and length of thermal bridges, generating the output, and identifying thermal
bridge types on architectural drawings. Second, the time required to perform a large number of
repetitive operations was significantly reduced. By comparing the time required to perform the
two tasks requiring automation, a 63% reduction was measured (Figure 10). Overall, the time
required to perform all tasks from Figure 3 was calculated to be 1893 minutes for the fully manual
approach and 1054 minutes for the semi-automated route, thus leading to a global 44% reduction
in time (Figure 11).

400 1319 000 1893
800
200
600
000 400
200
800 1054
000
600
480 a0
400 600
400
200
200
0 0
W Manual approach ~ ® Automated approach m Manual approach  ® Automated approach
FIG. 10 Time (in minutes) to perform “Compute the quantity” FIG. 11 Time (in minutes) to perform all tasks.

and “Generate output” tasks.

Lastly, given the repetitiveness of the tasks being automated, there is an expectation that quality
would be increased. It is envisaged that human repetition may lead to random errors, such as
incorrect reporting of thermal bridges lengths/counts onto an Excel spreadsheet or when generating
graphical output. While quality may prove challenging to measure and/or assess, the authors believe
that automation of repetitive and easy-to-automate tasks produces high-quality results. Producing
experiments where people are required to complete a repetitive task, to be then reviewed in terms

of number of errors against what is produced by a machine, may be a possible route. As these types
of experiments fall outside of the expertise of the authors, further research in this field by design
engineers and psychologists is required.

The assessment of the quality in automation is deemed to be both a point in favour and a limitation
of this study. Other limitations consist of the inability to automate tasks requiring complex
reasoning, such as the above-mentioned “Draw thermal bridges for each type" task. Novel computer
science techniques, appropriately implemented in off-the-shelf software libraries, are required by
construction professionals.
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CONCLUSION

The present paper has proposed a method to analyse and prioritise manual tasks in a typical fagade
engineering process for successive software process automation. The method consisted of three
major tasks, requiring process mapping, the subsequent evaluation of the tasks to be automated
with the largest priority, and a final part where automation is implemented iteratively on each task.
The method was applied concurrently to two large-scale UK projects for the assessment of the total
heat loss through the building envelope via a large number of thermal bridges. Results have shown
that the time to complete the engineering tasks can be reduced up to 44%, if appropriate automation
on the most urgent tasks is implemented. The tasks that were automated in this study suggested
that the more repetitive the task, the higher the likelihood of running into errors when performing
it manually. This aspect is as crucial as it is complex to demonstrate and assess in advance.
Further research requires methods to assess the expected increase in quality, as this aspect plays a
fundamental role in increasing productivity in the engineering design of facades.
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Abstract

The thermal performance of adaptive building envelopes can be evaluated using building performance
simulation tools. Simulation capabilities and accuracy in predicting the dynamic behaviour of adaptive
building envelopes can be enhanced through co-simulation. However, it is unclear how accurately co-
simulation can predict the performance of adaptive building envelopes and how the accuracy of adaptive
building envelope models created in co-simulation setups can be assessed and validated. Therefore,

this study presents new evidence on the empirical validation of co-simulation setups for adaptive
building envelopes by establishing an assessment framework to determine the extent to which they

can accurately represent the real world. The framework was applied to a case study to validate a co-
simulation setup for a blind automation system using monitored data from MATELab, a full-scale outdoor
test facility with realistic indoor and outdoor conditions. The validation of the co-simulation model of
MATELab resulted in a median CV-RMSE index, a measure of model accuracy, of 5.9%. This indicates that
the simulated data points have a small variance relative to the measured data points, showing a good
model fit. In the future, modellers from the facade community can use the assessment framework for
their co-simulation setups.
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INTRODUCTION

Adaptive building envelopes can improve thermal building performance by dynamically adapting
their behaviour over time to changing environmental conditions (Loonen, Favoino, Hensen, &
Overend, 2017). For example, adaptive building envelopes may significantly reduce energy demand
for lighting, heating and cooling by conveniently modulating the incoming solar radiation (Favoino,
Fiorito, Cannavale, Ranzi, & Overend, 2016).

Despite the rapid development of novel adaptive building envelope technologies, they are hardly
adopted in practice. One reason is that capital costs for adaptive building envelopes are typically
higher than for static building envelopes due to additional components — involving more raw
materials and higher investment costs. However, operating costs for energy consumption and
maintenance may be lower throughout the life cycle of adaptive building envelopes and are rarely
considered by designers and clients (Attia et al., 2018; Loonen, Trcka, Céstola, & Hensen, 2013).
Another reason is a lack of evidence in real-world applications of the benefits that can arise from
these technologies or the lack of benchmarks, standards and testing procedures for evaluating
adaptive building envelope performance (Hensen, Loonen, Archontiki, & Kanellis, 2015). The latter
is in part attributed to uncertainty in predictions of adaptive building envelope performance
when using existing building performance simulation (BPS) tools. BPS tools are software tools for
predicting building performance by dynamically solving a set of mathematical equations. The main
barriers to an accurate performance prediction of adaptive building envelopes in BPS tools are: (i)
the limited modelling capabilities of existing BPS tools in simulating different types and ranges
of control algorithms, on which the performance of adaptive building envelopes during operation
largely depends (Loonen et al., 2017), (ii) the limited integration of multi-domain influences
(Tabadkani, Tsangrassoulis, Roetzel, & Li, 2020) and (iii) the lack of occupant behaviour models that
can successfully estimate the impact of users (Luna-Navarro, Gaetani, Anselmo, Law, & Overend,
2021). This limits the capability of BPS tools to adequately capture the influence of the control
algorithm on the dynamic behaviour of adaptive building envelopes, which in turn increases the
uncertainty about accurately predicting adaptive building envelope performance.

Taveres-Cachat, Favoino, Loonen, & Goia (2021) suggest that the co-simulation of adaptive building
envelope models is a valuable approach to overcome the limitations discussed above. Co-simulation
stands for cooperative simulation and refers to the joint simulation of separate models developed

in different tools. The models are executed in individual simulators and are allowed to cooperate
(Hafner et al,, 2012; Trcka, Wetter, & Hensen, 2009). While the tools communicate and synchronise
outputs, such as variables or status information, at certain points in time, each tool independently
solves one part of the coupled problem between the communication points. A particular challenge in
co-simulation is the time synchronisation and orchestration of the heterogeneous models and their
individual solvers. To enable synchronisation and interactions across sub-simulators, co-simulation
uses a coordinator-worker concept. The worker simulates sub-problems, and the coordinator
initiates the start of the simulation and is responsible for coordinating the overall simulation and
the data transfer between the tools (Broman et al., 2013). An earlier study by Borkowski, Donato,
Zemella, Rovas, & Raslan (2019) proposed a modelling approach for the co-simulation of adaptive
building envelopes. According to Attia, Hensen, Beltran, & De Herde (2012), BPS tools should provide
the flexibility to integrate guidance to influence design decisions, e.g. through optimisation of design
solutions. However, many BPS tools lack such capabilities, and the modelling approach by Borkowski
et al. (2019) integrates additional functionalities, such as optimisation, to support the design
decision-making process.
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[t is still unclear whether co-simulation tools can accurately predict the thermal performance of
adaptive building envelopes, albeit accurate adaptive building envelope models are crucial (Loonen
et al., 2017). The accuracy of BPS tools is usually systematically tested through diagnostic methods,
such as the Building Energy Simulation Test method, which allows comparison of the predictions of
BPS tools with analytical solutions (Neymark et al., 2002). However, it is generally difficult to establish
a common diagnostic method for co-simulation setups, as there is no one-size-fits-all approach to
co-simulation, with the end product often being case-dependent (Trcka et al., 2009).

Despite the importance of assessing the accuracy of co-simulation setups for adaptive building
envelopes, there is currently only one study that shows the empirical validation of a co-simulation
setup for adaptive building envelopes, and that is a study by Taveres-Cachat & Goia (2020). In this
study, a fully controlled test facility was used to validate a co-simulation setup for predicting the
thermal and daylighting performance of a highly flexible parametric model of an external louvred
shading system. The study by Taveres-Cachat & Goia (2020) does not take into account that the
end products of co-simulation setups are very different and strongly depend on the respective
co-simulation task. For example, they can differ depending on the internal routines of the tools
used or the degree of complexity required to describe the task. This case dependency means that
an approach for the validation of co-simulation of adaptive building envelopes is required that
can be used for the different co-simulation setups. Therefore, the aim of the present study is to
provide new evidence on how to validate co-simulation setups for thermal and control models of
adaptive building envelopes. Since access to expensive calorimetric test facilities is often a barrier
to providing empirical evidence for co-simulation setups, a full-scale non-calorimetric test facility
was used. In addition, the approach by Tavares-Cachat & Goia (2020) has been extended through
the use of an in-situ characterisation and a sensitivity analysis (SA), and details of each step of
the assessment framework are provided for modellers from the fagcade design and engineering
community to determine the accuracy of their own co-simulation setups.

To achieve these objectives, the present study adopted a twofold validation technique. On the one
hand, empirical validation, which compares the outcomes of a tool with measured data, was used
to test the solution process and appropriateness of the modelling approach within (i) its domain

of applicability (Sargent, 2013) and (ii) the range of experimental uncertainty (Coakley, Raftery, &
Keane, 2014). On the other hand, comparative testing, which compares the outcomes of a tool with
the outcomes of another tool, was used to identify and diagnose sources of error or inaccuracy

in the modelling approach. However, conducting comparative testing, which requires the use of

a tool commonly accepted to represent the state-of-the-art, was complicated by the challenging
representation of control algorithms for adaptive building envelopes in existing BPS tools. To still be
able to perform comparative testing, only control algorithms that could be modelled in existing BPS
tools were used in the present study.

The remaining part of the paper proceeds as follows: the next section (Section 2) provides an
overview of the challenges of using non-controlled real-world facilities, such as MATELab, an outdoor
test cell for occupant-facade interaction in the United Kingdom (UK) (Luna-Navarro & Overend, 2021),
to empirically validate co-simulation setups. MATELab is a 30.0 m? office-like test facility designed

to investigate occupant responses to different adaptive building envelope technologies. It has a
modular glazed building envelope oriented to the east, south and west for testing different building
envelope bays per orientation (Figure 2). Each bay has a maximum dimension of 1.5 m by 2.3 m

and was designed to be easily installed and replaced, thereby allowing different building envelope
technologies to be investigated in a relatively short period of time. In addition, each of the bays

can be covered with obscuring cover panels made of highly insulated external and corresponding
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internal plasterboard to generate a broad range of glazing orientation scenarios. Section 3 describes
the co-simulation setup that is empirically validated and the assessment framework adopted for its
validation. The results of the validation are then reported in Section 4 and discussed in Section b.

CHALLENGES OF ADOPTING NON-CONTROLLED TEST
FACILITIES FOR EMPIRICAL VALIDATION OF ADAPTIVE
BUILDING ENVELOPE CO-SIMULATION MODELS

The thermal performance of building envelopes is usually measured in indoor calorimetric
facilities, as the British Standards Institution describes in BS IS0 19467 (BSI, 2017b). In recent
years, the performance of adaptive building envelopes has been increasingly tested in outdoor test
facilities (e.g. Cattarin, Causone, Kindinis, & Pagliano, 2016). However, since they do not present
full control of environmental parameters or calorimetric conditions, the thermal performance of
these test facilities tends to be less accurate and controlled than traditional outdoor test cells for
adaptive building envelopes.

Compared to real buildings, the modelling and calibration of not fully controlled outdoor test cells
share some challenges but also bring benefits (Cattarin et al,, 2016). Of key importance are the
challenges discussed hereafter. The first challenge is that boundary conditions, thermal bridges and
air infiltrations have a larger impact on the performance, given the smaller size of these test cells.

In this sense, the detection of individual heat transfer paths is required, as recommended by Annex
58 of the International Energy Agency's Energy in Buildings and Communities (IEA EBC) programme
(Roels, 2012). Thermal bridges and air infiltration rates also tend to be non-negligible due to the large
surface-to-volume ratio.

The second challenge is the measurement and modelling of boundary conditions, which is
particularly important as boundary conditions are not fully controlled. Monitoring and modelling
of weather conditions are also important, especially the fraction of direct, diffuse and ground-
reflected solar radiation (Judkoff & Neymark, 2006). Solar gains can have a large impact due to the
larger surface of the transparent envelope relative to the total volume. The heat transfer coefficient
of the surface must therefore be accurately selected from the large number of available empirical
correlations to better describe the specific boundary conditions, such as wind velocity in the
proximity of the building envelope (Moinard & G.Guyon, 1999).

If the thermal inertia of the building envelope is low, a third challenge is the unwanted oscillations in
indoor air temperature compared to highly controlled test cells. Loutzenhiser et al. (2007) highlighted
that predictions of cooling performance obtained through simulations are more sensitive to
boundary conditions when performed on lightweight buildings compared to massive buildings due
to the low thermal mass (and time constant) of the former case.

Lastly, real-world non-controlled test facilities typically include building automation systems for
controlling heating, cooling, ventilation, lighting or window systems. These building automation
systems usually have sensors, but they are not easily accessible or programmable to take
measurements with the accuracy or frequency required for the calibration process of a BPS tool
(Saelens & Reynders, 2016).
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CO-SIMULATION SETUP AND ASSESSMENT FRAMEWORK
FOR VALIDATION IN A NON-CONTROLLED TEST FACILITY

This section provides an overview of the co-simulation setup and the assessment framework
used to validate it.

CO-SIMULATION SETUP

The co-simulation setup used the modelling approach developed by Borkowski et al. (2019) to model
the blind automation system of MATELab. The modelling approach was specifically developed to
accurately predict the thermal performance of control algorithms for adaptive building envelopes.
To represent adaptive building envelopes, the modelling approach uses the following software:

EnergyPlus: Integration of EnergyPlus v8.9.0 (National Renewable Energy Laboratory, 2018) to create
the thermal model of the building and the building envelope.

Dymola: Integration of Dymola v2020x (Dassault Systemes, 2018), a commercial simulation
programme based on the object-oriented, multi-domain modelling language Modelica (Modelica
Association, 2017), to create the model of the control algorithm.

FMI Standard: Integration of the Functional Mock-up Interface (FMI) Standard v2.0 (MODELISAR,
2014), an open middleware developed to facilitate communication and information exchange

in co-simulation setups, to exchange information at each simulation timestep between

EnergyPlus and Dymola.

Dymola is used as a coordinator simulation tool, and EnergyPlus as a worker simulation tool,

as shown in Figure 1. This means that the EnergyPlus model is encapsulated and shared as

a Functional Mock-up Unit (FMU) for co-simulation, which enables EnergyPlus to exchange
information at each timestep with Dymola. The software package EnergyPlusToFMU v3.0.0 (Nouidui,
Lorenzetti, & Wetter, 2020) is invoked to create the FMU, which is then manually imported into
Dymola, the co-simulation coordinator, and connected to the control algorithm model. In the present
study, the solar irradiance was measured in MATELab and provided as an input to the model to
compute the blind position, which was then provided as an input for the FMU.

Integrated modelling approach

| |
! EnergyPlus as FMU Dymola |
| |

|
| FMI |
! Thermal model of 7 Model of |
| MATELab @ control strategy !
| Blind position l
| :
| |
! Worker Coordinator |

|

FIG. 1 Schematic of the co-simulation process: the control algorithm for the blind automation system in Dymola was coupled to
the model of MATELab through the FMI Standard for information exchange at each zone timestep.
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The co-simulation was automated through a script written in Python v3.8.5 (Python Software
Foundation, 2020), which covered three basic steps: (i) export of the thermal model of MATELab as an
FMU to be used in the co-simulation setup by calling EnergyPlusToFMU through the Subprocess.call()
function; (ii) co-simulation of the entire model of MATELab through the Simulator.simulate() function
of the BuildingsPy package (Lawrence Berkeley National Laboratory, 2019) and (iii) extraction and
storage of data in CSV format for analysis. All simulations required for the validation were performed
using the standard Dassl solver of Dymola with the default solver tolerance of 10 on a 2015
MacBook Pro with a dual-core Intel Core 15 processor of 2.7 GHz and with 16 GB of memory running
Ubuntu 20.04 in a virtual machine.

ASSESSMENT FRAMEWORK

Table 1 describes the assessment framework to validate co-simulation setups for adaptive building
envelopes used in non-controlled calorimetric test facilities. MATELab was chosen as a case study
for a non-controlled and non-calorimetric test facility to collect the empirical data. The following
sections describe the actions taken in each step of the framework’s application and the rationale for
the specific procedures and techniques used to identify, collect and analyse information.

TABLE 1 Steps involved in the validation of co-simulation setups for control algorithms of adaptive building envelopes

Step

1 Definition of the validation scenario according to the purpose of the present study.

2 In-situ characterisation of the thermal properties of the validation scenario.

3 Collection of empirical data for the validation.

4 Creation of a reduced-complexity thermal model of the validation scenario in EnergyPlus based on the available facility
construction documentation and the in-situ characterisation results.

5 Undertaking of a SA to identify key input variables for the calibration.

6 Calibration of the reduced-complexity thermal model of the validation scenario.

7 Creation of an adaptive building envelope model in the co-simulation setup by extending the model from Step é with a
control algorithm for the building envelope.

8 Validation of the co-simulation setup by comparing the predicted data with the experimental data and identification of

potential sources of error.

VALIDATION SCENARIO

The first step in the validation of the co-simulation setup was to define the validation scenario
according to the purpose of the study. For the present study, MATELab was used with the east and
west glazing panels covered with the obscuring cover panels internally and externally, thereby
generating a south-facing glazed building envelope scenario. The south-oriented glazing consisted
of two high-performance double-glazed units and internal automated Venetian blinds, as shown in
Figure 3. This setup resulted in a window-to-wall ratio of approximately 0.5 on the south-oriented
building envelope. The validation scenario’'s characteristics are reported in Appendix A.

JOURNAL OF FACADE DESIGN & ENGINEERING VOLUME 10/ NUMBER 1/ 2022



a b

FIG. 2 Exterior views of MATELab: a. View of the south-west building envelope; b. View of the east building envelope with cover

panels.
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FIG. 3 Views of blind installed in MATELab: a. View from inside to outside through blind with installed sensors; b. Detailed view of
blind slats.

MATELab was unoccupied and operated in a free-running mode during this study, i.e. the underfloor
air distribution (UFAD) system was switched off. This eliminated uncertainties arising from occupant
behaviour and operation of the heating, ventilation and air-conditioning (HVAC) system, as suggested
by previous work (Lomas, Eppel, Martin, & Bloomfield, 1997). It resulted in a simpler and more
controlled validation scenario and facilitated the identification of inaccuracy or error in the building
envelope and in the basic setup of the model.

Table 2 shows the control algorithm of the automated Venetian blinds that was implemented for the

validation of the co-simulation setup. It was a rule-based control algorithm whose input and output
were the solar irradiance, the time delay and the position of the blind.
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TABLE 2 Control algorithm for MATELab's blind automation system

Input I, 9lobal horizontal solar irradiance in W/m?

Output I soun: global vertical solar irradiance on south surface in W/m?

Algorithm setl  =1/3x Isol‘sky +LOXL

ifI_>250W/m?and t > 15 min then

sol

Uy, = 1.0
else

uhlmd = OU
end if

Due to the challenges of modelling a test facility such as MATELab, it was initially necessary to model
a reduced-complexity model of MATELab, i.e. the thermal model with a static building envelope,
allowing for a better understanding of the model dynamics. Accordingly, for the reduced-complexity
model (Step 4), the blind automation system was turned off, so the building envelope was static.

In addition, the blinds remained down all the time to minimise solar gain effects. In contrast, in the
co-simulation model (Step 7), the blind automation system was turned on, so the building envelope
was adaptive. Details of both models are reported in Table 3.

TABLE 3 Building envelope setup of models in validation scenario

Step Model Mode of operation Position of blinds Measurement period
4 Reduced-complexity model Static Down 14-21 May 2020
5 Co-simulation model Adaptive Alternating depending on 8-16 August 2020

control algorithm

IN-SITU CHARACTERISATION OF THERMAL CHARACTERISTICS

In the second step, the thermal characteristics of the validation scenario were characterised.

The thermal performance of the building envelope is often considered a major source of uncertainty
in thermal building models, as the actual performance may differ from the performance estimated
during design. For this reason, this methodology proposed the characterisation of the building
envelope through in-situ measurements. The in-situ characterisation included the evaluation of the
most important thermal properties of the building envelope: the thermal transmittance and the solar
factor of the glass fagade, the thermal bridges and the air infiltration flow rate. Further details of the
calculations and procedures are given in Appendix B.

In-situ measurements of U- and g-values

According to ISO Standard 13790 (International Organization for Standardization Technical
Committee 163/SC 2, 2008), the thermal characterisation of the building envelope is done by
evaluating the air tightness, as recommended in BS EN 13829 (BSI, 2001), and by measuring two
simplified parameters: (i) the thermal transmittance, i.e. the U-value (W/m?K), and, if glazed, the
solar factor, i.e. the g-value (-). These two parameters are usually measured under steady-state
conditions either by laboratory tests or by software tools integrating databases of glass panes.
However, due to the simplified approach in evaluating these parameters, they may not correspond
to the actual thermal and solar performance (Goia & Serra, 2018). For example, there may be a
discrepancy between the boundary conditions registered in situ and the standardised conditions

JOURNAL OF FACADE DESIGN & ENGINEERING VOLUME 10/ NUMBER 1/ 2022



3.4.2

127

used during laboratory characterisation. Therefore, the simplified approach can lead to significant
differences between the calculated and in-situ energy performance of the glazing system. Since
there are no calorimetric conditions in non-controlled, non-calorimetric test facilities to assess the
performance of the building envelopes, this framework used the in-situ characterisation based on
the work by Goia and Serra (2018). The framework measures the U- and g-values through empirical
measurements under non-calorimetric conditions. The measurements for the characterisation of the
in-situ performance of the building envelope were taken as shown in Figure 4.
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FIG. 4 Experimental setup in MATELab: a. Plan view with the indoor sensors at the centre of the facility (1) and at the building
envelope (2); b. Experimental setup at the building envelope with indication of the sensors used (sensor details are reported in
Appendix B); c. Area-weighting for the calculation of the U-value..

Air tightness of building envelope

The air tightness of the building envelope can be characterised in situ by a blower door test (BDT)
according to BS EN 13829 (BSI, 2001). This standard describes two types of test methods, depending
on the purpose of the application. Method A (testing of a building in use) is applied during the
heating or cooling season, while Method B (testing of the building envelope) assumes that intended
openings in the building envelope are closed or sealed and the HVAC system is switched off. In a
BDT, a specific range of pressure differences is created in the building envelope, and the airflow
through the fan is monitored to assess the level of air tightness of the building envelope. Method B
was chosen in this study since the goal of the air tightness test was to evaluate the performance of
the building envelope. Therefore, all openings of the test facility were closed or sealed, including the
air conditioning grills and vents, and the UFAD system was switched off. The indoor and outdoor
temperatures were the same. The BDT was performed on a day when the meteorological wind speed
was within the recommended range of BS EN 13829 (BSI, 2001).

After performing the BDT, the data were processed according to the Technical Memoranda TM23 by
the Chartered Institution of Building Services Engineers (CIBSE, 2000) to determine the air tightness.
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Thermal bridges assessment

If the validation scenario has a large ratio of external surface area to internal volume, thermal
bridges can significantly affect the thermal model of the test facility and must be evaluated
accordingly. Thermography provides a rapid and non-destructive means of assessing the thermal
performance of building envelopes in situ (Asdrubali, Baldinelli, & Bianchi, 2012). Applications
include (i) detection of missing or defective insulation, (ii) detection of air leaks and moisture and (iii)
investigation of thermal discontinuities in the building envelope and thermal bridges.
Thermographic tests should be carried out in accordance with BS EN 13187 (BSI, 1999) and BS

EN IS0 6781-3 (BSI, 2015). When using thermography to identify thermal bridges, the temperature
difference between the inside and outside of the building should be at least 10 °C. To minimise the
effect of solar radiation on the results, in-situ thermographic tests are usually carried out during the
night. In this study, the method proposed by Asdrubali et al. (2012) was used to quantify the effect

of thermal bridges.

DATA COLLECTION PROCEDURES

The third step was to collect empirical data for the validation. During the measurement periods, the
parameters described below were measured based on the available sensors for undertaking the
model calibration and validation. After the data collection, the values were compiled and averaged
over 1 minute. Details on the measurement campaign are reported in Appendix C.

Outdoor environmental parameters

Outdoor environmental parameters were needed to create the weather file for the validation of the
model of MATELab. Weather data, specifically the dry bulb air temperature and the global horizontal
solar irradiance, were collected using the weather station of MATELab, located on its roof at a height
of approximately 3.0 m above ground level. It was assumed that these data were of particular
importance for predicting MATELab's performance, in particular the aspects listed in Table 4.

TABLE 4 Effects of measured outdoor environmental parameters on the performance of MATELab

Parameter measured Measurement instrument used Performance aspects affected by
parameter

Dry bulb air temperature Weather station Exterior surface convection
Infiltration/ventilation sensible heat
transfer

Global solar irradiance Weather station Fenestration heat gains

Exterior surface heat balance
Control algorithm

Indoor environmental parameters
Indoor environmental parameters were needed to assess the accuracy of the model during validation.

The thermal performance indicator used was the indoor temperature, which was measured at the
centre of the facility by a 1.0 m high sensing station (1 in Figure 4a).
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Parameters related to control actions of blind automation system

Another data point required for the validation was the control actions of the blind automation
system, namely the position of the blind. It was an important data point for the cross-validation of
model outcomes, as the performance of adaptive building envelopes largely depends on the control
algorithm during operation.

CREATION OF A REDUCED-COMPLEXITY THERMAL MODEL

The reduced-complexity thermal model was developed in the fourth step in EnergyPlus, which was
chosen because it can represent the building envelope with sufficient accuracy (Attia et al., 2018).
This offers the possibility to simulate and explore the performance of adaptive building envelope
technologies constructed in MATELab in future studies. Furthermore, EnergyPlus allows the
calculation of the thermal performance under non-stationary conditions, which is important in the
present study as MATELab has a low thermal mass and is free-running. In the model, three thermal
zones were implemented: (i) a supply air plenum under the raised floor, (ii) a return air plenum over
the suspended ceiling and (iii) an occupied space. Further simulation parameters of the thermal
model of MATELab are reported in Appendix D.

The models of the building envelopes were initially created based on the specifications received
from the manufacturers of the building components. In a second iteration, the U- and g-values
measured in Step 2 were incorporated. This was followed by a third iteration in which the U-values
of the opaque building components were modified to capture the effects of the thermal bridges as
measured in Step 2. Thermal bridges were included by increasing the conductivity of each building
component by the corresponding value.

Data from outdoor environmental conditions were then used to create a new weather file for
the study periods with Elements (Big Ladder Software & Rocky Mountain Institute, 2016), a free
and open-source software tool for creating and editing custom weather files. Further details are
reported in Appendix D.

SENSITIVITY ANALYSIS TO INFORM THE CALIBRATION

In the fifth step, a SA was carried out to identify key input variables for the calibration. The evaluation
of the uncertainties is a fundamental step in the calibration process of BPS tools to confirm that a
model was implemented correctly (de Wit & Augenbroe, 2002). In the present study, this was achieved
by identifying and quantifying the degree of uncertainty of the most important input variables of

the model of MATELab and then fine-tuning uncertain input variables to minimise discrepancies
between measured and predicted data points. Possible sources of uncertainty in the model of
MATELab are listed in Table 5.

TABLE 5 Possible sources of uncertainty in the model of MATELab

Type of uncertainty Description

Specification uncertainty Inaccurate or incomplete building and system specifications, such as geometry,
material and blind properties and internal heat gains.

Modelling uncertainty Simplifications and inaccurate assumptions of the physical processes, such as infil-
tration and ground heat transfer characteristics, in the computational simulation.

Numerical uncertainty Errors introduced in the numerical analysis of the computational simulation.

Scenario uncertainty Inaccurate representation of external conditions imposed on the building, such as
climate conditions and occupant behaviour.

JOURNAL OF FACADE DESIGN & ENGINEERING VOLUME 10/ NUMBER 1/ 2022



130

Detailed audits and in-situ characterisation are effective instruments to reduce the first source
of uncertainty and should be carried out where possible. This includes in-situ measurements of
actual geometrical characteristics as well as HVAC and lighting systems and schedules. Such
in-situ characterisations are relatively easy to perform in outdoor test facilities that are not fully
controlled (as described in Step 1), so that uncertainties due to inaccurate or incomplete building
specifications become negligible.

To determine the most important input variables, the next step of the calibration process consisted
of undertaking a SA (Chong and Menberg 2018). In this study, a global approach to SA was adopted,
taking into account the interactions between variables by varying input variables simultaneously
over the whole input sample space. The approach to global SA adopted was a Monte Carlo sensitivity
analysis (MCSA), a variance-based method that measures the sensitivity of the output to the input
variable by the amount of variance in the output caused by that input (Tian, 2013). It uses random
samples from a given distribution, and this study selected the Latin hypercube sampling (LHS)
method to generate the sample due to its efficient stratification properties. Figure 5 shows the
schematic of the processes involved in the MCSA.

Determine probability Generate latin

Select input variables of C .
distributions of input hypercube sample to
MATELab model . L
. . variables to represent represent uncertainty in
subject to uncertainty

uncertainty input variables

&

Run MATELab model
Identification of most Conduct sensitivity on each latin hypercube
important input <: analysis by calculating <:| sample to determine

variables sensitivity indices distributions of output
variables

FIG. 5 Workflow diagram showing the processes involved in the MCSA.

In the MCSA, numerous sets of input-output variables were generated by running the model of
MATELab on the input sample. The uncertain inputs considered in the MCSA are listed in Appendix
E. Correlation-based methods were then applied to measure the strength of the input and output
variables and to rank the input variables from 1 (the most important variables) to 8 (the least

) to
measure the strength of the linear relationship between each of the input variables and the indoor

important variable). The two indices applied were: (i) the Pearson correlation coefficient (S

Pear

temperature and (ii) the Spearman rank-order correlation coefficient (S, __) to measure the strength

car)
of the monotonic relationship between each of the input variables and tlie indoor temperature. Both
indices had to be applied to capture information in the case of a non-linear relationship between
input and output variables. The ranking was then used to generate plots for an initial qualitative
evaluation of key input variables using the Python package Matplotlib (Hunter, 2007): (i) tornado
plots to compare the relative importance of the input variables and (ii) scatter plots to show the

relationships between the variables.

JOURNAL OF FACADE DESIGN & ENGINEERING VOLUME 10/ NUMBER 1/ 2022



3.8

Given that sensitivity indices are estimated based on a limited sample, SA methods are subject to
uncertainty (Yang, 2011). To get good estimations nonetheless, Monte Carlo simulations require many
iterations depending on the complexity of the model and the number of parameters. The present
work used the bootstrap technique (Yang, 2011), plotting the estimated statistic against the gradually
increasing base sample size. Convergence is assumed as soon as there is no significant variation for
each sensitivity index.

As the MCSA required many iterations and thus a lot of computing power, a research computing
cluster was used to run the MCSA, which was completely automated through a Python script.

To keep the computational time as short as possible, the MCSA only utilised the previously created
reduced-complexity model. This required the use of EnergyPlus alone, which helped to reduce the
computational intensity of the MCSA.

CALIBRATION OF A REDUCED-COMPLEXITY THERMAL MODEL

The reduced-complexity model was calibrated in the sixth step. Previous work on model calibration
of outdoor test facilities suggested using an uncertainty analysis (UA) in the calibration of a thermal
model (Jensen, 1995). An UA was described as 'the process of determining the degree of confidence
in the true value when using a measurement procedure(s) and/or calculation(s) by the American
Society of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE, 2014, p. 10). It measures
the acceptable level of model accuracy using uncertainty indices. The index applied in this part of the
study was the coefficient of variation of root mean square error (CV-RMSE) index, which measures
the variability of the errors between measured and simulated data points, thereby indicating the
model's ability to fit the data

n

Z(mi_si)z

1 i—
CV—RMSE=—A| = %100
m n—p

Equation 1

where M is the average of the measured data points, mi is the measured data point for each model
instance I, si is the simulated data point for each model instance I. n is the number of measured data
points, and p is the number of adjustable data points, which is suggested to be zero for a calibration.

The [EA EBC Annex 58 developed a comprehensive framework and guidelines for reliable in-situ
dynamic testing to characterise the actual energy performance of building components and whole
buildings (Roels, 2012). This study applied the framework proposed in IEA EBC Annex 58 by using an
automated method to calibrate the model once the experimental data collection has been performed.
The automated calibration was implemented by using jEPlus (Zhang, 2012), a parametric tool for
EnergyPlus, and an automated optimisation script in Python. It calculated the CV-RMSE index for
each design option and selected the minimum CV-RMSE index as the final calibration solution.

The parameters for the calibration were selected based on the results of the MCSA.

ASHRAE and other organisations (e.g. ASHRAE, 2014; Federal Energy Management Program,
2008; International Organization for Standardization Technical Committee 163/SC 2, 2008) specify
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the maximum values for model calibration depending on whether the model was calibrated with
hourly or monthly data. Furthermore, it should be noted that current calibration criteria only refer
to the predicted energy consumption and do not account for uncertainties or inaccuracies of input
parameters or the accuracy of the simulated environment (e.g. temperature profiles). This study
used the hourly CV-RMSE index, which should be less than 30.0% for a model considered calibrated
(ASHRAE, 2014). In previous work, calibrated models of outdoor test facilities have achieved low
CV-RMSE values, such as 2.0% (Taveres-Cachat & Goia, 2020) or 3.4% (Martinez, Erkoreka, Eguia,
Granada, & Febrero, 2019).

3.9 CREATION OF CONTROLLER MODELS

To model alternative dynamic controls of the adaptive building envelope, the previously created
EnergyPlus model of MATELab was connected to a controller model in the seventh step.

The controller model was developed in (i) the Energy Management System (EMS) feature of
EnergyPlus and (ii) Dymola in the co-simulation setup. The controller model in the EMS feature
was used (i) for the SA and (ii) to generate outputs of a tool that is generally accepted as state-
of-the art to identify and diagnose sources of error or inaccuracy in the co-simulation setup
(Neymark et al., 2002). The co-simulation model was then used to test the accuracy of the adaptive
building envelope model's predictions coupled with the modelling approach, a co-simulation setup
developed in previous work.

3.9.1 Controller model in EMS feature of EnergyPlus

The EMS feature uses the EnergyPlus runtime language (Erl), a simple scripting language, to
describe control algorithms (DOE 2018). EnergyPlus interprets and executes the control sequence
implemented in Erl as the model is being run. In the present study, the EMS feature was used to
provide high-level supervisory control to override the WindowProperty:ShadingControl object in
EnergyPlus. Without the EMS feature, MATELab's control algorithm could only have been modelled in
fragments, as blind control algorithms within EnergyPlus are either preset or time-scheduled. This
might have had a negative impact on the model outcome (BSI, 2017a). To model a control algorithm
that is based on boundary conditions or simulation state variables instead, the EMS feature must be
used. Even though two aspects of the control algorithm were particularly complex to model in the
EMS feature (Appendix D), it was implemented in the EnergyManagementSystem:Program object in
EnergyPlus, as shown in Figure 6.

EnergyManagementSystem:Program,

setyblind, !~ Name

SET solrad_log_1 = @TrendValue solrad_log 1, !- Program Line 1

SET solrad_log_2 = @TrendValue solrad_log 2, !- Program Line 2

SET solrad_log_3 = @TrendValue solrad_log 3, !- Program Line 3

SET solrad_log_4 = @TrendValue solrad_log 4, !- Program Line 4

SET blind_on = Shade_Status_Interior_Blind_On, !~ Program Line 5

SET blind_off = Shade_Status_Off, !- Program Line 6

IF (solrad_log_1 >= 250) && (solrad_log_2 >= 250) && (solrad_log_3 >= 250), !- Program Line 7
SET yblind left = blind_on, !- Program Line 8

SET yblind_right = blind_on, !'- Program Line 9

ELSEIF (solrad_log_1< 250) && (solrad_log_2 < 250) && (solrad_log_3 < 250), !- Program Line 10
SET yblind_left = blind_off, !- Program Line 11

SET yblind_right = blind_off, !- Program Line 12

ENDIF; !- Program Line 13

FIG. 6 Control algorithm for MATELab's blind automation system in the EMS feature of EnergyPlus.
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Controller model in co-simulation setup

To link the EnergyPlus model to the Dymola model, the external interface of EnergyPlus had to be
activated. With the Externallnterface object present, the values listed in the object received their
inputs from the FMI Standard at each zone timestep. The software package EnergyPlusToFMU

was used to export the EnergyPlus model of MATELab as an FMU for co-simulation. The FMU was
then imported into Dymola, where it appeared as an input/output block and was connected to the
controller model. Figure 7 represents the model of the control algorithm in Dymola, with (i) the input
data of the monitored solar irradiance, (ii) the control algorithm and (iii) the FMU.
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FIG. 7 Graphical representation of the control algorithm model for MATELab's blind automation system in Dymola.

ANALYSIS OF VALIDATION RESULTS

When analysing the validation results in the eighth step, there could be large discrepancies between
measured and simulation-predicted data points. Another UA was therefore carried out to quantify
how well the model of MATELab described the variability in the measured data, hence decreasing the
model's uncertainty and increasing the level of confidence in it. The uncertainty indices used in this
part of the study to evaluate the accuracy were the normalised mean bias error (NMBE) and the
CV-RMSE (as in Step 6, see Section 3.6.2). The NMBE index gives the global difference between
measured and simulated data points by normalising the average of the errors of a sample space and
dividing it by the mean of the measured data points (m).
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NMBE= —X ~—— % 100
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Equation 2

where mi is the measured data point for each model instance [, si is the simulated data point for each
model instance 1, and n is the number of measured data points. p is the number of adjustable data
points, which is suggested to be zero for the validation.

Although the NMBE index is a good measure of model accuracy, its main problem is the cancellation
error, where the sum of positive and negative values reduces the value of the NMBE index (Ruiz &
Bandera, 2017). Consequently, using this index alone is not recommended, and the CV-RMSE index
was used as a further measure of model accuracy.

As outlined in Figure 8, an iterative process was applied to reduce discrepancies between measured
and predicted data points. The model's output variable of interest used to calculate the uncertainty
indices was the indoor temperature, and the acceptable range of accuracy should be in accordance
with ASHRAE Guideline 14-2014 (ASHRAE, 2014). According to the guideline, the hourly NMBE
index is required to be less than 10.0%, and the hourly CV-RMSE index less than 30.0% to evaluate

a model as validated.

Simulate models

Compare predicted
and measured data

Calculate
uncertainty indices

ASHRAE
criteria are met

Fine-tune input
variables of models

Yes

Models fit
measured data

FIG. 8 Iterative process for the reduction of discrepancies between measured and predicted data.

RESULTS AND DISCUSSION

This section discusses the results that emerged from this study. It begins by presenting the
results related to the in-situ measurements and the results of the MCSA. It then moves on to
analyse the calibration of the reduced-complexity model of MATELab and the validation of the co-
simulation model of MATELab.
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IN-SITU MEASUREMENTS

Figure 9a shows the linear regression leading to the determination of the in-situ thermal
transmittance for the measurement points A, B, C and D given in Figure 4, while Figure 9b shows the
linear regression leading to the evaluation of the U-values at the edge of the glass, corresponding

to the measurement points E, F and G in Figure 4. The resulting U-values are reported in Table

15 in Appendix F. The total U-value was then evaluated by calculating a weighted average of each
zone corresponding to the areas of influence in Figure 4. The total U-value was assessed as 1.2 W/
Km?, which is higher than the U-value of 1.1 W/Km? originally obtained from the manufacturer's
specifications. The total U-value was adjusted accordingly in the model of the construction elements
of the thermal model.
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FIG. 9 Results from the U-value monitoring: a. Linear regressions leading to the computing of the U-values closer to the centre of
the glass pane; b. U-values at the edge of the glass pane.

Figure 10 shows the results of the g-value monitoring and the corresponding linear regression
for the empirical evaluation of the g-value. It can be seen that the g-value of 0.4 is higher than
the originally assumed 0.3 in the first iteration of the model. This was adjusted accordingly in
the second iteration.
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FIG. 10 Linear regression leading to the evaluation of the g-value.
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The results of the BDT are shown in Figure 11, which plots the characteristic curve of the air
infiltration in MATELab. The air permeability of the building envelope was found to be 2.3 air
changes per hour at 50.0 Pa. This value is within the recommended maximum limit of the UK
Part L regulation for fuel and power conservation (Office of the Deputy Prime Minister, 2006).

The value of the flow coefficient C was determined to be 0.0084, which was then used as an input
in the Zonelnfiltration:FlowCoefficient object in EnergyPlus. A schedule of 24/7 and a conventional
pressure exponent of 0.7 were used. For the stack coefficient, the value recommended by ASHRAE
Fundamentals for a one-storey building with a typical shelter for a rural house was used,
corresponding to 0.000145 (ASHRAE, 2017).

2.00 3.00 4.00 5.00
200 | & y =0.4932x - 4.7798
£ R2=10.9338
g
£ .
In(AP) (Pa)
-4.00

FIG. 11 Characteristic curve of the air infiltration of MATELab.

Finally, the thermal images in Figure 12 show the temperature distribution of the outdoor surface
temperature of MATELab. The even colouring of the walls around the windows indicates a uniform
installation of the thermal wall insulation. The temperature distribution also shows that there are no
significant thermal bridges in the building envelope, except for the expected thermal bridges at the
interface between two different materials (e.g. glass-frame) and at geometrical discontinuities.

a

FIG. 12 Thermographic images of two different building envelopes of MATELab, taken from the outside: a. South-facing glass
facade; b. East building envelope with opaque covers on glass.
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MONTE CARLO SENSITIVITY ANALYSIS

The aim of the MCSA was to determine the most important input variables in the validation scenario
by using the sensitivity indices S, _and SSpear to evaluate the relationships between the input
variables and the indoor air temperature T,.

As discussed above, this study adopted the bootstrap technique to achieve convergence. S,  and
SSpear were plotted against the gradually increasing number of iterations N, and convergence was
assumed as soon as there was no significant variation for each sensitivity index. Figure 13 shows
that the indices reveal a clear distinction between the two most important input variables — the
internal heat gains Q. and the infiltration flow rate Q_. - and the other six variables after a few
hundred iterations (N = 750). Internal heat gains describe the heat emitted within MATELab from
internal sources, especially computer equipment, resulting in a temperature increase within the
facility, and infiltration describes the unintended flow of outside air into MATELab, typically caused

by cracks in the building envelope.

Luu 1uu
0.75 0.75
0.50 0.50
3
0.25 \Y 0.25 A\
¥ 000 %Fpé/_——————/ H 0.00 y/{\ —
e S N & 0 i< S ——— =
72N A 70N o
-0.25 -0.25
-0.50 /\/\/—\/%— —0.50 ,——\/\—”‘\/———
-0.75 -0.75
-1.00 -1.00
25 50 75 100 250 500 750 1000 2500 5000 750010000 25 50 75 100 250 500 750 1000 2500 5000 750010000
N N
— Qw — ¢ — Qint d — Qnr — ¢ — Qint d
— P — Ty — he v — P — Ty — he v

H

FIG. 13 Convergence of S, and S for input variables and increasing base sample size expressed as number of iterations N.

a Spear

While the indices started to converge at the base sample size of around 5000, only the two most
.o could be identified with certainty. The other six variables (p, c,
Tg, h_, d and V) had no noticeable effect on the model outcome compared to the internal heat gains
and the infiltration flow rate. The data show that these six variables had a negligible correlation
with S, and S close to zero. This indicated that the relationship was random or non-existent.

Pear Spear

important variables (Q_, and @

[t would thus have been computationally ineffective to increase the number of iterations further. As a
consequence, convergence was assumed.

This study applied two correlation-based methods to measure the strength of the input and output
variables. From the data in Figure 14, it is apparent, however, that S, and SSpear were similar for
each of the input variables, consequently leading to the same conclusions. The data also shows that
the two most important input variables in relation to the indoor air temperature were the internal
heat gains @, and the infiltration flow rate Q. Therefore, variations in the indoor air temperature
could largely be attributed to variations in the internal heat gains and the infiltration flow rate, and
the internal heat gains and the infiltration flow rate were used to calibrate the model.
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FIG. 14 Comparison of the relative importance of the input variables for N = 10000, with the rank of each input variable given next
to the bar (1 is the highest rank).

CALIBRATION OF A REDUCED-COMPLEXITY THERMAL MODEL

The aim of calibrating the reduced-complexity model with the static building envelope was to
minimise the error between the measured and predicted indoor air temperature T . This was
achieved by fitting the internal heat gains and the infiltration flow rate through the automated
process described in Section 3.8. In this process, the model was calibrated by performing an
automated parametric analysis and running 4,642 simulations varying the internal heat gains and
the infiltration flow rate. The simulation scenario with the minimum CV-RMSE index was then
selected, indicating a good model fit. Table 6 shows the CV-RMSE index and the correspondent
internal heat gains and infiltration flow rate before calibration (predicted based on the construction
documents and the results of the in-situ characterisation) and after calibration (predicted based on
the results of the parametric analysis). Figure 15 compares the predicted indoor air temperature
T, before and after calibration with the measured indoor air temperature. In addition, the following
changes were made to the model:

Since infiltration highly depends on outside wind conditions, measured wind data from MATELab's
weather station were added to the weather file.

Since MATELab's weather data were not measured at World Meteorological Organization standard
conditions, the Site:WeatherStation object was added to EnergyPlus to specify the measurement
conditions for the climatic data, such as the height above ground of the weather station.

30

Measured --------- Predicted --------- Calibrated

Date

Indoor air temperature [°C]

15/05 04:00

15/05 14:00
17/05 00:00
16/05 10:00
16/05 20:00
17/05 06:00
17/05 16:00
18/05 02:00
18/05 12:00
18/05 22:00
19/05 08:00
19/05 18:00
20/05 04:00
20/05 14:00
22/05 00:00
21/05 10:00

FIG. 15 Comparison of measured and predicted Tai before and after calibration of the reduced-complexity model.
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TABLE 6 Comparison of CV-RMSE index before and after calibration

Model CV-RMSE (%) Q_, (W/m?) Air infiltration
Before calibration 6.6 8.7 Q,:0.0008 m*/s m*
After calibration 6.3 13.0 C: 0.0084

The results in this section indicate that the in-situ characterisation proved useful in improving

the accuracy of the predicted data. This shows that including the non-calorimetric in-situ
characterisation of the building envelope in the assessment framework may contribute to a more
accurate prediction of the indoor air temperature. It should be noted that the original thermal model
developed based on construction documents was already very accurate, with a CV-RMSE index of
6.6%, well below the ASHRAE requirement of 30.0%. The reason for this could be the authors’ detailed
knowledge of MATELab's construction details. The fact that the data collection was conducted shortly
after the test facility was built may also have contributed to the accurate results, as the building
components were largely unaffected by deterioration and maintenance factors. For example, the
U-values were not significantly different from those published in the construction documents.
Nevertheless, an in-situ characterisation is recommended in all cases because the performance

of building components deteriorates over time. Therefore, it is important to measure their actual
performance at the time of data collection. In addition, the use of non-stationary models to measure
the actual performance of the building envelope may be considered.

VALIDATION OF A CO-SIMULATION MODEL OF MATELAB

The validation was undertaken to reduce the uncertainty of the model of MATELab created in a co-
simulation setup. The control algorithm was modelled, in addition to Dymola, in the EMS scripting
feature of EnergyPlus to identify and diagnose sources of error or inaccuracy in the co-simulation
setup. Since the parameters of the thermal model and the weather file were identical for both
models, the main difference between them was that the control algorithm was modelled in different
tools. When comparing the predictions of the models of MATELab with the actual measured data,
good agreement with the measured data was found. The data were analysed by descriptive statistics,
and the summary statistics for the uncertainty indices NMBE and CV-RMSE are compared in Table

7. The data in the table shows that the NMBE minima (Dymola: -1.4%, EMS: -1.4%) and maxima
(Dymola: 0.8%, EMS: 0.7%) were well below the ASHRAE requirement of 10.0% for hourly empirical
data. With median values of -0.1% (Dymola) and -0.1% (EMS) for the NMBE indices, both Dymola and
EMS models tended to slightly over-predict the measured data. However, NMBE indices close to zero
indicate that there is only a small difference between the predicted and actual indoor air temperature
and that the model has a sound goodness-of-fit. Similarly, the CV-RMSE minima (Dymola: 0.01%,
EMS: 0.02%) and maxima (Dymola: 20.6%, EMS: 21.0%) were well below the AHREAE requirement of
30.0%, which was also suggestive of a good model fit.

TABLE 7 Summary statistics of uncertainty indices applied in validation

Type of error Tool Median Standard deviation Minimum Maximum
NMBE (%) Dymola -0.1 0.5 -1.4 0.8

EMS -0.1 0.5 -1.4 0.7
CV-RMSE (%) Dymola 6.3 4.0 0.01 20.6

EMS 6.2 4.2 0.02 21.0
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The results of the validation are also shown in Figure 16. When comparing the measured and
predicted indoor air temperature data, the discrepancies between measured and predicted data
become apparent, especially in the last three days when the weather quickly changed from sunny

to cloudy. A possible explanation for this could be inaccuracies in the thermal mass (e.g. due to
computer equipment inside MATELab). If the real test facility was lighter than the model, it gave back
more thermal energy and cooled down faster when the environmental temperatures were cooler
than the thermal mass.

------- measured - == predicted (EMS) —— predicted (Dymola)
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FIG. 16 Comparison of measured and predicted Tai in the validation of the co-simulation model.

Interestingly, Dymola and the EMS feature predicted slightly different outcomes. Since the weather
file and the parameters of the thermal model were identical, it can be assumed that the differences
were due to the different models and solution techniques supported by each of the tools used to
represent the control algorithm. For example, the EMS feature used the Erl programming language
commands, such as IF-ELSEIF-ELSE-ENDIF statements and trend variables, and Dymola used the
Modelica Standard Library (Modelica Association, 2016) model components, such as Modelica.Blocks.
Logical Hysteresis and Modelica.Blocks.Logical.Switch. But such small discrepancies were expected
and are in line with earlier observations, e.g. by Trcka, Wetter, and Hensen (2009).

These different approaches to representing the control algorithm in the respective tools may have
resulted in differences in how the output of the control algorithm was computed. A differently
computed control algorithm could then have led not only to discrepancies in the predictions of the
blind movements but also to discrepancies in the predictions of the indoor temperatures. Figure 17
compares the measured and predicted blind positions for two representative days. On 11 August
(Figure 17a), the blinds closed at 13:10 (measured), while in Dymola they moved at 13:15 and in the
EMS feature at 13:05. This error could be linked to data averaging during the analysis according to
the b-minute timestep of the simulation, but also to an inaccurate implementation of the time delay
in either the real test facility or in the models. Furthermore, the EMS feature predicted to open the
blinds at 16:15 (measured: 15:55, Dymola: 16:00). This inaccuracy could be due to the input data of
the monitored solar irradiance for the control algorithm, which contained 15-minute interval data
and was provided to EnergyPlus using values from an external CSV file as a schedule. The input data
in Dymola were the same as in EnergyPlus. But whereas Dymola was able to interpolate the data so
that they matched the measured data, EnergyPlus did not interpolate them but adopted the same
value for 15 minutes. After 15 minutes, EnergyPlus moved on to the next value in the input file and
adopted this value again for a period of 15 minutes.
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FIG. 17 Comparison of measured and predicted blind positions (0: blinds open, 1: blinds closed) for two representative days.

The blind behaviour discussed above also appeared on 12 August (Figure 17b). The EMS feature
predicted a spike in the movement of the blinds for 15 minutes between 16:20 and 16:35. The reason
for this was again the interpolation of the solar irradiance data. While there was one occurrence
where the solar irradiance was greater than the control threshold of 250 W/m?, the blinds should not
have moved, given the 15-minute time delay. Because of the interpolation error described above, the
control algorithm in the EMS feature assumed that the solar irradiance was above the threshold for
more than 15 minutes, resulting in the blinds being incorrectly closed.

These results indicate that both Dymola and the EMS feature of EnergyPlus were able to represent
the control algorithm for MATELab's blind automation system. But it remains unclear whether or
not the differences between the predicted and measured blind behaviours were due to an inaccurate
implementation of the time delay in the real test facility. Although such imperfect knowledge of the
experimental objects being simulated is common (Judkoff and Neymark, 2006), it is recommended
to fully understand the implementation of a control algorithm in the real test facility to be able to
model it correctly. Also, the results may provide some advice to other modellers on how to adapt the
setup of similar models:

Even though EnergyPlus was set to interpolate the values from the 15-minute interval input data to
the b-minute simulation timestep, this study found that EnergyPlus did not correctly interpolate the
input data, resulting in inaccurate predictions. Future work should take this error into account and
debug the EnergyPlus model to thoroughly determine its cause(s).

A potential solution to resolve this error could be to provide solar irradiation data at 5-minute
intervals to EnergyPlus. In this case, EnergyPlus would not need to interpolate the input data so that
it could correctly (i) calculate the time delay and (ii) predict the positions of the blinds.

CONCLUSION

This research was undertaken to provide new evidence on how to validate co-simulation setups

for adaptive building envelopes using a full-scale non-controlled and non-calorimetric test facility.
The adaptive component of the building envelope in the case of the present study was MATELab's
blind automation system. The results show that the validated model of MATELab accurately captured
the building envelope controls and properties with median CV-RMSE indices of 5.9% for Dymola in
the co-simulation setup and 6.1% for the EMS feature. This underlines the capability of the proposed
assessment framework to validate both models to accurately reflect the variability in the measured
data. Furthermore, the result suggests that the co-simulation setup can generally be used to validate
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the behaviour of adaptive building envelopes, confirming the findings of Taveres-Cachat et al. (2021),
who found that their co-simulation setup with Grasshopper had a CV-RMSE index of 2.0%, also well
within the acceptable range of accuracy.

Nevertheless, it may be difficult to generalise these results because, on the one hand, empirical
validation only tests ‘whether the simulation model's output behaviour has the accuracy required

for the model's intended purpose over the domain of the model's intended applicability’ (Sargent,
2013, p. 18). The co-simulation setup consequently validated the behaviour of MATELab only for its
intended application (i.e. rule-based control algorithm). Further testing is hence required to create a
truth standard for other control algorithms and to validate the co-simulation setup over the complete
domain of its intended applicability. On the other hand, empirical validation should never be used as
the only validation method due to measurement uncertainty and experimental complexity (Cattarin
et al. 2018). Consequently, there is abundant room for further progress in fully determining the
accuracy of the co-simulation setup, e.g. by undertaking inter-model comparisons.

Despite its lack of generalisation, the assessment framework can be used by modellers from the
facade design and engineering community to determine the accuracy of their own co-simulation
setups. To enable them to use the framework, it is important to provide the key lessons learned:

During the first set of measurements, the HVAC system of MATELab was turned on. Very soon, it
became clear that the data were too complicated and hindered the understanding of the effects of, for
example, the building envelope, the heat gains and the climate conditions on the building dynamics.
Therefore, it was decided to perform the validation with data from the free-running MATELab to
determine the cause of certain deviations in the data.

The initial simulation results, which considered the manufacturers’ specifications for the building
components, differed from the measurements. To ensure that key input values, such as the
infiltration rate, were entered correctly, it was decided to perform an in-situ characterisation.

It sometimes proved difficult to compare predicted with measured data and especially to find output
variables in the thermal EnergyPlus model suitable for comparison with the measured sensor
variables. While the authors of this study were fortunate to have full access to the sensor variables
in MATELab, this could complicate the validation of adaptive building envelopes in other studies. It is
therefore recommended to ensure that appropriate empirical data are available for validation.
Despite the high number of input variables, the MCSA accelerated the investigation of the effects

of the input variables on the outcome of the MATELab model. Therefore, the MCSA was particularly
useful in reducing the number of parameters to be adjusted during the calibration process. However,
since a high number of simulations was necessary to achieve convergence, the use of the reduced-
complexity model appeared to be critical to potentially reduce the time needed to run the MCSA.

By ensuring that the predictions of the co-simulation setups of modellers from the fagade community
are accurate, the assessment framework has the potential to lead to broader use of co-simulation

in the industry. Co-simulation is a valuable approach to overcoming the limitations in accurately
predicting the performance of adaptive building envelopes in BPS tools. This, in turn, can help fagade
designers and engineers to reliably evaluate the performance of adaptive building envelopes and
integrate them more easily into building projects. In turn, more adaptive building envelopes may
lead to more energy-efficient buildings, which may help achieve global climate change goals.
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APPENDIX A BUILDING ENVELOPE CHARACTERISTICS

The test facility has internal dimensions of 5.0 m x 6.0 m x 2.5 m and is fully exposed to the outside.
The required ventilation is provided by an UFAD system through a plenum below the finished

floor level, and the exhaust air is extracted through the ceiling plenum. The construction and
characteristics of the opaque building envelopes are shown in Table 8, and the characteristics of
the transparent envelope are listed in Table 9. The internal walls are white and have a surface
absorptance of approximately 0.3 and a surface emissivity of approximately 0.9.

TABLE 8 Characteristics of opaque building envelopes of MATELab

Component Layers Thickness Density Specific heat
Total U-value (m) (kg/m?) (J/kg*K)
Roof Steel sheet 0.002 8050 500
0.10 W/Km? Rock wool panel 0.30 22.0 1030
Air layer 0.15 1.25 1000
Steel PIR sandwich panel 0.040 37.0 1400
Floor Wood floor 0.030 350 2300
0.15 W/Km? Cavity 0.10 1.25 1000
Wood panel 0.030 350 2300
Steel 0.002 8050 500
Cavity 0.15 1.25 1000
Steel PIR sandwich panel 0.15 37.0 1400
External wall Wood panel 0.024 350 2300
0.175 W/Km? Air layer 0.020 1.25 1000
Steel sheet 0.002 8050 500
Steel PIR sandwich panel 0.10 37.0 1400
Internal wall Plasterboard 0.0125 600 1090
0.50 W/Km? Rock wool 0.050 22.0 1030
Plaster board 0.0125 600 1090
Glass building envelope external panel Steel PIR sandwich panel 0.15 37.0 1400
Glass building envelope internal panel Wood 0.050 350 2300

TABLE 9 Characteristics of the transparent building envelopes of MATELab

Component Characteristics Value
Glass building envelope U-value 1.10 W/Km?
Solar heat gain coefficient 0.31
Visible transmittance 0.50
Solar transmittance 0.27
Internal blind Slat width 0.035m
Slat separation 0.030 m
Solar reflectance 0.65
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IN-SITU CHARACTERISATION OF BUILDING ENVELOPE

The in-situ characterisation included the evaluation of the most important thermal properties of the
building envelope. This appendix contains detailed information on the in-situ characterisation of (i)
the thermal transmittance and the solar factor of the glass facade, (ii) the air leakage flow coefficient
and (iii) the thermal bridges.

B.1 THERMAL TRANSMITTANCE AND
SOLAR FACTOR OF GLASS FACADE

To formulate the thermal performance of the building envelope as a linear and stationary steady-
state thermal model, the measured data were sub-sampled by averaging it over a sufficiently
long period of time. In addition, the recommendation of Madsen et al. (2016) was followed, which
indicates that measurements should be averaged over periods equal to the length of the sampling
time. If the test facility has a low thermal mass, a low-frequency time (equal to or less than 6
hours) is suggested. Further details of the experimental setup of the in-situ characterisation

are listed in Table 10.

TABLE 10 Measured environmental parameters with details of sensing devices and frequency of monitoring for the in-situ

characterisation

Parameter Location Sensor Frequency

Heat flux Inner building envelope Hukseflux Heat flux meter 1 min
surface

Global Solar Irradiance Inner and outer building Hukseflux Pyranometer 1 min
envelope surface

Air temperature Outer and inner building Pt100 Lastem 1 min

envelope surface

Following Goia & Serra (2018), the U-value U was obtained by linear regression using the ordinary
least squares method and calculated as:

o[ arem)[Eeara]

AT= [Tout_ Tin]

Equation 4

where AT is the temperature difference between the outdoor environment T, and the indoor
environment T, measured in the proximity of the building envelope. dg, is the heat flux measured
at the glass fagade at each timestep 1 until the final timestep n. These measurements were taken at
night to minimise the effect of solar radiation on the long-wave heat transfer.

The g-value g was calculated as:
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3=[i ( E . ¥ dqg‘i) ][i (Eouhiz)]_l

4 1

Equation b

dqg:[Ein+ qu]

Equation 6

dq = [dq —dgq DT]

Equation 7

dg , =Ux AT

Equation 8

where E . is the solar radiation incident on the glass fagade at each timestep and dqg‘i is the solar
energy transmitted through the glass, taking into account both the transmitted solar energy E,_and
the energy transmitted by the glass due to the absorbed incident solar energy dg,. To calculate dg,,
the heat transferred due to the difference in temperature between indoor and outdoor dg,, must be
subtracted from the total heat flow of the glass dg, which can be measured with a heat flux meter.

dq can be calculated taking into account U and AT according to Equations 3 and 4.

B.2 AIR LEAKAGE FLOW COEFFICIENT

After performing the BDT, the data were processed according to CIBSE TM23 (CIBSE, 2000) to
determine the air leakage flow coefficient C. The data obtained during the test included a series of
flow rate values Q for pressure differences AP between indoors and outdoors:

Q=C(AP)"

Equation 9

where n is a coefficient that depends on the facility characteristics and can be determined from
the experimental data. Transforming the above equation with natural logarithms, the following air
leakage characteristic curve is obtained:

InC Q) =In(C) +nxIn( A P)

Equation 9

The equation is obtained by linearising the data using natural logarithms and linear regression.
The results must then be corrected to account for differences between actual test conditions and
those of instrument calibration (CIBSE, 2000).

JOURNAL OF FACADE DESIGN & ENGINEERING VOLUME 10/ NUMBER 1/ 2022



B.3 THERMAL BRIDGES

To quantify the effect of thermal bridges, the method proposed by Asdrubali et al. (2012) was
used. This method is based on the evaluation of the incidence factor of the thermal bridges [,
which is defined as:

UID(Itb+IlD)+w

w” UID(]tb-i_llD)

Equation 9

Ucorrected=1th1D( Itb+ ! ID)

Equation 9

where U, is the thermal transmittance without the thermal bridge, ¢ is the linear thermal
transmittance of the thermal bridge, [, is the length of the side of the wall perpendicular to the
thermal bridge and unaffected by it, and [ is the length of the wall affected by the thermal bridge.
The incidence factor of the thermal bridges, considering steady-state conditions and a constant
convective coefficient, represents the ratio between the measured thermal loss, including the
effect of the thermal bridge and the thermal loss of the same area of the wall without considering
the effect of the thermal bridges. Therefore, the new corrected U-value U is defined as

corrected

shown in Equation 12.

The thermal images were taken for each of the locations indicated in Table 11. The images were
taken at a distance of 30.0 cm from the thermal bridge to minimise possible errors due to an
incorrect selection of the emissivity of the infrared camera. A FLIR T650 infrared camera was used
for this assessment.

TABLE 11 Location of the thermal bridges assessed

Reference Location

Bottom corners between south and east opaque walls and floor

Top corners between south and east opaque walls roof

Top corners between north and west opaque walls roof

Bottom corners between north and west opaque walls and floor

Junction between north and east, north and west walls

Junction between walls and floor

Junction between walls and ceiling

oo imimigioiw»

Junction between south and west, south and east walls
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DESCRIPTION OF MEASUREMENT CAMPAIGN

Due to ongoing research work, MATELab was only available for a limited period of time for data
collection, and data were gathered between 14-21 May 2020 and 8-16 August 2020. During
these periods, the parameters listed in the remainder of this appendix were collected: (i) outdoor
environmental parameters, (ii) indoor environmental parameters and (iii) parameters related to
the control algorithm.

C.1 OUTDOOR ENVIRONMENTAL PARAMETERS

The available weather station on MATELab's roof at the time of the experiment collected data on
the dry bulb air temperature and the global solar irradiance. To evaluate the diffuse and direct
components of the measured solar irradiance, a simplified approach was followed. The diffuse
solar irradiance was approximated by the correlation model by Erbs, Klein, & Duffie (1982), whose
accuracy was confirmed by Dervishi & Mahdavi (2012). This model calculates the ratio of the diffuse
to the global solar irradiance as a function of the clearness index k.. The average clearness index
value for London, UK, in May and August was used (Duffie, 2013). Therefore, the diffuse component

I was evaluated as:
sol,dif

lsol‘difz(o.gsu— 0.1604 k .+ 4.388 k2~ 16.638 k> + 12.336 kT4) x I

Equation 13

sol, sky

where Isol,sky is the global horizontal solar irradiance. The direct solar irradiance was then derived

from the difference between the global and the diffuse solar irradiance.

When values were missing in the weather data set, the data had to be interpolated. To verify the
accuracy of the measured data, dry bulb air temperature data were compared with data from a
nearby weather station located on the roof of the Cambridge Computer Laboratory by the Digital
Technology Group (DTG, n.d.). Nonetheless, a larger weather dataset would have been preferable to
accurately determine the local boundary conditions. Ideally, direct and diffuse solar irradiance data
at the weather station level should also have been measured since the control algorithm relied on the
solar irradiance data and, therefore, even short-term inaccuracies could lead to incorrect or time-
shifted control actions.

These data were then supplemented with humidity and wind data from an existing weather file for
Cambridge created with Meteonorm vé.0 (Meteotest 2007).

C.2 INDOOR ENVIRONMENTAL PARAMETERS

Additional monitoring stations were also available to measure the indoor environmental quality at
several different locations in MATELab and on the building envelope. A typical setup to monitor the
influence of building envelopes on indoor environmental quality is reported in previous work (Luna-
Navarro & Overend, 2021). Table 12 reports information on the sensing devices per environmental
parameter and the frequency and location of the measurement.
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TABLE 12 Measured environmental parameters with details of sensing devices and frequency of monitoring for the
validation

Parameter Location Sensor Frequency
Indoor dry bulb air Centre of facility Pt100 Lastem 10 min
temperature
Surface temperature One location Plate Pt100 Lastem 10 min
(optional)
Direct and global solar Roof of the test facility or any =~ Weather station 1 min
radiation unobstructed location in the

proximity
Outdoor dry bulb air In the proximity of the test Weather station 10 min
temperature facility and shielded by solar

radiation
Wind speed In the proximity of the test Weather station 10 min

facility but not obstructed
by the test facility or other
buildings

C.3 PARAMETERS RELATED TO THE CONTROL ALGORITHM

The movements of the blinds were monitored by a control unit, which wrote a message in a log and
stored it in an internal memory when an action of the actuator was registered, i.e. when the position
of a blind changed. To evaluate the accuracy of the predicted control actions during validation, the
data points related to the control actions of the blind automation system were downloaded and used
directly from the computer that stored the actuator messages. Other indoor and outdoor parameters
triggering control actions, e.g. solar radiation incident on the building envelope and indoor and
outdoor temperatures, were also used to validate blind movements.

MODELLING AND SIMULATION DETAILS

This appendix provides details on the modelling and simulation of the model of MATELab.

In particular, it outlines (i) the modelling parameters of the thermal model, (ii) the simulation
and measurement periods and (iii) the modelling challenges of the control algorithm in the EMS
feature of EnergyPlus.

D.1 MODELLING PARAMETERS OF THE THERMAL MODEL

The thermal model of MATELab was created in EnergyPlus based on the parameters reported in
Section 3.3 and in Table 13.

TABLE 13 Modelling parameters of MATELab

Parameter Condition

Occupancy None

Air conditioning None

Infiltration flow rate 0.0008 m®/s per zone floor area
Internal heat gains Lighting: 11.8 W/m?

Computer equipment: 10.0 W/m?
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D.2 SIMULATION AND MEASUREMENT PERIODS

Figure 18 shows the durations of the measurement periods (EMS: 14-21 May 2020, Dymola:

8-16 August 2020) and the simulation periods (EMS: 1-31 May 2020; Dymola: 1-31 August 2020).

It highlights that the simulation periods began several days before the actual measurement periods,
which was necessary to ensure that the initial conditions produced by the simulations matched
those of the measured data. To determine the appropriate number of days needed to produce similar
initial conditions, simulations and comparisons with the measured data were carried out in advance.
In addition to the simulation period, the model was warmed up between 6 and 25 days, which was
automatically determined by EnergyPlus and continued until the temperatures and heat flows in
each zone converged, as described by the U.S. Department of Energy (DOE, 2018). The simulation
timestep was 5 minutes.

Measurement period

—>
Maximum number
of warmup days Simulation period
01/04 15/04 01/05 15/05 o1/06  Tme
Measurement period
—>
Maximum number
of warmup days Simulation period
| | | | | 'I'
01/07 15/07 01/08 15/08 01/09

FIG. 18 Schematic of simulation and measurement periods: a. EMS feature; b. Co-simulation setup.

D.3 MODELLING CHALLENGES OF THE CONTROL
ALGORITHM IN EMS FEATURE

Two aspects of the control algorithm were particularly complex to model in the EMS feature.
Modelling these aspects was, however, important to reduce the modelling uncertainty and eventually
obtain realistic predictions of the control actions for validation. Firstly, the monitored solar irradiance
had to be used as an input to the control algorithm to ensure that the information provided to the
control system was the same for the real and the predicted setup. This was achieved by using the
Schedule:File object in EnergyPlus as a schedule, which read sub-hourly values from an external
CSV file. While the input file contained 15-minute interval data, the Interpolate to Timestep field was
set to interpolate values and use them at the appropriate minute in the hour. Secondly, the control
algorithm had a time delay; since the blinds changed their position only when the solar irradiance
was greater than 250 W/m? for more than 15 minutes. The time delay was modelled in the EMS
feature through the use of trend variables, which are used to store the history of Erl variables.
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UNCERTAIN INPUTS USED IN MCSA

The model of MATELab had many input variables that could vary as a result of specification and
modelling uncertainty. However, the variables that were likely to have an impact on the indoor air
temperature - the performance indicator — were:

Infiltration flow rate

Density of building envelope cover panels

Specific heat capacity of building envelope cover panels

Ground temperature

Internal heat gains of equipment

Convective heat transfer coefficient of gap between MATELab and the ground
Thickness of internal partition

Volume of internal partition

The infiltration flow rate and the ground temperature (inputs 1 and 4) were based on measurements,
and it was assumed that they follow standard normal distributions. Inputs 2 and 3 were based on the
manufacturer's specifications in terms of nominal performance, which might differ from the actual
performance in situ. Therefore, a standard normal distribution was assumed, and the minimum and
maximum values found in the literature were used (CIBSE, 2015). The input variables 5 to 6 reflect
variations in building specifications, for which only minima and maxima were known. They were
also regarded as standard normal distributions where extreme values were less likely to be selected
than values near the mean. Since the tails of a standard normal distribution extend indefinitely, the
previously described LHS method may generate negative numbers that are usually not supported

by EnergyPlus. They represented only a very small proportion of the total number of samples and
were thus set to zero.

The last two input variables (7 and 8) were design parameters, which were defined by the authors
and could be changed through interventions. Therefore, they were assumed to be uniformly
distributed as they may be regarded as being equally probable. The sources used to inform the shape
of the distributions can be seen in Table 14.

TABLE 14 Input variables used in MCSA, including their symbol, assumed distribution, type of variation and source

Input variable Symbol (unit) Distribution assumed Uncertainty type Source

Infiltration flow rate Q,, (m*sm? N (0.003,0.0008) Modelling uncertainty Measured

Density p (kg/m?) N (1500,333) Specification uncertainty Technical sheet from
manufacturer

Specific heat capacity ¢ (J/kgK) N (5000,1000) Specification uncertainty Technical sheet from
manufacturer

Ground temperature T, (°C) N(20.0,1.7) Modelling uncertainty Measured

Internal heat gains Q,, (W/m? U (100,33.3) Modelling uncertainty CIBSE (2015, Table 1)

Convective heat transfer h_(W/m’K) U(15,0.5) Modelling uncertainty CIBSE (2015, Table 3.7)

coefficient of gap

Thickness d (m) U(0.2,0.07) Specification uncertainty Defined by authors

Volume V (m?) U(20.0,6.7) Specification uncertainty Defined by authors
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APPENDIXF RESULTS OF IN-SITU MEASUREMENTS

This appendix begins by presenting the results of the in-situ measurements of the U-values and then

goes on to describe the analysis of the thermal bridges using infrared images.

TABLE 15 Results of the in-situ measurements of the U-values

D Zone Area (m?) U-value (W/Km?) Total U-value (W/Km?)
A Left side 0.438 1.225 1932

B Top side 0.373 1.152

C Bottom side 0.373 1.069

D Centre side 0.578 0.969

E Top edge 0.246 1.410

F Bottom edge 0.246 1.210

G Left edge 0.321 1.559

H Right side 0.438 1.225

I Right edge 0.321 1.559

Figure 19 shows the thermal bridge type F (Table 15) with the thermal image (Figure 18a) and the
corresponding calculated temperature profile along a 0.77 m long line on the wall (Figure 18b).
The results of the full thermal bridge assessment using infrared images are reported in Table 16.
The average indoor air temperature was 22.6 °C, while the temperature in the homogeneous wall
areas was around 22.1°C. The corresponding value of the incidence factor of the thermal bridge
calculated from Equation 11 was 1.17, as reported in Table 16. To evaluate the total thermal losses
taking into account the thermal bridge effect, the corrected U-value U was calculated according
to Equation 12, where [ was the weighted average of the several [, affecting each surface.
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FIG. 19 Thermal bridge assessment for type F: a. Thermal image; b. Temperature profile across the wall.

TABLE 16 Quantitative analysis of infrared images

ID Typology and description of thermal bridge I, Affected surfaces

A Bottom corners on south building envelope (floor-wall-wall) 1.26 Floor and east, south and west walls
B Top corners on south building envelope (roof-wall-wall) 1.12 Roof and east, south and west walls

C Top corners on north building envelope (roof-wall-wall) 1.09 Roof and east, north and west walls

D Bottom corners on north building envelope (floor-wall-wall) 1.18 Floor and east, north and west walls
E Vertical corner lines wall-wall (wall-wall) 1.14 All walls

F Horizontal corner lines wall-floor 1.17 Floor and wall

G Horizontal corner lines wall-roof (roof-wall) 111 East and west walls

H Vertical lines wall-wall interface 1.13 South wall

(junction of 2 wall parts on south building envelope)
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Abstract

External sun shading devices are increasingly used in sustainable buildings to reduce the greenhouse
effect in the summer and the glare effect due to direct solar irradiation through transparent surfaces.
The acoustic effects of these devices have been investigated in recent studies that suggest the possibility
of optimising these elements to improve acoustic comfort in indoor environments, even with open
windows. Nevertheless, there are few studies that analyse the combined effect of these devices on
acoustic attenuation and improved daylighting.

In this paper, the results of acoustics and daylighting simulations are reported, considering different
dimensions, distances of the louvres and orientations of the facade. The main results of previous works
concerning the effect of lining the bottom side of each louvre with sound-absorbing material are also
briefly summarised. The acoustic effects of different configurations of the louvres are evaluated in terms
of Insertion Loss in the facade plane. For the lighting simulations (daylight factor, daylighting uniformity
and daylight glare probability), the variation of the shielding effect is studied considering the spacing
between the louvres and the orientation of the facade for different times and seasons for latitude in

the South of Europe.
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INTRODUCTION

Solar shading systems installed on building fagades are necessary to reduce the summer

energy consumption of buildings, based on the technical standards EN 13363 (EN 13363-1, 2003)
and EN 14501 (EN 14501, 2006), received within the Energy Performance Buildings Directive (EPBD)
released in 2002 and revised in 2010 (Directive 2010/31/eu, 2010). These standards and the EU
directive concern building construction techniques to achieve very high energy-efficient buildings,
also known as nearly Zero Energy Buildings (nZEB); buildings that significantly reduce their
environmental footprint.

Solar shading devices can influence visual comfort (Cellai, Carletti, Sciurpi, Secchi, Nannipieri

& Pierangioli, 2014) (ECBCS Annex 29/SHC Task 21, 2010) negatively by diminishing daylight
amount in inner spaces, but also positively by reducing glare effects and improving daylighting
uniformity, especially with clear sky conditions. This paper evaluates the effect of variation in
daylight availability in a specific period of the year in South Europe. The threshold parameters that
define the quality and quantity of natural lighting are regulated by national laws and calculated by
international standards such as EN 12464 (EN 12464-1, 2021), EN 14501 (EN 14501, 2005) and EN
17037 (EN 17037, 2018).

The assessment and management of environmental noise are also very important for the well-
being of people (Directive 2002/49/ec, 2002). Poorly designed facade shading systems can lower
the acoustic comfort and undermine the overall acoustic performance of the fagade if the sound
coming from the traffic is directed toward the windowpane. This negative effect can be suppressed
and converted into a positive effect by proper louvre design that reflects the traffic noise away from
the fagade surface.

The acoustic performances of building fagades have been considered in several studies, which
investigated multiple aspects such as their shape (Busa, Secchi & Baldini, 2010), the presence of
balconies (Li, Lui, Lau & Chan, 2003), the effects of a green envelope (Van Renterghem, Hornikx,
Forssen & Botteldooren, 2013), the influence of the windows (Granzotto et al,, 2017) and the flanking
transmission (Secchi, Cellai, Fausti, Santoni & Zuccherini, 2015). A comprehensive review related to
the acoustic performances of building fagades was recently published (Hu, Zayed & Cheng, 2021),
including studies on sound insulation, the effect of facade on street noise, and noise reduction
techniques. On the other hand, the acoustic influence of fagade shading systems has not been widely
investigated. Sakamoto and Aoki (Sakamoto & Aoki, 2015) presented a numerical study to examine
the sound reduction effects due to the presence of louvres mounted on the building fagade, validating
the results with experimental measurements on a 1:20 scale model. Numerical analysis and a 1:1
scale model were also used by Zuccherini et al. (Zuccherini, Fausti & Secchi, 2016) and Fausti et

al. (Fausti, Secchi & Zuccherini, 2019) to analyse variations in the acoustic sound pressure field on
the building facade, considering different sound source positions and changing the configuration
of the louvres and their tilt angle. Further investigations of the acoustic effects of building fagade
shading systems, involving in-situ experimental measurements (Sakamoto, Lee, Ishii, Katayama,
Iwase & Takahashi, 2017) (Zuccherini, Fausti, Santoni & Secchi, 2015) and evaluation of the related
psychoacoustic effects (Zuccherini, Aletta, Fausti, Kang & Secchi, 2019), highlighted that the louvres
can reduce the sound pressure levels across the building fagade and the magnitude perception of
the noise. The most common indoor shading devices were experimentally analysed by Catalina

et al. (Catalina, Ene & Biro, 2019), assessing their influence on both the improvement of the sound
insulation performance and the reverberation time of the room. However, in both cases, results
showed negligible differences between different shading device systems.
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At present, most studies deal with the effect of fagade shape and shielding devices, with analyses
referring only to acoustics or daylight, whereas the human reaction to sound and light stimuli are
strongly correlated, as some studies show (Buratti, Belloni, Merli & Ricciardi, 2018) (Huang, Zhu,
Ouyang & Cao, 2012) (Hangzi, Xiaoying, & Yue, 2020). The main aim and the novelty of this work are,
therefore, the use of a multi-domain approach to evaluate the acoustic and daylight effects given by
the presence of an external shading device made of shading louvres. This study was carried out by
means of both simulations and measurements in a real building and in a scale model realised in
an acoustic laboratory. In the follow-up to this work, questionnaire-based investigations will make
it possible to analyse the reciprocal influence between the daylighting and acoustic parameters
currently described by independent parameters and limit values.

A virtual mock-up building was designed as a reference for various evaluations. The building could
be assimilated into an 8-storey office building with a flat fagade. The shading system was simulated
by evaluating various sizes of louvres and the spacing between them. Acoustic and daylight
simulations were carried out on the same geometries.

The louvres' tilt angle was not considered in this work for daylight simulations because it was
assumed that shading devices with horizontally oriented louvres constitute the best compromise
between acoustic and daylight comfort: previous works have shown that louvres tilted towards sound
sources can increase the sound pressure level on building fagade, offering, on the other hand, the
best shading to the building itself (Fausti et al,, 2019) (Zuccherini et al., 2019).

Acoustic performances have been evaluated as sound pressure level differences (Insertion Loss
—IL) on building fagades, between a reference scenario, without shading devices on the facade,
and with various shading systems. In previous works, a standard shading system was compared
to an acoustically optimised one, having louvres with sound-absorbing properties on the bottom
side (Zuccherini et al., 2016) (Fausti et al,, 2019) (Zuccherini et al,, 2015) (Zuccherini et al., 2019).
The conclusions of these studies are assumed in the present work.

The daylighting effect of external louvres is evaluated in many studies for their importance in the
reduction of thermal loads but also for the improvement of visual well-being (Technical Report

of IEA SHC Task 50.C2, 2016) (Technical Report of IEA SHC Task 61.C1, 2019) (Ahmad, Kumar,
Prakash & Amana 2020) (Carletti, Cellai, Pierangioli, Sciurpi & Secchi, 2017). Several parameters
have been introduced to assess the quantity, quality and glare of light (Carlucci, Causone, De
Rosa & Pagliano, 2015).

In this study, the daylighting effect is analysed with reference to three parameters, and the relevant
results are compared with the corresponding recommended values. In particular, the amount

of daylight is evaluated by means of the Daylight Factor (D), described in many national and
international standards; the distribution of daylight is analysed with the Daylighting Uniformity (U),
as defined in the standard EN 12665 (EN 12665, 2013); the daylighting glare effect is analysed by
means of the Daylight Glare Probability (DGP), described in the standard EN 17037 (EN 17037:2018)
(Galatioto & Beccali, 2016). Also, the Useful Daylight [lluminance (UDI) is an important parameter to
analyse the probability of glare occurrence due to daylight. It is defined as the annual occurrence of
illuminances across the work plane where all the illuminances are within the range 100 to 3000 1x;
the degree to which UDI is not achieved because illuminances exceed the upper limit is indicative
of the potential for occupant discomfort due to glare (Nabil & Mardaljevic, 2005). In any case, as

has been shown (Mardaljevic, Andersen, Roy & Christoffersen, 2012), there is a strong correlation
between the Useful Daylight [lluminance and the Daylight Glare Probability used in this study.
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METHODOLOGY

DESCRIPTION OF THE CASE STUDY

The virtual mock-up considered in the present study is a 28 m tall building with 8 floors (ground
floor + floors 1 to 7). Each floor is 3.1 m high, having 0.4 m slabs dividing two consecutive floors.

A road was set in front of the building facade, made up of two lanes (3.5 m each), lateral pavements/
sidewalks and cycling paths, a total of 6.5 m wide (Figure 1). The sound source was set as a traffic
lane, 8.25 m away from the building facade.
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FIG. 1 LEFT: Section of the building fagade. Dimensions are in meters (m). Each floor is 3.50 m high, including the thickness of
the floor slab. The sound source S is placed at 8.25 meters from the building fagade and 0.50 m from the ground, simulating the
sound emission of a traffic lane. F1-7 indicates the floor level.

FIG. 2 RIGHT: Axonometry of the inner space. Dimensions in meters.

The third dimension of the test room was only considered with daylight simulations. The inner space
was simulated as a room 5 m wide, 4 m long and 3.1 m high (Figure 2), with windows 4.6 m wide and
1.5 m high (34.5% of the floor surface).

Both the acoustic and the daylight simulations consider louvres 3 cm thick and variable between
20/ 30/ 40 cm in spacing.

ACOUSTIC SIMULATIONS METHODOLOGY

The acoustic effects of external louvres were investigated with a commercial Finite Element (FE)
Solver (COMSOL® Multiphysics), whose detailed description is reported in (Fausti et al., 2019). This
model was previously validated with reference to a 1:1 scale model analysed in a semi-anechoic
chamber (Zuccherini et al,, 2016) (Figure 3). The laboratory mock-up used in the cited work was
characterised by tiltable louvres, sized 0.2 m x 2 m, 1.8 cm thick: the tilting possibility of the louvres
helped study the variability of acoustic Insertion Loss (IL) associated with the tilt angle of sun
shading louvres. The IL was calculated as the differences between the sound pressure level (SPL)
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measured without the shading system (considered as the reference value) and the SPL measured
with the shading devices. The IL was calculated first considering a traditional fagade shading system
(Figure 3 (b)) and then adding sound-absorbing material on the bottom faces of each louvre in the
shading system (Figure 3 (c)).

71

FIG. 3 (a) Empty floor of the semi-anechoic room simulating a flat building fagade; (b) non-absorbing shading louvres; (c) sound
absorbing louvres; (d) microphones used for measuring SPL without the shading device; (e) microphones used for measuring SPL
with the shading devices.

g

Figure 4 shows measured values (EN ISO 10534-2, 2001) of the normal incidence sound absorption
coefficient of the melamine foam used in the experiment.
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FIG. 4 Measured normal incidence sound absorption coefficient (a) of the material (expanded melamine foam) used in the
mock-up.

A 2D FE model, representing the experimental mock-up in a semi-infinite acoustic domain, was first
validated with laboratory measurements and then expanded to further investigations, simulating
urban situations (Fausti et al. 2019).

To exactly reproduce the laboratory condition, the louvre system was modelled with the same
geometry as the mock-up, backed by perfectly reflecting boundary conditions representing the
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floor of the semi-anechoic chamber (as well as the glazing surface in real conditions). The acoustic
fluid domain was modelled with a radius of 4.8 m and truncated by using perfectly matched layer
(PML) elements to approximate the semi-infinite domain condition (Figure 5 a). The louvres in

the standard condition (bare wood material with no sound-absorbing layer) were approximated

as rigid boundaries of the fluid domain. The condition representing louvres lined with a layer of
sound-absorbing material was simulated with the Poroacoustic built-in feature in COMSOL®, applied
to sound-absorbing domains: a Delany-Bazley-Miki (DBM) (Delany & Bazley, 1970) (Miki, 1990)
equivalent fluid model was used to replicate measured absorption properties.

After the validation of the model, further FE analyses were carried out using an extended model, as
shown in Figure 5 b.

The sound source, which reproduced the experimental configuration, was implemented as a
monopole (omnidirectional) point source (5 Pa) placed in the middle of the left lane, 0.5 m from the
ground, 8.25 m from the building fagade.

Although the section of the simulated road includes two traffic lanes, only one was simulated.
The acoustic effects of the shading louvres were evaluated in terms of Insertion Loss (evaluation
of the effects on a building facade facing the one with the shading louvres). Further details on this
modelling approach can be found in the reference (Fausti et al., 2019).
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FIG. 5 (a) Bi-dimensional FEM Set-Up reproducing the experimental set-up. (b) Extended FEM model of an entire 7-storey building
facade facing a traffic lane at ground level; red dots represent virtual pressure sensors to measure the sound pressure level.

DAYLIGHTING SIMULATIONS METHODOLOGY

The daylighting parameters described in section 1 (D, U and DGP) were calculated with RELUX®
(www.relux.com), a software to simulate artificial light and daylight according to standards EN
12464-1:2021 and EN 17037:2018, one of the most used and advanced lighting simulation tools for
daylight and lighting calculation (Maamari, Fontoynont, Adra, 2006) (Bhavani & Khan, 2011) (Kaempf
et al., 2016). Relux® is validated (Bouroussis, Nikolaou & Topalis, 2019) regarding the methodology
described by the technical report CIE 171:2010 (CIE 171, 2010) that defines and proposes a set of
several test cases to validate the calculations accuracy of a lighting simulation software. An in-
depth study of the validity of nine different software tools, including Relux®, showed that they can
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simulate a standard room, also with louvres, with minimal percentage differences between them
(Iversenet al., 2013).

In this work, simulations were performed with reference to the CIE sky types 1 (overcast sky,

for daylight factor) and 12 (clear sky, low turbidity, for daylighting uniformity and daylight glare
probability). The investigated solutions assessed the ability of the software to simulate the influence
of an obstruction, like an external horizontal louvre, on the diffuse reflection and on the internal
direct illuminance.

The analysed model was placed in a geographical location in the South of Europe with the correct
North orientation. The calculation method uses radiosity algorithms to evaluate the lighting
characteristics in discrete points of the environment after dividing each surface into meshes
with homogeneous photometric properties. Radiosity algorithms require that all surfaces be ideal
diffusers that follow Lambert's law.

The following summarises the main lighting properties of the surfaces and the
calculation parameters.

Reflection factor of walls and ceiling in gypsum plaster, white matt: 80%.

Reflection factor of floor: 40%.

Reflection factor of external louvres: 80%.

Transmission factor of window glasses: 80%.

Position of the calculation surface: 0.75 m from the floor and 0.5 m from the walls.

Position of the case study: Florence, Central Italy (43° 46' N 011°15" E).

Orientation of the case study: South and East (West facade in the morning is equal to East fagade in
the afternoon about the altitude of the sun; therefore, only the East facade has been evaluated).

Sky conditions: standard CIE overcast sky for daylight factor simulations; standard CIE clear sky with
sun and overcast sky for Uniformity factor and Discomfort Glare Probability simulations.
Percentage of indirect light used in simulations: average.

Reflection factors of internal surfaces were taken from the acceptable ranges described by both

EN 12645-1:2021 and EN 17037:2018 (0.7 to 0.9 for the ceiling, 0.5 to 0.8 for walls and 0.2 to 0.4 for
the floor). Annex B of EN 17037 recommends using lower values of reflection factors in the above-
reported range to take into account the presence of furniture. However, we considered the case of a
room furnished with light-coloured furniture.

Simulation refers to the following parameters described in the introduction:

Daylight factor D.

Daylight Uniformity U.

Daylight Glare Probability DGP.

The daylight factor, D, is believed to have been developed by Alexander Pelham Trotter towards the
end of the nineteenth century (Mardaljevic, J., 2013) as the ratio of the internal horizontal illuminance
to the unobstructed external horizontal illuminance, usually expressed as a percentage. Nowadays,
the required levels of daylight factor range between 1% and 5%, depending on building types and
activities, and it can be evaluated in standard overcast conditions as under various unobstructed
skies (Danny et al.,, 2018) (Xu, Yuehong, Xin, 2014).

Daylighting uniformity, U, (EN 12665, 2013) is the ratio of minimum illuminance to
average illuminance.
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The daylight glare probability, DGP, (EN 17037, 2018) is the parameter used to analyse the daylight
glare effect that considers both the illuminance at eye level and individual glare sources of high
luminance to estimate the fraction of dissatisfied people. Both U and DGP are useful parameters to
evaluate the effect of louvres in clear sky conditions (Kose & Kazanasmaz, 2020).

For daylighting purposes, the International Commission on Illumination, CIE, defines 15 different
standard sky conditions (CIE S 011/E, 2003) (Darula & Kittler, 2014) that are described by functions,
depending on the solar altitude, even when the sun is obscured. In this study, the analysis of the
parameters U and DGP was performed with clear sky conditions (less than 30 % cloud cover or none)
combined with sunny sky conditions; in this case, the sky distribution corresponds to the standard
CIE clear sky condition with additional direct illumination from the sun. This model of the sky is
useful when visual glare and thermal discomfort studies are performed (Suk & Kensek, 2011).

Standard EN 17037 (EN 17037, 2018) gives recommendations for the daylight factor D with reference
to different locations. Table 1 shows the values of D to obtain a given target illuminance E_ (Ix) from
100 (minimum target illuminance) to 750 Ix (high target illuminance), referred to the median external

diffuse illuminance E =50%.

v,d,med

of Florence and Rome for a fraction of daylight hours F__,
As an example, in the case of Central Italy (Florence), the value D equal to 2% allows exceeding
300 Ix for 50% of the time daylight hours.

TABLE 1 Values of D for daylight vertical openings to exceed an illuminance level from 100 to 750 Ix for a fraction of daylight
hours F =50%

time, %

Place Latitude (°) Median D to exceed D to exceed D to exceed D to exceed
external diffuse 100 Ix 300 Ix 500 Ix 750 Ix
illuminance
Ev,d,med lx

Florence 43.46 15017 0.67% 2.00% 3.33% 5.00 %

Rome 41.80 19200 0.50% 1.60% 2.60% 3.90%

Table 2 shows the correspondence between values of Daylight Glare Probability and the statistical
perception of glare according to the standard EN 17037.

TABLE 2 Recommended values of daylight glare probability according to annex E of EN 17037

Criterion DGP value

Glare is mostly not perceived
Glare is perceived but mostly not disturbing

Glare is perceived and mostly disturbing

DGP <0.35
0.35<DGP < 0.40
0.40 <DGP < 0.45

To assess daylight glare probability, the luminance distribution within the field of view and the size,
intensity and location of the glare sources in regard to the line of sight have to be taken into account.
Consequently, DGP values have been calculated for the three positions shown in Figure 6: DGP1 and
DGP2 are symmetrical but facing the opposite walls, located 2.0 m from the facade and with a view
direction parallel to the window, while DGP 3 is perpendicular to the fagcade and located 3 m away; all
points are 1.2 m high from the floor.
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FIG. 6 Position of the points views for the calculation of DGP.

The analysis of DGP was carried out for different configurations of louvres for the same orientations
of the facade (South and East), periods of the year (two solstices and equinox) and at the same hours
of calculation (09:00, 12:00 and 15:00) as for the daylighting uniformity.

RESULTS AND DISCUSSION

ACOUSTIC RESULTS

Simulations were performed with the above-described FE software and method: they produced a
detailed description of the sound distribution across the fagade at different frequencies.

Figure 7 shows a sample result obtained by FE simulations: the sound pressure level at 1 kHz across
the building facade portion is affected by the presence of the shading louvres; the sound pressure
level also appears to be highly reduced by the presence of sound absorbing louvres, with respect to
the traditional ones.
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FIG. 7 Sound pressure level simulated in correspondence with the 4™ floor of the simulated building facade. The solid thick black
vertical line represents the facade surface. Left: without louvres. Center: non-absorbing louvres. Right: sound-absorbing louvres.
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As shown in Figure 7, the sound pressure level with louvres present is far from uniform across the
facade. The results of the simulations have therefore been further evaluated in terms of arithmetic
averages of the Insertion Loss, with each average referring to a single floor. Simulations have been
conducted considering five virtual measurement positions on each floor. Each average considers five
measurement points across the virtual building facade.

In the FE acoustic model, the effect of the variation of the following parameters was studied:
Louvres' tilt angle (0, -30°, -45°), considering: 0° for horizontal louvre; -45° for louvre tilted towards
the soil and the sound source.

Louvres' width (20, 30, 40 cm).

Louvres' spacing (20, 30, 40 cm).

The following summarises the main results.

Tilt angle of louvres

The louvres' tilt angle with respect to the sound source has an impact on the acoustic Insertion Loss:
it is shown that tilted louvres offer less acoustic protection than horizontal ones. Therefore, only
horizontal louvres have been considered in further daylight analyses.

It is very clear how IL increases with respect to the building height: this consideration can be made
while evaluating other geometrical aspects of the shading system.
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FIG. 8 LEFT: Average of IL in dB(A) considering sound-absorbing louvres' tilt angles (0°, 30°, 45°) with respect to building height.
RIGHT: Overall evaluation of the effect of louvre tilt angle on IL: standard versus sound-absorbing louvres results are shown.

Louvre width

In this case, the width of the louvres varied between 20, 30 and 40 cm, with respect to the floor height
and an overall average.
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Results show that the louvres’ section width is not relevant when acoustic IL in dBA is observed:
it is important to mention that simulations have been executed considering the spacing between
louvres being no shorter than their width. In other words, the ratio between the spacing and width
of louvres has been kept equal to 1. This fact can partially explain the minor effects of louvre
widths on the acoustic IL.

Effect of Louvers width
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FIG. 9 LEFT: Average of the IL in dB(A) considering sound-absorbing louvres section width (20, 30 and 40 cm) with respect to
building height. RIGHT: Overall evaluation of the effect of louvre section width on IL: standard versus sound-absorbing louvres
results are shown.

Louvre spacing

Results showed that values of IL in dB(A) are affected by the louvres’ spacing: wider distances
between louvres give poorer sound protection to the building fagade.

Effect of Louvers spacing 6
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FIG. 10 LEFT: Average of IL in dB(A) considering the spacing between sound-absorbing louvres (20, 30 and 40 cm) with respect
to building height. RIGHT: Overall evaluation of the effect of louvre section width on IL: standard versus sound-absorbing louvres
results are shown.
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Preliminary considerations on acoustic results

Figures 8, 9 and 10 indicate that the acoustic effect of the louvres is mainly influenced by the floor
level and by their tilt angle and spacing.

Since these results are the starting point for daylighting analysis, it must be considered that the floor
level does not influence the indoor daylighting for a building not obstructed by other buildings, as

in the case study analysed. On the other hand, louvres tilted downward (30° or 45°) negatively affect
both the reduction of the Insertion Loss and the Daylighting Factor. For this reason, daylighting
simulations have been performed with reference to a typical floor level and horizontal louvres (0° of
tilt angle) 20 cm wide, spaced 20, 30 and 40 cm from each other.

DAYLIGHTING RESULTS

Figure 11 shows the results with reference to the values of maximum, average and minimum
daylight factor, D, calculated with standard CIE overcast sky, in the conditions expressed in paragraph
2. The second vertical axis in the same graph shows the fraction of the reference plane (Fplane) where

the target daylighting level (500 1x) or the minimum target daylighting level (300 1x) are achieved,
according to annex A of EN 17037:2018.

The reduction of the daylight factor is a consequence of the presence of the louvres and their spacing.
With horizontal louvres 20 cm wide and spaced 20 cm from each other, the average daylight factor is
3.1%, and 47% of the reference plane (Fplane
of the reference plane reaches the minimum target level of 300 Ix for 50% of the daylight hours.
According to EN 17037:2018, minimum values of F . should be 50% for the target level and 95% for
the minimum target level. Therefore, it can be deduced that, for the latitude of Southern Europe, even
with external louvres spaced 20 cm from each other, the minimum values of daylighting level are

) reaches the target illuminance level of 500 1x, while 100%

achieved with good approximation under overcast conditions (47% instead of 50% can be considered
within the uncertainty margin of the method).
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FIG. 11 Variation of the average Daylight Factor as a function of the louvres’ spacing with overcast skies.
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From Figure 12 it can be observed that the presence of the louvres spaced 20 cm improves the
uniformity of daylighting, U, (Emin/ Eavg) with clear sky, at the latitude of Central Italy and with
reference to a different orientation of the fagade, the two solstices and the equinox, both in the
morning and in the afternoon. An important exception to this is the South fagade, without louvres,

at 12:00 of the winter solstice, when the direct sun radiation involves all the evaluation area of

the office. Here, the minimum and the average values of daylighting are very similar (very high
uniformity factor). It can also be noted that at the equinox (21 March), the illuminance uniformity with
louvres spaced 20 cm is much higher than with louvres more broadly spaced. This is due to the fact
that with louvres spaced 20 cm, the direct solar radiation is completely intercepted by the louvres, as
can be seen in Figure 13, which compares the luminances of the room surfaces with louvres spaced
20, 30 and 40 cm for 9.00 am on 21 March. We must consider, for this purpose, that the Eastern
orientation of the sun's altitude at 9:00 corresponds to the Western orientation at 15:00, while the
Eastern orientation at 15:00 corresponds to the Western orientation at 09:00. For this reason, the
Western orientation is not considered in these evaluations.
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FIG. 12 Variation of the Uniformity factor as a function of the louvres’ spacing with clear sky.
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FIG. 13 Luminance values (cd/m?) as a function of the louvres’ spacing with clear sky. From left to right, louvres spaced 20, 30 and 40
cm.

Also, with overcast skies, when the orientation and the date and hour of the evaluation are irrelevant,
a better uniformity factor is achieved with louvres’ spacing of 20 cm (Figure 14).
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FIG. 14 Variation of the Uniformity factor as a function of the louvres’ spacing with overcast and clear sky (average values over the
year).

Tables 3 and 4 show the DGP values calculated for the three positions and for
East and South exposure.

TABLE 3 Daylight Glare Probability for South orientation of the fagade. The cell colours refer to DGP range of values in Table II

date 21-December 21-March 21-JUNE

louvres’ 0.20m 0.30m 0.40m no 0.20m 0.30m 0.40m no 0.20m 0.30m 0.40m no

spacing louvers louvers louvres
DGP1

oo 0w o om  o: oS R on

h 12.00 0.22 0.23 0.23 0.23 0.23 0.24 0.24 0.26 023 0.24 0.24 0.24

h 15.00 0.19 0.19 0.19 0.2 0.19 0.2 0.2 0.21 0.19 0.2 0.2 0.21
DGP2

ST

h12.00 0.22 0.22 0.23 0.23 0.24 0.24 0.25 0.25 023 0.24 0.24 0.24

h 15.00 0.19 0.19 0.19 0.2 0.2 0.2 0.2 0.21 0.2 0.2 0.2 0.21
DGP3

h9.00
h12.00 0.28 0.29 0.29 0.29 0.31 0.31 0.31 0.34 0.31 0.31 0.32 0.32
h 15.00 0.21 0.21 0.22 0.23 0.22 0.23 0.23 0.25 0.22 0.23 0.23 0.25

TABLE /4 Daylight Glare Probability for East orientation of the fagade. The colours of cells refer to DGP range of values in Table II

m 21-December 21-March 21-JUNE

louvres’ 0.20m  0.30m  0.40m no 0.20m  0.30m  0.40m no 0.20m  0.30m  0.40m no
spacing louvers louvers louvres

DGP1

h900 0.31 0.33 0.35 0.24 0.25 0.25 0.26
hlZOU 0.25 0.26 0.27 0.34
h1500 0.33 | 0.23 0.24 0.24 0.29
h9.00 0.22 0.23 0.23 0.27
hlZOU 0.25 0.26 0.27 ~
h1500 0.24 0.25 0.26 0.29

h9.00

0.29 0.3
h 12.00 0.31 0.34
h 15.00 0.29 03

JOURNAL OF FACADE DESIGN & ENGINEERING VOLUME 10/ NUMBER 1/ 2022



169

Results of DGP show that the presence of the louvres produces a generalised reduction of glare
effects. In particular, horizontal louvres spaced 20 cm from each other produce better results.

For observers in positions DGP1 and DGP2, which are the more usual in office buildings, and louvres
spacing 0.2 m, only in the morning of the winter solstice, when the sun altitude is very low for the
East orientation of the fagade, glare problems occur.

During the summer season, the presence of louvres spaced 20 cm from each other reduces the

DGP below the value of 0.35 (glare mostly not perceived according to EN 17037) at each of the hours
examined; with the only exception of the observer position DGP3 at 9.00 in the morning with South
orientation (DGP = 0.41).

CONCLUSIONS

In this work, the effect of external louvers on a case study building 28 meters high, unobstructed by
other buildings on the opposite side of the road, is evaluated regarding both acoustic and daylighting
parameters. The results of previous works by the authors concerning only the acoustic effect are
summarised and recalled here. To better understand the hypothesis and the details of these results,
it is necessary to refer to the cited papers ((Zuccherini et al., 2016) (Fausti et al., 2019) (Zuccherini et
al,, 2015) (Zucherini et al,, 2019).

In general, the acoustic effect of an external louvre could be negative, as it can cause an increase
in the sound pressure level on the fagcade. However, if properly designed and with the bottom
side of the louvres lined with sound-absorbing material, this effect can become positive and
contribute to reducing the fagade sound pressure level by some decibels. On the other hand, the
presence of these fagade devices significantly reduces the amount of daylighting in the interior,
especially with overcast sky conditions, and modifies the distribution of daylight, especially with
clear sky conditions.

In this study, only fixed horizontal louvres 20 cm wide, with different spacing and with different
fagade orientations, are considered for both acoustic and daylighting simulations since acoustic
simulations showed that this is the better configuration to reduce the fagade sound pressure level.
Regarding the latitude of Central Italy (Florence) and an office building with large windows (34.5

% of the floor surface), unobstructed by other buildings on the opposite side of the road, in this
configuration, the reduction of Daylight Factor with overcast skies is acceptable also with louvres
spaced 20 cm from each other. Moreover, results show that the uniformity factor (ratio between
minimum and average daylighting level) is significantly improved both with clear and overcast sky
conditions with white (80% reflection factor) external louvres 20 cm wide and spaced 20 cm from
each other. Moreover, the presence of the louvres produces a generalised reduction of glare effects in
sunny sky conditions.

The results presented in this paper demonstrate that a proper design of external louvres, specifically
referring to the characteristics of the building and the latitude of the location, can improve both
acoustic insulation properties of the fagcade and the distribution of daylight in the indoor space,
reducing the probability of daylight glare.

Further development of this work will involve evaluating the daylighting effect at other latitudes and
studying the effect of the reduction of thermal loads in summer conditions.
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