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Preface

The scope of Buildings includes subjects related to building science, building engineering,
building construction, and architecture. Buildings is organized into five sections: (1) Building
Structures; (2) Building Materials and Repair and Renovation; (3) Building Energy, Physics,
Environment, and Systems; (4) Architectural Design, Urban Science, and Real Estate; and (5)
Construction Management, Computers, and Digitization. The “10th Anniversary” Special Issue
comprises 39 research papers covering historical trends, the state of the art, current challenges,
creative and innovative solutions, and future developments in each of these five sections (with 8
papers in Section 1, 6 in Section 2, 7 in Section 3, 6 in Section 4, and 12 in Section 5). Twenty-one
papers focusing on the first three sections are in Book 1, whereas the remaining eighteen papers are in
Book 2. I would like to thank the researchers who contributed to these two books of the Special Issue,
as well as the reviewers, editors, and managerial staff (especially our Managing Editor at the time,
Ms. May Zheng) who were involved in the production of this Special Issue. The multi-disciplinary
nature of the 39 high-quality papers included in the “10th Anniversary” Special Issue reflects the high
level of maturity that has been reached by Buildings over the last 10 years, as well as the wider impact
of Buildings on building-related research and practices.

David Arditi
Editor
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Abstract: Improving the energy efficiency of existing and new buildings is an important step towards
achieving more sustainable environments. There are various methods for grading buildings that
are required according to regulations in different places for green building certification. However,
in new buildings, these rating systems are usually implemented at late design stages due to their
complexity and lack of integration in the architectural design process, thus limiting the available
options for improving their performance. In this paper, the model ENERGYui used for design and
rating buildings in Israel is presented. One of its main advantages is that it can be used at any design
stage, including the early ones. It requires information that is available at each stage only, as the
additional necessary information is supplemented by the model. In this way, architects can design
buildings in a way where they are aware of each design decision and its impact on their energy
performance, while testing different design directions. ENERGYui rates the energy performance of
each basic unit, as well as the entire building. The use of the model is demonstrated in two different
scenarios: an office building in which basic architectural features such as form and orientation are
tested from the very beginning, and a residential building in which the intervention focuses on its
envelope, highlighting the possibilities of improving their design during the whole design process.

Keywords: energy rating; green buildings; design tools; energy-conscious design

1. Introduction

In recent years, there has been a significant increase in interest in subjects concerning
sustainable design and construction of buildings that save energy and emissions, while
ensuring comfortable conditions inside and outside of them.

In order to evaluate the energetic performance of buildings, different methods and
rating systems have been developed in various places in the world, such as LEED [1] in
North America and EPBD [2] in Europe. In this work, we introduce the model ENERGYui
as a tool for design and rating buildings in Israel. The paper significantly expands upon
two previously published conference papers, where an early limited version of the model
was introduced, and demonstrates its use not only for rating buildings but also as a
design tool [3,4]. These methods can help enable consumers and businesses to make more
informed choices and decisions to save energy and money. Despite the development of
these methods, there is still uncertainty about their relationship to property value and
the understanding of the meaning of the energy performance certificates by the general
public [5]. As part of these directives, various methods were developed, which can be used
by designers and advisors for evaluating the green performance of buildings in general, and
their energy performance in particular [6]. The complexity involved in these evaluations
and the special requirements of each method has led to the development of a large variety
of tools with different levels of difficulty. A comprehensive list has been featured and
evaluated according to various criteria by the United States Department of Energy [7,8].
Although there are tools to evaluate the implications of design changes with an emphasis
on architectural parameters, there is not always clear what are the assumptions that these
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tools take regarding the rest of the parameters. This is a critical point for a design tool that
rates buildings according to the strict requirements of a standard. Different approaches for
rating buildings are used; some of them are based on actual performance while others rely
on design data. The former reflects the performance of the building after its construction
and occupancy, while the latter rate the proposed building before its construction, which
poses a significant challenge.

To evaluate the energy consumption and performance of the building, sophisticated
dynamic hourly energy simulation models, which require a high degree of detail, are
generally used. Expertise is required to define the input needed for simulation as well as
for understanding the output produced by the models. Moreover, tedious work is required
for defining all the building parameters and details needed to perform the simulation. For
these reasons, these simulation tools are generally used late in the design process [9], mainly
by external expert consultants and not by architects, and therefore their impact during
the design process is limited. At late design stages, it is very expensive and sometimes
impossible to propose and implement major design changes in the building, even if they
may bring a significant improvement in its performance [10]. Furthermore, using energy
simulation tools usually is not aligned with the design process and requires capabilities
beyond those commonly available to designers. The tools and knowledge that required
setting the proper conditions of the simulation usually deprive architects of using this kind
of tool during the design process and prevent the possibility of asking important what-if
questions that can encourage them to examine different design directions. As a result, these
are generally inappropriate as practical design aids for architects, especially early in the
process since they share the following characteristics:

e Demand expertise and specific knowledge;

e  Require the definition of multiple variables related to mechanical systems, load,
schedules, etc.;

e  Produce complicated outputs that are difficult to understand and translate to architec-
tural changes or use for answering “what to do next?” questions.

The Israeli Standard 155281 “Buildings with Reduced Environmental Impact (Green
Buildings)” was approved in November 2005 [11]; it was recently updated [12] after a
comprehensive revision and has an important impact on the architectural practice in
Israel. It provides a multi-disciplinary approach for the assessment of new and thoroughly
renovated buildings, by scoring points and compliance thresholds. The standard was
adopted in 2013 by the forum of the 15 main cities in Israel and deemed as compulsory for
building permits in their jurisdiction. Following this initiative, the planning authorities
have decided that the standard will be mandatory for all construction in Israel starting in
2021. It is worth emphasizing that so far in Israel, the only mandatory requirement for
obtaining a building permit has been in compliance with 151045 “Thermal Insulation of
Buildings” [13,14], which determines the minimum required levels of thermal insulation of
envelope elements according to the building type and climatic zone in which the building
is located. Standard 1S5281 is divided into nine main chapters that focus on the different
aspects of sustainable design and green architecture: (1) energy, (2) site, (3) water, (4)
materials, (5) health and wellbeing, (6) waste, (7) transport, (8) management, and (9)
innovation. Among them, the energy chapter is the most significant in terms of its relative
weight, and its verification and compliance rely on Standard IS5282 “Energy Rating of
Buildings” [15].

Standard IS5282 uses two basic approaches to demonstrate compliance: (1) the
prescriptive-descriptive approach [15,16] which defines various pre-set solutions (pre-
scriptions) to achieve energy conservation according to the desired ranking, and (2) the
performance approach, which defines the energy performance of the building that should
be met, considering site energy. In this case, the energy consumption of the proposed
building is compared with a theoretical reference building, which determines the energy
budget. The rating of the building is determined according to the ratio of energy savings
in relation to the reference building, between level F (worst) and level A+ (best). For the
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implementation of this approach, the use of a dynamic energy hourly simulation model is
required. For residential buildings, Table 1 shows the required improvement percentages
for each level in accordance to the climate zone the project is located on. Depending on
the level obtained, a grade value (GradeValue,) is assigned for each evaluated unit (apart-
ment, office, etc.). The improvement percentage for each unit is calculated according to
Equation (1), while the rating of the whole building is calculated according to Equation (2).

Ecrzf — ECies

IP =100 x
Ecref

¢
where:
IP—Improvement percentage (%) of energy consumption for floor area

EC,,;—Reference energy consumption (kWh/ m? year)
ECjps—Unit energy consumption (kWh/ m? year)

m

A GradeVal
Bld,p, — Zu=1 reay x GradeValue,

Yo, Areay,

@

where:
Bldyse—Energy rating of building
GradeValue,—Energy rating of unit (apartment/ office)
Area,—Area of unit (m?)
u—Unit
m—Number of units

Table 1. Unit energy efficiency rating (residential) with GradeValue,,.

Energy Efficiency Improvement Percentage by Climatic Zone (%)

Rating of Grade

: Climate Climate Climate .
Unit Value Zone A Zone B Zone C Climate Zone D
A+ 5 >35 >35 >40 >29
A 4 >30 >30 >34 >26
B 3 >25 >25 >27 >23
C 2 >20 >20 >20 >20
D 1 >10 >10 >10 >10
E 0 <10 <10 <10 <10
F -1 <0 <0 <0 <0

In the following sections, we present the conceptual idea and development of EN-
ERGYui, a model that allows designers to understand, evaluate, rate, and improve the
design and energy performance of buildings during all the design stages including the early
ones, by easily using sophisticated and reliable energy simulation models. The simulation
engine of the model is the robust hourly dynamic model EnergyPlus developed by the
US Department of Energy [17]. The proposed model provides a graphic user interface
(GUI) that includes information that helps with fulfilling the requirements of Standard
IS5282 for the energy rating of buildings. It also includes a materials library certified by
the Standards Institution of Israel, which provides the definition of the properties of the
building’s materials easily and efficiently. Hence, the user is required only to provide or
choose simple data related to the architectural characteristics of the project, such as loca-
tion, building type, building geometry (envelope, internal walls, and openings), materials,
etc., and during the early stages of design they can rely on pre-set smart default values
for non-architectural data such as mechanical systems, schedules, etc., to evaluate the
proposed design alternative. The idea behind the model is allowing designers to improve
the understanding of the influence of design decisions on the energy performance of the
building to improve the decision-making process. In this way, a simple easy-to-use model
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from the user’s point of view is provided, while a reliable and robust one creates and
simulates a full-detailed building description.

2. Description of the ENERGYui Model

A scheme describing the workflow of ENERGYui is shown in Figure 1. One of the
advantages of the proposed model is that it requires users to only provide the available
information related to architectural characteristics and features of the project. Among them,
variables such as project location, building type, geometry, windows, shading elements,
materials, and ventilation, are selected or defined by the user. Non-architectural parameters
are defined by the model behind the scenes (see Table 2 for a list of architectural and non-
architectural parameters for residential building type). Hence, this avoids confusion for
the users regarding the information they are supposed to provide for the simulation to be
performed on the one hand, and it avoids errors or manipulation of different simulation
settings in obtaining reliable results on the other hand. In this way, the proposed model
adapts to the way architects work and allows for performing sophisticated simulations
without the need of dealing with complex definitions. Accordingly, this allows them
to correct and improve the design to meet the architectural objectives on the one hand
and obtain the desired ranking on the other. Moreover, it provides authorities a way of
controlling the correctness of the input data and the reliability of obtained results, which
result in the rating of the building.

Architectural data

Non-Architectural data

input process output
5 |
oc 2.0
£0 £
T 2R 7
" g ) [e— 3
2 s] o C
i oc ) o0 =0 A
(k 25 0 S5 ! e
i 9. o g u(; c 9— = Asartment Bists
& 25 ah o 32| =
og 32 e 03 ax
Q= o g S £ @ o
% E c ey ES % 2
u © weld Do (i EY A
unit and building
rating

g
0
8

R ENERGYw

Climatic data

E detailed
report

EnergyPlus
Weather file

Figure 1. ENERGYui workflow.

ENERGVYui is controlled and organized by a command tool chest that guides and
advises the user concerning the information and input required or missing to perform the
simulation (Figure 2), as will be demonstrated in the following sections.
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Table 2. Architectural and non-architectural parameters for residential building type.

Info Parameters Variation
Location Set by user *
Opaque Set by user * (See Figures 3 and 4)
Windows Set by user * (See Figures 3 and 5)
o
Coefficient Winter 3
Architectural Geometry i ummer
(user-defined) Blinds No Blinds 1.0 1.0
2/3 opening 0.6 0.4
1/2 opening 0.5 0.4
Full opening 0.8 04
Sunshades Set by user * (See Figure 5)
Materials Set by user * (See Figures 4 and 7)
Ventilation Night Crossed, Comfort
People From 4 to 8—According to apartment size
Load Constant From 1 to 0.5 W/m2—According to apartment size
0ads Non-constant From 8 to 4 W/m?—According to apartment size
Lighting 5 W /m?
Non-Architectural ~ Mechanical system Ideal system—Heating/Cooling Loads Calculation
(Tool defined) . °
Setpoint Heating 20°C
Cooling 24°C
Infiltration 1ach
Seasons According to location climatic zone

Set by user *—User is not constrained by requirements for each parameter.

General Parameters 1 % 1. General Parameters

I’ Plan, Windows, Materials #W488 —> 2. Define Model

E Results/Reports o —> 4.Rating

[ 09 | ue
o | an Materla::ﬁ;;\:ytrucﬂon —> A. Materials

m —>> B.Comments/Instructions

Figure 2. Command tool chest.
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2.1. Step 1—General Parameters

The first step relates to the definition of the general information on the project at hand,
with the definition of the location (i.e., setting weather conditions for the project) being
the most important. Additional information includes designer and developer details and
contact, terrain data, etc. After these general parameters are set, the user is allowed to
continue to step 2. If information is missing or incorrect in a certain step, the tool chest
prompts a notification with details for designers and does not allow the user to continue to
the next step, guaranteeing in this way the completeness of the data needed in order to
perform the full simulation.

2.2. Steps 2 and 3—Building Model Definition and Simulation

In step 2, the user defines the project geometry: plan, external envelope, openings,
materials, number of floors, thermal zoning (offices, apartments, cores, corridors, etc.).
The user can start this stage from scratch or can use one of the templates provided by
ENERGVYui as a starting point. The templates define some of the typical building layouts for
various building types in Israel (see Figure 3 for some examples of residential buildings).

Apta
App. 109m2

:
gi

-

Apt3
App. 109m2

1

Apt1
Agp. 109m2

1 1 2L 1R 2R
App “anz App. 114m2 M‘n’!llu\? Ap:"‘“m? Ao‘p’:um? M:“‘“m?
Stairs. Stairs L Stairs R
fore 30m3 fore 30m3 ore 30m3
1 2
Aon‘ﬁ‘m? m‘ﬁanz AptiL Apt2L Apt1R Apt2R
App 12472 App 12472 App. 12412 g0 124m2
Stairs Stairs L |
Core 24m2 w-:g c«m
3 aL R 4R
e ol P o soa'ima g

Figure 3. ENERGYui residential templates.

As mentioned above, the definition of the architectural design parameters is done
by the designer according to the information available at each design stage, while all
non-architectural parameters are defaulted by ENERGYui. The idea behind this setting is to
encourage designers to improve the performance of the buildings from the very beginning,
based on their basic architectural characteristics, rather than relying on mechanical systems
exclusively. Figure 4 shows the range of information needed, aside from the geometry itself,
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em. 300 Floor height

i.e., walls, windows, and thermal zones (see A in Figure 4). The different envelope elements
need to be assigned a composite construction, which can be selected from a provided
library (Figures 5 and 8) or can be newly created by users according to their needs. These
composite constructions can be applied to a specific wall or all walls in the floor or building.
In the same manner, for any window, the user needs to choose its frame and glazing
material and internal or external shading type, i.e., blinds and/or sunshades (Figure 6).
While working on this step, ENERGYui provides graphic feedback on the completeness
of the information provided. For instance, a mustard-yellow color element means that a
construction definition is still missing and acts to guide the designer to complete it, while a
green one indicates that it is fully defined. Additional information that needs to be defined
at this step relates to the determination of the north direction, the number of floors, thermal
zones, assigning composite constructions for the floor, roofs, internal floors, as well as
first-floor type, i.e., on the ground, on columns, or over an unheated space (all seen in B, C,
and D in Figure 4). Since some of this information can be unknown in the early stages of
design, the user can choose from one of the smart defaults offered by the model (insulation,
window size, etc.), which are based on requirements from 155282.

F10-300 Floor Area definition Walls Select floor template

Selectmanage building’s floots

W| F10-300 ~]
Selectimanage areas on this floot

manage | [e 012 7

= | Set materials & shades for 100f floor

Aaterials for Duiking's Do io0r
Floor - A-5282 -
Ground =] Fioor over.

Medm v Floor shade

Moterials kv buiicing's middlle foors
Internak-Floor-Heavy >
edis ] Seting [Meds =] Foce Hoe

Materials for buiiding's roct.

Roof - A- 5282 >

_ed | s |

028% o1 0% SF Tu 40 2 v M o [ oo 4 J > fecta =] o405 =] Rootian

Ventilation
E  Netursl " Mech. & None Night
" UigR [~ BedR.  Comfort

Figure 4. ENERGYui modeling GUI

Once step 2 is completed and the model contains all the required information for
the simulation, the user is allowed to proceed with step 3, which involves running the
simulation itself. ENERGYui automatically creates and processes the full input file used by
the simulation engine, i.e., EnergyPlus [17].

2.3. Step 4—Rating Individual Units and the Whole Building

After completion of the simulation, ENERGYui rates both the whole building and
each of the zones (apartments, offices, etc., according to the building type chosen for
evaluation), as seen in Figure 7. Instead of having to deal with a large and complicated
number and types of outputs, the building rating and the energy certificate, together with
a detailed report for further analysis, are provided. IS5281 requires the whole building
to be rated, while IS5282 allows for the rating of both the entire building and individual
units. In this sense, the individual rating can help owners or potential buyers to know
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the energy performance of the specific property and conduct informed decision-making.
This information can also be used by planning authorities to stimulate green buildings by
providing economic incentives, such as low-interest rates mortgages.
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2.4. Material/Construction Library

ENERGYui contains a library of basic materials and combinations that allows for
easy user choice and ensures compliance with requirements as well as the quality and
consistency of the data. The materials are categorized according to different types (concrete,
wood, glazing, etc.) in a way where users can quickly find the most relevant one for their
needs (see Figure 8 part A). Individual materials are used for the creation of composite
elements for the building envelope. Those assemblies can be assigned to different geometry
elements in the building, as in floors, windows, walls, roofs, etc. (see Figure 8 part B). It
is possible to choose from default predefined composite elements or create new ones as
shown in Figure 8 part C. New composite constructions can be created based on existing
and certified basic materials included in the library, or based on new materials on the
market as defined by the user. In the last case, a notice will be printed in the detailed report,
meaning that the designer will be requested to provide approved documentation certifying
the properties of the new material. The library manager differentiates between certified
materials/composite elements and new ones defined by the users by different colors, while
the first category is protected and cannot be altered by users.
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Figure 8. Material /construction library. List of materials (left); list of constructions (right).
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3. Case Studies

In this section, we demonstrate the use of the ENERGYui model through the analysis
and exploration of several design alternatives in two different examples. The first case
study demonstrates the use of the model for the analysis of alternatives and decision-
making in the design of an office building from the first stages of the design process to
the detailed design. The second one shows the analysis of a residential building in a more
advanced state of design, in which several basic decisions have already been made and
therefore the freedom of action is more limited.

3.1. Office Building

This case study demonstrate the design of a theoretical office building in the city of
Tel Aviv in the coastal plan zone of Israel. As stated above, this case allows the designer to
explore various basic design alternatives for the building from the very beginning, where
the criterion for choosing which alternative(s) to continue to develop is the achieved energy
rating of the building. The use of the tool at early stages allows for exploring fundamental
architectural decisions such as massing and main orientation of the building. Three basic
options for the office building proportions were explored based on their depth, going from
a deep office space of 14 m, a more typical depth of 8.2 m, and a shallow deep of 5 m. The
expected total area is about 4500 m? for all buildings, resulting in two 4-story and one
5-story buildings, respectively as shown in Figure 9.

Depth 14.00 m Depth 8.20 m Depth 5.00 m

Figure 9. Case study building 1: Basic massing alternatives. Left: Deep offices (14 m); Middle: Standard depth (8.2 m);
Right: Shallow depth (5 m).

To allow for the use of the simulation model at this early stage of design, basic
properties for this case study were set as smart-default values based on requirements
and common practices: A window size is predetermined for all buildings as a strip of
1.40 m on all facades, and double-glazing clear glazing type is used for openings. The
opaque part of the fagade uses as a starting point a basic level of insulation, meeting the
minimum requirements required for heavy construction as set out in I51045. Although
some improvement in insulation levels beyond this minimum value may be beneficial in
terms of overall energy consumption and rating (as we demonstrate later), it should be
emphasized that in Israel’s coastal climate zone there is a balance point between winter
and summer. In winter, adding insulation may help lower heating requirements, although
during the dominant warm period, adding insulation beyond the recommended level may
make it difficult to cool the building and may require night ventilation [18]. Therefore, the
insulation requirements in this climate zone are less stringent than in cold regions. No
internal or external shading devices and no ventilation were implemented, and the light
control was set to one step on/off (LC1S) for the basic set of alternatives. The full set of
characteristics of the buildings (basic set and design alternatives) are presented in Table 3.
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Table 3. Office building case with design parameters.

Parameter Acronym Description Value
Proportion Office’s depth 5.0m,82m, 14.0 m
Orientation Des_Alt 0 Deg, 45 Deg, 315 Deg Ma.m fagfi de -
orientation
Insulati Bsc Stlns Standard Insulation U=1.25W/m?K
nsulation Des_Alt ImIns Improved insulation U=05W/m?K
Bsc DgCl Double Glazing Clear U =3.95W/ m2K, SHGC = 0.65, Vt = 0.63
Glazing Des_Alt LowE Low Emissivity U =3.14 W/m2K, SHGC = 0.52, Vt = 0.6
glazing
Bsc noShd No shading -
Des_Alt IntShd Internal dynamic SC =055
. shading
Shading External dynamic
Des_Alt ExtShd ,y -
shading
Des_Alt BrSol External fixed shading -
Bsc MedWin Medium window size H=14m
Des_Alt MaxWin Maximal window size H=27m
Window Size Des_Alt MinWin Reduced window size H=10m
Des_Alt MinWinSouth Reduced window size H=10m
South
Bsc LC1S Light control 1 step on/off (500 1x)
Light Control Des_Alt LC2s Light control 2 step on/off (500 1x)
Des_Alt LCdim Light control dimmer dimmer (500 1x)
Bsc noV No Ventilation -
Des_Alt nNV Natur'a ! r}lght 3ach
Ventilation ventlilahor.l
Des_Alt mNV Mechanical night 10 ach
ventilation
Des_Alt ComfV Comfort ventilation Ceiling fan (Allows to ralsf summer
temperature by 0.5 °C)
Basic alternative (Bsc)
Insulation Glazing Shading Window Size Light Control Ventilation
Stlns DgCl noShd MedWin LC1S noV

Design alternative (Des_Alt): Alternative get value from a set of given parameters or from user defined values.

Table 4 and Figure 10 present the description and results for the alternatives of the
theoretical office building. As previously stated for this case study, the exploratory process
starts from the most basic design decisions at the first stage, i.e., massing and orientation of
the building according to site constraints (0 deg, 45 deg, and 315 deg). The results were
assessed at two levels: the whole building and at two typical middle floor offices (north and
south). The best results (higher rating and lower energy consumption) for each building
depth were kept for the next stages. For the 5 m depth building, all orientations were rated
E or above, and hence it was decided to keep them all. For the 8.2 m depth case, 0 deg and
45 deg were kept, and for the 14 m depth, only the 0 deg option was suitable to be kept for
further analysis.
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Figure 10. Case study building 2: Energy consumption and rating of design alternatives and decision making during the
design process. Top: Deep offices (14 m); Middle: Standard depth (8.2 m); Bottom: Shallow depth (5 m). In bold: parameter
changed in each alternative.

The second stage of the exploration tests the influence of window sizing on the
performance of the building. This is a stage in the design process where basic decisions still
need to be taken, as in the previous one. Three strategies for window size were evaluated,
i.e., reducing the size to a minimum, enlarging the size to a maximum, and reducing the
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size only for the south-oriented offices (denoted as “min win”, “max win”, and “min win
south”, respectively). At this stage, the main improvements in the rating were obtained
with the clean north-south orientation (0 deg), especially on the 5 m depth option. The
8.2 m depth shows a slightly better performance compared with the previous stage and the
14 m depth shows no improvement at all. This is probably due to the fact that the lighting
consumption is heavily affected by the deep spaces, and therefore it was decided not to
further pursue this design option. For the next stages, only the north-south options were
kept for further exploration.

Once the more basic decisions were made, the third stage implements the use of
shading strategies for the openings. They included dynamic shading devices, internal, and
external (IntShd and ExtShd) activated when the amount of solar radiation reaching the
office space overcomes a predetermined threshold. Fixed devices were also considered
as a design option (FixExtShd). The internal shading performed better for the shallow
building while the external was slightly better than the internal for the 8.2 m depth. The
fixed shading type did not represent any improvement compared to the previous stage and
was discarded. As a result, both dynamic shades were kept for the next design stage.

The fourth stage is intended for a more detailed level of decision-making in advanced
stages of design. Improving the glazing type or using dynamic shade led to significant
performance improvement in the 5 m depth office building. For the 8.2 m depth case,
however, it showed no significant rating and performance improvement from the previous
stage, maybe even worsening at the single office level. For this reason, it was decided
to drop this building option and to pursue only the shallow-depth office. Significant
improvement in the performance of the building and midfloor offices occurs when using
low-emissivity (LowE) glazing, reducing the window size in the south-oriented offices,
and improving the insulation of the opaque envelope. With one or more than those
parameters, the building reached an overall B grade and the offices C (north) and A (south).
Implementing some sort of ventilation (natural/mechanical night ventilation or comfort
ventilation, provided by ceiling fans) or dimmer light control led to an A rating for the
building and A+ for the south-oriented offices, which is the best one achieved for this case
study (see Table 4 and Figure 10).

3.2. Residential Building

The second case study presents a residential tower building, 11-floor height (Sanhedrin
Building), designed in the city of Ramat Gan, as well in the coastal plan climatic zone.
Figure 11 shows two different design alternatives for this building.

In this building, due to design limitations and programmatic constraints, several
fundamental design parameters were fixed and cannot be considered for change during
the process, as building orientation. Therefore, the exploration path focused on design
parameters related to the external building envelope. The case study assesses two design
alternatives that allows for understanding the impact of the proposed changes on the per-
formance of both the whole building and the apartments on a typical middle 2-apartment
floor (dark grey in Figure 11). The first alternative shows a conservative approach, where
the building uses the more common construction technologies available in the Israeli mar-
ket, and the aesthetics are guided by modern traditional customs (Figure 11 top). The
second alternative shows a more “fashionable” aesthetics of the building envelope, where
constructors, entrepreneurs, and even users prefer to have larger windows with extensive
use of glazing, mainly in the social areas of the residential units (Figure 11 bottom).

Table 5 presents a description of the different simulated stages for both design alterna-
tives, a total of 4 for both alternatives. The table shows the summary of the results obtained
in the simulations while changing different design variables for Apartments 1 and 2 and
for the whole building.
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Alternative 1

Figure 11. Case study building 2. View from northwest (left) and southwest (right). Top: Design Alternative 1; Bottom:
Design Alternative 2 with larger windows.

Alternative 1: The building was first analyzed by implementing basic requirements
for the insulation of the building’s envelope (roof, walls), as currently required by local
standards (Figure 11 top and Figure 12 left). In addition, windows with clear single glazing
were designed at the beginning without any solar protection. This is despite the design
tradition in Israel, which applies roller shutters to windows in residential buildings for
privacy, allowing dynamic shading as needed as well as improving window insulation
at night. According to IS5282, this building ranks the lowest rating possible F, as well as
apartment 1, while Apartment 2 rates E (Alternative 1, Stage 1).

As a way to improve the rating, it was proposed to improve the insulation of the
opaque envelope and to use double glazing clear in the windows instead. These changes
led to the improvement of the rating of the whole building to the basic level of D, while
Apartments 1 and 2 rate E and D, respectively (Alternative 1, Stage 2). Both apartments
remain low-rated despite the improvements, probably due to the relatively large opening
towards the south, west, and north directions, the lack of any shading protection for the
windows, and a relatively large external surface area.

Adding dynamic external shutters that can be fully open and close as well as provid-
ing dynamic shading and improving night insulation proved to be a very efficient and
important factor for energy savings. These changes changed the building rate to B, while
the apartments rated C (Alternative 1, Stage 3).

15



Buildings 2021, 11, 59

Table 5. Design path showing improvements of two design alternatives.
Description Typical Middle Floor BV\’.ll'l((i)'le
Apartment 1 Apartment 2 urding
. . ECq4 ECy4,
EC,¢ Residential: Improvement . S, Improvement . S 5 .
41.78 kWh/m? year % Rating  (kWh/m % Rating  (kWh/m Rating
year) year)
Basic Insulation Single
Glazing Clear No -6 F 44.3 5 E 39.9 F
Shading
E Improved Envelope
= Insulation
g 155282-Level 2 Double 6 £ 393 16 b 35 b
2 Glazing Clear
< .
Full Opening External 2 317 o 317 B
shutters
Night Ventilation 32 A 28.2 31 A 28.6 A
Increase -9 F 457 ~24 F 519 F
« Glazing—social areas
v
= LowE Glazing 5 E 39.7 -10 F 459 F
&
g .
5 Full Opening External 23 300 14 D 361
z shutters
Night Ventilation 31 A 28.7 22 C 32.6 A

Allowing for night ventilation during summer nights (when the outside temperature
is lower than the inside temperature) improved the final rating of the building and both
apartments to A (Alternative 1, Stage 4). Further improvement could have been achieved on
its energy performance by updating geometry, window size, or orientation; these changes
were not tested in this alternative.

Alternative 2: As noted above, this alternative reflects design choices related to market
preferences, namely in encouraging window enlargements mainly in the public areas of the
apartments. For this alternative, the glazing ratio was significantly increased for the social
areas of each apartment (Figure 11 bottom and Figure 12 right). This substantial change
affected the performance of the apartments and the whole building for the worst. The
apartments and the building rated F (Alternative 2, Stage 1). To deal with the enlargement
of the windows, in the next stage we tried to improve the quality of the glazing, both in
terms of insulation and solar heat gain coefficient (U value = 3.14, SHGC = 0.2). Changing
the glazing type to LowE slightly improved the overall results (% improvement) but not the
ratings. Only Apartment 1 is rated now at E (Alternative 2, Stage 2). In the next stage, as in
Alternative 1, the addition of dynamic external shutters proved to be especially important
to improve the performance of the building. This led to the building being rated at C and
the apartments at C and D (Alternative 2, Stage 3). Lastly, implementing night ventilation,
which is beneficial in this climate, contributed to bringing the final rating of the building
and Apartment 1 to A while Apartment 2 received a C rating (Alternative 2, Stage 4).
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Figure 12. Case study building 2: Energy consumption and rating of design alternatives during the design process.

4. Conclusions

A simple model ENERGYui that allows for the use of the simulation program Energy
Plus for improving design performance during the process of the rating of buildings was
demonstrated. The model was applied at different stages through the design process
of an office and a residential building. Significant improvements were obtained in the
final ranking in both cases studied. With the help of the model, beyond obtaining the
rating of the building, which is its main objective, it was possible to explore different
alternatives at all design stages, including the early ones, and make decisions according to
the qualities of each one of them. In this way, the model allows for increased awareness
of energy implications regarding design decisions, and it diversifies the available design
options. The proposed model focuses on information from designers related mainly to
architectural parameters. The non-architectural ones are suggested by the tool itself based
on smart default values. ENERGYui is expected to make a great impact not just among
green building consultants, but also among practitioners in their architectural practice
since it is the recommended tool to be used for checking compliance with 1S5282.
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Abstract: Green buildings have been actively spreading as a solution for sustainability issues of
the construction industry in at least the last two decades. As green building practices unfold in
developing countries, the need of identifying factors that both hinder and drive its spread rises.
Multiple studies reveal a general inconsistency among results in different parts of the world, caused
by each country’s environmental, economic, and social conditions. Taking into account the experience
of developing international green buildings and the current state of green building development
in Kazakhstan, this study aims to spread the understanding of the factors that hinder and have
the potential to drive the development of green buildings in Kazakhstan. A questionnaire survey
was carried out among 38 industry experts in Kazakhstan to accomplish study objectives. Multiple
data analysis methods were used to identify correlations among groups of experts and rank the
factors. The results revealed a lack of skill/experience, a lack of government support, and the high
cost of sustainable materials and products as the most crucial barriers. Water and energy efficiency,
improved health of occupants, comfort, and satisfaction were identified as the most influential
drivers. By expanding knowledge on factors affecting the implementation of green buildings, the
study uncovered common trends in the responses of professionals, providing valuable information
for field professionals and suggesting future research recommendations.

Keywords: green buildings; drivers; barriers; funneling technique; PESTLE

1. Introduction
1.1. Background

The global building industry has a significant impact on the environment, economy,
and society. The construction phase, including material manufacturing, is responsible for
10% and the operation phase of the buildings responsible for another 28% of global CO,
emissions [1]. Essential needs such as heating or cooking require the use of carbon-intensive
sources of energy such as oil, gas, and coal, consuming around 60% of the global electricity
used just for building operation purposes [1]. The energy consumption of residential
and nonresidential buildings takes up to 30%, and the building construction industry
represents 5% of global energy use as of 2019 [1]. Statistics represent a steady increase
in energy consumption of 7%, with increased total floor area and population in the last
nine years [2]. Emission rates related to the construction industry are increasing at a slow
but steady pace [2]. Furthermore, the construction industry accounts for up to 40% of the
world’s materials consumption, almost 30% of the use of timber, and approximately 15% of
the total water consumption [3]. On average, 40-60% of all landfill wastes are generated
during construction processes [4]. Moreover, the construction industry is a significant
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contributor to global warming, resource depletion, and air and water pollution, and is the
cause of various natural hazards [5-7].

Active measures are taken in the face of sustainable development strategies to di-
minish the harmful effects of the global building industry. Yudelson [5] defined a green
building as a high performance property that reduces its impact on the environment and
humans throughout its life cycle. It is intended to use less water and energy. It aims to
improve the built environment radically. It considers preserving non-renewable energy
sources and promotes renewable sources of energy, advancing the existing technologies
and construction methods. Moreover, the green building gravitates toward a healthy
environment for the occupants by enhancing indoor air quality and nontoxic materials.

Many countries are successfully implementing green practices, and some are in the
process of embracing them. However, despite the rapid growth of the green building
concept, numerous impediments prevent its adoption worldwide [8,9]. Moreover, the
barriers that prevent the spread of green building vary from country to country. Factors
that are more important in one place can be less critical in a different place due to country-
specific characteristics such as demography, culture, economy, and location [10,11]. This
discrepancy arises from reconsidering and readjusting existing green building practices to
the needs and capabilities of the country. There are also risks and uncertainties related to
implementing the green building concept that must be investigated [12]. Therefore, it is
crucial to identify the drivers and barriers of green building to develop a proper approach
for successfully promoting and implementing its practices.

1.2. Research Aim and Objectives

Based on the international experience of factors for green building development, the
study considers the current state of Kazakhstan’s green building development. This paper
aims to spread understanding of the factors that hinder and the factors that can drive
green building development in Kazakhstan. Consequently, the following objectives are
established:

1. To examine the importance of green buildings in general and for Kazakhstan

2. Toidentify the factors (barriers and drivers) that influence the development of green
buildings.

3. To evaluate the drivers and barriers to green building in Kazakhstan.

The research objectives are organized in a systematic approach called the “funneling
technique”, effectively utilized in many aspects of questioning, including research [13]. The
“funneling technique” idea narrows the general information into practical and operable
solutions [13].

The findings of this study will contribute to the existing body of knowledge regarding
both green building drivers and barriers in the context of a developing country. In addition,
the identified green building barriers and drivers were ranked using the PESTLE technique
in order to provide a broader view of the factors. In this regard, the most and least
significant factors were shown and ranked in terms of the Political, Economic, Sociocultural,
Legal, and Environmental categories, and can be helpful for practitioners intending to take
actions in mitigating the barriers of green building technology and using drivers to its
adoption. The main novelty of the research is the implementation of the PESTLE method
to understand the green building’s barriers and drivers.

Additionally, this study can be valuable by expanding knowledge about factors that
affect the implementation of green building, providing valuable information for field
practitioners, and suggesting future research recommendations.

The paper is structured as follows: The next section presents a review of the literature
on green buildings. It provides a summary of the concept of a green building, its drivers,
and barriers. Furthermore, the current state of green buildings in Kazakhstan is described
in this section. In the third section, an explanation of the four-step methodology of the
study is given. The fourth section demonstrates the results, while the fifth section discusses
the research results and findings. The last section concludes the research paper.
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2. Literature Review
2.1. Green Buildings

The concept of a green building or sustainable construction is the step of our com-
munity toward sustainable development. It is the care for the future and future genera-
tions, as sustainability is often interpreted as utilizing resources to meet the needs of the
present without compromising the future generations’ ability to meet their own needs [14].
Ahn et al. [6] identified the benefits of sustainable construction, dividing them into three
main pillars as presented in Table 1.

Table 1. Environmental, social, and economic benefits of sustainable construction.

Environmental Benefits Social Benefits Economic Benefits

Protecting air, water, and
land ecosystems
Conserving Natural
Resources

Preserving animal and
genetic diversity
Protecting the Biosphere
Using renewable natural
resources

Minimizing Waste
Production or Disposal
Minimizing CO,
Emissions

Pursuing active recycling
Maintaining the integrity
of the environment
Preventing global
warming

Improving the quality of
life for individuals and
society as a whole
Alleviating poverty
Satisfying human needs
Optimizing social
benefits

Improving health,
comfort, and well-being
Minimizing cultural
disruption

Providing education
services

Promoting harmony
among human beings
and between humanity
and nature

Improving economic
growth

Reducing energy
consumption and costs
Raising Real Income
Improving productivity
Lowering infrastructure
costs

Decreasing
environmental damage
costs

Reducing water
consumption and costs
Decreasing health costs
Decreasing absenteeism
in organizations
Improving Return on
Investments (ROI)

It is important to note that sustainable development has limitations. According to
Barbier [11], the three pillars of sustainability (environmental, economic, and social) cannot
be utilized to their full potential concurrently. The meaning of development must overcome
a series of continuous trade-offs, such as the trade-off between increased productivity and
the degradation of the environment [11]. Further, the trade-offs are regularly changing
due to the intense nature of development and the various ecological, economic, and social
conditions [11]. Therefore, sustainable development demands have different levels of
importance in other places; they are never constant and change over time. This difference
directly applies to the concept of green building as part of sustainable development.
Therefore, there is no guarantee that successful practices in one of the ecological, economic,
and social dimensions will be similarly effective in other dimensions.

2.2. Barriers of Green Building

It is convenient to better use the PESTLE method to understand the factors affecting
the development of green buildings, distributing various aspects according to political,
economic, sociocultural, technological, legal, and environmental categories (PESTLE).
Moreover, the PESTLE method provides a bird’s eye view and an organized look at the
factors [15].

There are no negative impacts on the environment caused by factors related to green
buildings, as the concept of green building is based on minimizing the negative effects on
the environment. Therefore, barriers affecting the spread of green buildings can be dis-
tributed only among political, economic, sociocultural, technological, and legal categories.
Furthermore, the factors that affect the spread of green buildings are very interrelated.
Some elements can correlate with several PESTLE categories, such as “lack of market
demand”, identified as one of the fundamental barriers by Chan et al. [16], which can
be underlined in the economic category and partly in the sociocultural category. Market
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demand can arise from sociocultural circumstances, even mainly being an economic factor.
However, factors were classified according to their primary attributes, not their origin, to
avoid uncertainties in this study.

(1) Political barriers. Lack of governmental support and promotion can be classified as
political factors. Chan et al. [16], a Ghanaian professional surveyor, identified the lack of
government incentives as one of the top three most critical barriers to the development of
green construction, highlighting the role of government as a crucial part.

The promotion of sustainable construction resulted in the advancement of low carbon
technologies that reduce the impact on the environment in the construction phase; as
pointed out in a study carried out on existing green buildings by Eichholtz et al. [17], a lack
of promotion is the cause of the slow spread of green practices.

(2) Economic barriers. In many studies, the cost is the most critical barrier to green
construction, as it requires more initial investment than traditional buildings [6]. Per-
ception of higher costs causes the market to withdraw from green projects, as noted by
Ahn & Pierce [18]. However, studies in the US and UAE show that cost is not the most
crucial barrier [12,19].

An extended payback period is another substantial factor in the economic category,
delaying the spread of green buildings, and is often ranked as the second most important
barrier after cost. According to Lam et al. [20], the additional time required for a green
project is a crucial factor affecting stakeholders” decisions on par with higher costs.

Darko et al. [12] also pointed out other barriers such as lack of market demand and
risks and uncertainties involved in the implementation of new technologies as crucial
factors in the study conducted in the USA.

(3) Sociocultural barriers. The literature represents lack of knowledge and awareness
as a critical barrier to consider, as some studies suggest resolving it might solve multiple
issues at once [9,19]. However, it might require much effort to raise awareness among
stakeholders as it is directly tied to government incentives and educational programs [9].

Darko et al. [12] identified resistance to change as the most critical barrier in their study,
followed by a lack of the benefits of knowledge and awareness of sustainable construction
benefits. Further, the study stated that resistance to change could determine the success of
green buildings in the US [12].

(4) Technological barriers. An extended construction period is another factor related to
time, similar to more extended payback periods that affect the spread of green buildings.
However, the underdevelopment of technologies in the area is the leading cause of longer
construction periods [20], which puts it in this category. Langdon [20] emphasized that the
extended construction period is due to soft costs (additional planning and design).

Furthermore, Darko et al. [12] highlighted other significant factors: a lack of experi-
enced staff, educational programs, databases, and information.

(5) Legal barriers. Aktas & Ozorhon [21] emphasized the importance of green build-
ing regulation in their study carried out in Turkey. It was one of the factors that af-
fected the decision-making of owners and the top management support. Additionally,
Ulubeyli et al. [22] pointed out difficulties in adapting legislation and laws regarding green
construction in Turkey.

Green labeling is another critical factor [12,21], as the lack of green building rating
certifications can cause difficulties in adopting green projects [12].

2.3. Drivers of Green Buildings

Drivers of green buildings are classified similarly to barriers according to the PESTLE
method.

(1) Political drivers. As lack of government support can be a critical factor affecting the
spread of green buildings [9,16], contrary government incentives towards adopting green
buildings can be a determining factor [9,23]. Darko et al. [23] suggested that government
support could compensate stakeholders for the additional cost of building green, promoting
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green construction. Similarly, Alsanad [9] had drawn the same conclusion examining
factors in Kuwait.

Several studies have stated the importance of company image and reputation when
choosing green projects [24,25].

(2) Economic drivers. The common perception that although green buildings have
higher implementation costs, they also possess lower operational costs, reducing overall
lifecycle expenses, has driven the market long [23]. Studies in Australia and New Zealand
revealed the reduced lifecycle cost of green buildings as the most critical driver [26].
A similar study presented this factor in Ghana in the list of top five most influential
factors [27].

Love et al. [28], examining an office building in Australia, pointed out several critical
drivers, including the attraction of premium clients and high rental returns. High rental re-
turns, reduced operational costs, and lower turnover variability lead to improved building
value, which is itself a significant driver of green buildings [29].

(3) Sociocultural drivers. In addition to environmental benefits, green buildings improve
the health, comfort, and satisfaction of occupants compared to traditional buildings [30]. It
was also rated the second most important factor in Ghana [26]. Moreover, an improved
environment for the occupants can attract quality employees [26]. By itself, the attraction
of quality employees is an influential driver of green buildings [12].

Unlike lack of awareness being a critical barrier to the spread of green buildings, in-
creased understanding can be a determining driver. Regulations, policies, and educational
programs toward green buildings can improve the level of awareness [23].

(4) Technological drivers. Green building practices advance conventional technologies,
improving the efficiency of construction processes and management practices. Although
Darko et al. [10] revealed the low impact of improved construction efficiency as a driver, it
is worth considering the improvements green practices provide. In addition, green projects
require more technology, and participants are more likely to be in an integrated work
environment [31], which brings construction management processes to another level.

(5) Legal drivers. Andelin et al. [25] noted that the number of governmental regulations
and urban policies is constantly increasing and is expected to increase in the future. Such
steps are essential in promoting green practice.

Another crucial factor that affects the spread of green buildings is the rating systems,
such as LEED or BREEAM. The findings show that in addition to affecting the decision-
making of stakeholders, the green design of the project undergoes changes depending
on the requirements of the rating system [32], showing the importance and influence of
certification systems.

(6) Environmental drivers. A green building is designed to minimize its harm to
the environment, efficiently using water and energy resources, and considering human
health and comfort [4]. Additionally, green practices encourage reducing construction and
demolishing wastes.

Based on an international survey of green building experts carried out by Darko et al. [10],
energy and water efficiency were the second and third most important factors driving
the adoption of green buildings, respectively. Furthermore, Ulubeyli et al. [22] revealed
the importance of Turkey’s energy infrastructure and efficiency, ecological sustainability,
and waste management. Gathering the environmental benefits of the green concept is
tremendous and influential to its spread.

2.4. Green Building in Kazakhstan

Kazakhstan’s annual CO, emissions have increased steadily since 1999, reaching
318 million tons in 2019 [33]. The country’s energy consumption in 2019 was around
75 Mtoe (Mega tonnes of oil equivalent), increasing from 55 Mtoe in 2015 [34]. It is
important to note that Kazakhstan’s economy is profoundly dependent on coal, oil, and
gas, having a massive potential in renewable energy in the face of small hydro, solar, wind,
geothermal, biomass, and waste recycling [35]. However, coal-based electricity generation
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was 70%, natural gas 20%, and the other 10% were renewable energy sources (including
hydroelectricity) in 2019 [33]. The electricity generated based on renewable energy sources
did not grow since 2015 [33]. There was a decline compared to 2016 when renewable energy
sources were 12%, and 11% in 2017 [33]. Furthermore, the actual utilization of renewable
energy was only 1.4% in 2018 [34].

Energy consumption only in residential buildings was 27%, the 2nd highest after
the industrial sector in Kazakhstan as of 2019 [33]. The annual rate of overall floor area
increase of residential buildings was around 10% [33]. According to the Bureau of National
Statistics of the Agency for Strategic Planning and Reforms of the Republic of Kazakhstan,
42,282 buildings were put into operation in 2019, 90% of which are residential [34]. The
number of buildings in operation increases annually, with a growth rate ranging from 7 to
20% [34].

Kazakhstan has already taken the first steps toward sustainable development and
has set ambitious goals. In 2015, Kazakhstan adopted the 2030 Agenda for Sustainable
Development Goals at the UN Headquarters [35]. In 2013, in response to achieving
green/sustainable construction goals, the Kazakhstan Green Building Council (KazGBC)
was formed. In addition, KazGBC began devising the national certification system for resi-
dential buildings in 2017 [36,37]. Nonetheless, there are only 74 green-certified buildings
in the country, mainly located in Nur-Sultan and Almaty [8]. They are rated according
to BREEAM and LEED certification, and most buildings achieve the lowest acceptable
score [8]. Consequently, there are still obstacles to overcome, which arise when identifying
barriers and potential drivers to spread green building practices.

3. Research Methods

This research investigates the factors that affect the development of green buildings in
Kazakhstan. Therefore, a quantitative research method was used to conduct the research,
including a literature review, online questionnaire survey, data analysis, and the PESTLE
method.

3.1. Review Method

The first step of the literature review was to identify articles based on their titles,
abstracts, and keywords in Scopus. The keywords used for the search were “green build-
ing”, “green construction”, and “sustainable construction”. The results showed more than
3237 articles related to green buildings with a constant growth rate of around 20% from
2010 to 2020. These numbers represent a significant interest in the area. The next layer of
filtering was to add the keywords “barriers” and “drivers” to limit the number of papers
according to their relevance to the topic. The final number consisted of 73 papers between
2010 and 2020. Skimming the abstracts allowed verification of around ten articles similar
to studies carried out in other countries. Another 21 were identified as eligible for review,
as they were closely related to the topic, had a good citation count, and were published in
top-tier journals.

Several more articles were identified within the reference list of similar studies dating
back to the early 2000s. However, the information from those papers is still relevant, as
researchers constantly cite the work up to date. The identified articles were sufficient to
cover the first and second objectives of the study. Nevertheless, very few research articles
cover Kazakhstan’s level of green building development in the Scopus database. Some
part of the information was obtained through “The Green Building Information Gateway”,
“The Bureau of National Statistics of the Agency for Strategic Planning and Reforms of the
Republic of Kazakhstan”, and other open source databases.

3.2. Questionnaire Survey Preparation

An online questionnaire survey was conducted to collect professional perceptions of
factors affecting the implementation of Kazakhstan’s green buildings. A questionnaire
survey is a standard method used in similar studies. Additionally, an online questionnaire
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survey is a time-efficient approach to collecting a massive amount of data without a re-
searcher’s presence. Additionally, with the existing variety of questionnaire tools available
online, it has become more convenient to use this method. The questionnaire survey was
conducted via the Qualtrics web survey tool. The survey was administered from February
to March 2021. First, eligible respondents were identified. In this regard, the authors
used the Green Building Information Gateway website to find the list of green-certified
buildings [8]. Afterward, contractors of the green-certified buildings were found and
contacted through phone calls, social networks such as Linkedin, Facebook, and personal
visits to the companies’ offices. Linkedin, in particular, allowed finding and contacting the
experts easily.

Moreover, it was very convenient to have a conversation with the experts and collect
their feedback. Multiple experts were also kind by sharing the contacts of their colleagues who
contributed to the study. Combined, at least 70 invitations were sent from various sources.

In preparing the survey questionnaire, standard drivers and barriers were compiled
through a literature review. A total of 36 barriers and 45 drivers of green buildings were
identified. However, it was essential to simplify and refine the list of 81 factors since there
were some similar factors (or derivatives from other factors) listed in different studies.
Furthermore, the official Qualtrics recommendations on a successful survey state that
surveys over 12 min can be tiresome and have low response rates [38]. The entry of the
list of 81 factors alongside basic information questions was estimated to take 16 min on
average, according to the built-in Qualtrics estimation application. Therefore, a mapping
table was used to identify the literature factors’ frequency of occurrence to identify their
significance [35]. A factor in the list was removed if it had a low occurrence rate and was
a derivative of a more significant factor. For example, “average income per capita” was
mentioned only once and can be considered as part of the “economic state of the country”
factor. However, some factors having a relatively low occurrence rate are still kept in
the list, such as the “economic state of the country”, due to its importance identified in
previous studies [7].

Moreover, “Green building (GB) rating systems” and “difficulties adapting to the
certification system” have relatively low occurrence rates. However, they are potentially
influential factors due to the lack of a national certification system in Kazakhstan. Therefore,
these factors remained on the final list. The final lists of barriers and drivers used for the
questionnaire survey are provided in Tables 2 and 3, respectively.

Table 2. A compiled list of barriers based on the literature.

ID Barriers Frequency of Occurrence References
BO1 Lack of government support 5 [9,12,16,19,39]
B02 Higher costs of Green building technologies (GBTs) 9 [8,9,12,16,19,22,38-40]
B03 Lack of market demand 2 [12,16]
BO4 Risks and uncertainties involved in implementing new 6

3 [7,8,12,41,42]

technologies

B05 Economic state 2 [9,22]
BO6 Long pay-back periods 6 [6,12,16,19,40,41]
B07 Lack of knowledge and awareness of GBTs and their benefits 8 [6,9,12,16,19,22,40,41]
BOS Contflicts of interests among é;{l{;)us stakeholders in adopting 3 [12,16,41]
B09 Resistance to change 4 [9,12,16,21]
B10 Lack of GBTs databases and information 5 [12,16,19,21,41]
B11 Lack of reliable GBTs research and education 5 [12,16,19,21,41]
B12 Lack of skilled /experienced staff 8 [9,12,16,19,22,41,42]
B13 Longer construction period 4 [19,22,40,42]
B14 Lack of reliable and available and reliable GBTs suppliers 7 [6,12,19,21,22,41,42]
B15 High cost of sustainable materials and products 5 [6,21,22,41,42]
B16  Complexity and rigid requirements involved in adopting GBTs 5 [12,16,21,41,42]
B17 Fewer GB regulations available 6 [9,12,16,22,41,42]
B18  Insufficient GB rating systems and labeling programs available 3 [12,16,22]
B19 Difficulties adapting of the certification system 2 [22,42]
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Besides asking respondents to rate the factors on a five-point Likert scale, basic
information was collected to analyze the results further. The online questionnaire survey
contained questions about the company, profession, years of experience of the respondents
in the building industry, and whether they have experience in green building projects.

Table 3. Compiled list of drivers based on frequency of occurrence.

ID Drivers Frequency of Occurrence References

D01 Government support 7 [6,9,12,23,31,40,43]
D02 Company image and reputation 6 [12,19,21,23,31,43]
D03 Reduced lifecycle costs 8 [6,10,12,19,23,31,42,43]
D04 Attract premium clients 6 [10,12,22,23,42,43]
D05 High rental returns 7 [10,12,19,23,31,42,43]
D06 Improvement in the national economy 3 [10,12,43]

D07 Increased building value 7 [10,12,19,23,31,42,43]
D08 Improved occupant health, comfort, and satisfaction 8 [10,12,19,22,23,31,42,43]
D09 Attract quality employees and reduce employee turnover 4 [10,12,23,41]

D10 Facilitation of practice sharing 4 [10,12,19,39]

D11 Educational programs 4 [6,9,23,39]

D12 Commitment to social responsibility 5 [6,10,12,23,42]
D13 Increase of awareness 4 [6,22,23,39]

D14  Efficiency in Construction Processes and management practices 5 [10,12,23,31,43]
D15 Construction standards/Urban planning policies 4 [6,9,12,39]

D16 GB rating systems 2 [6,23]

D17 Energy-efficiency 9 [6,10,12,19,22,23,31,42,43]
D18 Water-efficiency 8 [9,10,12,19,22,23,42,43]
D19 Low environmental impact 7 [10,12,19,23,31,42,43]
D20 Better indoor environmental quality 8 [9,10,12,21,23,31,42,43]
D21 Reduced construction and demolishing wastes 8 [9,10,12,19,22,23,42,43]
D22 Preservation of natural resources 7 [9,10,12,22,23,42,43]

3.3. Data Analysis

Data analysis was performed using descriptive statistics. These statistical methods
include: (1) the reliability test using Cronbach’s Alpha; (2) the concordance test using
Kendall’s W; (3) the correlation test using Spearman’s rank correlation; and (4) the mean
score (M).

Cronbach’s Alpha was used to examine the reliability of the collected data, testing
internal consistency. Cronbach’s Alpha coefficient is based on calculating the average of all
possible split-half reliability coefficients ranging from 0 (no internal reliability) to 1 (absolute
internal reliability) [44]. Some studies consider a value of 0.6 reliable [45], while some
suggest using the rule of thumb, meaning alpha values of 0.8 or higher are acceptable [46].
However, Alpha values above 0.7 are generally considered reliable [9,46]. Cronbach’s
Alpha coefficient is 0.815 for barriers and 0.895 for drivers, representing acceptable internal
consistency and reliability in this study.

Kendall’s coefficient of concordance (Kendall’s W) represents the level of agreement
among raters. The value ranges from 0 (no agreement) to 1 (perfect agreement) [47]. The
null hypothesis (HO) for conducted tests is “the distributions of factors are the same”. If
Kendall’s W is low in significance at p < 0.05, then the null hypothesis can be rejected, which
means that there is no similarity within the distribution of drivers or barriers. Kendall’s
W is calculated to represent the agreement within different groups of respondents in this
study.

The ranking of the mean score is widely used in studies related to green building to
classify factors according to their significance [12]. In this study, the mean score ranking
identifies the most significant barriers and drivers affecting the spread of green buildings.
It is important to note that factors with identical mean scores were sorted according to
standard deviation values. Less standard deviation represents higher consistency and,
therefore, higher overall rank.
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Spearman’s rank correlation coefficient was also calculated for different respondents to
display the level of association/correlation among their rankings of factors. The coefficient
value ranges from —1 to +1, where +1 represents the perfect correlation of rank, 0 no
correlation of ranks, and —1 perfect negative correlation. The null hypothesis for this test is
that “there is no correlation between groups”. Alpha (o) is set at 0.05, and if p < 0.05, then
there is less than a 5% chance that the strength of the correlation occurred by chance; the
null hypothesis was confirmed.

The responses were classified into several groups, according to the profiles of the
respondents: consultant, contractor, government, and others, according to the type of
company: engineer, project manager, consultant, and others, according to the profession,
and two groups: experienced and not experienced in green building. Each group was tested
on the level of agreement within its respondents using Kendall’s concordance coefficient
(Kendall’s W). Additionally, group responses were ranked and analyzed with the Spearman
rank correlation coefficient to represent the association level among various respondents.

4. Results

As mentioned earlier, over 70 survey invitations were distributed among practitioners,
experts, and academics/researchers. Most of the respondents were local experts, except a
couple of foreign professionals who consulted and assisted local green building projects.
In total, 38 responses were collected, with a response rate of more than 50%. The results of
the survey are described in the following subsections.

4.1. Respondents” Demographics

The majority of the respondents were contractors at 39%, followed by other companies
at 21%, consultant companies at 16%, government companies at 13%, financial investment
companies at 5%, and material supplier and architect companies at 3% each.

The survey revealed that most respondents were engineers at 40%, consultants and
other disciplines at 18%, while 16% were project managers. Minor responses were from
academics/researchers at 5% and architects at 3%. According to the survey results, 63% of
the respondents had 1-5 years of experience in the construction industry, 26% had more
than ten years of experience, and 11% had 6-10 years of experience in the industry.

There were a total of 21 (55%) respondents who claimed to have a green building
experience, and 17 (45%) respondents did not have a green building experience (Table 4).

Table 4. Respondents” demographic information.

Compan Experience in Experience in
T pe y Percentage Profession Percentage Construction Percentage Green Percentage
yp Industry Building
Contractor 39 Engineer 40 1-5 years 63 Yes 55
Other 21 Consultant 18 6-10 years 11 No 45
Consultant 16 Other 18 >10 years 26
Government 13 Project 16
manager
. Financial 5 Academia 5
investment
Architect 3 Architect
Material 3
supplier

A well-blended response from various participant groups ensures the reliability of the
obtained results.

4.2. Agreement and Correlations among Respondent Groups
4.2.1. Company-Type Distribution

The questionnaire survey identified multiple groups of respondents. It is crucial to
identify the differences and correlations between these groups.
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There are a total of seven groups identified by the survey according to the type of
respondents from the company. However, only four groups have a reasonable number of
responses for the concordance test. Barrier factors” agreement within the particular group
is represented in Table 5.

Table 5. Company type related groups and test of concordance for barriers.

Consultant Contractor Government Other

Kendall’'s W 0.277 0.074 0.304 0.172

Chi-Square 29.884 20.110 27.383 24.838
Degree of Freedom 18 18 18 18

Asymp. Sig. 0.039 0.327 0.072 0.129

Barriers. Kendall’s W for the “consultant” group is 0.277, which is considered a low
value, representing a low level of agreement. Additionally, asymptotic significance is
identified as p = 0.039, meaning that the null hypothesis (the distribution of factors are the
same) is rejected. Similarly, the “contractor”, “government”, and “other” groups have a
low coefficient of concordance of 0.074, 0.304, and 0.172, respectively. However, the p-value
is higher than 0.05, therefore retaining the null hypothesis. This result represents the
similarity within responses and a nonsignificant level of agreement within these groups.

According to Spearman’s rank correlation test of barriers rated by “consultant”, “con-
tractor”, “government”, and “other” groups, we can see a general trend of low correlation
among these four groups. Furthermore, the significance level is higher than 0.05, which
means that the null hypothesis is retained, and there is no significant correlation among
group pairs. The correlation coefficient of the “consultant”’—"other” pair is at —0.056, repre-
senting a slight negative correlation. However, the correlation coefficient of “contractor”
and “government” is at 0.662, generally considered a reasonable association level, with a
significance level of 0.002, showing an asymptotic significance.

Drivers. Table 6 represents Kendall’'s W of drivers rated by “consultant”, “contractor”,
“government”, and “other” groups. There is generally a low level of agreement within
each group, with a significance level greater than 0.05. Therefore, the null hypothesis is
retained. On the other hand, the “other” group has a significant level of 0.014, representing
a significant difference in agreement.

Table 6. Groups related to company type and test of concordance for drivers.

Consultant Contractor Government Other

Kendall’'s W 0.239 0.084 0.217 0.224

Chi-Square 30.090 26.330 22.821 37.600
Degree Of Freedom 21 21 21 21

Asymp. Sig. 0.090 0.194 0.354 0.014

The groups’ correlation coefficients are reasonable for most pairs, ranging from 0.493 to
0.778 with a significance level lower than 0.05. Only “contractor”—"other” and “consultant”—
“contractor” pairs have a low association, with correlation coefficients of 0.177 and 0.261,

respectively.

4.2.2. Profession Type Distribution

From the questionnaire survey, respondents can also be categorized according to their
profession. Only four of the six categories are used for the agreement test (Kendall’s W)
and correlation test (Spearman’s rank correlation), since other professions had too low

responses to be considered for the test. The groups are: “engineer”, “project manager”,
“consultant”, and “other”.
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Barriers. Table 7 shows a low level of agreement in each group value ranging from
0.088 to 0.173 with a significance level higher than 0.05. Therefore, the null hypothesis is
retained, showing nonsignificant similarities within the responses in each group.

Table 7. Groups related to profession types and test of concordance for barriers.

Engineer Project Manager Consultant Other

Kendall's W 0.088 0.173 0.128 0.156

Chi-Square 23.840 18.708 16.116 19.688
Degree Of Freedom 18 18 18 18

Asymp. Sig. 0.160 0.410 0.584 0.351

Each pair’s significance levels in this category exceed the value of 0.05, which means
that there are no significant similarities. The correlation coefficient value represents a
similar trend showing a low association level, values ranging from 0.106 to 0.396.

Drivers. Profession-based groups do not show a significant level of concordance when
rating drivers. Kendall’s W stays within the range of 0.09 and 0.262, which is considered
low. The p-value is higher than 0.05 for the “engineer”, “project manager”, and “other”
groups, representing a nonsignificant level of similarity. The “consultant” group has

asymptotic significance rejecting the null hypothesis (Table 8).

Table 8. Groups related to profession types and test of concordance for drivers.

Engineer Project Manager Consultant Other

Kendall’'s W 0.090 0.252 0.262 0.155

Chi-Square 28.352 31.770 38.474 22.798
Degree Of Freedom 21 21 21 21

Asymp. Sig. 0.130 0.062 0.011 0.355

an

The “consultant”—"other” pair shows a reasonable correlation at a value of 0.673 and
a significance level of 0.001 when ranking the drivers. However, other group pairs share a
low correlation, with p-values higher than 0.05.

4.2.3. Green Building Experience-Based Distribution

Responses from two respondents groups based on their experience in the green
building were analyzed on the agreement within-group itself and correlation with the other
group. Group 1 refers to respondents who have experience in green buildings. Group 2
refers to respondents who do not have experience in green buildings.

Barriers. Groups 1 and 2 have a Kendall’s W of 0.133 and 0.098, respectively, which
is considered low. However, the significance level is lower than 0.05 for both groups,
representing asymptotic significance in the results (Table 9). According to Spearman’s
rank correlation test, Group 1 and Group 2 have a correlation coefficient of 0.274 with a
significance of 0.257, which is considered a low association.

Table 9. Total mean barriers ranks and two response groups and test of concordance.

Total Group 1 (with Experience in GB) Group 2 (No Experience in GB)
Kendall's W 0.081 0.133 0.098
Chi-Square 55.364 50.108 30.074
Degree Of Freedom 18 18 18
Asymp. Sig. 0.000 0.000 0.037
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Drivers. Kendall’'s W for Group 1 is 0.142, with a high asymptotic significance level.
The null hypothesis is rejected, and there is a significant difference in agreement within
Group 1. Group 2 has a significance value of 0.533, meaning there are nonsignificant
similarities, in addition to having a similarly low level of agreement with Group 1 (Table 10).
It is important to note that the correlation coefficient between Groups 1 and 2 when ranking
the driver factors is significantly higher when the same group rated the barriers. The
correlation coefficient value is 0.633, with a significant level of 0.002.

Table 10. Total mean ranks of drivers and two respondent groups and test of concordance.

Total Group 1 (with Experience in GB) Group 2 (No Experience in GB)
Kendall’'s W 0.085 0.142 0.055
Chi-Square 67.863 62.811 19.812
Degree Of Freedom 21 21 21
Asymp. Sig. 0.000 0.000 0.533

4.3. The Final Mean Rank of Factors Categorized According to PESTLE

The PESTLE method is used to provide a broad view of the factors. The total mean
ranks of barriers and drivers are classified according to PESTLE in Tables 11 and 12,
respectively. The critical thing to note is that there are some important trends in the factor
distributions.

Table 11. Mean score with barriers ranks categorized according to PESTLE.

ID Rank Barriers Mean SD

B12 1 Lack of skilled /experienced staff 411 0.831
BO1 2 Lack of government support 4.11 0.924
B15 3 High cost of sustainable materials and products 4.03 0915
B05 4 Economic state 4.00 0.771
B02 5 Higher costs of GBTs 3.97 0.822
BO3 6 Lack of market demand 3.87 1.044
B06 7 Long pay-back periods 3.84 1.151
B14 8 Lack of reliable and available and reliable GBTs suppliers 3.79 0.811
BO7 9 Lack of knowledge and awareness of GBTs and their 376 1.025

benefits
B17 10 Fewer GB regulations available 3.71 0.927
BO4 1 Risks and uncertainties mvolvgd in implementing new 3.68 0.904
technologies
B11 12 Lack of reliable GBTs research and education 3.66 0.966
Bl6 13 Complexity and rigid reqlgl;;r;ents involved in adopting 358 1.030
B09 14 Resistance to change 3.50 1.109
B19 15 Difficulties in adapting to the certification system 3.50 1.133
Conlflicts of interests among various stakeholders in
BO8 16 Sdopiing GBI 3.47 1.133
B10 17 Lack of GBTs databases and information 3.39 1.104
B18 18 Sufficient GB rating systems and labeling programs are 337 1.025
unavailable
B13 19 Longer construction period 3.24 1.025
Color Legend
Political Economic Socio- Technological Legal
cultural

The results reveal that the three main barriers to green building are:
“Lack of skilled /experienced staft”.
“Lack of government support”.
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“High cost of sustainable materials and products”.

According to the respondents, the first most significant barrier is from the Technologi-
cal category, while other Technological barriers are ranked low. The second most important
barrier is the “lack of government support”, the only Political factor. The third one is
“high cost of sustainable materials and products”, followed by other economic factors like
“economic state”, “higher costs of GBTs”, “lack of market demand”, and “long payback pe-
riods”. Therefore, economic factors are found to be more prominent barriers. Sociocultural
and legal barriers depict lower rankings than most technological, political, and economic
factors.

Table 12. Mean score and driver ranks categorized according to PESTLE.

ID Rank Drivers Mean SD
D18 1 0.790
D17 2 4.58 0.758
D08 3 4.55 0.686
D19 4 4.47 0.797
D22 5 4.39 0.790
D15 6 Construction standards/Urban planning policies 4.37 0.751
D01 7 Government support 4.37 0.819
D20 8 4.37 0.852
D02 9 Positive company image and reputation 4.29 0.835
D03 10 424 0.943
D21 11 421 1.018
D14 12 4.13 0.906
D16 13 GB rating systems 411 0.863
D12 14 4.08 1.124
D13 15 4.05 1.064
D05 16 4.00 1.090
D07 17 4.00 1.090
D10 18 3.97 1.078
D11 19 3.95 1.114
D04 20 3.95 1.161
D06 21 3.92 1.075
D09 22 3.89 1.134

Color Legend
Political Economic Socio- Technological Legal Environmental
cultural

According to the respondents, the top three most significant drivers of green building are:

“Water-efficiency”.

“Energy-efficiency”.

“Improved occupant health, comfort, and satisfaction of the occupants”.

There are some noticeable trends in the drivers’ mean score with the ranking list, as
four out of the top five most significant drivers are from the Environmental category. The
rest of the environmental drivers are also ranked relatively high at 8 and 11, respectively.
“Improved health of occupants, comfort, and satisfaction” is the only Sociocultural driver
located at the top of the list. The other five sociocultural drivers are contrarily ranked low.
Political and Legal drivers are in the middle of the list after the Environmental drivers. The
only technological driver, efficiency in construction processes and management practices,
is also in the middle of the list and is of lesser importance than environmental, political,
and legal drivers. According to experts’ responses, it is noticeable that Economic and other
Sociocultural drivers are less motivating factors than the rest.
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5. Discussion

This research sought to identify the barriers and drivers that influence green building
development in Kazakhstan. The results from the conducted questionnaire survey were
analyzed and validated using descriptive statistics.

5.1. Validation of Survey Responses

Kendall’s concordance coefficient revealed a generally low agreement among respon-
dents of the groups, as it did not go over 0.3 for any of the groups. However, this does not
necessarily mean that all results are nonsignificant. In multiple cases, the significance level
was lower than the probability value of 5% (p = 0.05), representing statistical significance.
In cases where the significance level was otherwise exceeding the p-value, there is still
agreement, but it is considered nonsignificant. It is important to note that more significance
is identified among the experienced/inexperienced groups than in company type or profes-
sion type groups. There was only one case, agreement within the group with no previous
experience in green building rating drivers when the result had a nonsignificant outcome.
However, this could be due to a smaller sample size for groups based on company type or
profession than experienced and inexperienced groups.

Spearman’s rank correlation coefficient tests showed a generally low to medium
concordance level among group pairs. There is a noticeable trend within correlation
tests when results favor driver factors representing a more consistent medium correlation
coefficient with high significance values. The trend is shared for company-type groups,
profession-type groups, and experienced and inexperienced groups. The mean values of
the driver factors generally have a lower standard deviation. It is more prominent with
experienced than inexperienced groups rating driver factors, where the experienced group
had a lower standard deviation in the ratings. That is very reasonable as experienced
people should have more consistent answers.

As factors were rated according to the Likert scale, statistically, the value of 3 (neither
agree nor disagree) is considered neutral. If the mean values of the factors are statistically
different from 3, then the result is considered significant. The mean value results showed
that the barriers and drivers are different from 3, therefore, significant. However, driver
factors have a higher minimum mean value of 3.89, where barrier factors are only 3.24. So,
we can assume that the results of the driver factors are more significant than the results of
the barrier factors.

Experienced vs. inexperienced groups. Comparing rankings of experienced and inexpe-
rienced groups on barriers revealed a low correlation with the nonsignificant result. We
can notice this pattern in multiple rankings, such as for barriers, the experienced group
ranked “lack of government support” as 1st (highest importance), and the inexperienced
group ranked the same barrier as 15th out of 19. The “economic state” was ranked second
by the experienced group and 10th by the inexperienced group. However, the ranks were
not negatively correlated as the correlation value was low (0.274) but not zero or negative.
The inexperienced group ranked “Lack of skilled /experienced staff”, as an example, and
the experienced one ranked it 1st, or the “high cost of sustainable materials and products”
was ranked 2nd by the inexperienced group and 7th by the experienced one, showing
correlation.

On the other hand, the same two groups ranking the driver had a medium level
of correlation with a significance level of 0.002. The correlation coefficient between the
groups was at 0.633. Notably, both groups ranked “energy efficiency” as the second most
influential driver. Further, “improved occupants’ health, comfort, and satisfaction” was
ranked 1st by inexperienced and 3rd by experienced groups.

Such a difference between the results of barriers and drivers might have been caused
by a relatively low sample size when completely different response patterns were used,
resulting in a low consistency and correlation or the actual inconsistency in the respondents’
knowledge and awareness, meaning respondents are generally less confident about barrier
factors. The first theory, reasoning low correlation, and consistency of groups rating barriers
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being a low sample size seems more reasonable and favoring. However, it also contradicts
relatively consistent and statistically significant results of driver factors. Nevertheless, the
results for both barriers and drivers are reliable as the calculated Cronbach’s Alpha was
higher than 0.7.

5.2. Mean Scores and Rank

Barriers. “Lack of skilled/experienced staff” and “lack of government support” are
rated as the first and second most important barriers, both sharing an identical mean value
of 4.11. However, “lack of skilled/experienced staff” has a lower standard deviation than
“lack of government support”. The literature shows similar issues in the UAE [19] and
Malaysia [6], where a lack of professionals was identified as similar in importance. This
finding makes sense, since Kazakhstan is in its early stages of adopting the concept of
green buildings. Therefore, the lack of experienced people in the industry is expected.

The “lack of government support” was rated as the second most important driver in
this study. A study in Kuwait [9] identified the importance of government support, sug-
gesting various incentives. Similar cases can be observed in Ghana [26] and Singapore [43],
where the lack of government incentives was one of the top three most critical barriers.

The “high cost of sustainable materials and products” was rated as the third most
crucial driver. It is closely related to the high cost of GBTs mentioned as critically important
in other studies [6,18].

It is an interesting finding that the least influential barriers in this study are “longer
construction period” alongside “insufficient GB rating systems and labeling programs
available”. However, the longer implementation time of green projects was considered
one of Australia’s most critical barriers [48], and Zhang et al. [40] point out that longer
construction times often cause excessive and not attractive payback periods. The reasoning
that “longer construction period” is rated low could be, that in general, all existing green-
certified projects in Kazakhstan did not face the issue of more extended construction
periods.

Although Kazakhstan does not have a national certification system, another low-rated
barrier is “insufficient GB rating systems and labeling programs available”. This barrier can
be related to several successful implementation examples of LEED, BREEAM certifications
in recent years. Before 2018, there were no LEED “gold-certified” projects in Kazakhstan,
whereas today, there are 7 “gold-certified” buildings [8].

Drivers. Professionals rated “water efficiency” as the most important driver, with
a mean value of 4.61. “Energy-efficiency” was rated the second most influential factor
at a 4.58 mean value, and “improved occupants” health, comfort, and satisfaction” was
the third most important factor at 4.55 mean value. All three factors have very similar
mean values and low standard deviation values. Studies carried by Darko et al. [12] found
these three factors on a similar significance level in the US. “Water-efficiency” alongside
“energy-efficiency” were the top two ranked drivers revealed by Darko et al. [12], and the
“improved occupants’ health, comfort, and satisfaction” was the fourth most crucial driver.
There are multiple benefits of green buildings, including reduced lifecycle costs. Around
40% of the reduced lifecycle costs of green buildings can be related to water and energy
efficiency [4]. This observation justifies why local experts rated water and energy efficiency
as the most significant drivers.

Energy efficiency was the highest-rated driver by Ahn et al. [6] and a similar study in
Greece [48], as it is a high priority in many countries [12]. Energy efficiency is one of the
most effective, cost-efficient approaches to mitigating climate change and improving air
quality [12].

Other significant drivers rated by the respondents include “low environmental im-

i

pact”, “preservation of natural resources”, “construction standards/urban planning poli-
cies”, “government support”, which are all commonly known benefits of green buildings.
Drivers like “attract quality employees and reduce employee turnover” and “improve-

ment in the national economy” were ranked low compared to other drivers. However, they
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represent significant importance, as the mean values are close to 4.00, and their significance
was mentioned in other studies [12].

Itis hard to say that the highest rated factors in both barriers and drivers are drastically
more important than the second or second than the third. However, we can observe trends
in the rank distribution of the PESTLE categories. Using PESTLE distribution, we can now
state the significance of the Political category. Also, Economic barriers are tightly clustered
together, which shows the consistency in respondents’ ratings. It shows the viability of
using PESTLE analysis to categorize the factors, as it provides another perspective view on
existing data and lets us draw interesting conclusions.

6. Conclusions

Green building was presented as a solution to multiple environmental, economic, and
social problems. It is a progressively developing concept that is spreading throughout
the world. However, green building is driven and obstructed by multiple factors that are
constantly studied. The study results vary in different places due to the uniqueness of the
area and the time the study is carried out, and the development of green buildings must
compensate for continuous trade-offs. This study investigates barriers and drivers of green
building implementation and their significance with Kazakhstan’s perspective through a
comprehensive questionnaire survey.

Ranking the barrier and driving factors provides valuable insight for green building
implementation in Kazakhstan and suggests the importance of similar studies in other
regions. As can be seen from the analysis obtained, the lack of skilled /experienced staff
was considered by Kazakhstan professionals the most hindering barrier to green building.
A possible reason for the decision of the respondents is that Kazakhstan is at an early
stage of green building development, lacking qualified professionals in the area. The same
barrier was similarly crucial in other countries such as the UAE and Malaysia.

Water efficiency and energy efficiency were rated as the most influential drivers
of green building in Kazakhstan. Green buildings’ water and energy efficiency tend to
reduce lifecycle costs by around 40%, and they are generally known benefits of green
buildings. Furthermore, the country’s energy efficiency is considered low due to outdated
technologies, which may have affected the respondents’ opinions.

The application of PESTLE analysis on the existing data showed significant trends. It
is recommended to enhance the analysis by increasing the sample size and normalizing the
number of factors for each PESTLE category.

Government plays a vital role in the adoption of green practices, as discussed earlier.
Furthermore, the results of the survey revealed that the lack of government support is the
second most important barrier. Therefore, it is recommended that the government provide
stronger incentives toward sustainable development. In addition, the government could
resolve or stimulate the need for experienced employees by providing education programs
or encouraging companies to do so. In addition, there is a lack of proper, user-friendly
databases to observe the country’s current state of sustainability. Information on existing
green-certified buildings in the country was obtained through an international database.
Obtaining the information in the area should not be difficult. In addition, contacting
the experts or finding their contacts was relatively difficult. Although companies cannot
publish their employees’ personal information in open sources, it is recommended that
local companies might provide viable alternatives to contact them as such change might
promote more research in the area, advancing it.

Categorizing the responses according to company types and profession types of
the respondents revealed valuable information. However, the results were generally
nonsignificant, which might have been caused by the relatively low sample size for each
category. It is recommended not to conduct a similar analysis due to low correlation among
groups or increase the sample size and discover whether the correlation level was heavily
affected by the sample size. Analyses of responses from experienced and inexperienced
groups in green building revealed statistically significant results. It is recommended to
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enhance the analysis by increasing the sample size to increase confidence in the results. It is
also recommended that the perspective of the owner or the client should also be recorded.
In the present survey, this perspective is hidden in categories of company type such as
financial investment, government, and others. In this regard, the present paper can be
regarded as a precursor to a more comprehensive future study on the topic.

Comparing drivers to barriers results reveals a higher level of confidence among
respondents rating the drivers, having higher mean values. Additionally, driver factors
results were generally more correlated.

Further investigations are recommended as statistics reveal a relatively low progres-
sion level toward the sustainability of Kazakhstan. The results of the study are applicable
to field professionals and further investigations in the area.

It is important to conduct a post-use evaluation of the existing green building in
Kazakhstan to understand the efficacy of these buildings and the lesson learned. Future
study is recommended to investigate the effectiveness and challenges of existing green
buildings in Kazakhstan.
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Abstract: Nowadays, the residential sector of Kazakhstan accounts for about 30% of the total energy
consumption. Therefore, it is essential to analyze the energy estimation model for residential
buildings in Kazakhstan so as to reduce energy consumption. This research is aimed to develop
the Overall Thermal Transfer Value (OTTV) based Building Energy Simulation Model (BESM) for
the reduction of energy consumption through the envelope of residential buildings in seven cities
of Kazakhstan. A brute force optimization method was adopted to obtain the optimal envelope
configuration varying window-to-wall ratio (WWR), the angle of a pitched roof, the depth of the
overhang shading system, the thermal conductivity, and the thicknesses of wall composition materials.
In addition, orientation-related analyses of the optimized cases were conducted. Finally, the economic
evaluation of the base and optimized cases were presented. The results showed that an average energy
reduction for heating was 6156.8 kWh, while for cooling it was almost 1912.17 kWh. The heating and
cooling energy savings were 16.59% and 16.69%, respectively. The frontage of the building model
directed towards the south in the cold season and north in the hot season demonstrated around 21%
and 32% of energy reduction, respectively. The energy cost savings varied between 9657 to 119,221 T
for heating, 9622 to 36,088 T for cooling.

Keywords: building envelope; optimization; OTTV; energy consumption; Brute Force Algorithm

1. Introduction

In Kazakhstan, the high demand for residential energy consumption is considered
an important factor influencing economic development and domestic comfort. Energy-
based economic relationships and domestic use constitute about 80% of the total energy
distribution in Kazakhstan [1]. The electricity and heat generation is obtained from at least
40% of the total direct energy supply (TDES) and they are counted as one-third of the total
final energy (TFEC) consumption. The ratio of TFEC to TDES, as an indicator of energy
balance, shows the value as less than 50% for Kazakhstan and 69% for entire the world [2].

Kazakhstan's existing residential building stock comprises around 347.4 million square
meters, almost the one third of which are outdated inefficient buildings that were con-
structed during the Soviet era [3]. In the 1960s, large-panel residential building projects for
seismically active locations were planned and realized, while in the 1970s, the high-rise
building development (from 9 to 12 stories) began. During this time, standard projects
were developed that established a qualitatively new approach to standard design and
expanded throughout Kazakhstan’s cities [4]. The majority of the current housing stock is
made up of multifamily structures that are connected to district heating via boiler houses or
cogeneration stations, the rest is accounted for in unfamiliar and semi-detached houses [5,6].

Energy standards or regulations for buildings are considered an important factor in
energy efficiency strategies. These codes contain details about building energy conserva-
tion methods, propose and evaluate the development of different types of energy-efficient

Buildings 2021, 11, 633. https:/ /doi.org/10.3390 /buildings11120633 38

https:/ /www.mdpi.com/journal/buildings



Buildings 2021, 11, 633

building designs, create a specific regulation to assess building energy conditions, and pro-
pose new energy efficiency procedures for climate regions or countries [7]. Typical energy
efficiency indices are perimeter annual load (PLA), envelope energy load (ENVLOAD),
and overall thermal transfer value (OTTV) [6]. The PLA is the total yearly cooling and
heating load in the perimeter of buildings per unit floor area; it comprises heat conduction
through the envelope produced by temperature differences between outside and inside
conditions, indoor heat gain, fresh air load, and solar radiation heat gain [8]. ENVLOAD is
a multilinear regression equation and is commonly used for office buildings, with a focus
on the thermal and optical properties of windows [9]. It is used to calculate the annual
cooling load of the perimeter area and represents maximum allowable loads through
the building envelope. The internal heat gains and efficiency requirements of the HVAC
system contribute to controlling the cooling energy areas [10]. In the ENVLOAD method,
the impact of indoor thermal comfort is not consolidated and the analysis of the energy
performance of the building cannot be investigated for further changes and corrections. In
addition, it is mostly applied to cooling predominant regions [11-14]. The overall thermal
transfer value is a measurement of the average heat gain moving into a building through
the building envelope that may be used to compare thermal performance between different
building designs [15]. The OTTV is a measurement of the average heat gain moving into a
building through the building envelope that may be used to compare the thermal perfor-
mance between different building designs [15]. The main advantage of this method is the
simplicity of calculation in terms of flexibility on the relationship between compositions of
the building envelope. On the other hand, the negative aspects are that it does not consider
the interaction between envelope, internal gains, and chiller efficiency [9]. However, OTTV
can safely be used for evaluating the heating energy performance of the building model
based on solar energy entering during the construction stage.

Zero-energy concept, low carbon future, and reduction of resources that affect con-
struction, demolition, operation, and disposal of land-based factors are an important
concept in residential buildings [7]. From an environmental point of view, energy efficiency
has been mentioned as one of the most influential issues in building design. Discrete opti-
mization methods and technological innovations can minimize the energy consumption
of any energy-related system. One of such methods is called the brute force algorithm.
Local search by brute-force (BF), also known as the exhaustive search method, is a global
algorithmic approach for dealing with computationally multi-objective optimization prob-
lems [16]. The brute force approach has the advantage of searching all possible outcomes in
the system [17], but can be computationally time-consuming when working with large and
complex datasets. Despite this disadvantage, the BF approach is relevant for spatial analy-
sis in the era of the massive data source in the context of demographic analysis or public
health analysis [17]. This is exhaustive, as it becomes widespread when possibly scaling
computer force to solve a problem on demand. It has been widely used for optimizing
building envelope systems, as indicated in the literature [18].

Basically, construction standards determining the requirements regarding the energy
efficiency of residential buildings are not commonly observed to construct a new building to
decrease construction estimate costs. In addition, there are no mandatory energy standards
in Kazakhstan regarding the maintenance and operation of the housing energy-related
works, including those concerning the level of energy efficiency [6]. Thus, it was decided to
use OTTV for the energy performance of the building model for the construction stage only
by using the weather data of different cities in Kazakhstan. In this research, an OTTV-based
building energy simulation model (BESM) integrated by using a brute-force optimizer was
developed to significantly cut the energy consumption of residential buildings located in
different cities of Kazakhstan. For this purpose, the heating and cooling energy demands
were reduced by deeply investigating the performance of the following building envelope
components: window-to-wall ratio, thermal and dimensional parameters of the wall,
angle of the pitched roof, and depth of the overhang shading system. The validity of
BESM was demonstrated by performing an energy analysis of a real townhouse building
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located in seven different cities of Kazakhstan (Nur-Sultan, Almaty, Karaganda, Aktobe,
Atyrau, Kokshetau, and Semey). Finally, the comparative cost analysis of the base and the
optimized cases obtained from the BESM was presented.

2. Methodology

This research focuses on the development of the OTTV-based building energy simula-
tion model (BESM) for the reduction of the energy consumption through the envelope and
by obtaining the optimal envelope configuration for residential buildings of Kazakhstan.
This section presents the base and derived OTTV-based heat transfer analysis equations for
heating and cooling; the characteristics of the building envelope; proposed equations, simu-
lation, and optimization models; and case study. For the implementation of this approach,
the modified mathematical model of OTTV was formulated, and the building energy simula-
tion model was developed. After simulation, the brute force algorithm was applied to obtain
the optimum solutions for heating and cooling energies. The reliability of the numerical
model was verified against the simulation model, which was calibrated by comparison of
the single-room building performance for heating energy consumption. Finally, the case
study parameters, including building model and climate condition in selected cities, are
presented. Figure 1 shows the framework of the proposed BESM and optimization method.

Building energy simulation model based on OTTV (Qh;Qc)

[ Collection of building basic data ]
v

Input of basic data:

1. Building dimensions;
2. Location and climate of building

v

Input of the design parameters and decision variables for Qc and Qh:

1. Thickness and material of wall, window glass and roof;
2. Window-to-wall ratio;

3. Angle of pitched roof;

4. Depth of the overhang shading (projection)

2

Determination of the components for Qc and Qh:

1. Total surface area of building wall for east, south, west and north sites, area of window glass and roof
(Aw (E, S, W, N), Ag, Ar);

2. Thermal conductivity for wall, window glass and roof (kw, kr, Ug);

3. Shade Line Factor, vertical distance from top of window to overhang and height of window;

Calculation of hourly temperature difference value for cooling and heating seasons for wall,

roof and window ('C)

4. Seasonal temperature difference between indoor and outdoor

v

Heat entrance

(degrees) shading system

v

Estimation of hourly solar exposure angle and SLF values for cooling and heating seasons ] due to the
Calculation of hourly temperature difference value for cooling and heating seasons based on ]

solar exposure angle ('C)

T

Heating load (Qh) Cooling load (Qc)
by subtracting by adding
shading effect shading effect

Optimization

WWR; wall composition thickness Brute Force parameters:

Input of objective variables: Input list of solar exposure
and thermal conductivity; Algorithm temperature difference;
pitched roof angle and SLF; exposed wall area
depth of the overhang
shading system (projection)

Criteria: Maximum reduction by

Satisfaction

selecting all values from optimized
variables list

of valuable energy

reduction,

Optimized design scenario

Figure 1. Flowchart of the BESM and optimization. Note: Q. is a heat gain through the envelope for the cooling season; Qy, is
a heat loss through the envelope for the heating season; A, Ag, and A, are the surface area of the wall, window, and roof; k, is
the overall thermal conductivity of the wall; k; is the thermal conductivity value of the roof; and Uy is the U-value of glazing.
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2.1. The Overall Thermal Transfer Value (OTTV)

The OTTV standard is the maximum allowable heat gain value in cooling-dominant
regions, calculated for a building or part of a building in W/m? [10]. Typically, two sets of
OTTYV are used, one for the external walls and the other for the roof [19]. For an exterior
wall, the typical form of the OTTV equation isas follows:

Que + Qgc + Qgsnl

OTTVwall = A ;
wa.

@

where Ay, is the exterior wall’s gross area, Qq is the conduction through the opaque wall,
Qg is the conduction through the fenestration, and Qs is the solar radiation through the
fenestration. Heat transfer through an opaque wall is induced by a temperature difference
between outside and indoor regions, as well as a solar radiation incident on the opaque wall
Que [19].

If the computed number from Equation (1) is equal to or less than an OTTV limit
specified in an OTTV regulation, the OTTV requirement is deemed as being met. The
basic assumption is that the higher the OTTV value, the greater the net heat gain through
the building envelope and, as a result, the more energy required for cooling [20]. OTTV
can provide building designers more flexibility for inventive design by considering the
different components of building heat gain and allowing for trade-offs between them. In
the energy-efficient building envelope design, OTTV is acknowledged as a simple and
effective regulation [21]. The OTTV is used to measure average heat gain passing into
the indoor area through the building envelope. Therefore, it can serve as an index of the
impact of the envelope on the cooling energy utilized in air-conditioned buildings [20].
By changing the indoor setpoint temperature and reverse effect of the shading system
compared with the cooling case, the heat loss equation was also developed for application
during the heating season [21]. It consists of two measures, namely: envelope thermal
transfer value (ETTV) and roof thermal transfer value (RTTV). The following equations
demonstrate the calculation of ETTV and RTTYV, respectively [22]:

YQ  Que+ Qygs
ETTV = =0— = —= 2
LA Ayt Ay @
Que = Aw X Uy X & X TDegu 3)
Qgs = Ag X SC x ESM x SF 4)
RTTV — Ay x Uy ><A1xr X TDeqy 5)
r

where Ay, Ag, and A, are the area of the wall, window, and roof, respectiy; Q is the a heat
transfer through the envelope; U is the thermal transmittance of a specific material, « is
the solar absorptivity constant related to the fagade surface and color; TD is the equivalent
temperature difference; SC is the shading coefficient of the glazing; ESM is the external
shading multiplier; and SF is the solar factor (W/ m?).

As indicated in Equations (2)-(5), the areas (A, Ag, and A;) and physical character-
istics (U, Uy, &z, ar, and SC) of the building envelope, as well as the climate-dependent
factors (Tngw, TDeqr, and SF), are the key variables for determining the OTTV of a build-
ing [15]. OTTV enables the building designer to make trade-offs between various envelope
characteristics such as U (value for the wall and roof (U, and U, respectively)), shading
coefficient (SC), etc.

2.2. Building Envelope Parameters

The building envelope is the component of the structure that physically divides the
indoor and the outdoor environments [23]. It is reported that the majority of indoor cooling
and heating loads are generated by heat gain and heat loss via building external envelopes
such as walls, windows, and ceilings, which are caused by the difference in indoor and
outdoor temperatures [24]. The temperature difference between indoor and outdoor
conditions essentially affects the total energy consumption of the residential building in
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cold and moderate climate regions. The heating energy dominates rather than the cooling
energy in the continental climate zone, such as Kazakhstan. Thus, for significant energy
savings, while maintaining occupant thermal comfort, careful consideration of heat transfer
through the envelope is critical [23]. The optimization of heat transfer based on envelope
composition is investigated to reduce the building energy consumption. The details of the
building model parameters including external sunshade, wall composition materials, and
roof composition materials are provided and discussed in the next sections.

The heat gain and heat loss equations based on the OTTV method were developed by
considering the boundary properties, such as indoor setpoint temperature, hourly outdoor
dry-bulb temperature, hourly solar exposure, envelope material characteristics, and climate
conditions [25].

Design Variables

In this research, the main variables used for OTTV determination are divided into
two categories: endogenous and exogenous. Endogenous variables describe the particular
effect on the model that is dependent on a variety of factors on the model [26]. These
variables are the wall area, window glazing area, roof area, roof ceiling area, thermal
resistance of ceiling, thermal resistance of the roof, vertical offset from shading to top of
the window, height of the window, U-value of glazing, standard solar heat gain coefficient
of glazing (SHGC), thermal conductivity, and window-to-wall ratio (WWR). Exogenous
variables, in turn, are variables whose origin is outside of the model and whose purpose is
to explain other variables or outcomes [27]. The temperature difference between the indoor
set point and outdoor dry-bulb temperature, area of the wall exposed by solar radiation at
specific times, shade line factor values based on the angle of solar radiation, heating and
cooling loads, thickness of wall materials, angle of pitched roof, and depth of overhang
shading (projection) are considered as exogenous variables in this research. The detailed
chart regarding the connection between endogenous and exogenous variables and their
consistency is shown in Figure 2.

Endogenous variables (dependent variables) Exogenous variables (independent variables)
Wall Area (Ar) i— Wall area
l exposed to solar
Window U-value of glazing radiation (A ys)
glazing area Ue)
(Aw)
Standard
Roof Area (Ay) SHGC of glazing
(qi)
Roof Ceiling Area (A ’] > Temperature Heat gain for cooling
[Reststng i) | difference (TD g 6x) Q)
Thermal Shading
resistance of ceiling coefficient of glazing
R (SCg)
< Shade Line Factor Heat loss for heating
Thermal (SLF) Qo)
resistance of roof
timized variables
®) Optiiestv
v v
Vertical offset Thermal conductivity Depth of overhang Thickness of
from shading to top of wall materials (projection) wall materials
of window (k) (Dow) L
Kor)
. . LLy| Window-to-wall ratio Angle of pitched
Height of window
gh P " (WWR) J [ roof (Ac/Ag)

Figure 2. Components of the building energy simulation model and connection between the endoge-
nous and exogenous variables.
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2.3. Formulation of a Model

To provide the overall formulation of the analysis, the following assumptions were
made in the model. (1) The wall materials were considered to be thermally isotropic and
homogeneous. (2) The heat transfer mechanism was assumed to be two-dimensional, where
the direction of the building’s height was disregarded [28]. (3) The thermal conductivity
value for all composition materials was constant. (4) Any sub-cooling or sub-heating
activities were not included.

The heat gain and heat loss through the envelope were composed of four components:
heat transfers through the walls, roof, and windows produced by differences in internal and
external temperatures, and solar radiation heat transfer through the windows in terms of a
shading system [19]. The following detailed mathematical models were developed from
Equations (2)—(5) and present heat transfer through unit area of building envelope based on
the temperature difference between indoor and outdoor for cooling and heating seasons:

n m
Qc = ¥ kuw; X Aw; X ATDy, +ky X Ay x ATDye + Y- Ug X Ag, X ATDgc
i=1 i=1

m (6)
+ X gic X SCic X Aysi X ATDgc
i=1

4 m

Qn = ¥ kuw; X Aw, X ATDy, +kr X Ay X ATDyy + Y. Ug X Ag, x AT},

- ; - )

- 121 Gin X SCipy X Agpsi ¥ ATDgC
=

where Q. is a heat gain through the envelope for the cooling season; Qj, is a heat loss
through the envelope for the heating season; k is an overall thermal conductivity of
the wall; TD,,, TD,, and TD; are equivalent temperature differences between indoor and
outdoor surrounding space wall, roof, and glazing, reseptively; g is the standard solar
heat gain factor; Ug is the U-value of glazing; A,, Ay, and A, are the surface area of the
wall, window, and roof; A, is wall area exposed to solar radiation; SC is the total shading
coefficient; n and m are the numbers of external walls and windows; subscripts w, r, and g
are external wall, roof, and external window, respectively; subscript i shows the various
orientations; subscripts c and / represent the cooling and heating periods, respectively.
The overall thermal conductivity of the wall can be calculated as follows:

1

kp= —
by hp o hs o By
C1+C2+C3+C4

®)

where I11, hy, h3, and hy are the thicknesses of the wall composition layers, and C;, Cy, C3,
and Cy are the thermal conductivity values of wall composition layers.

Ar = ATE + ATS + ATW + ATN 9)
The overall thermal conductivity of the roof can be calculated as follows:
1
r (10)

C R+ R x 4

where k; is the thermal conductivity values of the roof, R, is the thermal resistance value
for the roof ceiling, R, is the thermal resistance value for the roof, A, is the ceiling area, A,
is the roof area, and Ar(E, S, W, N) is the total area building’s wall.

Aw=(1—WWR) x Ay (11)

Ag = WWR x Ar (12)

SC = SCq x nun(lJnax<o,§5531%@L13§ﬂ>) (13)
8

where SLF is the shade line factor, D, is the depth of overhang (projection), X, is the
vertical offset from the top of the window to the overhang, /¢ is the height of the window,
WWR is the window-to-wall ratio, and SCq is the shading coefficient of the glazing.
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The constant dimensional values of the building envelope, such as the wall area
for each building sector, roof area, wall material thickness, and thermal transmittance
through the window were set to the model. Consequently, the building’s total area (At)
for the east, south, west, and north walls were 81.2, 62.4, 93.6, and 74.4 m?, respectively,
while the roof area was calculated as 154.2 m?. The initial WWR was kept as 5% and the
U-value of the window glass was 1.978 W/ m2K. The area of windows was calculated
by the multiplication of the total area and WWR. The solar heat gain coefficient (SHGC)
is a ratio of solar radiation absorbed or transmitted through the window or door, to the
heat that is released back (SHGC = 0.68). The total shading coefficient was calculated
by multiplying the shading coefficient of the glazing and overhang shading system. The
shading coefficient of the glazing (SC,) was calculated by dividing the solar heat gain
coefficient (SHGC) of the window by 0.86 to get 0.7988, while the standard solar heat
gain factor (7) was a heat gain through 3 mm normal glass and was calculated as the
ratio of the U-value and shading coefficient of the window to obtain 2.5 W/ m2K. The
sum of the hourly temperature difference for heating and cooling was calculated using
the outside dry-bulb temperature and inside set-point temperatures that were obtained
from DesignBuilder software by using the weather data purchased from the White Box
Technologies, Inc, Moraga, CA, USA [29]. The weather data represent the typical year, the
composition of which reflects the long-term average conditions for a location over a period
of 12 up to 22 years. The heating season lasted from the middle of October to the middle
of May, while the cooling season lasted from the middle of May to the middle of October.
The following variables of the building envelope, such as WWR, wall composition layer
thicknesses, thermal conductivity of wall composition materials, depth of the overhang
normal to the building plane, and ratio of ceiling area to the roof area (angle of the pitched
roof) were optimized by the proposed energy estimation model.

2.3.1. Heat Transfer through the Pitched Roof

The roof structure of the modeled building was assumed to be pitched with the
unvented attic. Unvented attics are effective for the reduction of energy loss through
ceiling facilities or leaky channels. The average value for energy savings by unvented
attics was counted as 20% [30]. For the roof with the unvented attic, the heat transfer
procedure occurred through three different mediums, namely the ceiling, roof, and attic
itself. Thus, the overall thermal resistance value of the roofing system was directly related
to the individual thermal resistance values of the roof and ceiling combined with the
thermal resistance of the attic space. Attic space may be assumed as an air layer in the
composition. In most cases, the practical influence of attic space accounted for the surface
thermal resistance of the roof and ceiling adjacent to the space. The thermal resistance
values for the roof and ceiling were determined separately using convection resistance
case for still-air in the attic surface [31]. Thus, the overall R-value for the combination of
ceiling—roof is expressed as follows:

Aceili

R= Rceiling + Rruof X /;ﬁ’l I?g (14)
100

1

k= i (15)

ceilin
Rceilz‘ng +Rroof X A fg

700

where Aciling and Ao ¢ are the ceiling and roof areas, respectively, while R and
R;o0r are thermal resistance values for ceiling and roof and equal to 0.1328 m? K/W and
0.8733 m? K/W, respectively. If the area ratio is equal to one, the roof is flat, and it is less
than one for pitched roofs. For the modeled building, the initial value of angle for the
roof was 27°, and the thermal conductivity (k;) of the entire roofing system was equal to
1.1247 W/mK. Additionally, the direction of heat flow was upward (heat loss) in the cold
season and downward (heat gain) in the hot season. An adequate R-value for unvented
roofing required the usage of appropriate materials with proper workmanship that met the
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Overhang
\‘\\

standards. Otherwise, the usage of inappropriate materials and poor workmanship could
lead to the R-value being different from the predicted one. The thermal resistance structure
for a pitched roof —attic—ceiling case with an unvented attic is presented in literature [31].

2.3.2. Details of Overhang Shading Device Configuration

The location of the shading material plays an important role in the solar gain control
process. The outdoor shading system can contribute to a substantial reduction in heat
gains, but requires adequate regular maintenance and is difficult to install. On the contrary,
an indoor shading system cannot be as effective as controlling solar heat gain quantity,
but it is easier to install. Shading systems depend on glazing type, material, and shading
properties [32,33]. The U-value of the fenestration system cannot be changed by the
application of the shading system [34]. However, most of the shading systems can afford to
insulate the heat and are used as an additional improvement for the thermal conductivity
of the window, especially if they are tightly installed at a specific position with no air
infiltration. Shading devices are intended to control daylighting and thermal control
challenges of the building [35]. For fenestration systems of the modeled building, the
simple overhang-shading device (Figure 3) was installed. The vertical offset from the top of
the window to the shading device (X,,) was kept as 0.2 m, while the depth of the overhang
normal to the building plane (projection, D,;,) was 0.5 m and the fenestration height was
1.5 m. The shade line factor (SLF) based on the angle of solar exposure was calculated on
an hourly basis for the entire season, by creating Table 1, representing the month, time, and
subsequent solar exposure angle.

Projection

Yertical offset from
top of window

Side Elevation

Horizantal window
overlap

Overhang

Projection
Wwindow ]

Figure 3. Details of the overhang shading device [36]. Reproduced with permission from DesignBuilder Software Ltd.,

(Gloucestershire, UK).

Table 1. The data collection example for the SLF estimation.

1st of January (Time) Exposure Site Angle of Sunlight (°)
9:00 southeast 473
10:00 southeast 10.82
11:00 southeast 15.15
12:00 southeast 17.45
13:00 southwest 17.39
14:00 southwest 14.99
15:00 southwest 10.4
16:00 southwest 3.08
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The SLF is the ratio of the vertical distance of the shadow fall underneath the edge
of the overhang to the depth of the overhang, although the shade line can be equal to the
SLF times the depth of the overhang. Based on the angle of sunlight values evaluated
in Table 1 and the shape line factors values of ASHRAE [37], the interpolation rule was
used to calculate the SLF values for each time, month, and angle of solar exposure and
to demonstrate the constant value for SLF at the hour with the highest solar intensity on

exposures [25].
SCs = min((l,max(O,W)) (16)
8

where,

SC—total shading coefficient,

SLF—shade line factor from [37],

D,;—depth of overhang (projection), m

Xop—vertical offset from the top of the window to overhang, m
hg—height of the window, m.

2.4. Building Design Optimization
2.4.1. Optimization Variables

In order to reach an optimal and practical design strategy, an optimization technique
is required [18]. The first step in optimization is the identification of the input variables
and their ranges. In this research, the optimization was performed by changing the ranges
of the exogenous and endogenous design variables. The variables involved in envelope
optimization include a WWR (4, 5, 10, 15, 20, 25, and 30%), the angle of a pitched roof (22,
27,30, 34, 37, 40, 42, and 45°), the depth of the overhang shading system (0.5, 0.6, and
0.7 m), and the thermal conductivity and thicknesses of wall composition materials. The
variable value ranges for WWR, the angle of a pitched roof and the depth of the overhang
shading system were taken from the literature [38—40].

In this research, the wall composition consisted of four layers: exterior finish, material
block (core layer), insulation layer, and interior finish (Figure 4), which were optimized.
The materials utilized to construct the building envelope as well as their specifications were
obtained from conventional architectural design schematics that fulfilled the requirements
of Kazakhstan’s building codes and standards [41-45]. Table 2 describes the detailed
properties of the layers for the studied wall (thickness, thermal conductivity, specific
heat, and density). The exterior finish consisted of different materials including ceramic
brick, cement sand render, limestone mortar, burnt ceramic clay tile, dry ceramic clay tile,
and ceramic glazed tile. The core layer consisted of masonry block, burnt brick veneer,
aerated concrete block, brick veneer, reinforced concrete, and clay block. For the insulation
layer: penoplex, glasswool, hydro isolation, mineral wool plate, extruded polystyrene, and
cellulose were used, while for the interior finish, gypsum board, cement mortar, gypsum
insulating plaster, plasterboard 1, plasterboard 2, and plasterboard 3 were used.

Exterior finish

Material block (core layer)

Insulation layer

Interior finish

Figure 4. Cross-section view of the wall composition materials.
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Table 2. Wall composition of the thermophysical properties analyzed.

Thickness, Cofl};el:‘flﬁegity Density Specific Heat
Layers Materials (hy, h?r,nl;& hy), (Cy, Ca, Cs, Ca), (k g/m3) (/kgK)
(W/mK)

Ceramic brick 0.5 0.59 1831 825
Cement sand render 0.02 1 1800 1000
Exterior Limestone mortar 0.02 0.7 1600 840
finish Burnt ceramic clay tile 0.012 1.3 2000 840
Dry ceramic clay tile 0.012 1.2 2000 850
Clay block 0.0075 14 2500 840
Masonry block 0.15 0.24 800 840
Material Burnt brick veneer 0.15 0.74 1700 800
Block Aeratec% concrete block 0.2 0.24 750 1000
(Core layer) Brick veneer 0.15 0.547 1950 1000
Reinforced concrete 0.15 0.5 1400 830
Clay block 0.19 1.0 1800 920
Penoplex 0.0795 0.030 30 1340
Glasswool 0.012 0.039 20 840
Insulation layer Hydro isolation 0.015 0.29 29 1210
Mineral wool plate 0.1 0.036 70 810
Extruded polystyrene 0.0795 0.03 43 1210
Cellulose 0.2 0.04 48 1381
Gypsum Board 0.013 0.16 800 1090
Cement mortar 0.012 0.72 1760 840
L. Gypsum insulating plaster 0.013 0.18 600 1000
Interior finish Plaster board 1 0.012 0.72 840 1860
Plaster board 2 0.012 0.25 600 1089
Plaster board 3 0.012 0.35 817 1620

2.4.2. Optimization Algorithm

The second step is iteratively conducting the optimization. Before determining the
optimal design solution, a brute force optimization method was utilized to analyze all
design parameters. Brute force is an exhaustive search method and computational data
analysis that is commonly counted as a general problem-solving method. The brute force
method has an advantage in investigating all possible solutions from the list of the values
but can take a long computational time with the complicated dataset [46]. Despite this, the
brute force method is relevant for spatial coding analysis. As indicated in the literature [18],
the method has been widely used for optimizing building envelope systems.

In order to facilitate the optimization, Python code was written to modify the design
parameter. The analyzed variables in this numerical model were WWR, wall composition
thicknesses, thermal conductivity of wall composition materials, and angle of the pitched
roof. By investigating all of the existing possible values in the list of mentioned variables,
the minimum value of heat gain (Q.) and heat loss (Qy,) were proposed and analyzed for
energy reduction compared with the value related to the initial building parameters. The
detailed version of the analyzed mathematical model for the first part was computed and
expressed below:

n
Q1 = (A, + Ar, + A, + Aty) X (1 — WWR) X m X ElATDw
. C'G GG
n
+ T % Acx Y ATD; (17)
Re+ Ry x == =
Ay

n
+Ug X WWR x (Ar, + At + Ary, + Ary) X L ATDg
i=1
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where TDy, TDy, and TDj are the equivalent temperature differences between indoor and
outdoor surrounding space wall, roof, and glazing, respectively; g is the standard solar
heat gain factor; Uy is the U-value of glazing; hy, hy, h3, and hy are the thicknesses of wall
composition layers; Cq, Cp, C3, and Cy are the thermal conductivity values of the wall
composition layers; R is thermal resistance value for roof ceiling; R, is thermal resistance
value for the roof; A, is the ceiling area; A, is roof area; Ar(E, S, W, N) is the total area
building’s wall; and WWR is the window-to-wall ratio.

The analysis of the shading properties of the glazing is quite complicated, as the values
for hourly temperature difference, the hourly orientation of solar exposure and hourly SLF
values are considered in the second script. Primarily, to find the unique optimum value for
WWR in both scripts, the second part of the equation is calculated without the WWR value.
This partial equation is estimated by exporting the hourly values from the spreadsheet
(Table 3) for the wall area of the entire building exposed by the solar radiation (Ays),
temperature difference, and SLF. Table 3 represents the hourly temperature difference, area
of the wall exposed to sunlight, and corresponding shade line factor (SLF) value for the
numerical model analysis.

Table 3. The data collection example of the hourly shading system performance.

1-st of January Temperature Shade Wall Area Exposed to

Difference (°C) Line Factor Solar Radiation (m?)
9:00 37.58 2.43 144
10:00 36.98 2.29 144
11:00 36.2 2.18 144
12:00 35.4 2.13 144
13:00 34.6 2.13 156
14:00 33.88 2.19 156
15:00 334 2.30 156
16:00 33.53 2.47 156

The summation ofthe estimated values for each hour in each analyzed season are
varied by the list of values of overhang shading depth, which means that for each value
of overhang depth there are computed values of Q,. The wall area exposed by solar
radiation varies hour by hour, as the sunlight rises from the east and rests west. Each
selected WWR value was multiplied by the resulting values of Q, to find the maximum
and minimum values of Q, in the heating and cooling seasons, respectively. The maximum
and minimum values of Q, were defined by the “—" and “+” signs before this expression,
as an expression of Q, describes the reduction of heat entering into the indoor area by the
shading system. The heat gain equation for cooling (Q7) should add the minimum value
of heat gain reduction value (Q,), while the heat loss equation for heating (Q;) should
subtract the maximum value of heat gain reduction (Q7) to get the overall value for heat
transfer as minimum as possible to be optimized. The detailed version of the analyzed
mathematical model for the heat gain reduction by the shading system was computed and
is expressed below.

Q2 = gin X WWR x (Ags) x SCq x i ATDy; x min(l,max (0, W)) (18)
i=1 8
where g is the standard solar heat gain factor; WWR is the window-to-wall ratio; A, is a
surface area of the wall; SCy is the shading coefficient of the glazing; TDy, is the equivalent
temperature differences between indoor and outdoor surrounding space wall; SLF is shade
line factor from; D,, is the depth of overhang (projection); X, is vertical offset from the
top of the window to overhang; and /i, is the height of the window.

Finally, the combination of the two parts appears in the following way: Q; for heating
minus the maximum value of Q, for heating, and Q1 for cooling plus the minimum value of
Q> for cooling to obtain the minimum energy consumption in heating and cooling seasons.
Based on the iterative summation of the second part due to the large data obtained from
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the spreadsheet, the running process of the coding takes an insignificant amount of time.
The optimized results, by highlighting all optimum values of iterative variables and the
final value of the entire energy equation heating and cooling, are shown in the Results and
Discussion chapter.

2.5. Verification of Results between Building Energy Simulation Model and
DesignBuilder Software

In this research, the reliability of the numerical model developed to calculate the energy
transfer performance in Python software was validated. The heating load performance
results between the simulation and numerical models were compared. For this purpose,
a single-room building (Figure 5) with dimensions of 5.0 m x 5.0 m x 3.0 m, with an
overhang shading system was modeled in Design Builder software. The material properties
of the wall and roof are provided in Table 4. The WWR ratio was kept as 5% and the
height of windows was 1.5 m. The overhang shading system was installed with a depth
(projection) of 0.5 m. The weather data of Nur-Sultan was used for this verification.
The numerical model-based analysis was also conducted for temperature conditions and
sunshade performances developed for Nur-Sultan city.

\

Figure 5. The model of the single-room building.

Table 4. Thermophysical properties of the building envelope materials.

Thickness, Thermal
Composition . ! Conductivity, Density Specific Heat
Materials Layers Material U, hfr’nl;s' ha), (C1,C3,C3,Cy),  (kg/m?) (J/kgK)
(W/mK)
Exterior finish ~ Burnt ceramic clay tile 0.012 1.3 2000 840
Wall Core layer Brick veneer 0.0165 0.542 1950 840
a Insulation Glasswool 0.081 0.039 20 840
Interior finish Plaster board 0.0125 0.35 817 1620
Exterior finish Roof tile 0.01 0.84 1900 800
Roof Core layer Concrete slab 0.15 1.13 2000 1000
00 Insulation Polystyrene 0.2423 0.29 29 1210
Interior finish Roofing felt 0.005 0.19 960 837
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The results of the numerical model and simulation are shown in Figure 6. According
to the results, the maximum percentage difference between the numerical model and
simulation-based results did not exceed 7.7%. Thus, it can be concluded that numerical
model-based results with materials’ thermal characteristics can be used and optimized for
energy load performance.

800
700
600
500
400
300
200
100

Heating load (kWh)

RS
< @%‘ v,Q %\% \&\ \&

Months

=@=Simulation-based results =0--Numerical model-based results

Figure 6. Simulation-based results vs. numerical model-based results.

2.6. Case Study
2.6.1. Climate Conditions

The Koppen climate classification is a widely used climate classification system that
has been used since 1900. According to the background that was proposed over a century
ago, the Koppen—Geiger world map was created based on monthly precipitation and
temperature performance over a long period. The climates are defined by different letter
symbols: A (tropical), B (arid), C (temperature), D (cold), and E (polar). Kazakhstan
area has five different climate zones. There are hot-summer humid continental climate
(Dfa), warm summer humid continental climate (Dfb), cold semi-arid climate (Bsk), cold
desert climate (Bwk), and the Mediterranean influenced hot summer continental climate
(Dsa) [45]. Based on these climate zones, seven cities were selected and shown in Figure 7.
It is important to note that Kazakhstan has four seasons, namely winter (from December
to February), spring (from March to May), summer (from June to August), and autumn
(from September to November). January is counted as the coldest month based on the
lowest average monthly temperature, while July is the hottest month. The details of the
climate parameters, along with the average temperature in the hottest and coldest months
are reflected in Table 5. The average temperature data were selected from the Climate
Data website [47]. According to the cold season, Nur-Sultan, Karaganda, and Semey
from the Dfb climate zone demonstrate average temperatures, with —18.3 °C, —14.2 °C,
and —12.2 °C in the coldest month, respectively. Almaty and Aktobe are from the Dfa
climate zone and have average temperatures of —8.4 °C and —16.5 °C, respectively. The
average temperature in January for Atyrau from the Bwk climate zone and Kokshetau
from the Bsk climate zone are —9.9 °C and —19.7 °C, respectively. During the hot season,
the average temperatures of the hottest month in Nur-Sultan, Karaganda, and Semey
from the Dfb climate zone are 20 °C, 18 °C, and 18 °C, respectively. Almaty and Aktobe
cities from the Dfa climate zone have average temperatures in July measured as 24 °C
and 27 °C, respectively. Atyrau city from the Bwk climate zone and Kokshetau city from
the Bsk climate zone demonstrate the average outside temperatures in July of 27 °C and
20 °C, respectively.
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Figure 7. Location of selected cities.

Table 5. Climate parameters of selected cities.

Cli . The Average The Average
Cit Latitude Longitude imate Zone (According Temperature in Temperature in
y & to Koppen Classification) p p
January (°C) July (°C)
Nur-Sultan 51.18 71.45 Dfb —18.3 20
Almaty 43.25 76.92 Dfa —8.4 24
Karaganda 49.83 73.16 Dfb —14.2 18
Aktobe 43.25 67.76 Dfa —16.5 25
Atyrau 47.11 51.88 Bwk -9.9 27
Semey 50.41 80.20 Dfb —12.2 18
Kokshetau 53.28 69.39 Bsk —-19.7 20

2.6.2. Building Model

For this research, a townhouse was analyzed (Figure 8) in seven different cities (Nur-
Sultan, Almaty, Karaganda, Aktobe, Atyrau, Semey, and Kokshetau) of Kazakhstan. This
building was analyzed by facing the west direction with the front side. The dimensions of
the building are 13.6 m x 12.4 m, with an elevation of 3 m for each story and 308.48 m?
of living area. The overhang was installed as the main shading system with a depth
(projection) of 0.5 m. The initial angle of the pitched roof was kept as 27°. The WWR was
kept at 5% and the height of the windows was 1.5 m. Table 4 represents the thermophysical
properties of the building envelope materials. This building was used as a base model for
the energy analysis in all of the selected cities.
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Figure 8. Model of a townhouse.

3. Results and Discussion
3.1. The Optimum Heating and Cooling Loads Reduction for Entire the Year

In this section, the numerical model for energy estimation reduced the heating and
cooling loads by optimizing the building envelope parameters in seven different cities
of Kazakhstan: Nur-Sultan, Almaty, Karaganda, Aktobe, Atyrau, Semey, Kokshetau. For
analysis, various types of wall composition materials, angle of a pitched roof, depth of the
overhang shading system and WWR were analyzed, and the HVAC system was turned off.
Switching off the HVAC system allowed a detailed analysis of the building properties only
in terms of heat transfer due to the climate conditions. The main purpose of this section is
to demonstrate the effect of the thermal performance of building envelope components
on the reduction of heating and cooling energy consumption by optimizing it based on
the local climatic dataset. The results of seasonal heating (13 October—12 May) and cooling
(13 May-12 October) energy for all cities are estimated and summarized in Table 6. From
the obtained results, it is clearly seen that the amount of heating energy dominates almost
in all cities and an average reduction of heating load for all cities was counted as 6157.8
kWh (or 5.29 Gcal) and an average reduction of building energy for cooling purposes
was estimated as 1912.17 kWh (or 1.64 Gcal) due to the optimization of the numerical
model. Since the optimized model is based on optimized variables, a cross-section of wall
composition materials for the base and optimized cases are shown in Figure 9. The average
percentage values for heating and cooling energy were reduced by 16.59% and 16.53% for
heating and cooling seasons, respectively.

The maximum annual reductions of heating energy were witnessed in Koksetau city
(6967.89 kWh), followed by Nur-Sultan city (6943.66 kWh). The lowest results in heating
reduction were witnessed in Almaty (4758.35 kWh). On contrary, this city showed the
maximum reductions in cooling energy (2107.94 kWh). The minimum reductions in the
cooling energy were in Aktobe (1591.77 kWh). The overall maximum reductions achieved
for optimal design to base design were fairly consistent among the selected cities and
ranged between 16.59% and 16.53% for heating and cooling seasons, respectively.
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Table 6. The heating and cooling energy results for the base case and optimized building model.

Heating Load (kWh) Heating Load Cooling Load Cooling Load
List Base Optimized  Reduction  Reduction Base Optimized  Reduction  Reduction
of Cities Design Design in (kWh) (Gcal) Design Design in (kWh) (Gcal)
Nur-Sultan ~ 41,848.71 34,905.05 6943.66 5.9701 11,538.66 9614.50 1924.16 1.6543
Almaty 28,673.86 23,915.51 4758.35 4.0912 13,453.56 11,345.62 2107.94 1.8124
Karaganda  40,564.44 33,833.53 6730.91 5.7872 12,280.95 10,233.19 2047.76 1.7606
Aktobe 38,536.64 32,142.22 6394.42 5.4979 9546.91 7955.13 1591.77 1.3686
Atyrau 30,500.17 25,439.52 5060.65 4.3511 12,213.90 10,179.55 2034.35 1.7491
Semey 37,651.78 31,402.88 6248.90 5.3728 10,304.82 8586.62 1718.19 1.4773
Kokshetau 41,996.78 35,028.89 6967.89 5.9909 11,759.43 9798.42 1961.01 1.6860
Average: 37,110.34 30,952.51 6157.82 5.2983 11,585.46 9673.29 1912.17 1.6453
12.00 mm - Burnt ceramic clay tile 12.30 mm - Ceramic brick
165.00 mm - Brick veneer 171.10 mm - Masonry brick
81.00 mm - Isover insulation 84.70 mm - Isover insulation
12.50 mm - Gypsum Plasterboard 13.10 mm - Gypsum Plasterboard
(@) (b)

Figure 9. Wall composition materials for (a) base case and (b) optimized building model.

The monthly results (Table 7) are summarized to identify the energy consumption
(in kWh) of the building for each city. It can be observed from Table 7, that in January,
Nur-Sultan and Kokshetau cities showed the largest amount of energy consumption in
kWh. Although, in July, Atyrau and Almaty showed the highest performance in cooling
energy demand. In May, as a month when the heating season ends and the cooling season
starts, the average energy consumption of around 1000 kWh was obtained for the base and
900 kWh for the optimized building envelope case in each selected city. In the same way, the
energy consumption for heating/cooling purposes in September shows the lowest energy
performance in each city, approximately 500 kWh, representing the ending of the cooling
season and starting of the heating season. In general, Table 7 demonstrated, that heating
energy dominates in all analyzed cities of Kazakhstan, as energy consumption in January,
February and December are the highest in each city. Thus, total energy consumption in
all months for heating and cooling proves that the climatic zone of Kazakhstan is mostly
heating-predominant.

The energy consumption reduction values in Kazakhstan cities can be considered as
significant, especially for the construction stage of a building calculated per unit living area.
The average energy consumption value for the base and optimized envelope models were
120 kWh/m? and 100 kWh/m?, respectively, during the hot season. For the cool season,
selected Kazakhstan’s cities demonstrated an average value of 38 kWh/ m? and 30 kWh/m?
for the base and optimized building models, respectively. Several literature values are
pertinent for this research concerning the existing Kazakhstani buildings and thermal
demand. The average heating energy consumption for residential buildings in Switzerland
was reported to be 101 kWh/m? in 2018 [48]. According to [49], the annual energy use
performances across three Canadian cities, such as Quebec, Toronto, and Vancouver, are
126.08 kWh/m?, 116.47 kWh/m?, and 98.47 kWh/m? for the period from 1998 to 2014,
respectively, and 126.03 kWh/m?, 115.31 kWh/m?2, and 100.25 kWh/m?, respectively,
according to forecasting future climate conditions.
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An orientation-related change can affect the optimized amount of the energy load of
the building [50]. The building orientation affects the heat gains of the building, thus the
diversity of solar radiation at different angles [50]. It is obviously observed, that on the
current analyzed stage, the most valuable portion of the heat gain or loss mechanism of the
building is carried out by solar exposure. The details of the HVAC system, namely as an
effect of lightning, occupancy, hot water usage, and electronic devices, were not definitely
influenced in this analysis, and the energy consumption results were based on climate
impacted power usage to cool or heat the indoor area. The optimized energy consumption
data for each orientation (west, north, east, and south) were obtained and the results are
presented in Table 8. According to the table, when the models were directed to the south,
the optimized buildings showed the highest reduction in energy consumption. On the
other hand, in the cooling load-dominated season, the building directed towards the north
side showed better performance for the optimized value of energy consumption. To be
exact, directing the front side of the building towards the south in the cold season and
north in the hot season demonstrated approximately 21% and 32% reductions, respectively,
based on solar entrance into the building.

From the sun path diagram shown in Figure 10, it is seen that the north wall was less
exposed to solar light within the daytime. Thus, for a better energy-saving performance
in the cold season, the wall with the highest number of windows should be directed in
the south direction. Alshboul and Alkurdi [51] discovered that orienting the largest glass
area to the south allowed the building to gain the required heat in winter. In contrast, for
the hot season, it was better to locate most of the living areas directed to the north side
in a shaded direction. Finally, the suggested primary optimal design solution included
suggested building orientation to the south, a combination of 0.7 m of the depth of the
overhang shading system and a WWR of 4%, 12.30 mm ceramic brick as the exterior finish,
171.10 mm masonry brick as the core layer, 84.7 mm glasswool, and 13.10 mm plasterboard
as the interior finish (Figure 9b).

Figure 10. Sun path diagram.
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The contribution of each building envelope component for the heat transfer was calcu-
lated in percentage rates, to simply point out the further investigation of the optimization
goals for energy reduction. As Nur-Sultan and Kokshetau showed the highest results for
the heating energy consumption, the energy consumption reduction by building envelope
components are shown in Table 9, where 16.592% was the total heating energy reduction in
Nur-Sultan city, while 6.37%, 1.61%, 8.64%, and 0.3% contribution rates of this reduction
corresponded to the wall, window glazing, roofing, and shading systems, respectively.
For Kokshetau, the contribution rate was almost identical to Nur-Sultan. For a cooling
period, Almaty and Atyrau were selected for this analysis with the highest cooling energy
reduction, showing 16.668% and 16.656%, respectively, corresponding to the base case
performance. In Almaty, the contribution for cooling energy reduction was 5.88% from
an opaque wall, 1.48% from window glazing, 8.14% from roofing, and around 1.2% from
the shading system, while for Atyrau, the contribution for reduction was around 6.42%
from the opaque wall, 1.62% from the window glazing, 8.36% from the roofing, and around
0.75% from the shading system (Table 9). This result indicates that the wall and the roof
had a considerable impact on energy consumption in all of the analyzed cities. The energy
reduction value for window glazing was similar in all cities. Shading systems could reduce
energy consumption in cities located in the south and west parts of the country, while its
impact was negligible in the cities located in the north part.

Overall, the results obtained in this research verified the effectiveness of the proposed
BESM and optimization in enhancing the energy efficiency of the residential buildings.
In addition, the results showed that the design variables and orientation were important
and had a noteworthy impact on building energy efficiency, therefore energy consump-
tion may be significantly reduced by selecting appropriate building orientation and wall
composition materials.

Table 9. Energy reduction by building envelope components during the hot and cold seasons in Nur-Sultan, Kokshetau,

Almaty, and Atyrau.
Heating Energy Reduction (kWh) Heating Energy Reduction (kWh)
in Nur-Sultan in Koksetau
Envelope Percentage of Percentage of
Components Base Optimized Contribution Base Optimized Contribution
Case Case for Energy Case Case for Energy
Reduction Reduction
Wall 16,095.01 13,410.52 6.37 16,156.16 13,461.60 6.38
Window 4067.69 3385.79 1.61 4069.49 3397.80 1.61
Roof 22,309.55 18,590.43 8.84 22,384.28 18,652.88 8.83
Shading system 523.11 624.80 0.30 524.96 630.52 0.30
Total 41,848.71 34,905.05 16.592 41,996.78 35,028.89 16.591
Cooling Energy Reduction (kWh) Cooling Energy Reduction (kWh)
in Almaty in Atyrau
Wall 4802.92 4005.00 5.88 4702.35 3922.18 6.42
Window 1210.82 1008.63 1.48 1184.75 987.42 1.62
Roof 6713.33 5544.61 8.15 6143.59 5124.38 8.38
Shading system 980.76 816.88 1.20 549.63 458.08 0.75
Total 13,454 11,346 16.668 12,214 10,180 16.656

3.2. Economic Benefit of the Optimization

An economic assessment was conducted on the optimized buildings considering
energy savings and economic benefits. According to the Ministry of Energy of the Republic
of Kazakhstan, the average 3000 tenges (T) per Geal. Meanwhile, money spent on heating
energy for residents of the Kokshetau was established as 1600 tenges per Gcal. In other
regions, this tariff costs over 2000 tenges. The highest tariffs were observed in Almaty and
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Atyrau, such as over 4000 tenges per Geal. The average cost of electricity supply for the
population reached 12.69 tenges per kWh. The lowest rates of electricity tariff are marked
in the west and north regions of the country. At the same time, in the Atyrau region, the
cost per kWh did not even reach 5 tenges. On contrary, this figure rate is 17.12 tenge per
kWh in Almaty. The current electricity tariffs for the selected cities separately for central
heating and electricity-based equipment for heating and cooling are shown in Table 10 [49].

Table 10. Economic analysis for the heating and cooling energy savings for the optimized building configuration.

Heating Energy Reduction

Economic Impact

List of Citi RE;\er%y RE;ler(tO,'y Price Rate Price Rate (T for the Period)
istot Cities iklx}:;) " e(GuCcall)o " (T per Geal) (T per kWh) Centra}ized Equipr_nent
Heating Heating
Nur-Sultan 6943.66 5.97 2176.76 11.93 12,996 82,838
Almaty 4758.35 4.09 4881.79 17.12 19,973 81,463
Karaganda 6394.42 5.49 2758.57 8.75 15,166 55,951
Aktobe 6730.91 5.79 3042.32 10.02 17,607 67,444
Atyrau 5060.65 4.35 4832.88 4.73 21,029 23,937
Semey 6967.89 5.99 1611.98 17.11 9657 119,221
Kokshetau 6248.90 5.37 3018.12 10.395 16,216 64,957
Cooling Energy Reduction
Nur-Sultan 1924.16 1.65 11.93 22,955
Almaty 2107.94 1.81 17.12 36,088
Karaganda 2047.77 1.76 10.02 20,519
Aktobe 1591.77 1.36 8.75 13,928
Atyrau 2034.35 1.74 4.73 9622
Semey 1718.19 1.47 10.395 17,861
Kokshetau 1961.00 1.68 17.11 33,553

On the contrary, Atyrau and Kokshetau showed the lowest cost reduction for equipment-
based heating and centralized heating, with 24,000 T and 9700 T, respectively. Regard-
ing the payment reduction for air-conditioning during the cooling season (from 13 May
to 12 October), Almaty and Atyrau showed the highest and lowest reductions, namely,
36,000 T and 9600 T, respectively. Compared with the base case, the optimal design in the
envelope entails the energy efficiency for heating and cooling with a significant reduction
in energy service charges. Thus, the energy demand can be affected by the heat gain and
heat loss through building envelope during hot and cold seasons. In other words, the
shading systems characteristics, wall and roof properties, and window-to-wall ratio were
optimized using a single-objective optimization to reduce the fees charged for heating and
cooling energy.

4. Conclusions

In this research, the energy performance of the townhouse for cold and hot seasons
by optimizing the envelope characteristics in seven cities of Kazakhstan for energy con-
sumption and cost reduction was investigated. To conduct the analysis, the selected cities
were as follows: Nur-Sultan, Almaty, Karaganda, Aktobe, Atyrau, Kokshetau, and Se-
mey. The OTTV-based numerical model was developed for the estimation of the energy
transfer mechanism through the envelope components of the base case. The brute force
algorithm was used to optimize the numerical model for reducing the value of energy
performance in cold and hot seasons by searching the optimum variant of wall components,
the thickness of the wall, WWR, depth of the shading system, and angle of the pitched roof.
The energy reduction for hot (13 October—12 May) and cold (13 May-12 October) seasons
were conducted by using brute force algorithm optimization with Python coding soft-
ware. The OTTV-based numerical model was developed and implemented in exhaustive
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search optimization for energy-saving purposes by searching for the optimum envelope
configurations. The main conclusions and recommendations are summarized below:

e  This research has shown that proper selection of design variables can lead to notable
energy savings in all cities. Due to the optimization of the numerical model analyzing
the heat transfer through the envelope, the average annual heating reduction was
6156.8 kWh (or 5.29 Gcal), and the average cooling energy reduction was 1912.17 kWh
(or 1.64 Gcal). In terms of percentage, heating and cooling energy were reduced by
16.59% and 16.69%, respectively. It is also concluded that the heating energy savings
effect was more evident in the cities located in the northern part of Kazakstan (Nur-
Sultan and Kokshetau), and the effect of the cooling energy savings was evident in the
southern part (Almaty);

e  Regarding monthly energy consumption, January, February, and December showed
the highest energy consumption in each city. Overall energy consumption for heating
and cooling throughout all months demonstrated that Kazakhstan’s climatic zone is
mostly heating-dominated;

e The results showed that proper selection of orientation is critical. The direction of
the frontage of the building towards the south in the cold season and north in the
hot season showed around 21% and 32% energy reduction, respectively, which were
effective compared with an initial orientation of the building;

e  The building orientation to the south, a combination of 0.7 m of the depth of the
overhang shading system and the WWR of 4%, 12.30 mm ceramic brick as exterior
finish, 171.10 mm masonry brick as core layer, 84.7 mm glasswool, and 13.10 mm
plasterboard as the interior finish was found to be optimal design solution;

e  From the economic analysis, it was found that equipment heating had a high-cost
reduction compared to central heating. The highest cost reduction was observed in
Atyrau with central heating and in Kokshetau with equipment-based heating, for
cooling in Almaty. This highlights the fact that optimization of buildings brings
significant economic benefits.

From the operational view point, it is suggested that for future work, the proposed
analysis should take into account occupancy rate and the working schedule of HVAC
considering the opening rate of external doors and windows. It is suggested that the
numerical analysis should be done to increase the optimisation variables, e.g., roof compo-
sition materials and detailed properties of the windows in terms of the type and material
configurations. The space total energy demand for heating and cooling for residential
buildings in Kazakhstan cities is crucial to be investigated, as zero-energy buildings should
be designed due to the forecast of shortage of electrical energy.
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Abstract: Knowledge workers are experiencing ever-increasing distractions or unwanted interrup-
tions at workplaces. We explored the effect of unwanted interruptions on an individual’s perceived
productivity in various building types, user groups and workgroups. A case study of 68 buildings
and their 5149 occupants using the Building Use Studies methodology was employed in this study.
The database contains information on the occupants’ perceptions of physical and environmental pa-
rameters, including unmined data on the frequency of unwanted interruptions. Pearson’s correlation
was used to test the correlation between the variables. In order to determine whether there are any
statistically significant differences between the means of two or more independent (unrelated) groups,
one-way ANOVA was employed to examine the significance of differences in mean scores between
various user groups and workgroups. The evidence of clear correlations between the frequency of
unwanted interruptions and perceived productivity is detailed in various user groups and in multiple
building types. The Pearson correlation coefficients were —0.361 and —0.348 for sustainable and
conventional buildings, respectively, demonstrating a lower sensitivity to unwanted interruptions in
sustainable buildings. Females and older participants were more sensitive to unwanted interruptions
and their productivity levels were reduced much more by unwanted interruptions. Comparing
different sized workgroups, the highest sensitivity to unwanted interruptions for occupants in offices
shared with more than 8 people was found. The findings of this study contribute to the understanding
of different user needs and preferences in the design of workplaces.

Keywords: productivity; interruptions; workgroups; demographics; offices

1. Introduction

Over recent decades, much consideration has been given to the effect of the physi-
cal environment of office buildings on the comfort, health and productivity of building
users. In this regard, considerable effort has been expended to learn about the influence
of the thermal, visual and acoustic aspects of buildings on occupant behaviours and ex-
pectations [1,2]. Building users and their productivity is influenced by various physical
and behavioural components in an office environment [3]. Office distractions could be
classified in the behavioural, environmental category as an integrated dimension of the
office environment [4]. In a study of faculty research performance, an individual’s re-
search productivity was associated with a combination of individual and institutional
characteristics [5]. Particularly, uninterrupted time to devote to scholarly activities was one
of the major components of the institutional characteristics that led to higher perceived
productivity [5].

Scholarly work has done much to highlight the detrimental effect of noise in sectors other
than the knowledge sector across various demographics. For instance, Schneider et al. [6]
documented extensive evidence that noise levels regularly exceed limit values in many sectors,
such as agriculture, construction, engineering, the food and drink industry, woodworking,

Buildings 2021, 11, 55. https://doi.org/10.3390/buildings11020055 62

https:/ /www.mdpi.com/journal/buildings



Buildings 2021, 11, 55

foundries and entertainment. The authors noted that in the Czech Republic, 75% of workers
exposed to noise in textile production are observed to be female, followed by 5% in food
production. Mohammadi et al. [7] observed a significant effect of occupational noise on the
blood biochemical parameters of workers in an Iranian insulator manufacturing plant. A
relationship between exposure to noise and significantly increased systolic blood pressure of
62 male workers in a sack manufacturing company was found in Nigeria [8].

However, the same effort has not been expanded on workers in the knowledge
industry whose job involves the handling and use of information; and who spend most of
their time in an office environment. Perhaps the reason for the lack of attention is that the
noise levels experienced in office buildings are at a lower level compared to those observed
on farms, factories and construction sites. Additionally, whereas the health effect of loud
noise has been documented as significant [8,9], the impact of low noise has not. Thus, noise
experienced in office buildings may not be regarded as detrimental.

As noted earlier, investigations of the effect of the physical aspects of buildings (in this
case, the office environment) on productivity have hinged on importance of the worker
to organisational success and productivity. While aspects such as temperature, lighting
and facilities have been extensively studied, somewhat less attention has been given to
the study of distractions or unwanted interruptions on the productivity of occupants in
offices. That said, the potential disadvantages of noise, mostly in the form of distraction and
unwanted interruptions on knowledge worker productivity, have been reflected in a few
studies in the past [10,11]. Interestingly, some studies found contradictory results, showing
that people can complete interrupted tasks in less time with no difference in quality, yet
with more stress, higher frustration, and time pressure [12]. Another study demonstrated
that different interruption moments have different impacts on user emotional states and
positive social attributions [13]. The perception of too many unwanted interruptions
along with the overall satisfaction with air quality were the most significant factors among
all indoor environmental quality (IEQ) parameters in predicting perceived productivity
according to Francis [14].

In his book “Rewording the Brain”, Astle [15] noted that you would need 23 min and
15 s to get back on track after a two-minute off-topic interruption. This struck a chord—not
just because of the amount of time and the apparent precision of its duration, but because
it echoed one’s own experience. Knowledge workers need some time to recover from a
distraction, which can potentially lead to errors [16]. It is estimated that interruptions in
knowledge work cost 588 billion USD per annum in the United States alone [17]. It is also
not by accident that so many authors seem to work on their novels in the garden shed or in
a remote part of the house or the country; focus groups go into a retreat to hammer out
policy, and academics pine for the mythical ‘quality time” to conduct and write-up their
research. All recognise the need to avoid off-topic interruptions to enable full focus on the
task at hand.

While evidence is mounting that unwanted interruptions may be an important pre-
dictor of worker productivity in office environments, the part played by factors such as
workgroup and demography is less studied. Offices can be categorised into several work-
groups from cellular offices with a single occupant to open-plan offices with more than
eight occupants [18]. Office design layout influences occupant satisfaction and perceived
productivity in workplace environments [19]. Noise, distraction and privacy loss seem to
have adverse effects on productivity in open-plan layouts [20]. Haynes et al. (2017) showed
that the greatest impact on perceived productivity was the availability of a variety of
physical layouts, control over interaction and the “downtime” offered by social interaction
points. Depending on the workgroup sizes, office occupants may also experience various
levels of visual and acoustic privacy, and consequently, different amounts of distraction
and unwanted interruptions [21]. On the other hand, among all the environmental and be-
havioural components, in low-performance buildings, perceived productivity was strongly
associated with building aesthetics and quality, and noise distraction and privacy; while
in high-performance buildings, productivity was highly correlated with office layout, em-
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Table 1. List of buildings in “Unwanted Interruptions” order (on a 7-point Scale where 1 is best), together with scores for

Perceived Productivity.

ployees’ working experience, and work hours [22]. Therefore, a hypothesis was developed
that workgroup sizes, the type of use, and sustainability intention of office buildings might
also be a significant indicator of the impact of noise on knowledge workers’ productivity.

Our investigation commenced with (in retrospect rather belatedly) a pilot study
of relevant data from the 30 or so buildings featured in Baird’s survey of “Sustainable
Buildings in Practice” [23]. This involved a simple comparison of the averages for each
building of the “Unwanted Interruptions” scores versus the percentage increase or decrease
in perceived productivity, this latter being adjudged to be the variable most likely to be
influenced by unwanted interruptions (Table 1).

11 . Unwanted Interruptions Productivity %
Building Location Type Scores (Up or Down)
Torrent Reseapl:ccl‘; Centre (with Ahmedabad, India commercial 2.87 20.88
Military Facrgrlll:: Resource Toronto, Canada institutional 2.90 20.00
Science Park in 2002 Gelsenkirchen, Germany commercial 3.16 1.43
St Mary’s Credit Union Navan, Ireland commercial 3.18 10.83
Mg1 Energy Wa'ter & Putra Jaya, Malaysia institutional 3.19 16.00
ommunication
Nikken Sekkei Building Tokyo, Japan commercial 3.19 8.51
Torrent Res;aDr%hC()jentre (with Ahmedabad, India commercial 3.20 13.66
Gifford Studios Southampton, England commercial 3.29 2.80
Science Park in 2006 Gelsenkirchen, Germany commercial 3.46 —2.27
Tokyo Gas Yokohama, Japan commercial 347 5.62
NRG Systems Facility Vermont, USA commercial 3.50 19.51
Natural Resourc? s Defense California, USA commercial 3.53 23.00
Council
Institute of Languages Sydney, Australia institutional 3.65 0.48
40 Albert Road Melbourne, Australia commercial 3.77 10.00
Arup Campus Solihull, England commercial 3.82 4.47
Renewable Energy Systems Kings Langley, England commercial 3.89 5.77
Comput'er Sc%ence & Toronto, Canada institutional 4.01 2.54
Engineering
National Engineering Yards Vancouver, Canada commercial 4.03 0.19
60 Leicester Street, Melbourne, Australia commercial 4.12 11.39
Landcare Research Auckland, New Zealand institutional 4.12 —2.18
ZICER Building Norwich, England institutional 4.23 —7.81
City Hall London, England institutional 4.41 —1.64
Found’n Building, Eden St Austell, England commercial 4.58 —7.00
Project in 2006 s Eng : :
AUT Akoranga Auckland, New Zealand institutional 4.71 3.64
Red Centre Building Sydney, Australia institutional 4.71 —5.00
Scottsdale Ecocentre Tasmania, Australia commercial 5.19 —4.29
Found'n Building, Eden .
Project in 2004 St Austell, England commercial 5.30 —2.00
Erskine Building Christchurch, New institutional 5.39 9.80
Zealand
Student Services Centre Newecastle, Australia institutional na —2.04
Institute of Technlcal Bishan, Singapore institutional na —10.61
Education
General Purpose Building Newecastle, Australia institutional na —11.9
Menara UMNO Penang, Malaysia commercial na na

Note: in two cases, the same building was surveyed twice some years apart; while in another, different ventilation systems were used in
separate parts of the building. Interruptions were not assessed in four of the buildings, but they are listed separately at the bottom for
completeness. AC means air-conditioned; PDEC means passive down-draught evaporative cooling.

Twenty buildings reported increases in perceived productivity averaging +9.4% over-
all, corresponding to an unwanted interruptions score averaging 3.57 (on the 7-point scale
where 1 signifies the least effect; and 7 the greatest). For the 9 buildings which reported
average decreases of —5.0% overall, the unwanted interruptions score averaged 4.59. The
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Perceived productivity
19,1

highest frequency in unwanted interruptions were observed in commercial buildings (5.30;
5.19). The higher sensitivity of users in commercial buildings to unwanted interruptions
was observed when the averages of unwanted interruptions for the buildings were plotted
against perceived productivity for both commercial and institutional buildings. As shown
in Figure 1, the R-square of the trendline of the linear equation for commercial buildings is
closer to 1 than institutional buildings. The trend was clear, albeit on the basis of building
averages rather than individual respondents. While building averages are useful to give
an overview of performance, or when comparing buildings, the effect of interruptions
requires study of the perceptions of individuals.

y=-0.75x +8.4951 °
L]
R?=0.347

[ ]
L]
y =-0.5993x + 7.8346 4 °
R?=0.2432 o hd .

*T. .‘\.:

2 3 4 5 6 7
Unwanted interruption

e Commercial Institutional

Figure 1. The scatter plot of the pilot study of sustainable building averages of unwanted interruptions against

perceived productivity.

With the promising results of the pilot study, the decision was taken to expand the
research to the full-scale with a database of 68 buildings and 5149 respondents. The aim
of this research was to compare the tolerance of unwanted interruptions among several
user groups and workgroup size in a systematic way. Thus, differences in sensitivity to
unwanted interruptions between commercial and academic buildings, between sustainable
and conventional buildings, between younger and older workers, between males and
females, and between differently sized workplace clusters were explored in detail.

After the methodology section (Section 2), the main findings are presented as follows:
The differences in sensitivity to unwanted interruptions found between different build-
ing use—commercial versus academic buildings in Section 3.1.; building design intent—
sustainable versus conventional buildings in Section 3.2.; age groups—under 30 years
versus over 30 years or over in Section 3.3.; genders—male and female in Section 3.4.; and
workgroup sizes in Section 3.5.

2. Methodology

A database of post-occupancy evaluation (POE) studies and the BUS (Building Use
Studies) methodology survey questionnaires were utilised for this research. The BUS
methodology survey is a well-recognised survey tool, which has been effectively used
in many research studies around the world. Full detail of the BUS methodology and the
actual questionnaire are presented in earlier studies [24]. The survey consists of several
questions regarding user background information and various satisfaction questions. From
68 buildings, 5149 survey responses were collected over a 12-year period. Table 2 provides a
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summary of the building description including countries, number of occupants in the build-
ings, sustainability credentials, and building use. The majority of data was collected from
New Zealand (56.7%). The largest building had 342 occupants, and the smallest had only
11 occupants. There were a relatively equal number of green and conventional buildings.
In terms of building use, 72% were commercial buildings and 28% were academic building.

Table 2. Studied buildings in the dataset and building specifications.

Variables Dataset Distribution

New Zealand (56.7%); Australia (17.3%); England (11.4%); USA (1.4%);
India (3.3%); Ireland (0.3%); Japan (1.3%); Malaysia (3.1%); Canada (3.9%)
Number of occupants Minimum = 11; Maximum = 342; Average = 75; Standard Deviation = 70
Sustainability credentials Green buildings (55.7%); Conventional (44.3%)
Building use Commercial (72%); Academic (28%)

Country

A subset of the questionnaire responses was used to serve the purpose of this study
(see Table 3). The utilised questions in this analysis included the age of participants, the
gender of participants, workgroup sizes, perceived productivity, and unwanted interrup-
tions. The age category was under 30 years for the younger groups and 30 years or over
for the older groups. The productivity question asked survey participants to estimate how
they think their productivity at work was decreased or increased by the environmental
conditions in the building using a 9-point scale (where a 5 signifies conditions have no
effect, less than 5 signifies a decrease and greater than 5 an increase). Respondents were
asked to “Please estimate how you are affected by unwanted interruptions ... ” on a
7-point semantic differential scale ranging from “Not at all” (scoring 1) to “Very frequently”
(scoring 7). The paper questionnaires were distributed in the buildings in person, and the
responses were typically collected after five to seven days. A response rate greater than
75% was required to ensure results were representative. To verify whether a statistically sig-
nificant linear relationship exists between two continuous variables, Pearson’s correlation
was used to test the correlation between the variables. In order to determine whether there
are any statistically significant differences between the means of two or more independent
(unrelated) groups, one-way ANOVA was also employed to examine the significance of
differences in mean scores between various user groups and workgroups.

Table 3. The subset of the survey questionnaire used in this study.

Category Topic Questions

Age What is your age? Tick Under 30 or 30 or over
Background questions Gender What is your sex? Tick Male or Female
Is your office or work area ... ? Tick Normally occupied by you alone, Shared with one
other, Shared with 2-4 others, Shared with 5-8 others, or Shared with more than 8 others
Please estimate how you are affected by unwanted interruptions . .. ? Tick a number
from 1 (for Not at all) to 7 (for Very frequently)
Please estimate how you think your productivity at work is decreased or increased by
Productivity the environmental conditions in the building ... ? Tick a number from 1 (for Decreased
by 40%) to 9 (for Increased by 40%)

Workgroups

. . Unwanted interruptions
Satisfaction

Statistical analysis included basic descriptive statistics, one-way ANOVA and Pearson
correlations. Descriptive statistics consist of mean values, standard deviation and sample
numbers in each group. One-way ANOVA is used to determine whether there are any
statistically significant differences between the means of two groups of design intent,
building use, age, gender and workgroup. One-way ANOVA tests the null hypothesis:

Ho:pr=po=ps=... =py €]

where y is the group mean, and k is the number of groups. The null hypothesis for the
one-way ANOVA is that there is no difference in the population means of the different
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groups. If one-way ANOVA reports a p-value less than 0.05, the null hypothesis is rejected,
and it is confirmed that the two sample groups do not have the same mean.

Pearson correlation is the test statistics that measures the statistical relationship, or
association, between two continuous variables. The Pearson correlation produces a sample
correlation coefficient, r, which measures the strength and direction of linear relationships
between pairs of continuous variables. The coefficient is a number between —1 and +1 that
indicates to which extent two variables are linearly related and it is calculated from the
following formula:

cov(x,y)

= var(x)-y/var(y)

where cov(x, y) is the sample covariance of x and y; var(x) is the sample variance of x; and
var(y) is the sample variance of y.

@)

3. Findings
3.1. Building Use—Commercial Versus Institutional

The comparison analysis of descriptive statistics including mean scores and standard
deviations showed that productivity was scored much better in commercial buildings with
a mean score of 5.21 than in institutional buildings with a mean score of 4.96 (see Table 4);
while unwanted interruptions were more frequent in institutional buildings than commercial
buildings with mean scores of 4.28 and 4.06, respectively (Figure 2). One-way ANOVA tests
showed a significant difference (p-value < 0.001) between the mean scores of productivity and
unwanted interruptions in commercial and institutional buildings (Table 5).

Table 4. Descriptive statistics of productivity and unwanted interruptions in commercial and institutional buildings.

Parameters Variables Mean Std. Deviation n
Commercial buildings Productivity 5.21 1.676 3331
8 Unwanted interruptions 4.06 1.648 3377
I o Productivity 4.96 1.731 1407
Institutional buildings Unwanted interruptions 4.28 1.695 1374
9
8
7
L6
(V]
5 521 106
25
5 4.06 V 4.28
s 4
3
2
1
Commercial buildings Institutional buildings

A Productivity EUnwanted interruptions

Figure 2. Comparative analysis of mean scores of productivity and unwanted interruptions between commercial and

institutional buildings.
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Table 5. One-way ANOVA analysis comparing productivity and unwanted interruptions in commercial and institutional

building groups.
Parameters Variables Sum of Squares df Mean Square F p-Value
Between Groups 59.829 1 59.829 20.897 <0.001 **
Productivity Within Groups 13,559.334 4736 2.863 - -
Total 13,619.163 4737 - - -
Unwanted Between Groups 50.199 1 50.199 18.176 <0.001 **
Interruptions Within Groups 13,115.968 4749 2.762 - -
P Total 13,166.167 4750 - - -

Note: ** Statistical significance p-value < 0.05.

The Pearson correlation analysis also showed negative coefficients of —0.384 and
—0.324 with a statistical significance lower than 0.001 between productivity and unwanted
interruptions in commercial and institutional buildings, respectively (see Table 6). Thus,
in both commercial and institutional buildings, there seems to be a negative correlation
between the frequency of unwanted interruptions and productivity. The negative effect of
unwanted interruptions on productivity seemed slightly higher in commercial buildings
than institutional buildings. Our result affirms that of the pilot study of sustainable build-
ings suggesting that irrespectively of the design intent, users in commercial buildings are
more sensitive to unwanted interruptions than their counterparts in institutional buildings.

Table 6. Pearson correlation comparing productivity and unwanted interruptions in commercial and institutional
building groups.

Parameters Variables Statistics Productivity Unwanted Interruptions
Pearson Correlation 1 —0.384 **
Productivity Significance (2-tailed) - <0.001
i n 3331 3212
Commercial Pearson Correlation —0.384 ** 1
Unwanted Interruptions Significance (2-tailed) <0.001 -
n 3212 3377
Pearson Correlation 1 —0.324 **
Productivity Significance (2-tailed) - <0.001
o n 1407 1293
Institutional Pearson Correlation —0.324 ** 1
Unwanted Interruptions Significance (2-tailed) <0.001 -
n 1293 1374

Note: ** Statistical significance p-value < 0.05.

3.2. Design Intent—Sustainable Versus Conventional

The comparison analysis of descriptive statistics, including mean scores and standard
deviations showed that productivity was scored better in sustainable buildings than conven-
tional buildings, with mean score values of 5.49 and 4.70, respectively (Table 7). However,
unwanted interruptions were more frequent in conventional buildings than sustainable build-
ings, with the mean score values of 4.31 and 3.97, respectively (Figure 3). When comparing
the two groups in design intent, the more frequent unwanted interruptions coincide with
the worst productivity in conventional buildings. One-way ANOVA tests also showed a
significant difference (p-value < 0.001) between the mean scores of productivity and unwanted
interruptions in sustainable and conventional buildings (Table 8).

Table 7. Descriptive statistics of productivity and unwanted interruptions in sustainable and conventional buildings.

Parameters Variables Mean Std. Deviation n
. a1 Productivity 5.49 1.706 2604
Sustainable buildings Unwanted interruptions 3.97 1.701 2573
Conventional buildings Productivity 4.70 1.581 2134
& Unwanted interruptions 431 1.602 2178
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Figure 3. Comparative analysis of mean scores of productivity and unwanted interruptions between
sustainable and conventional buildings.

Table 8. One-way ANOVA analysis comparing productivity and unwanted interruptions in sustainable and conventional

building groups.
Parameters Variables Sum of Squares df Mean Square F p-Value
Between Groups 714.707 1 714.707 262.301 <0.001 **
Productivity Within Groups 12,904.457 4736 2.725 - -
Total 13,619.163 4737 - - -
Unwanted Between Groups 136.968 1 136.968 49.923 <0.001
interruptions Within Groups 13,029.199 4749 2.744 - -
P Total 13,166.167 4750 - - -

Note: ** Statistical significance p-value < 0.05.

For both building groups, negative Pearson correlation coefficients were observed with
statistical significance lower than 0.001 between productivity and unwanted interruptions
in both building groups of sustainable and conventional buildings (Table 9). The Pearson
correlation coefficients were —0.361 and —0.348 for sustainable and conventional buildings,
respectively. This demonstrates a lower sensitivity of sustainable office occupants to
unwanted interruptions.

Table 9. Pearson correlation comparing productivity and unwanted interruptions in sustainable and conventional
building groups.

Parameters Variables Statistics Productivity Unwanted Interruptions
Pearson Correlation 1 —0.361 **
Productivity Significance (2-tailed) - <0.001
. o n 2604 2438
Sustainable buildings Pearson Correlation —0.361 ** 1
Unwanted Interruptions Significance (2-tailed) <0.001 -
n 2438 2573
Pearson Correlation 1 —0.348 **
Productivity Significance (2-tailed) - <0.001
. s n 2134 2067
Conventional buildings Pearson Correlation —0.348 ** 1
Unwanted Interruptions Significance (2-tailed) <0.001 -
n 2067 2178

Note: ** Statistical significance p-value < 0.05.

3.3. Age of Occupant—under 30 Years versus 30 Years or Over

Productivity was scored better among the younger participants with a mean of 5.39
compared to the older participants with a mean of 5.04 (see Table 10). For the younger
participants, unwanted interruptions were scored better with the mean score of 3.85 in
comparison with the older participants with a mean score of 4.22 (Figure 4). Therefore,
lower unwanted interruptions and higher productivity were observed among the younger
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participants, while the older group projected higher unwanted interruptions and conse-
quently lower perceived productivity. As shown in Table 11, the difference between the
mean scores of the younger and older participants was statistically significant (p-value
< 0.001) indicating that the null hypothesis was true and obtaining that difference in the
mean values by chance is very small.

Table 10. Descriptive statistics of productivity and unwanted interruptions for under 30 years and 30 years or over.

Parameters Variables Mean Std. Deviation n
under 30 vears Productivity 5.39 1.729 1200
y Unwanted interruptions 3.85 1.668 1208
30 vears or over Productivity 5.04 1.672 3473
y Unwanted interruptions 422 1.649 3479
9
8
7
g6 5.39
g 7 5.04
a
& ’ / 4.22
1] 3.85
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Under 30 years 30 years or over

BAProductivity ®Unwanted interruptions

Figure 4. Comparative analysis of mean scores of perceived productivity and unwanted interruptions between under 30
years and 30 years or over.

Table 11. One-way ANOVA analysis comparing perceived productivity and unwanted interruptions for under 30 years and
30 years or over.

Parameters Variables Sum of Squares df Mean Square F p-Value

Between Groups 104.669 1 104.669 36.788 <0.001 **
Productivity Within Groups 13,289.805 4671 2.845 - -
Total 13,394.475 4672 - - -

Unwanted Bet_we.en Groups 121.384 1 121.384 44.355 <0.001 **
Interruptions Within Groups 12,821.297 4685 2.737 - -
Total 12,942.681 4686 - - -

Note: ** Statistical significance p-value < 0.05.

As shown in Table 12, for under 30 years and 30 years or over, the Pearson correlation
coefficients were negative with a statistical significance lower than 0.001, indicating that the
null hypothesis was true and there was a measurable difference between the age groups.
For the younger group, the Pearson correlation coefficients was —0.350 and for the older
group the coefficient was —0.367. The Pearson correlation analysis showed that the older
group was more sensitive to unwanted interruptions and the productivity scores were
much lower than the younger group.
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Table 12. Pearson correlation comparing productivity and unwanted interruptions for under 30 years and 30 years or over.

Parameters Variables Statistics Productivity Unwanted Interruptions
Pearson Correlation 1 —0.350 **
Productivity Significance (2-tailed) - <0.001
under 30 years " . 1200 1148
Unwanted I.’ea?s.on Correlat'1on —0.350 ** 1
Interruptions Significance (2-tailed) <0.001 -
n 1148 1208
Pearson Correlation 1 —0.367 **
Productivity Significance (2-tailed) - <0.001
30 years or over n . 3473 3299
Unwanted I.’ea%‘spn Correlat_lon —0.367 ** 1
Interruptions Significance (2-tailed) <0.001 -
n 3299 3479

Note: ** Statistical significance p-value < 0.05.

3.4. Gender—Male versus Female

The mean score value of productivity for female participants was 5.00, which was
worse than the male participants, who scored their productivity with a mean value of 5.25
(see Table 13). The unwanted interruptions were scored 4.05 for male participants and 4.21
by female participants (Figure 5). As shown in Table 14, a significant difference between
the mean scores of productivity and unwanted interruptions was observed between male
and female participants.

Table 13. Descriptive statistics of productivity and unwanted interruptions for different genders.

Parameters Variables Mean Standard Deviation n
Mal Productivity 525 1.650 2413
ake Unwanted interruptions 4.05 1.605 2369
Femal Productivity 5.00 1.728 2247
emale Unwanted interruptions 421 1.718 2301
9
8
7
g6
é 5.25 5
25
5 4.05 7
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3
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Figure 5. Comparative analysis of mean scores of productivity and unwanted interruptions between male and female

gender groups.
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Table 14. One-way ANOVA analysis comparing productivity and unwanted interruptions for male and female gender

groups.
Parameters Variables Sum of Squares df Mean Square F p-Value
Between Groups 68.197 1 68.197 23.935 <0.001 **
Productivity Within Groups 13,271.737 4658 2.849 - -
Total 13,339.934 4659 - - -
Unwanted Between Groups 30.708 1 30.708 11.123 0.001 **
Interruptions Within Groups 12,887.738 4668 2.761 - -
P Total 12,918.446 4669 - - -

Note: ** Statistical significance p-value < 0.05.

The Pearson correlation analysis showed negative coefficient values with statistical
significance lower than 0.001 (see Table 15). For the male participants, the Pearson cor-
relation coefficient was —0.359 and for the male group the coefficient was —0.371. This
finding showed that female participants were more sensitive to unwanted interruptions
and productivity levels were reduced much more by unwanted interruptions than with the
male group.

Table 15. Pearson correlation comparing productivity and unwanted interruptions for male and female gender groups.

Parameters Variables Statistics Productivity Unwanted Interruptions
Pearson Correlation 1 —0.359 **
Productivity Significance (2-tailed) - <0.001
n 2413 2289
Male Pearson Correlation —0.359 ** 1
Unwanted Interruptions Significance (2-tailed) <0.001 -
n 2289 2369
Pearson Correlation 1 —0.371 **
Productivity Significance (2-tailed) - <0.001
n 2247 2144
Female Pearson Correlation —0.371 ** 1
Unwanted Interruptions Significance (2-tailed) <0.001 -
n 2144 2301

Note: ** Statistical significance p-value < 0.05.

3.5. Workgroups

The workgroup sizes included solo occupants, shared with one other, shared with 2
to 4, shared with 5 to 8, and shared with over 8 people. The solo group obtained the best
mean score for productivity, with a mean value of 5.32. The worst productivity scores were
achieved for the more than 8 group, with a mean score value of 4.99 (see Table 16). The best
unwanted interruption scores were obtained in the shared with one other group, with the
mean score value of 3.85. The worst unwanted interruption score was found in the shared
with more than 8 group, with a mean value of 4.25 (Figure 6).

Table 16. Descriptive statistics of productivity and unwanted interruptions for different workgroups.

Parameters Variables Mean Std. Deviation n

Solo occupant Productivity 532 1.607 1056

P Unwanted interruptions 4.09 1.675 1028

X Productivity 5.21 1.637 367

Shared with one other Unwanted interruptions 3.85 1.670 357
. Productivity 513 1.740 781

Shared with 2-4 Unwanted interruptions 4.09 1.603 798

. Productivity 513 1.726 685

Shared with 5-8 Unwanted interruptions 4.08 1.696 702
. Productivity 4.99 1.724 1720
Shared with more than 8 Unwanted interruptions 4.25 1.668 1740
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Figure 6. Comparative analysis of mean scores of productivity and unwanted interruptions among various workgroups.

Significant differences were found between the mean scores for both perceived pro-
ductivity and unwanted interruptions when comparing various workgroups, as illustrated
in Table 17. Except for solo offices, productivity and unwanted interruptions had neg-
ative correlations, meaning that the worse were the unwanted interruptions, the worse
the productivity scores. Although unwanted interruptions were worse in solo offices in
comparison with the shared with one other offices, the productivity scores were better
in offices with a solo occupant in comparison to offices shared with one another. This
indicated that there was an anomaly in the correlations between unwanted interruptions
and productivity when small sized offices are compared.

Table 17. One-way ANOVA analysis comparing productivity and unwanted interruptions for different workgroups.

Parameters Variables Sum of Squares df Mean Square F p-Value

Between Groups 77.330 5 15.466 5.390 <0.001 **
Productivity Within Groups 13,230.293 4611 2.869 - -
Total 13,307.624 4616 - - -

Unwanted Between Groups 58.633 5 11.727 4.245 0.001 **
Tnterruptions Within Groups 12,782.466 4627 2.763 - -
Total 12,841.099 4632 - - -

Note: ** Statistical significance p-value < 0.05.

Multiple comparisons and Tukey honestly significant difference (HSD) analysis for
productivity showed that only when comparing the smallest workgroup and the largest
workgroup was there a significant difference in productivity values (Table 18). For un-
wanted interruptions only when comparing the second smallest workgroup and the largest
workgroup was there a significant difference (Table 19).
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Table 18. Multiple comparisons and Tukey honestly significant difference (HSD) analysis for productivity scores among

different workgroups.

95% Confidence Interval

(I) Work-Group (J) Work-Group Mean Difference (I-]) Std. Error p-Value
Lower Bound Upper Bound
Shared with 1 other 0.115 0.103 0.874 —0.18 041
Solo occupant Shared with 2-4 0.194 0.080 0.147 ~0.03 0.42
Shared with 5-8 0.192 0.083 0.190 —0.04 043
Shared with more 0.331* 0.066 0.000 ** 0.14 052
than 8
Solo occupant —0.115 0.103 0.874 —041 0.18
Shared with 1 Shared with 2-4 0.079 0.107 0.977 —023 0.38
other Shared with 5-8 0.077 0.110 0.981 —0.24 0.39
Shared with more 0216 0.097 0.231 —0.06 0.49
than 8
Solo occupant —0.194 0.080 0.147 —0.42 0.03
) Shared with 1 other ~0.079 0.107 0.977 ~0.38 023
Shared with 24 Shared with 5-8 ~0.002 0.089 1.000 ~025 025
Shared with more 0.137 0073 0420 ~0.07 035
than 8
Solo occupant —0.192 0.083 0.190 —0.43 0.04
) Shared with 1 other ~0.077 0.110 0.981 ~0.39 024
Shared with 5-8 Shared with 2-4 0.002 0.089 1.000 025 0.25
Shared with more 0.139 0.077 0.458 —0.08 0.36
than 8
Solo occupant —0.331 ** 0.066 0.000 ** —0.52 —0.14
Shared with more  Shared with 1 other ~0.216 0.097 0.231 —049 0.06
than 8 Shared with 2-4 ~0.137 0.073 0.420 ~035 0.07
Shared with 5-8 ~0.139 0.077 0458 ~0.36 0.08

Note: ** Statistical significance p-value < 0.05.

Table 19. Multiple comparisons and Tukey HSD analysis for unwanted interruptions among different workgroups.

95% Confidence Interval

(I) Work-Group (J) Work-Group Mean Difference (I-]) Std. Error p-Value
Lower Bound Upper Bound
Shared with 1 other 0.240 0.102 0.176 —0.05 0.53
Solo occupant Shared with 2-4 —0.005 0.078 1.000 —0.23 0.22
Shared with 5-8 0.009 0.081 1.000 —0.22 0.24
Shared with more ~0.163 0.065 0125 ~035 0.02
than 8
Solo occupant —0.240 0.102 0.176 —0.53 0.05
Shared with 1 Shared with 2—4 —0.244 0.106 0.191 —0.55 0.06
other Shared with 5-8 —0.231 0.108 0.268 —0.54 0.08
Shared with more —0.403 ** 0.097 <0.001 ** —0.68 ~0.13
than 8
Solo occupant 0.005 0.078 1.000 —0.22 0.23
. Shared with 1 other 0.244 0.106 0.191 —0.06 0.55
Shared with 2-4 Shared with 5-8 0.013 0.086 1.000 023 026
Shared with more ~0.159 0071 0.223 ~0.36 0.04
than 8
Solo occupant —0.009 0.081 1.000 —0.24 0.22
) Shared with 1 other 0.231 0.108 0.268 —0.08 0.54
Shared with 5-8 Shared with 2-4 ~0.013 0.086 1.000 ~026 023
Shared with more ~0172 0.074 0.189 ~038 0.04
than 8
Solo occupant 0.163 0.065 0.125 —0.02 0.35
Shared with more  Shared with 1 other 0.403 ** 0.097 <0.001 ** 0.13 0.68
than 8 Shared with 2—4 0.159 0.071 0.223 —0.04 0.36
Shared with 5-8 0.172 0.074 0.189 —0.04 038

For all workgroups, negative Pearson correlation coefficients were identified with
statistical significance lower than 0.001. The Pearson correlation coefficients for solo
occupants, shared with one other, shared with 2—4, shared with 5-8, and shared with more
than 8 were —0.304, —0.374, —0.291, —0.397 and —0.421, respectively, which indicates the

Note: ** Statistical significance p-value < 0.05.
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highest sensitivity to unwanted interruptions for occupants in offices shared with more
than 8 people.

4. Discussion

As organisations adopt larger workgroup environments to aid collaboration, workers
may become overloaded with distractions [25]. Distracting workplaces can cost companies
millions of dollars in lost productivity. Thus, creating a distraction free workplace will
not only have major financial implication for employers, but also help employees with
wellness, work-life balance, frustration, and stress.

Our research showed that respondents who were less troubled by unwanted interrup-
tions were also more likely to experience the workplace as supportive for their productivity.
In all categories of the investigated groups, significant correlations between unwanted
interruptions and productivity were found. In all subsets of our dataset the more frequent
the unwanted interruptions were, the worse the perceived productivity. This showed that
the ability to concentrate has a substantial influence on perceived productivity [26]. This
further reinforced that the physical environment and acoustic performance of the office
support employee productivity. The negative correlations between unwanted interruptions
and knowledge worker productivity provided further evidence that the acoustic design of
the office environment has a decisive effect on user experience in buildings.

The present study investigated the sensitivity of various user groups to office dis-
tractions in multiple building types. It was found that commercial office workers had
higher tolerance to unwanted interruptions when compared to institutional office occu-
pants. Because of the differences in the nature of the work in commercial and institutional
buildings, the expectations and occupant experiences differ when the two building users
are compared [18]. Haynes [10] reported that office occupants with the higher variety of
responsibilities in the office may be the least affected by distraction. As academics have mul-
tiple responsibilities, the lower tolerance of unwanted interruptions among institutional
office users may be explained by the point that Haynes [10] makes.

Higher tolerance of interruptions was also found among occupants in sustainable
buildings. This finding is similar to previous studies that showed user of sustainable build-
ings tend to tolerate deficiencies rather more than users of more conventional buildings [27].
The higher tolerance of sustainable building users to interruptions in our study may be
a result of the buildings’ sustainable performance overriding other aspects. As noted
by Onyeizu [28], a sustainable office environment should have good acoustics to enable
easy communication and an appropriate soundscape while reducing possible unwanted
noise and disturbance. Another plausible reason may be that sustainable buildings have
a better acoustic performance than conventional buildings, which create less disturbance
and distractions to building users.

Occupants over 30 years of age showed higher sensitivity to unwanted interruptions in
office environments. Likewise, female participants in our study showed higher sensitivity
to unwanted interruptions, which is in line with previous studies that demonstrated
genders have different responses to the negative aspects of open-plan offices in terms
of distractions [21]. Consistent with our findings, Kalgotra, Sharda, and McHaney [29]
demonstrated that interruptions caused by technologies significantly increased the task
completion time particularly among young adult females and middle-aged males. The
higher tolerance of interruptions among young adult female and middle-aged males may be
associated with multi-tasking abilities [30]. One of the most important implications of this
finding is that office designers need to account for the nature of the work and multitasking
responsibilities for individuals when designing office spaces. Background noise and speech
intelligibility in office environments particularly need further exploration when designing
for more sensitive building users such as female and over 30 years old users.

This highlights the importance of matching work patterns with user preferences
and requirements. The matching of office user needs with space provision can only be
accomplished through understanding the way people work in office environments and
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identifying their specific requirements. What is important is building user involvement in
the evaluation of building performances and in the creation of the space.

Our study also demonstrated that unwanted interruptions occurred more frequently
in larger workgroups. The only exception was the solo offices in comparison with the
shared with one other office. Although unwanted interruptions were worse in the solo
offices than shared with one other, productivity scores were better in the solo offices. This
exception may be due to the other desirable attributes that solo occupant offices have, such
as privacy and bigger storage spaces, so even with more frequent unwanted interruptions,
the productivity was boosted in solo offices. When comparing the five workgroup sizes,
occupants in offices shared with more than 8 people had the lowest tolerance of unwanted
interruptions. Open-plan offices may seem aesthetically pleasing, stimulate relationship-
building interactions, and increase collaboration, yet offices shared with fewer people
obtained higher perceived productivity [19]. As demonstrated by previous studies, self-
interruption has a higher rate in larger open plan offices [31]. The performance loss in large
workgroups is associated with the lack of speech privacy and reduced concentration as a
result of overhearing other conversations [32]. Therefore, creating flexible open-plan offices
that simultaneously enable both effective collaboration and undisturbed concentration may
remain one of the highest aspirations of office design.

Employees rate their productivity based on individual productivity, rather than team
productivity or organisational productivity [26]. Employees also acknowledge the physical
environment of their office as an important, inspiring factor for individual productivity. A
healthy workplace environment improves productivity and reduces employee-related costs.
While organisations prefer open-plan layouts to facilitate collaboration and productive
interaction, designers must remain aware that opportunities for concentration are of huge
importance. Although some of these are universally relevant, it is essential to consider
the particular work processes within the organisation when determining which specific
aspects to focus upon.

Thoughtful design and practice can reduce the impact of unwanted interruptions
on building users’ lives and improve the quality of working environment. Productivity
was a factor that was studied in this paper, yet, sleep, fatigue, irritability, headaches and
stress are others that interfere with human life. Including rooms that have higher levels of
control over noise pollution is a one sensible solution to create productive buildings for
more sensitive building users.

Productivity in buildings is affected by various personal and environmental parame-
ters, for example, productivity seems to be higher in better ventilated buildings. However,
it was shown in this paper that unwanted interruption is one of those parameters that
influences productivity. Our statistical analysis with a large sample showed a correlation
between the two variables, meaning that unwanted interruption greatly influences produc-
tivity and that is one of the important building design measures for productive buildings.
Using a controlled data sample to keep all parameters the same for comparative studies
is extremely difficult in this type of studies. However, to increase the validity of results,
using a larger sample is recommend to future studies.

5. Conclusions

We have shown that distractions influence perceived productivity in different ways,
depending on the physical and behavioural environments. Further evidence regarding
knowledge-worker needs and preferences was provided in this research. The correla-
tion between productivity, and unwanted interruptions in all groups tested proved to
be significantly negative. Higher tolerance to unwanted interruptions was found among
commercial office workers and in sustainable buildings. Our findings indicate the need
for extensive investigation of the acoustic performance of commercial and institutional
buildings at the architectural design stage. It was also shown that the acoustic design of
office environments directly influences perceived productivity and special consideration is
needed when designing workplaces for more sensitive building users such as females and
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those over 30 years old. These results highlight the importance of the need to account for
user demographics when designing office spaces. Our study demonstrated higher levels
of unwanted interruptions in bigger workgroups. This finding particularly contradicted
conventional wisdom that bigger workgroups improve overall user performance and
productivity by enhancing collaborations and interactions among building users. This re-
search also provided a simple, effective framework for measuring the influence of physical
features and demographics on user perceptions and productivity—the results of this work
yield progressive improvement strategies for the relationship between office users and
buildings. One limitation of the study is the sample size for the two age groups. In our
database, the numbers of 30 years or over were much higher than those under 30 years. It
is suggested that smaller age categories should be used in survey questions to balance the
number of participants in different age groups.
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Abstract: Urban vegetation provides undeniable benefits to urban climate, health, thermal comfort
and environmental quality of cities and represents one of the most considered urban heat mitigation
measures. Despite the plethora of available scientific information, very little is known about the
holistic and global impact of a potential increase of urban green infrastructure (GI) on urban climate,
environmental quality and health, and their synergies and trade-offs. There is a need to evaluate
globally the extent to which additional GI provides benefits and quantify the problems arising from the
deployment of additional greenery in cities which are usually overlooked or neglected. The present
paper has reviewed and analysed 55 fully evaluated scenarios and case studies investigating the
impact of additional GI on urban temperature, air pollution and health for 39 cities. Statistically
significant correlations between the percentage increase of the urban GI and the peak daily and night
ambient temperatures are obtained. The average maximum peak daily and night-time temperature
drop may not exceed 1.8 and 2.3 °C respectively, even for a maximum GI fraction. In parallel,
a statistically significant correlation between the peak daily temperature decrease caused by higher
GI fractions and heat-related mortality is found. When the peak daily temperature drops by 0.1 °C,
then the percentage of heat-related mortality decreases on average by 3.0% The impact of additional
urban GI on the concentration of urban pollutants is analysed, and the main parameters contributing
to decrease or increase of the pollutants’ concentration are presented.

Keywords: green infrastructure; urban trees; heat mitigation; heat-related mortality

1. Introduction

Rapid urbanisation in combination with climate change cause serious environmental hazards
such as increase of the urban temperature, elevated concentration of air pollutants, storms, increased
droughts or excessive precipitation, and poses serious health problems in cities. In 2017, the global
urban population reached 4 billion, representing almost 55% of the world population, and it is expected
to increase to close to 68% by 2050 [1].

Urban overheating is the most documented phenomenon of climate change. Increased urban
temperatures compared to the surrounding rural or suburban built environment are experimentally
documented for more than 450 large cities in the world [2]. The magnitude of the urban overheating
may be as high as 10 °C, with an average value close to 5-6 °C [3]. Recent research has shown that the
magnitude of urban overheating increases considerably during heatwaves because of the important
local climatic synergies [4].

Buildings 2020, 10, 233; doi:10.3390/coatings11030274 www.mdpi.com/journal/buildings

79



Buildings 2020, 10, 233

Urban overheating negatively affects the cooling energy demand of buildings, peak electricity
demand, concentration of air pollutants, heat-related mortality and morbidity and urban vulnerability
levels [5]. It is well-documented that urban overheating is associated with an additional cooling
energy penalty close to 0.7 kWh/m? of city surface and degree of temperature increase, while the
additional required peak electricity demand is estimated close to 21 (+10.4) W per person and degree
of temperature increase [6,7].

The impact of urban overheating on health is reasonably well-documented. Higher levels of ambient
temperature are associated with increased mortality and morbidity as the human thermoregulation
system cannot offset very high ambient temperatures [8]. As a result, numerous recent researches have
shown that the health risk is substantially higher in urban than in rural environments, while the risk of
heat-related mortality in warmer urban neighbourhoods is 6% higher than in cooler precincts [9,10].
Heat-related health issues combined with epidemic and non-communicable diseases, such as cancer,
diabetes, mental disorders, cardiovascular and respiratory diseases, increase the health burden in
cities and are expected to increase considerably in the low- and middle-income societies in the near
future [11,12].

Urban overheating has a serious impact on air quality. Elevated ambient temperatures enhance
photochemical reactions with hydrocarbons and NOy generating ozone [13]. In parallel, the increased
operation of power plants during the warm season considerably increases the emission of harmful
pollutants [14].

Outdoor air pollution is the most serious environmental hazard for human health and citizens’
wellbeing. Exposure to air pollutants like the ground-level ozone, particulate matter, NOy and SO,
may result in serious respiratory and cardiovascular health problems and increased mortality [15].
According to the World Health Organisation, outdoor pollution is responsible for about 8 million deaths
per year, while in about 56% of cities in the developed world and 98% in the developing countries,
the concentration of harmful pollutants like ozone, particles and NOy exceeds the thresholds of the
World Health Organisation (WHO) [14,16]. Ozone is a highly toxic pollutant strongly affecting human
health, contributing in 2010 to about 1.2 million premature respiratory deaths, equivalent to 20% of
total respiratory deaths [17]. While systematic environmental policies have resulted in a considerable
decrease of the concentration of most of the atmospheric pollutants, the concentration of ground-level
ozone continues to rise as a result of intensive urbanisation and temperature increase. It is characteristic
that in 75 Chinese cities, ozone concentration increased from 69 to 75 ppbv between 2013 and 2015,
while the percentage of non-compliant cities increased from 23% to 39% [18]. Urban overheating has a
serious impact on the concentration of ground-level ozone [19,20]. Several studies have documented
that during extreme climatic conditions, the ozone concentration increases up to 20%, while studies in
Japan have shown that the long-term variability of the peak ground-level ozone is related to the variation
of the ambient temperature and wind speed [21-23]. Considerably higher ozone concentrations and
frequencies of extreme ozone episodes are forecast for the coming years because of the expected
temperature increase, and the corresponding modification of the chemical reaction rates [24]. It is
predicted that the average background concentration of ground-level ozone may increase in the
mid-latitudes of the Northern Hemisphere, by close to 85 ppb in 2100 compared to the current levels
of 35-50 ppb [25]. Much higher frequencies of high ozone events are also predicted by other studies.
In particular, it is foreseen that in four major Canadian cities, the frequency of future ozone episodes
may increase by 50% by 2050 and 80% by 2080, while in Tucson Arizona, the predicted increase by the
end of the century may reach 400% [26,27].

To prepare efficient responses to the above threats and challenges and to minimise vulnerability
and associated risks, actions involving efficient mitigation and adaptation policies based on multisector
approaches are necessary [28]. Several mitigation technologies to counterbalance the impact of
urban overheating have been proposed and implemented in numerous large-scale projects [29].
Mitigation technologies involve the use of reflecting and super-cool materials, additional greenery,
use of evaporative and transpiration cooling systems, solar control and shading devices, and the use of
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low-temperature natural sinks [30-33]. Monitoring of a high number of large-scale mitigation projects
has demonstrated that the implemented technologies can reduce the peak ambient temperature up to
2.5 °C and may contribute significantly to decrease building cooling energy demand, peak electricity
load and heat-related mortality and morbidity [34-36].

There are many definitions of the term Green Infrastructure (GI). According to the European
Environmental Agency, “Green infrastructure as a term is used for a network of green features that are
interconnected and therefore bring added benefits and are more resilient” [37], while Connop et al. [38]
define GI as “a network of natural and semi-natural green spaces such as forests, parks, green roofs
and walls that can provide nature-based and cost-effective solutions”. It is widely accepted that an
increase of the green urban infrastructure, and particularly tree cover, improves urban resilience [39,40].
Trees provide urban overheating reduction, pollutant removal, carbon sequestration, retention and
detention of stormwater runoff, while improving residents” health [41-45].

Given the multiple benefits of increased GI, large-scale projects aiming to increase the fraction
of tree cover occur in many cities. Large tree planting initiatives are undertaken in cities like New
York, Chicago, Los Angeles, Sydney, Melbourne, etc. [46-48]. However, there is an uncertainty on the
magnitude of the benefits provided by increased GI policies, and the associated disservices, like the
emission of biogenic volatile organic compounds (VOCs), the increased use of water and the additional
economic cost [49]. There is a clear need to evaluate the extent to which increased GI mitigates urban
heat, reduces urban pollution and decreases health problems; in parallel, it is important to provide
additional holistic information and knowledge to optimise future planting strategies in cities.

The present article aims to investigate in a global way the biophysical effects on regional urban
climate, air quality and heat-related mortality and morbidity triggered by the increase of urban green
infrastructure and tree cover. In parallel, it aims to quantify the mitigation potential of increased
tree cover during the daytime and night-time, the potential decrease of heat-related mortality and to
analyse the impact of additional tree cover on air pollution.

2. The Nature of the Study

Twenty-nine articles investigating the impact of increased green infrastructure on the ambient
temperature, air pollution and heat-related mortality and morbidity were reviewed and analysed.
The studies reported 55 fully evaluated scenarios of increased GI for 29 cities and precincts (see the
Map Figure S1 in the Supplementary Materials). Nineteen of the cities are in North America, eight in
Australia, seven in Europe, three in Asia and one in South America. Two of the studies reported
the combined impact of GI on ambient temperature levels and heat-related mortality and morbidity,
11 studies on the ambient temperature and heat-related mortality, 5 on ambient temperature and
heat-related morbidity, 4 on ambient temperature and air quality, 10 on air quality while 25 studies
investigated only the impact on the ambient temperature. All the characteristics and results of the
55 scenarios of increased GI are reported in Table 1.

Existing literature provides information on the climatic, air quality and health impact of potential
additional green infrastructure. We considered and analysed all studies evaluating the specific impact
of Gl in quantitative terms. Unfortunately, no quantitative studies are available on the other potential
benefits of GI.

The overall article is divided into three parts. The first part analyses and discusses the impact
of the potential increase of urban tree cover on the ambient temperature. Specific analysis on the
temperature drop during the daily peak at 15:00 and at night is performed. Concerning the few studies
reporting the afternoon (17:00) daily temperature drop, local temperature data are used to estimate the
peak daily temperature at 15:00. The second part of the analysis investigates the impact of additional
GI on the concentration of urban pollutants, focusing mainly on ground-level ozone and particulate
matter. Finally, the third part of the study investigates the relation between the additional GI and
health and with the levels of heat-related mortality and morbidity.
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3. The Impact of Increased Green Infrastructure on Ambient Temperature-Mitigation Potential

3.1. Identity of the Existing Studies

Trees contribute to decrease the ambient temperature through evapotranspiration and shading.
In parallel, when impervious surfaces like asphalt and concrete are replaced by vegetation, the stored
heat during the day and the emitted sensible heat during the day and night are seriously reduced.
The potential temperature decrease because of the increased GI fraction depends on the difference
of the thermal balance between the non-vegetated control/reference scenario and the vegetated one.
It is mainly affected by the specific climatic conditions, the availability of soil moisture, the type of
vegetation and the way it is distributed in a city. As a result, increased vegetation fractions may
contribute to reduce the ambient temperature during the night or the day or both, or even cause some
warming effects under specific conditions.

Forty-six studies evaluating the impact of increased tree fraction in 30 cities and locations
were analysed and evaluated. The study refers to seven North American cities and their suburbs
(New York, Philadelphia, New Orleans, Detroit, Dallas, Toronto and the North Eastern part of the
US), five Australian cities (Melbourne, Sydney, Brisbane, Darwin and Parramatta), three European
cities (Vienna, Austria, Bochum and Stuttgart, Germany), three Asian cities (Hong Kong, Singapore
and Tehran), and Sao Paolo in South America. The considered tree cover varies between 1.3% in
Bronx NY to 100% in Hong Kong and Melbourne, Australia, with an average GI value close to 16%.
The average increase of the GI for all case studies is close to 22% and the average final Gl is close to
38%. Most of the assessments are performed using mesoscale modelling techniques like the Weather
Research Forecast (WRF), or MM5, while four studies are based on microscale modelling like ENVI-met
and i-Tree. These studies considered either a homogeneous increase of the tree fraction across the
city or have considered potential additional parks in specific urban zones. Although the assumptions
and the computational methods may differ substantially between the studies, there is a minimum
homogeneity concerning the outputs and the results permitting comparison of the assessments. All the
relative details of the considered studies are given in Table 1.

The impact of central and pocket parks as well as of trees distributed in streets on the ambient
temperature of a district in Central Sao Paolo, Brazil, is discussed in Reference [50]. The tree cover is
considered to increase from zero to 11%. Simulations were performed using the ENVI-met microscale
climatic model and it was found that during the summer, trees in urban canyons can reduce the average
peak daily ambient temperature in the area by 0.6 °C, and in the central and pocket parks by 0.4 °C.

The potential impact of the tree cover increases from 24.9% to 26.2% in Bronx, New York, NY,
USA, is discussed in Reference [51]. Using the i-Tree software, it is found that the average peak
daily temperature decrease may not exceed 0.09 °C. A second study aiming to investigate the cooling
potential of various mitigation measures in numerous urban zones of NY City USA is presented in
Reference [52]. The study used the MM5 mesoscale model to assess the potential decrease of the peak
ambient temperature when hard urban surfaces are replaced by trees. A spatially variable increase
of the tree fraction among the various urban precincts, from 6.2% to 14.4%, was considered. It was
found that at 15:00, additional tree cover may drop the ambient temperature between 0.2 to 0.5 °C.
A third study for NY, USA, investigated the impact of increased tree fraction from 10% to 20% and
30% using the MM5 mesoscale climatic tool [53]. It found that the average temperature drop during
the peak daily period is close to 0.15 and 0.4 °C for the two considered scenarios. A quite similar
study for Dallas, TX, USA, estimated the impact when GI increases by 7.5% from a base value of 27.5%,
and found that the peak daily temperature drop is close to 0.38 °C [54]. Simulations for several US
cities in the North Eastern part of the country considering a 20% increase of the tree cover to almost
40% are reported in References [55,56]. Using the WRF mesoscale climatic model, it was calculated
that the maximum temperature decrease is close to 0.4 °C. A study performed for two suburban areas
of Toronto, Canada, is presented in Reference [57]. Mesoscale, WRF and a microscale models were
used to simulate the climatic impact when the tree fraction increases from 18% to 27%. The estimated
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average drop of the peak ambient temperature was 0.2 and 0.3 °C for the two precincts, while for
the high greenery scenario, the corresponding temperature drop was 1.61 and 1.29 °C, respectively.
Considerably higher temperature drop values were estimated for the night period. Simulations using
WREF were performed during heatwave periods, to assess the impact of the GI increase by 10% in the
cities of New Orleans, Philadelphia and Detroit [58]. The initial tree cover varied between 15 and 25%
and the final between 25% to 35%. It was found that the average afternoon temperature may decrease
by 0.21 °C in New Orleans, 0.32 °C in Philadelphia and 0.1 °C in Detroit.

In Australia, the potential decrease of the ambient temperature in the City of Melbourne was
investigated in three studies [59-61]. Five specific scenarios considering a final tree cover of 5%, 36%,
38%, 49% and 100%, compared with an initial tree cover of 15%, were analysed in Reference [59].
Simulations were performed using the mesoscale model UCM-TAPM. It was calculated that the
average peak daily temperature drop may vary between 0.25 and 1.8 °C, while the decrease of the tree
cover from 15% to 5% may raise the average peak daily temperature by 0.2 °C. The study reported
in Reference [60] considered an increase of the mixed forest fraction in the city from zero to 20% and
50%. Simulations were performed for the January 2009 heatwave using the mesoscale climatic model
WREF [60]. It was reported that during the night-time, the amplitude of the Urban heat island (UHI)
decreased between 0.5 °C and 5.0 °C for a 20% to 50% rise of the GI. The daytime decrease of the
ambient temperature as well as the impact on the daily magnitude of the UHI was found to be almost
negligible. However, a very significant decrease of the ambient temperature ranging between 1 °C
and 3.5 °C was calculated for the night period. A third study for the City of Melbourne evaluated
the impact of increasing the trees fraction from an initial value of 24% to 28%, 32% and 40% during
the period of several recent heatwaves [61]. It reported that the maximum temperature reduction
occurs during the night-time because of the reduced daytime heat storage and the decreased release
of sensible heat by the greenery during the night. The maximum temperature drop during the night
period was close to 0.28, 0.38, and 1.08 °C for the three greenery scenarios. The temperature drop
during the daytime was considerably lower and did not exceed 0.25 °C [61]. The impact of an increased
urban trees fraction on the ambient temperature of a subtropical Australian city, Brisbane, is discussed
in Reference [62]. The study considered a decrease of the tree cover from 45% to zero, ‘no vegetation’,
during a ten-year period using the CCAM CSIRO mesoscale climatic model. It calculated that the
maximum temperature decrease happens during the night-time and is close to 1.83 °C. The daily
average temperature decrease was estimated close to 0.99 °C, while the decrease during the peak hours
was close to 0.44 °C. Similar results were obtained for the suburban areas of Archerfield and Logan.
Two studies aiming to investigate the mitigation potential of additional greenery in Sydney, Australia
are reported in References [63,64]. Using the WRF climatic tool, it was estimated that when two
million additional trees are added to the city, the decrease of the peak daily temperature in Parramatta,
Western Sydney, is close to 1 °C [64]. The second study estimated the temperature drop in the City of
Sydney considering an increase of the trees fraction by 55%, from 20% to 75% [63]. Using ENVI-met,
it was calculated that the potential drop of the peak daily temperature was close to 1.2 °C. ENVI-met
was also used to calculate the mitigation potential of increased green infrastructure, from 19% to 39%
in the tropical Australian city of Darwin. The average estimated daily maximum drop of the peak
temperature was close to 0.5 °C [65].

In Europe, the impact on the urban climate of a central park covering 25% of the city of Bochum,
Germany, was assessed in Reference [66]. Using WRF simulations, it was estimated that the new park
may decrease the average peak daily ambient temperature by 0.45 °C. A similar study for the city of
Stuttgart, Germany, also based on WREF, found that an increase of the GI from 18% to 30% may decrease
the average peak daily temperature by 0.13 °C, while close to the new parks, the temperature drop may
be as high as 2.0 °C [67]. In a similar study carried out for the city of Vienna, the MICLIMA 3 tool was
used to assess the impact of increasing the size of urban parks by 20% [68]. A maximum night-time
temperature drop of 1 °C was found.
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Simulations using the WRF model were carried out for the city of Singapore, to estimate the cooling
capacity of a potential increase of the average urban forestry from 15% to 35%, or 40% of the dense
urban areas [69]. During the average peak daytime hours, the temperature decrease was found close to
0.3 °C, while it was considerably higher during the night and close to 1.0-2.0 °C. A significant increase
of the humidity levels was also calculated as a result of the higher tree cover. The climatic impact of
a potential increase of tree fraction by 20%, from almost 8% to 28%, in Tehran, Iran, was assessed in
Reference [70]. Using WRE, it was estimated that the maximum daily drop of the ambient temperature
was close to 0.6 °C, while phenomena of night-time warming, compared to the reference scenario,
were reported. In a similar study for the city of Hong Kong, China, it was calculated that an increase of
tree cover from zero to 100% could decrease the peak ambient temperature by 1.6 °C [71].

3.2. Association of the Temperature Drop and GI

The analysis of all the studies provided information on the potential drop of the average peak
daily and the night-time temperature for 40 and 25 case studies, respectively. Also, 20 studies provided
information on the drop of the ambient temperature during both the day and night-time. We have
selected to use the temperature drop at 15:00 as a proxy, given that it corresponds to the time of the
day that presents the maximum ambient temperature and potentially the maximum overheating load.
Such a proxy helps to identify the potential temperature drop caused by GI during the peak time.
In parallel, this proxy is the most frequently reported parameter by the relevant studies.

The potential temperature drop during the night-time caused by the Gl is of specific interest as it
helps to cool down the city and reduce the ambient temperature during the next day. It also highly
affects comfort and energy conditions during the night-time. To characterise the cooling potential of
GI during the night-time, we propose to use as a proxy the maximum achieved temperature drop
between the sunset and sunrise time. Such a proxy helps to identify the maximum cooling potential of
GI during the night-time and is usually reported by all relevant articles.

The relation between the average peak daily temperature drop, AT;s, and the initial, Gl;,, and final
considered tree cover, Glgy, can be described by a multiparameter correlation as below:

AT15 =a+b GIin +cC Glﬁn, (1)

where a = —0.0145, b = —0.01068 and ¢ = 0.0167. The R? of the correlation is equal to 0.83, the p-value for
both independent parameters is very low, and the correlation is statistically significant. Figure 1 plots
the reported against the predicted values, from Equation (1), of the average daily peak temperature
drop. Supplementary Table S1 provides in detail all statistical indicators of the correlation given in
Equation (1).

The relation between the reported drop of the average peak daily temperature and the increase
of the tree cover is shown in Figure 2. As shown, the average peak daily decrease of the ambient
temperature, AT;5, may be expressed as a linear function of the increase of the tree cover AGI:

AT;5 = d-AGI (2

where d = 0.0181. The R? of the correlation is equal to 0.90, and the p-value is very close to zero.
Supplementary Table S2 provides all the statistical characteristics of Equation (2). To minimize the
impact of outliers in the correlation, the available data of AT5 are grouped into four clusters of AGI,
as shown in Figure 3. When the average value of ATys5 for each cluster is correlated against the
corresponding mean AGI value, the resulting correlation can be better presented by a second-degree
polynomial:

AT15mean = 0.00013 AGI? + 0.0079 AGI (3)

with an R? equal to 0.98. The statistical characteristics of Equation (3) are given in Supplementary
Table S3.
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Figure 1. Predicted average peak daily ambient temperature predicted from Equation (1) against the

reported values.
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Figure 2. Correlation between the average peak daily temperature drop at 15:00 p.m. against the
corresponding increase of the tree cover.
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Figure 3. Box plots of the maximum temperature drop at 15:00 for four clusters of tree-covering
increases. Cluster 1: 0 < GI < 10, Cluster 2: 10 < GI < 20, Cluster 3: 20 < GI < 30, Cluster 4: GI > 30.

The observed non-linearity between the temperature decrease and the tree cover is in agreement
with the experimental results reported in Reference [72], where it was found that the temperature
decrease caused by greenery was a nonlinear function of the increasing canopy cover, with the higher
cooling when the tree cover exceeded 40%.

A similar expression as Equation (1) was also obtained between the average maximum temperature
drop during the night-time period and the initial and final GI values. In particular,

ATngt = a1 + by Glin + ¢ Gl 4)

where a; = 0.4123, by = —0.0355 and ¢; = 0.0262. The R? of the correlation is equal to 0.86, the p-value for
both independent parameters is very low, and the correlation is statistically significant. The statistical
characteristics of Equation (4) are given in Supplementary Table S4.

Figure 4 presents the correlation between the average maximum drop of the ambient temperature
at night, ATygt, and the corresponding increase of GI.

ATpgt = di-AGI )

where d; = 0.0344. The R? of Equation (3) is equal to 0.76, and the p-value is very close to zero.
As observed, the slope of the ambient temperature drop is considerably higher during the night than
the daytime. This is clearly shown in Figure 5 comparing the slope of the temperature drop during the
day, left, and night-time, right. Figure 5 includes data only from case studies reporting both the day
and night-time temperature drop.
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Figure 4. Correlation between the maximum drop of the ambient temperature at night against the
corresponding increase of the tree covering.
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Figure 5. Daily peak and night-time temperature drop as a function of the considered increase of the
GI. Circles correspond to the night-time temperature drop, and squares to the peak daytime decrease of
the temperature.
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3.3. Discussion and Conclusions on the Mitigation Potential of GI
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Analysis of the case studies may lead to the following conclusions:

The maximum potential drop of the average daily peak temperature caused by the increased tree
cover in cities may not exceed 1.8 °C even if the green infrastructure increases up to 100%. For a
reasonable increase of the GI by 20%, the average expected peak temperature drop is close to
0.3°C.

During the night, the maximum ambient temperature decrease corresponding to a Gl rise of 80%
may not exceed 2.3 °C, while the temperature drop for a Gl increase by 20% is close to 0.5 °C.
Of the 22 studies reporting both the daytime and night-time temperature drop, 19 studies reported
a higher temperature drop during the night than the day. This is due to two main reasons:
(a) increased tree cover considerably reduces the daytime stored heat in the ground and the
corresponding release of heat by the ground during the night, and (b) the released sensible heat
by the trees during the night is considerably lower than the corresponding heat released by
impervious urban surfaces [59,61]. During the daytime, evapotranspiration is the main cooling
mechanism, however its impact on the surface energy budget may not be enough to compensate
and counterbalance heat fluxes due to advection and sensible heat released by the impervious
surfaces. The calculated magnitude of evaporation losses depends highly on the humidity of the
ground assigned by the models and the humidity content of the atmosphere [73,74].

Several articles report warming effects during the night because of the increased tree cover [60,70].
Increase of the night-time temperature may be as high as 2 °C and is explained by the decreased
sky view factor in the urban canyons where trees are located, reducing the escape of long-wave
radiation [75].

The calculated magnitude of the temperature drop highly depends on the considered urban
landscape assumptions about the location and the sizing of the additional tree cover. Simulations
considering patches of urban greenery fully covering several grid cells, when compared to
simulations considering a mixture of impervious and green surfaces in the grid cells, present higher
evapotranspiration and less heat storage during the day, and thus a considerably lower night-time
temperature. In parallel, when urban trees are surrounded by other quite warm urban impervious
surfaces and/or zones of high anthropogenic heat release, they present a considerably lower
cooling potential [76]. However, it has to be recognised that it is difficult to evaluate sources
of uncertainty regarding the simulation assumptions and accuracy around the coupling and
evaluation of the specific land conditions in cities.

Simulations carried out with the WRF mesoscale model are highly influenced by the considered
parameterisation scheme. The tool offers four parameterisation schemes presenting different ways
to characterise the interaction between the land surfaces and the lower atmosphere: The bulk
urban parameterisation, the single layer and the multi-layer parameterisation schemes [77-79],
and another multilayer scheme considering outdoor-indoor interactions [80]. Simulations
carried out for the city of Stuttgart using different parameterisation schemes revealed important
differences in the obtained results [67].

Deployment of additional trees in cities may raise the levels of ambient relative humidity and
deteriorate the levels of thermal comfort. Especially in tropical cities where relative humidity
is considerably high, a further rise of the ambient humidity levels may be a serious problem.
Simulations for Singapore have shown that deployment of additional greenery may increase the
levels of relative humidity by up to 8% [69].
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4. Impact of Increased Green Infrastructure on Urban Pollution Levels

4.1. Introduction and Identity of the Studies

Increase of urban tree cover is associated with multiple dynamic and chemical changes in the
lower atmosphere. Vegetation accumulates particulate matter by sedimentation, interception and
impaction, while it also absorbs gaseous pollutants such as NOy and O3 mainly through the stomata of
the leaves [81]. Absorption of pollutants varies significantly between tree species, while removal of the
pollutants depends on several parameters like the concentration of the pollutants, tree species traits
such as leaf area, stickiness, porosity and roughness, length of growing season, the canopy structure,
the size of pollutant particles, meteorological conditions and possible precipitation [82,83]. In parallel,
trees emit biogenic VOCs (BVOCs), like isoprenoids, monoterpenes and sesquiterpenes, which are
much more reactive than the anthropogenic VOC emissions, and about 2-3 times more reactive than the
weighted average emissions from petrol combustion [84-86]. Isoprenoids interact with nitrogen oxides
and seriously affect the concentration of ground-level ozone, while monoterpenes and sesquiterpenes
increase the production of airborne particles during the hot summer period [70]. As already discussed,
increase of tree cover results in lower ambient and surface temperatures, which may have either a
positive or negative impact on pollutant concentration. Positive impacts include the reduction of BVOC
emission rates [87,88] and the decrease of the rate of photochemical reactions [89]. Negative impacts
are related to reduced buoyancy and turbulent mixing caused by trees, resulting in lower Planetary
Boundary Layer Heights (PBLH), where pollutants are mixed, which may increase the concentration of
the primary gaseous pollutants like NOy, and primary airborne particles [90].

Apart from the reduced surface temperature, trees may decrease wind speed in the built
environment, vertical mixing and atmospheric dispersion, increasing the concentration of pollutants in
the urban canyons and canopies, while it may affect the circulation of sea breezes in coastal areas and
the transport of precursors and pollutants in the city domain [91-93].

It is widely accepted that additional urban green infrastructure has a non-linear feedback on
urban pollution levels, while the impact may be either positive or negative depending on the urban
form and vegetation characteristics.

Eleven studies assessing the potential impact of increased urban green infrastructure on pollutant
concentrations were analysed [51,55,56,93-98]. The main characteristics and results of the studies
are depicted in Table 1. Seven of the studies refer to USA cities or regions (Bronx, NY, Kansas City,
New York, Atlanta, California South Coast Air Basin and two studies for North Eastern cities), three
studies are for UK cities and regions (Greater London area, West Midlands and Glasgow), and one
study for Melbourne, Australia. Seven of the studies analyse the potential impact of increased urban
green infrastructure on ground-level ozone, six on particulate matter (PM;o, PM; 5) and one on NO,,
SO, and CO. The characteristics and the findings of the studies are analysed below.

4.2. Impact of Additional Greenery on Particulate Matter

Relevant studies can be classified in two groups: Those focusing on the estimation of the removal
rate of particulate matter mainly because of the deposition of the particles [51,83,98], while the second
group of studies focuses on the impact of the additional trees on the spatial concentration of particles in
a city or region taking into account the global phenomena influencing pollutant concentration [84,97].

The potential impact of enhanced urban green infrastructure in Bronx, New York, NY, USA,
was investigated in Reference [51]. A well-defined planting program for each census block of the city
was presented and its impact on the actual and future (2030) PM; 5 concentration was evaluated for
three different tree mortality scenarios: no mortality, 4% and 8% annual mortality. While the current
tree cover in the city is 2470 ha, or 22.7% of the total land, it is estimated that by 2030, it will increase up
t024.9%. The i-Tree assessment tool was used to estimate and characterise the benefits of the additional
green infrastructure [99]. It was reported that during 2010, trees removed 5.1 tonnes/year of PM; 5,
while the increase of the green infrastructure by 2030 may raise the removal of pollutants to between
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5.6 and 6.2 tonnes/year, corresponding to an increase of between 9.8% and 21.6% depending on the
selected tree mortality scenario.

The impact of increased tree cover from 20 to 80 trees per ha on six atmospheric pollutants
including PM; 5 and PMj, in the Brooklyn industrial precinct of Melbourne, Australia, was assessed
in Reference [83]. Calculations were also performed using the i-Tree assessment tools. It was estimated
that the existing trees remove up to 7 kg of PM; 5 and 225 kg of PMj( per year. When new trees
were considered, the removed quantities rise to 43 kg/year of PM,5 and 1474 kg/year of PMjy.
This corresponds to an increase of the removed pollutants close to 514% for PM; 5 and 555% for PMy.

The impact of an increase of tree cover from 20% to 30% on the removal of PMyg in the Greater
London Area, UK, was investigated in Reference [98]. Calculations were performed using the Urban
Forest Effect Model, UFORE. It is calculated that by 2050, between 1109 to 2379 tonnes of particles can
be removed by the urban greenery. This corresponds to a removal rate of between 1.1% and 2.6%.

The potential impact of enhanced green infrastructure on the concentration of PM;5 and
ground-level ozone in Kansas City, USA, was investigated in Reference [84]. A detailed greening
scenario was considered and evaluated using the coupled WRF-CMAQ mesoscale climatic simulation
model. It was calculated that the increase in tree cover may raise the concentration of PM; 5 in the
city’s downtown area by about 10% or 1.1 ug per cubic meter during the night-time. The calculated
increased concentration of PM; 5 is associated with the decrease of surface temperature caused by the
additional trees that lowers the height of the Planetary Boundary Layer (PBL), limits the ventilation
potential and increases the concentration of primary PMj 5 close to the ground. During the daytime,
the concentration of airborne particles may decrease in specific parts of the city because of the slower
rate of chemical reactions caused by the lower ambient temperature.

The potential impact of additional greenery on the concentration of PM;, in West Midlands and
Glasgow in the UK, was investigated in Reference [97]. Simulations of the pollutant concentration were
performed using the atmospheric transport model FRAME. Two greening scenarios were investigated
for West Midlands, involving increase of the tree cover from 3.75% to 16.5% and 54% For the low
greening scenario. It was calculated that about 110 tonnes/year of airborne particles are removed from
the atmosphere, while the average concentration of the primary pollutants decreases by 10% from
2.3 mg/m? or 18.0 mg m~ of total PMj, to 2.1 mg/m? of primary PMjo. When the tree cover increases
to 54%, it was calculated that about 200 tonnes/year of PMj( are removed from the atmosphere and the
total concentration may decrease by 26%.

Two scenarios of greenery increase from 3.75% to 8.0% and 14% were also investigated for the
city of Glasgow. It was calculated that the moderate increase of greenery may contribute to remove
4 tonnes/year of PMy, resulting in a reduction of the average PM;y concentration by 2%. Under the
high greenery increase scenario, about 13 tonnes/year of PMj are removed and average concentration
decreases by 7%. Most of the pollution reduction is estimated to happen in the outskirts of the city,
while a quite limited decrease of the PMj( concentration is calculated for the city centre because of the
limited space for additional tree planting.

Analysis of the above studies leads to the following conclusions:

(a) Additional urban green infrastructure substantially increases the removal of particles from the
atmosphere mainly through deposition processes. The magnitude of the removal depends on
several parameters like the type and size of trees, the type of tree cover, the concentration of
the particles in the atmosphere and the specific transport and climatic conditions. Particle size
determines the magnitude and the process of deposition. While large particles, >10 mm in
diameter, fall in the soil below the trees by sedimentation, particles with diameter between 1 to
10 mm are deposited as trees force the air flow to bend, while ultrafine particles below 1 mm are
deposited by diffusion [100,101]. Numerical simulations have shown that increased greenery
in canyons contributes to reduce the concentration of airborne particles in canyons up to 60%,
which seems a quite high value [102].
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(b) Dispersion because of the aerodynamic impact of trees may considerably decrease the
concentration of airborne particles. Simulations carried out for the city of Leicester, UK, showed that
aerodynamic dispersion resulted in a 9.0% reduction of PM; 5 concentration, while deposition on
trees resulted in a reduction close to 2.8% [103]. However, several studies have reported that in
urban canyons, trees may change the roughness properties, resulting in a considerable increase of
the concentration of particulate matter [104-106].

(c) Although additional tree cover is associated with a higher removal of particles, the concentration
of particulate matter in the atmosphere may increase as additional greenery reduces the surface
temperature, affecting the height of the PBL and trapping the particles in the lower atmosphere,
thereby reducing ventilation and transport of pollutants. Increase of particle concentration was
predicted for Kansas City but not for West Midlands and Glasgow. Analysis of relevant data
from Montreal has also found that increase of the PBLH resulted in a negligible increase of the
PM, 5 daily average concentration [107]. It is evident that meteorological as well as landscape
parameters determine the potential decrease of the PBL and the corresponding rise of pollutant
concentration in a city. Given that most of the information is from simulation studies and
not systematic in situ measurements, the accuracy of the used models to describe the complex
phenomena is a serious issue to be considered.

4.3. Impact of Additional Greenery on Ground-Level Ozone

Of the seven studies evaluating the impact of additional urban green infrastructure on ground-level
ozone, one study focuses on the potential removal of O3 in Melbourne, Australia, while the rest of the
studies analysed the global impact on the atmospheric concentration of ozone [83]. The Australian
study found that an increase of tree cover at the Brooklyn industrial area of Melbourne from 20 to
80 trees per hectare may improve the removal of the ground-level ozone from 246 to 1885 kg per
year [83].

Evaluation of the potential impact of additional greenery on ground-level ozone in Kansas City,
USA, concluded that the ozone concentration may decrease in the downtown area up to 2.0 ppbv
(PARTS PER BILLION BY VOLUME) during the daytime [84]. This happens as the higher vegetation
fraction increases dry deposition and decreases the ambient temperature, resulting in slower rates of
the relevant chemical reactions. Much higher reductions of the ozone concentration, up to 5.2 ppbyv,
are calculated during the night, mainly because of the titration phenomena associated with the increased
NOy concentration caused by the significant reduction of the PBLH. Increase of the ozone concentration
was also calculated for some areas of the city and some parts of the overall calculation domain.

The potential impact of increased greenery cover, from 20% to 40%, on the concentration of
ground-level ozone in North-Western cities of USA, and in particular from Washington DC to central
Massachusetts, was investigated in References [55,56]. Simulations were performed using the Colorado
State University Mesoscale Model (CSUMM) and Urban Airshed Model (UAM-IV). Calculations
demonstrated a decrease of the average daytime ozone concentration close to 1 ppb, or 2.4%, and a
peak decrease close to 2.4 ppb, or 4.1%. In parallel, some domains of the model calculated an increase
of the average ozone concentration of up to 0.26 ppb. During the night, the ozone concentration was
found to increase because of the higher deposition of NOy and reduced wind speeds. During the day,
it was calculated that both the concentration of NOy and BVOCs increased, while the height of the PBL
decreased slightly following the variation of the ambient temperature and wind speeds. Despite the
increase of BVOCs caused by the higher tree cover, the increase of deposition as well as the slower
chemical reactions and the higher NO, concentrations contributed to lower the ozone concentration.

The OZIPM4 Computer Program was used to calculate the impact of tree losses in Atlanta, GA, USA,
by 20% [85]. It found that decreased tree cover in the city may slightly raise the ozone concentration.

Two scenarios considering an increase of the tree cover by 10% and 30% were investigated
for the city of New York, USA. Simulations were performed using the MMA mesoscale climatic
model [86]. A slight decrease of the average ozone concentration, up to 4 ppb, was calculated for
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both the moderate and high greenery scenarios, while in several parts of the computational domain,
the ozone concentration slightly increased. Given that the average benefits are similar for both the
moderate and high scenarios, the authors concluded that an increase of tree cover above 10% may not
offer additional benefits if the criteria are limited to the 1 h ozone maximum values.

The impact of increased tree cover on the ozone concentration in California’s South Coast Air
Basin, USA, was investigated in Reference [89]. Two scenarios considering an increase of the tree
cover by 6% and 12% were studied. Simulations were performed using the Colorado State University
Mesoscale Model (CSUMM) and the Urban Airshed Model (UAM). It was calculated that increase of
tree cover contributes to a net reduction of ozone concentration up to 30 ppb, provided that the new
trees are low emitters of biogenic hydrocarbons. On average, the domain-wide population-weighted
exceedance exposure to ozone above the threshold of the California standard decreased by up to
14% during the afternoon hours. While most of the simulated areas presented a decrease of ozone
concentration, several domains exhibited a rise of ozone concentration of up to 20 ppb. Simulations
also showed that when moderate and high emission trees are considered, the ozone concentration
increases considerably because of the higher BVOC emissions.

Analysis of the considered studies leads to the following conclusions:

(a) The chemistry and atmospheric dynamics determining the concentration of ground-level ozone is
complex and the relationship between increased tree cover and ozone concentration is not simple.
Ozone is generated as a result of photolysis of NO, when VOCs are present [85]. More urban green
infrastructure increases the emission of BVOCs to the atmosphere. In parallel, it results in a higher
dry deposition and absorption of ozone and NO, and lower ambient temperatures that decrease
the emission rate of BVOCs and slow the photochemical reactions. Lower surface temperature
usually decreases the height of the PBL, blocking pollutants in the lower atmosphere like NOy
that may result in decreased ozone concentrations because of titration processes. However,
an analysis carried out for Montreal, Canada, found that the decrease of the PBLH caused a
negligible decrease of the ozone concentration [107]. More tree cover may result in a decrease of
the wind speed in the lower atmosphere and a reduced removal of ozone.

(b) The magnitude of the dry deposition of ground-level ozone considerably affects its balance in the
atmosphere [15]. Itis estimated that during 2010, urban trees removed almost 523 kilotonnes/year of
ozone in 55 US cities [108] and 12.87 kilotonnes/year in 87 cities in Canada [109]. The standardised
removal rates of ozone can be as high as 0.4 g/m?/y/ppb [15], while the mean annual reduction
of the ozone hourly concentration varies from 0.1% to 1.5% [15]. In parallel, trees absorb ozone
and assimilate NOy. Their assimilation capacity differs up to a factor of 122 between different
species [110,111]. Although important models have been developed to assess the removal capacity
of trees, there is considerable uncertainty regarding the reported values [15].

(c) The chemistry between NOy and Oj is quite complex and depends on their relative concentrations.
High concentration of NOy, mainly generated from motor traffic, react with O3, converting
it to Oy, decreasing its concentration through a titration effect. This is a potential source of
uncertainties resulting in significantly contrasting results reported from experimental studies.
Measurements carried out in parks and green zones found a low concentration of NOy and a
high or equal concentration of ozone compared to adjacent non-vegetated zones, while in
some experiments, lower ozone concentrations were observed in green areas only after
rainfall [81,112-115]. Contrary to the above studies, measurements performed in Baltimore,
MD, USA, did not find substantial differences in NOy concentration in green and adjacent
open residential spaces, while the concentration of ozone was considerably lower in the green
zones [116]. Similar conclusions were drawn in Reference [117], reporting measurements in
Spain. As concluded in Reference [118], urban parks and forests do not significantly affect the
concentration of NOy, and a potential decrease of the ozone concentration may be the result of the
increased absorption by the trees and also of the reduced surface temperature and solar radiation
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in parks that slows down the photochemical reactions. Differences of NOy concentration between
green and non-green zones may result because of the proximity to high-traffic areas.

(d) Chemical reactions associated with the titration of ozone are less temperature-sensitive than
photochemical reactions generating the atmospheric ozone. According to Reference [55], titration is
the dominant mechanism depleting ozone at the ground level, while at the upper levels of the
atmosphere, ozone is created through photochemical reactions, and then is transferred to the
ground level because of the vertical diffusion. It was observed that high vertical diffusion values
correspond to days with the highest ozone concentration.

(e) Almost all studies concluded that increased urban tree cover results in a net decrease of the
ozone concentration, however several urban zones may exhibit an increase. Most of the studies
investigating the balance of ozone uptake and formation concluded that urban trees generally
contribute to decrease the concentration of ground-level ozone [112,118]. However, numerous
experimental studies have not found reduced ozone concentration in tree canopies compared to
adjacent non-vegetated open zones [115,119].

(f)  Therate of BVOC emissions from the additional trees seems to be the determinant factor regulating
the atmospheric concentration of ozone. Low emitters, emitting under 2 ug/g/h of isoprene and
1 pg/g/h of monoterpenes, may result in a net decrease of the atmospheric ozone [89]. On the
contrary, moderately or highly emitting trees may result in increased ozone concentrations.

5. The Impact of Increased Green Infrastructure on Health

5.1. Introduction and Identity of the Studies

Green infrastructure in the built environment supports human health mainly through urban
temperature mitigation and modulation of heatwaves, decrease of pollutants and air quality
improvements, aesthetic and psychological benefits, provision of spaces for social interaction and
social activity [120].

There is an increasing number of studies aiming to evaluate the relationship between green
infrastructure in the built environment and health [121-124]. Systematic reviews of numerous relevant
articles concluded that natural environments have a positive impact on wellbeing, while there is a
significant positive association between the characteristics of the green spaces around residences with
perceived general and mental health [124,125].

In addition, several studies have investigated the impact of green infrastructure on mortality,
morbidity and life expectancy [123,126-129]. According to Reference [122], there are four mechanisms
explaining the beneficial effects of green infrastructure on mortality and life expectancy:

(a) Thenatural outdoor environment influences health and wellbeing through viewing and observing
green outdoor spaces.

(b) Greener spaces are associated with lower pollution levels and reduced temperature in healthier
environments that affect the human immune system.

(c) Natural and green outdoor spaces offer higher opportunities to perform physical activity.

(d) Natural and green outdoor spaces offer higher opportunities for social interactions.

Although the existing studies assessing the impact of green infrastructure on human mortality are
based on different assumptions, assessment methodologies and the reported results are heterogenous.
Systematic reviews and meta-analyses have shown that a higher proportion of residential green is
associated with reduced risk of mortality from cardiovascular disease, while no impact of GI on lung
cancer was found [122]. Conflicting conclusions are reported about the potential impact of green
infrastructure on all-cause mortality. According to a meta-analysis of 10 relative studies, there is
limited evidence of an association between reduction of all-cause mortality and residential green spaces.
A second systematic review analysing six relevant articles concluded that there is limited or suggestive
evidence of higher mortality risk in less green areas [130]. A third systematic review assessing five
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relevant papers concluded that there is strong evidence that residential greenness reduces all-cause
mortality, while an analysis of the impact of neighbourhood-level factors on heat-related mortality
in London, UK, concluded that the odds of mortality increase significantly in urban areas with less
greenery cover [124,131]. Similar results are reported for Seoul, Korea [132].

The impact of greenery on air quality and its association with mortality and morbidity in the United
States was assessed in References [133,134]. It was reported that the removal of particulate matter from
trees was directly linked to health benefits and in particular, reduced mortality and morbidity, as well
as reduced respiratory symptoms. It was estimated that the health benefits per hectare values are close
to US$1600, while in Portland, Oregon, lower pollution levels caused by urban greenery considerably
decreases respiratory problems, offering a total financial benefit of close to US$7 million/year. It was
reported that one percent improvement of air quality caused by greenery may save 850 deaths per
year and about 670,000 incidences of acute respiratory problems. Other similar studies have reported
that urban forests in Rome decrease the concentration of ozone by 3% and contribute to save 4 deaths
per year [135]. In Madrid, Spain, it was estimated that a peri-urban park contributes to decrease the
concentration of ozone up to 10 ug/m3, decreasing the relative risk of mortality by 0.9%, corresponding
to about one premature death per year [136]. In London, UK, it was calculated that a greenspace of 1
% 10 km in Eastern London, contributes to remove 90.4 tonnes/y of PMy, decreasing mortality and
hospital admissions by 2 deaths per year [137]. A study focussing on the impact of pollutant removal
by woodlands on heat-related morbidity and mortality in Britain has employed existing assessments on
the capacity of trees to remove atmospheric pollutants like particulate matter, ozone and SO,, and also
identified correlations between morbidity levels and pollutant concentrations [138]. It was estimated
that in Britain, woodland contributes to avoid between 4 to 6 hospital admissions and 5-7 deaths per
year. Finally, a study in Melbourne, Australia, found that the odds of hospital admissions for heart
disease or stroke were 37% lower among adults living in neighbourhoods with the highest tertiles of
greenery compared to those living in the lowest tertiles [139].

5.2. Impact of Increased Green Infrastructure on Heat-Related Mortality

There are five studies assessing the impact of a potential increase or decrease of urban green
infrastructure on heat-related mortality [58,59,64,65,140]. The impact of additional tree cover on health
was assessed in terms of the potential temperature decrease, while the impact on air quality was
not considered. The studies present 13 different scenarios for seven cities: New Orleans, Dallas,
Philadelphia and Detroit, USA, and Melbourne, Parramatta and Darwin, Australia. The studies for
New Orleans, Detroit and Philadelphia focus on the impact of increased tree cover during specific
heatwaves, while the rest of the studies concentrate on the whole summer period. All studies assessed
the potential decrease of the ambient temperature caused by the increased or decreased tree covering
using microscale (Darwin) and mesoscale climatic modelling (all the rest). The accuracy of the
mesoscale modelling highly depends on the exact description of the land use in the selected place,
the size of the grid, the assumed boundary and initial conditions, the characteristics and accuracy of
the sub-models used and the validation against existing climatic data in the area. Table 1 provides
information on the type of mesoscale model used and the size of the considered grid. As shown, newer
studies used a finer grid up to 500 x 500 m, while past studies were based on coarser grid sizes up to
2 x 2 km. All studies were validated against existing climatic data.

At a second phase, correlations between historical data of heat-related mortality and climatic
parameters were used to assess the potential increase/decrease of mortality. Correlations excluded
deaths not related to heat, while assessments were adjusted to consider demographic changes.
The excess or anomalous daily mortality was then assessed as the difference against the expected
mortality. Two different methods to calculate the excess mortality were used. For all the American
cities, the mortality levels were evaluated during the oppressive hot and very hot synoptic conditions,
and empirical correlations between the excess mortality and climatic parameters were obtained for
each type of synoptic conditions [141]. The second method used in all Australian cities was based on

94



Buildings 2020, 10, 233

global correlations between the excess heat-related mortality and the climatic conditions during the
whole summer period. In both cases, the same empirical relations were used to assess mortality before
and after the increase or decrease of the tree cover in each city.

All studies provided data on the potential decrease of the maximum or mean daily temperature
as well as information on the mortality levels before and after the potential change of the tree cover in
the cities. The results follow a relatively similar format and comparisons are possible.

Analysis of the 13 cases shows that increase of tree cover in cities may contribute to reduce the
levels of heat-related mortality (HRM) between 1.5% and 49% (Supplementary Tables S1 and S6).
The lowest decrease of HRM is observed in the city of Detroit, USA, and the maximum in Parramatta,
Australia. A quite strong linear correlation is observed between the calculated decrease of the maximum
daily temperature at 15:00 and the percentage of HRM decrease (Figure 6). On average, it is observed
that decrease of the maximum ambient temperature by 1 °C reduces the HRM by about 30.5%, as in
the following relation:

Percentage Decrease of HRM = 39.45 X DTmax 6)

where DTmax is the decrease of the maximum daily temperature. The correlation is statistically
significant, p = 2.9 x 1077 and R? = 0.896. Sensitivity analyses excluding one study at a time showed
similar results, while the slope of the curve varied between 27.0 and 31.1. The statistical characteristics
of Equation (6) are given in Supplementary Table S6.
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Figure 6. Correlation between the percentage decrease of the HRM against the corresponding decrease
of the peak daily temperature at 15:00 p.m.
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Previous research has found that socioeconomic and demographic parameters, like urban poverty

and the size of the city, significantly affect the levels of heat-related mortality [142,143]. The possible
association of the percentage decrease of the heat-related mortality caused by the increase of the GI
was shown in Figure 6. A city with local poverty rates and population size was investigated, however,

the association was not found to be strong or statistically significant.

While it is evident that there is a positive association between increased tree cover and mortality,

several issues need to be considered to quantify in a more precise way the benefits in terms of mortality

and morbidity.

(@)

(b)

(©

(d)

New green infrastructure in cities needs several years to grow and contribute substantially to
lower urban temperatures and heat-related mortality and morbidity. According to the greening
plans developed for several cities, the growing period may exceed 20 or even 30 years [140]. It is
reasonable to consider that the future demographic and socioeconomic conditions will change
considerably compared to the past and current times. Additionally, human technological and
physiological adaptation may alter the existing relationship between the ambient temperature and
heat-related mortality and morbidity [144,145]. Thus, the use of correlations between the ambient
conditions and the heat-related mortality and morbidity based on past health data induces a
very significant uncertainty regarding future health assessments. It is of considerable interest
that new assessment studies should investigate and integrate the issues of altered socioeconomic,
demographic and adaptation conditions in the global models.

It is well-documented that the frequency of heatwaves and extreme summer weather events is
increasing constantly [146]. In parallel, heatwaves have a synergetic effect with the urban heat
island, further increasing urban temperatures and drought conditions [147,148]. Recent research
has shown that during extreme or high summer ambient temperatures, the cooling potential
of trees is seriously reduced or even minimised [41,149]. During excessive temperature and
drought conditions, trees may close their stomata while the surface temperature of leaves
increases, contributing more sensible heat to the atmosphere and increasing the ambient
temperature [150,151]. Incorporation of the new stomata model of trees into global climate
models has shown that the maximum ambient temperature during heatwaves may increase up
to 5 °C, on top of the temperature increase caused by the increase of greenhouse gases [152].
The specific predictions highly exceed previous assessments on the potential contribution of
greenery during extreme heat events [153,154]. Given the high growth period of new trees and
the expected increase of the ambient temperatures, the existing relations between additional tree
cover and ambient temperature may be seriously modified, altering the capacity of urban greenery
to reduce heat-related mortality and morbidity. The development of new genetically modified
tree species resistant to higher temperatures may offer additional cooling opportunities [155].
Increased tree cover affects the concentration of harmful pollutants like O3, NOy, VOCs and
particulate matter, while numerous studies have documented the impact of pollution levels on
human health [108,109,156,157]. Existing studies evaluate the potential impact of additional green
infrastructure on mortality and morbidity in terms of temperature or pollution decrease caused
by the urban trees. However, it is evident that there is a synergetic impact that may enhance the
magnitude of the potential benefits to health. It is characteristic that high ozone concentrations are
usually observed during extreme heat events [157]. To our knowledge, no studies are available
considering both the temperature and pollution variation in a synergetic way.

Increase of urban greenery may affect the concentration of some pollutants in a negative way,
like ground-level ozone, which could be detrimental to health [158]. It is characteristic that more
than 21,000 premature deaths have been reported in the EU countries because of the increased
ozone concentrations [159]. No studies are available on the potential negative impact of additional
urban greenery on health, and although the impact may not be particularly high, it is important
to be considered and analysed.
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5.3. Impact of Green Infrastructure on Heat-Related Morbidity

There is a substantial lack of information on the impact of greenery on heat-related morbidity.
Very few studies have investigated the impact of increasing green infrastructure on heat-related
morbidity [64,65,160,161]. These studies assessed the impact of the ambient temperature reduction
caused by urban green infrastructure on heat-related morbidity. The characteristics and the main
results of the five considered scenarios are summarised in Table 1. All studies concluded that existing
greenery and potential additional tree cover contribute towards a substantial decrease of heat-related
morbidity. However, the research question, as well as the methodology followed by the studies and the
format of the reported results, are completely different, are not compatible and cannot be compared.

An analysis of the potential increase of the green infrastructure in Phoenix, Arizona, USA, by 5%,
10%, 15% and 20%, on ambient temperature and heat-related mortality, is presented in Reference [160].
A zero-dimensional energy balance model was used to simulate the distribution of the climatic
parameters in the city for the period 2002-2006. It was calculated that when the 30.4% baseline fraction
of vegetated area increases by 5%, 10%, 15% and 20%, the average 24 h temperature decreases by 1.7%,
3.6%, 5.4% and 7.2%. Unfortunately, the absolute decrease of the ambient temperature is not reported.
Data on emergency calls were collected for the same period and correlations between the emergency
calls and the ambient temperature and a heat index were developed. Based on these models, it was
estimated that the number of heat-related emergency calls may decrease by 17%, 35%, 53% and 70%,
when the fraction of the vegetation in the city increases by 5%, 10%, 15% and 20%, respectively.

The impact of urban greenery on the morbidity levels in Oslo, Norway, was analysed in
Reference [161]. The ambient temperature distribution in the city during the summer of 2018 was
derived using satellite-measured surface temperature data correlated against the corresponding
ambient air temperature. The potential impact of high ambient temperatures on the morbidity levels of
the population over 75 years old was investigated and no relation between temperature and morbidity
was found except for skin-related problems. Analysis of the combined land use, ambient temperature
and skin-related morbidity data, concluded that the threshold of health risk may increase from 23% to
29% in all neighbourhoods of Oslo exceeding 30 °C, in a situation where trees are replaced by the most
common non-tree cover. In the case of a non-tree covered city, it was calculated that the potential heat
risk exposure rises to about one day for one elderly person per removed tree.

The study reported in Reference [65] analysed and evaluated the impact of overheating as well as
of increased tree cover in the tropical city of Darwin, Australia. Analysis of the existing morbidity
data revealed that hospital admissions increased by 7% for every 1 °C increase of the daily maximum
temperature above 27 °C. The study used microscale modelling methods and found that a possible
increase of the greenery by 20% can decrease the peak ambient temperature by 0.5 °C. Using correlations
between the ambient temperature and peak daily temperature, it is found that additional tree covering
reduces the annual excess hospital admissions of 40.1 to 27.5 per 100,000 population.

The study reported in Reference [64] evaluated the impact of 2 million additional trees
on heat-related morbidity for the city of Parramatta and the Greater Sydney area in Australia.
Using epidemiological data, it was estimated that increase of the daily maximum temperature by
1 °C, increases the heat-related hospital admissions by 1.1%, while it reaches 4.6% for the days with
maximum temperature above 27 °C. Using mesoscale simulations, it was found that the addition of
2 million new trees in the area may decrease the peak ambient temperature by 1 °C. Correlations
between the ambient temperature and the excess heat-related morbidity showed that when 2 million
trees are added, the daily excess HR morbidity decreases from 3.66 hospital admissions per day to
about 2.6 hospital admissions per day and 100,000 population.

6. Conclusions

To counterbalance the continuous increase of the amplitude of urban overheating as well as of the
frequency and magnitude of heatwaves, efficient urban mitigation and adaptation policies involving
natural and man-made cooling technologies have to be developed and implemented.
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Vegetation, and in particular, trees, offer undeniable benefits to the urban climate and urban
wellbeing. Among many other benefits, they contribute to decrease ambient temperatures, reduce the
concentration of harmful pollutants and limit heat-related mortality and morbidity. There is an
enormous literature of experimental and theoretical studies on the potential impact of urban vegetation
on urban temperature, thermal comfort, pollution control and health. Although most of the studies
conclude that urban greenery offers numerous benefits, very little is known about the holistic and
global contribution of urban greenery on urban climate, environmental quality and health, the possible
synergies and trade-offs, while the potential problems arising from the deployment of additional
greenery in cities is usually overlooked or neglected.

Existing literature provides a plethora of data and information. However, because of a serious
heterogeneity in the research question asked, and the methodology followed by each study, the spectrum
of the provided answers, results and conclusions is very wide, while in some cases, it is conflicting
even for the same city. Thus, it is a serious source of misconceptions leading to an inappropriate sizing
and establishment of tree cover in cities, potentially aggravating urban climatic, environmental and
health problems.

Analysis of almost all known relevant studies performed by the present study has shown that
there is an acceptable correlation between additional tree cover and the temperature drop during the
peak day period and at night. The average maximum drop of the peak daily temperature may not
exceed 1.8 °C, when the tree fraction reaches its maximum, while the average night-time maximum
mitigation potential is much higher and close to 2.3 °C. Given the serious spatial limitations in cities,
a potential increase of the tree cover by 20% may initiate a temperature decrease close to 0.3 and 0.5 °C
during the daytime and night-time, respectively. The local landscape and climate conditions highly
affect the potential temperature drop in a city; however, the order of magnitude of the temperature
drop remains close to the previously mentioned levels. Given that most of the cooling demand is
during the peak daytime period, the shift of the maximum mitigation potential of trees during the
night reduces the expected cooling contribution. Potential problems of night warming and serious
increase of humidity levels reported by numerous studies should not be neglected, especially when
additional trees are deployed in urban canyons, reducing the sky view factor, and when additional GI
is planned in humid climates.

Although the available computational tools, and in particular the mesoscale and microscale climatic
prediction models, have evolved significantly, there is a high uncertainty regarding the simulation
assumptions and accuracy around the coupling and evaluation of the specific land conditions in cities.
Further developments are necessary to improve the description of the specific energy flows in cities,
improve spatial resolutions and improve accuracy.

Additionally, for the generation of lower ambient temperatures, urban trees contribute to seriously
decrease the concentration of several harmful pollutants but may increase the concentration of some
others, like ground-level ozone, because of the released BVOC emissions. Although there are some
available studies quantifying the impact of urban trees on heat-related mortality because of the pollutant
decrease, the synergetic impact of the temperature drops and pollution control is not yet adequately
evaluated and quantified. Future studies should concentrate on the holistic impact of urban greenery
on heat-related mortality, also considering the potential negative impact caused by the considerable
increase in the concentration of ground-level ozone.

Urban vegetation is the source of serious dynamic chemical changes in the lower atmosphere
and affects the concentration of pollutants both in a positive and negative way. It decreases their
concentration by accumulating and absorbing pollutants, while it emits very reactive biogenic VOCs
that may raise the concentration of ground ozone and decrease the PBLH, resulting in a potential rise
of NOy and particulate matter. Existing studies evaluating the impact of additional urban greenery on
the concentration of particles provide conflicting findings. Although the absorption and deposition of
particles seems to considerably reduce their concentration in many cities, the potential increase of the
PBLH caused by the temperature drop is found to raise the concentration in other cities. The potential
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positive or negative impact of urban greenery on urban particulate matter concentration depends on
the specific climatic and landscape parameters in the considered area. However, as most of the reported
data are from simulation studies, the considered assumptions as well as the accuracy of the used tools
highly determine the final results and conclusions. It is evident that more precise experimental studies
are necessary to improve knowledge in this field.

The impact of increased urban greenery on ground-level ozone is the result of complex chemistry
and atmospheric dynamics. Higher vegetation fractions increase the emission of BVOCs and the
corresponding potential risk for ozone creation. On the other hand, additional greenery increases
the deposition and the absorption of ozone and NO,, while because of the temperature decrease,
the emission of BVOC is reduced, the speed of the photochemical processes is slowed down and
titration processes are more effective, contributing to a decrease of the ozone concentration. While most
of the existing theoretical studies conclude that in general, additional greenery in cities contributes to
decrease the concentration of ground-level ozone (although with some parts of the cities exhibiting
a substantial increase), the conclusions are not always confirmed and validated by existing field
measurements. The rate of BVOC emission of the trees seems to determine the local concentration of
the pollutants, with moderately or highly emitting vegetation resulting in a considerable increase of
the ozone concentration. It is evident that additional experimental studies should be carried out to
better understand the impact of urban greenery on ozone levels.

Additional trees in cities considerably decrease the levels of heat-related mortality and morbidity.
Analysis of all the available studies has shown that there is a statistically significant correlation
between the maximum daily temperature drop caused by greenery and the percentage decrease of
the heat-related mortality. On average, it is found that when the peak daily temperature decreases by
0.1 °C, then the percentage of heat-related mortality drops on average by 2.94%. Very few studies are
available on the impact of additional urban greenery on heat-related morbidity and solid conclusions
cannot be drawn. There is an important need for such studies and statistical data.

It is important to acknowledge that the methodologies employed to estimate the impact of
lower ambient temperatures on HRM caused by an increase of the urban GI are of a static nature.
Given that the trees need 20 to 30 years to fully mature, and also the continuous engineering and
physiological adaptation of humans to higher temperatures, dynamic prediction algorithms are
necessary to estimate the potential impact of additional greenery on health. In parallel, estimations
have to be performed considering the future climatic conditions and possibly the availability of more
heat-tolerating tree species.

Increase of the vegetation fraction in cities offers serious benefits to the urban climate, pollution
control and health. It is also associated with adverse phenomena that may affect air quality in cities.
Successful deployment of additional greenery in cities requires a full knowledge of the phenomena
and complete assessment of the potential benefits and drawbacks performed using advanced and
detailed tools. In parallel, scientific knowledge should considerably improve, mainly through detailed
and precise experimental studies.

Supplementary Materials: The following are available online at http://www.mdpi.com/2075-5309/10/12/233/s1,
Figure S1: Map of the world with cities considered in the study, Table S1: Statistical parameters of Equation (1),
Table S2: Statistical characteristics of Equation (2), Table S3: Statistical Characteristics of Equation (3), Table S4:
Statistical Characteristics of Equation (4), Table S5: Statistical Characteristics of Equation (6), Table S6: Maximum
Daytime Decrease of the Temperature and corresponding percenage of Heat Related Mortality.
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Abstract: In response to the COVID-19 pandemic, modular construction has been adopted for rapidly
delivering healthcare facilities, but few have systematically explored the impacts of the pandemic
and the contributions of modular construction. This paper aims to evaluate modular construction for
delivering healthcare facilities in response to COVID-19, through the exploration of the challenges,
strategies, and performance of using modular construction for emergency healthcare building project
delivery. The study was conducted using 12 real-life healthcare building projects in Hong Kong with
both within- and cross-case analyses. The results of the within-case study reveal critical challenges
such as tight program but limited resources available and the corresponding strategies such as
implementation of smart technologies. The results of the cross-case analysis indicate 106% improved
time efficiency and 203% enhanced cost efficiency of using modular construction compared with
conventional practices. Based on the multi-case studies, the paper develops an innovative framework
which illustrates the roles of stakeholders, goals, engineering challenges, and management principles
of using modular construction. Practically, the paper should assist both policymakers and industry
stakeholders in addressing the critical challenges of delivering healthcare facilities under COVID-19
in an efficient and collaborative manner. Theoretically, it should set an exemplar of linking the
building construction industry with emergency management and healthcare service systems to
facilitate efficient response to pandemics.

Keywords: COVID-19; emergency response; healthcare facility; modular integrated construction;
modular building

1. Introduction

The fast spread of the COVID-19 pandemic has disrupted healthcare systems globally
and has imposed great challenges on the construction industry [1,2]. Nevertheless, the
pandemic may also accelerate the process of innovation adoption to address urgent social
needs under the COVID-19 pandemic. Various strategies and innovations have been
proposed to ensure the capacities of healthcare facilities during and after disasters, e.g.,
optimization of public hospital resources under calamitous situations [3], application of
preparedness control measures such as communication and information management and
training [4], and design of safe spaces for residential housing [5].

With the adoption of prefabricated construction, various emergency healthcare facil-
ities have been rapidly delivered worldwide. For example, the Leishenshan hospital in
China was delivered in only two weeks using prefabricated steel structures [6]; and an
isolation hospital in Korea was built in 23 days using steel-framed modules manufactured
in China [7]. The adoption of prefabricated systems (e.g., precast and modular construction)
can speed up the project delivery process to provide isolation and curing places in the short-
est time possible, and it can also mitigate the risks of cross infection during construction
due to the minimized on-site labor [8].

Although these facilities were built in an ever-fast manner, the adoption of the modular
approach was significantly challenging to the construction industry under the COVID-19
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pandemic. On the one hand, modular construction normally involves intensive and com-
plex module prefabrication [9]. On the other hand, the pandemic raises some new chal-
lenges such as uncertain cross-border logistics [10]. Nevertheless, most previous studies
focused simply on the impact of the pandemic such as Prasad and Bhat [11], but they
ignored how the industry responds to the pandemic. In addition, the modular approach
has been widely explored in residential buildings [12], but with few investigations of its
applications in emergency healthcare projects.

To comprehensively understand the impact of COVID-19 on the construction industry
and to appreciate the contributions of modular construction to addressing the pandemic,
this paper aims to evaluate the performance of modular construction-enabled healthcare
facility delivery in response to COVID-19. The evaluation was conducted by systematically
identifying the challenges, exploring the strategies, and measuring the time and cost
efficiency of using modular construction for healthcare building project delivery. Multiple
case studies were conducted by engaging 12 real-life building projects in Hong Kong,
including modular quarantine camps and hospitals.

Following this introduction, the paper reviews the features of modular construction
and the principles of emergency building project delivery, and develops a conceptual frame-
work of modular construction for addressing COVID-19. The paper then elaborates on
the methods of data collection and analyses, followed by the presentation of the identified
challenges and strategies and the measured performance. Based on the results, the paper
develops and discusses a systematic framework of efficient response to COVID-19 through
modular construction. Finally, the paper draws its conclusions.

2. Literature Review
2.1. Features of Modular Construction

Modular construction represents the highest level of prefabricated construction tech-
nologies and was defined by Pan et al. [13] as an innovative approach to transforming
fragmented site-based construction into integrated value-driven production and assembly.
Modular construction is an instance of the application of modularity theory in the construc-
tion industry, which emphasizes product modularization and standardization and aims for
productivity enhancement [14]. Globally, the modular approach has been widely adopted
in building projects, e.g., modular integrated construction (MiC) in Hong Kong [15]. Com-
pared with conventional construction, modular construction changes the project delivery
process mainly in two aspects: spatially, volumetric modules are prefabricated in the factory,
and then installed on site; temporally, prefabrication is carried out concurrently with the
on-site installation [16]. The tempo-spatial transformation with modularization improves
the construction performance of building projects. Both concrete and steel modular systems
were demonstrated with multi-faceted benefits, e.g., faster construction, better product
quality, improved environmental friendliness, reduced health and safety risks, and an
improved industry image [17-19]. Nevertheless, different modularization schemes may
have different construction performance. For example, highly modularized buildings with
more work fabricated in factory can reduce the on-site labor consumption and increase the
speed of superstructure construction [15].

The multi-faceted benefits demonstrate high potential of modular construction in
response to COVID-19 by fast delivering healthcare facilities. Nevertheless, various con-
straints exist in prefabricated construction supply chain especially following a large-scale
disaster, for example, the shortage of skilled workers [20], challenging just-in-time delivery
of modules [9,21], the unsecured construction material procurement and delivery [22],
and the complicated prediction of supply and demand [23]. To address the challenges
along the construction supply chain, an innovative approach was designed to facilitate the
procurement planning of construction materials following a large-scale disaster [24], and a
dynamic model of prefabricated construction supply was developed to address the statistic
constraints considering the multiple factories [22].
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As the supply chain of modular construction is not as mature as that of conventional
prefabrication, it is even more challenging for delivering emergency modular healthcare
projects due to the tight program and limited resources. Therefore, it is critical to explore the
challenges to, and identify the strategies for adopting modular construction in addressing
the COVID-19 pandemic.

2.2. Emergency Project Delivery and Management

To explore the challenges and strategies of using modular construction for COVID-19,
it is necessary to first examine the concept, principles and process of emergency project de-
livery and management. Emergency management is to apply science, technology, planning,
and management to deal with extreme events that can cause extensive property damage
and disrupt community life [25]. It addresses how humans and institutions interact and
cope with hazards through a cycle with four major activities, i.e., mitigation, preparedness,
response, and recovery [26,27]: mitigation includes actions taken to prevent or reduce
the impact and consequences of disasters; preparedness involves planning and training
activities for events that cannot be mitigated; response includes activities designed to
address the immediate and short-term effects of an emergency or disaster; and recovery
refers to long-term activities designed to return all systems to normal status. “Build Back
Better” principles are normally introduced as an ideal reconstruction/recovery process to
improve community’s resilience following a disaster event, e.g., improved building codes
and land-use plans [28]. This study focused on the emergency response, i.e., how modular
construction contributes to the efficient response to the outbreak of COVID-19 through fast
delivery of healthcare facilities.

Many researchers have examined the principles of emergency response and man-
agement. For example, Waugh Jr and Streib [26] and Bae et al. [29] elaborated on the
importance of leadership and collaboration. Chen et al. [30] presented a set of design
principles, e.g., resource monitoring and group decision-making. Cowick and Cowick [31]
argued the effectiveness of using new technologies such as online coordination tools.

For emergency project delivery, Capolongo et al. [32] proposed some strategies such
as strategic site selection, flexibility and user-centeredness. To accelerate the process
of emergency project delivery, Schexnayder and Anderson [33] and Wang and Shi [34]
summarized various techniques, e.g., working overtime, providing additional labor and
equipment, and adopting innovative construction methods. To address the shortage of
resources during an emergency, Chen et al. [35] suggested to develop logistics management
and resource-sharing networks across local, national, and international levels. In addition,
the importance of establishing an emergency response team with close collaboration was
highlighted by McWilliams [36] and Gransberg [37].

However, the existing emergency response frameworks only specify the generic or-
ganizational roles and actions which cannot directly apply to the delivery of modular
emergency healthcare facilities, e.g., that the HKSAR Government is committed to provid-
ing responses to emergency situations that threaten life, property and public security [38]
and to convert suitable holiday camps into quarantine camps for COVID-19 [39]. In addi-
tion, the emergency project delivery strategies in the literature did not consider the features
of modular construction and the waves of COVID-19. Therefore, this research was designed
to also develop an innovative emergency response framework in the context of fast delivery
of modular healthcare facilities in response to the COVID-19 pandemic.

2.3. Conceptual Framework of Modular Construction-Enabled Response to COVID-19

SWOT analysis is a strategic planning and management technique used to identify
the internal strengths and weaknesses and the external opportunities and threats for a
specific situation [40]. To guide the exploration of the challenges and strategies of modular
construction-enabled response to the COVID-19, a conceptual framework (Figure 1) was
developed based on a critical SWOT analysis. Modular construction has significant advan-
tages over conventional construction such as improved speed of construction (strength) [17],
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and thus can address the urgent social needs on healthcare facilities (opportunity). Never-
theless, the modular construction itself is facing challenges such as cross-border logistics
(weakness) [9], and the construction industry encountered new issues during the COVID-19
pandemic such as shortage of material supply (threat).

Emergency
Management

Strategies of delivering modular healthcare facilities
e£.. multi-stakeholder collaboration and construction ilmovatior1

Outbrealk & waves | Rapidspread | Planning & Design Modular construction

of the COVID-19 | Client, Consultant Construction Stage
andemic  Fastresponse | Module supplier Module production
2 Contractor Onsite installation

t (Days)

| Challenges for the modular construction supply chain T
.g.. shortage of labor and material supply. logistics of module delivery

Figure 1. Conceptual framework of modular construction-enabled response to COVID-19.

Correspondingly, the framework integrates the potential challenges facing the con-
struction industry during COVID-19 (e.g., shortage of material supply), the basic principles
of emergency response (e.g., multi-stakeholder collaboration), and the process of modular
project delivery (e.g., parallel module production and on-site installation). It illustrates
the mutual impacts between modular construction and COVID-19: modular construction
mitigates the impact of COVID-19 by rapidly delivering healthcare projects; COVID-19
greatly affects the modular construction supply chain. It also indicates the focus of this
study, i.e., ‘Response’ of the four-stage cycle of emergency management [24]. Guided
by the conceptual framework, the study has systematically identified both common and
project-specific challenges, explored the corresponding strategies for better adoption of
modular construction under the pandemic, measured how efficient the modular approach
is in response to the pandemic, and finally proposed the framework of how modular
construction addresses the COVID-19 pandemic.

3. Research Methodology
3.1. Overall Research Design

This research has adopted a multi-case study strategy using 12 case projects, and was
carried out following the process shown in Figure 2. To start, a comprehensive literature
review was conducted, and a conceptual framework was developed. Guided by the concep-
tual framework, a within-case study using 5 cases was conducted to identify and validate
the challenges and strategies of using modular construction for addressing COVID-19;
in parallel, a cross-case study using 12 cases was conducted to measure the performance
of modular construction for healthcare project delivery. Based on the multi-case studies,
the performance (e.g., time and cost efficiency) of modular healthcare facilities was evalu-
ated, and the framework of modular construction-enabled efficient response to COVID-19
was developed.

The case studies were conducted in Hong Kong to demonstrate how an administrative
region and its construction community have responded to COVID-19. The 12 case projects
(referred to as Projects A-L) were selected by adopting the purposive sampling strategy,
considering that (1) Hong Kong has established the supply chain of modular construction;
(2) all projects were emergency healthcare facilities; (3) all major modular healthcare
projects in Hong Kong were selected; (4) the projects covered conventional construction
for benchmarking.
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Figure 2. Overview of the research process with methods adopted and results derived.
The selected case projects included 10 quarantine camps (i.e., Projects A-I using
modular construction, Project J using in-situ construction) and 2 hospitals (i.e., Project K
using modular construction, Project L using in-situ construction). Project ] was a scenario
that was designed by the authors according to the expert interviews with the construction
practitioners. To ensure the consistency of analysis, all projects adopted design-and-build
contracts. All quarantine camps selected were completed in 2020. The basic project
information is provided in Table 1. Projects A, B, C, H, and K were selected for the within-
case study, while all 12 projects were used for the cross-case study. The timeline of project
delivery and waves of COVID-19 are illustrated in Figure 3.
Table 1. Information of the selected case projects.
Cases A B C D E F G H I ] K L
MR (%) >95 (A-D) N/A 70 N/A
CFA (m2) 2052 5980 2000 3470 3000 13,158 13,125 15,938 15938 16,000 44,000 21,600
No. of beds 118 234 120 198 110 700 700 850 850 850 816 108
Supplier CN CN CN SG HK CN HK CN CN N/A CN N/A
Experience 3-5 3-5 >10 3-5 1-3 3-5 3-5 >10 3-5 3-5
Year of completion 2020 (A-T) 2020 2021 2007
Duration (days) 26 62 66 84 68 73 87 88 87 300 (1) ~120  ~930 (1)
Cost (HK$M) 15 29.5 29.8 28 193.7 433 418  605.5 663 663 N/A 964

Notes: (1) ‘Cost’: contract sum; (2) MR (modularization rate) = modularized floor area/CFA; (3) Projects (J and L)
in italic: in-situ construction method; (4) CN: China; HK: Hong Kong; SG: Singapore; (5) Experience: years in
modular construction; (6) “1”: longer time consumed.

From Figure 3, it can be seen that all quarantine camps using modular construction
were delivered within 3 months, and the design and construction of the modular hospital
were completed within 4 months from the 4th quarter of 2020 to the 1st quarter of 2021. To
accommodate the people who needed isolation (e.g., visitors from overseas), there was an
urgency to deliver quarantine camps (e.g., Projects A to F) with sufficient beds as soon as
possible since the outbreak of the pandemic. To address the future waves of the pandemic,
it was also critical to build more isolation facilities for the locally confirmed cases, e.g.,
Projects G to I. In addition, to release the pressure of both the public and private hospital
systems, a temporary hospital (Project K) was delivered between the peak of the 3rd and
4th waves, which provided both isolation and curing facilities. The rapid delivery of these
facilities facilitated a timely response to the 4 waves of the pandemic in 2020.
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Figure 3. Timeline of project delivery and waves of COVID-19 in Hong Kong.

3.2. Methods of Within-Case Study

Considering the data availability, 5 case projects were used in the within-case study,
i.e., Projects A, B and K for identification of the challenges and strategies, and Projects C
and H for validation. Projects A, B, C and H were the typical quarantine camps in Hong
Kong, and Project K was the only modular hospital that performed as an infection control
center in response to COVID-19. To comprehensively identify the challenges and strategies
and enhance the data validity, data were collected and verified through the triangulation of
evidence sources [41]: site and factory visits, semi-structured interviews, and data from the
public domain. Specifically, site and factory visits to Projects A, B and K were conducted to
better understand the processes of site construction and factory production. Semi-structured
interviews with project stakeholders were carried out to identify and validate the critical
challenges and strategies. Information of the interviewees is summarized in Table 2.

Table 2. Information of the interviewees in the within-case study.

Interviews

Projects A, B and K Projects C and H

Interviewees

Project Director (Client), Project Manager and Site Engineer ~ Project Director (Client), General Manager and
(Main Contractor), Project Manager (Module Supplier) Project Manager (Main Contractor)

Informed by the conceptual framework (Figure 1), content-based analysis was adopted
to summarize the challenges and the corresponding strategies. Explicitly, the identified
challenges and strategies were categorized according to the major phases of project delivery
(i.e., planning, design, and construction), and were classified as common ones that apply to
all case projects and specific ones that only appeared in some of the projects.

3.3. Methods of Cross-Case Study

The cross-case study was conducted using 12 case projects with both quantitative and
qualitative analyses (Figure 4). First, an Excel table was used to quantitatively measure
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the construction efficiency, followed by a comparative analysis using a scatter plot. Con-
struction project efficiency is normally measured using time- and cost-efficiency [42]. The
following equations were used: (1) Time efficiency (m?/ day) = CFA/Duration of project
delivery; and (2) Cost efficiency (m?/$) = CFA/Cost of project development. The ‘CFA’
refers to the total construction floor area and was extracted from architectural drawings;
‘Duration of project delivery’ covers project design and construction and was extracted
from the master program; and ‘Cost of project development’ is the contract sum approved
by a client and was collected from public domain. Second, qualitative evaluation was
conducted to comprehensively reflect the performance of modular construction in response
to COVID-19. To enable like-to-like comparison, only projects of the same type were com-
pared with each other, e.g., modular quarantine camp vs. conventional quarantine camp.
The information was mainly collected from the project teams (e.g., design and construction
documents) and public domain (e.g., government website and reports of public seminars),
and analyzed under the three pillars of sustainability: economy, environment, and society.

Data collection from
Projects A to L: Project
documents collection;
Interviews with the
project teams; Data from
public domain

-
Time and cost related . .
data from desi d Quantitative | Time and cost Results analysis:
‘ a ‘; om de51gn ant analysis efficiency Modular vs
endering documents -

Data g - conventional
extraction - 4 construction;
Information related to o . >
_ R R Qualitative_| Construction Modular vs
economic, environmental valuation” sustainability dul et
- L modular projects
and social sustainability L ) proj

Figure 4. Research process of the cross-case study.

4. Results of Within-Case Study

Guided by the conceptual framework of modular construction-enabled response
to the COVID-19 pandemic, the critical challenges and corresponding strategies were
identified based on the within-case studies using Projects A, B and K, and supplemented
and validated with Projects C and H. The results of the identified challenges and strategies
are summarized in Table 3.

Table 3. Challenges and strategies of delivering modular healthcare facilities for COVID-19.

Process Identified Challenges Corresponding Strategies
. Multi-faceted COTnm}lnlcatlon To enhance inter-government and cross-department collaboration
Planning and coordination i . .
. . To enable wide-industry partnership and early contractor involvement
Tight program for planning
1ti-f mmunication Sl . .
Multi-faceted commu catio To enable wide-industry partnership and early contractor involvement
and coordination A .
. . . To follow the principle of Less is More
Design Tight program for design . . .
. . To adopt professional and modularized design
Strict regulatory compliance . . .
. o . To design for production and transportation
Challenging modularization of hospital
Multi-faceted communication and . .
L - To enhance government-industry collaboration
coordination (between site and factory) . . ..
- . To count construction by hours and organize resources efficiently
Tight program but limited resources .
. . (for both site and factory)
. available (for both site and factory) L .
Construction To take comprehensive infectious control measures

High pressure on COVID-19 prevention
(for both site and factory)
Challenging logistics
Project-specific site constraints

To implement smart technologies
To conduct systematic construction and production planning
To take specific monitoring and control

Notes: Italic: project-specific challenges and strategies.
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4.1. Identified Challenges
4.1.1. Multi-Faceted Communication and Coordination

Project clients and main contractors of all case projects were coordinating with multiple
stakeholders to ensure efficient project delivery. For example, over 20 stakeholders were
involved in Projects A and B, and over 26 in Project K. The multiple stakeholders included
but were not limited to regulatory and works departments for design approval, sub-
contractors for on-site activities, module suppliers for off-site logistics, and non-local
governmental departments for factory production and cross-border transportation. It was
also important but challenging for coordination between the site and factory teams, as fewer
face-to-face meetings can be arranged due to the quarantine requirement. The efficiency of
multi-faceted coordination determined the project success under COVID-19.

4.1.2. Strict Regulatory Compliance

It was challenging for the project teams to prepare statutory submissions in such a
short time, e.g., approval-in-principal, detailed design approval, and shop drawings. These
works determined the intensive coordination with relevant regulatory departments. In
addition, the quarantine camps were designed not only for temporary purposes but also
with life-cycle considerations, e.g., re-used for transitional housing. Although Project K was
a temporary infectious control center, it was designed as a permanent hospital. The project
teams had to prepare a feasible but efficient scheme to fulfill all regulatory requirements.

4.1.3. Tight Program but Limited Resources Available

The project teams were expected to complete their projects the soonest to address the
urgent social needs. For Projects A and B, a one-month target was set to complete the design
and construction. For Project K, design and construction were expected to be completed
within 4 months to reach a permanent hospital standard, which was quite challenging for
the industry even without COVID-19. However, there were limited resources available,
e.g., challenging raw material procurement due to the restrictions at customs under the
pandemic. The module suppliers were facing great challenges to deliver a large number
of modules in such a short time, as most of the suppliers had insufficient experience on
modular construction at that time.

4.1.4. High Pressure on COVID-19 Prevention

Facing the fast spread of the virus the construction teams were under high pressure
on COVID-19 prevention and control. The increasing number of confirmed cases resulted
in high risks of construction in a confined site. It was even more challenging to avoid such
infections in a modular construction project with multiple transportation of modules from
overseas. For example, in Project K over 300 management staff and workers were working
and eating on site during the outbreak of the 4th wave of COVID-19 in Hong Kong.

4.1.5. Challenging Cross-Border Logistics

Logistics for module transportation from overseas was challenging in Projects A, B
and K, as the border was under strict control and even closed in some countries under the
COVID-19 pandemic. According to the interviews with Projects C and H, these challenges
did exist in other healthcare projects. For example, Project C engaged a Malaysia module
supplier, but the border was closed at the time of construction. They had to take additional
efforts to negotiate with the Malaysian government for special arrangements.

4.1.6. Project-Specific Challenges

Apart from the common challenges above, the interviewees also mentioned some critical
but project-specific challenges. For example, the modularized design for Project K (temporal
hospital) is much more challenging than that for Projects A and B (quarantine camps), as it
involved more types of modules (e.g., that for negative pressure ward) and many over-sized
modules to satisfy hospital requirement (e.g., modules with the overhead ventilation system).
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The modules had to be designed at 3.8 m in height, and thus the vehicle together with the
modules approached the height limit of transportation (4.6 m) in Hong Kong.

In addition, various site constraints existed in some projects. For example, the site
of Projects A and B was transformed from a football court on a mountain, and thus more
time was needed for site formation, and it was challenging to ensure water and electricity
supply. The site of Project K was close to the airport with strict height limits and also to an
MTR line with requirements on noise and vibration control. Interviewees of Projects C and
H also indicated the project-specific site constraints due to the urgent transformation of
temporary lands for healthcare facilities.

4.2. Corresponding Strategies
4.2.1. Cross-Department Collaboration and Wide-Industry Partnership

To address the challenges of multi-faceted coordination, cross-department collaboration
and wide-industry partnership were taken as a primary strategy. In Projects A and B, the strate-
gic planning was mainly executed at two levels (Figure 5): (1) cross-department collaboration
coordinated by a works department of the HKSAR Government with 16 supportive govern-
ment agencies and regulatory departments; and (2) wide-industry partnership led by the
main contractor with over 40 sub-contractors and 20 material suppliers involved. One more
strategy in Project K was the inter-government collaboration between Shenzhen Municipal
Government and HKSAR Government to facilitate efficient planning.

A Policy Bureau of HKSAR Government

Supportive Gov. Agencies l Regulatory Departments
Hong Kong Police Buildings Department
Customs and Excise Department Client Fire Services Department
Department of Health (a works department «—| Drainage Services Department
Transport Department of HKSAR (Government) Water Supplies Department
Environmental Protection Department f Electrical and Mechanical Services Department

Public Works Bureau
of Shenzhen Municipality Iof HKSAR Govemmeu‘t > Regulatory Departments

Labour Department Main Contractor Civil Engineering and Development Department

§ b }

MiC supplier Designer  Sub-contractors (a) Projects A and B

A Policy Bureau Supportive Agencies

Client (b) Project K
Figure 5. Inter-government and cross-department collaboration.

The cross-department collaboration assisted the project teams in fluent regulatory ap-
provals thus facilitating fastest completion of design works. In addition, the clients of Projects
A and B teamed up with the Transport Department and the Customs to make sure that the
modules could be transported from the factory in Mainland China to Hong Kong within 4 h.
The wide-industry partnership helped to address the problems of limited resources available,
which made intensive construction realized within a shortest period possible.

4.2.2. Comprehensive Infectious Control

The design of modules in Projects A and B incorporated 12 infectious disease control
criteria, mainly including clean and dirty zones for layout and unit arrangement, opposite
orientation design of toilet units, use of anti-bacteria and easy-to-clean materials, natural
ventilation for toilet, W-trap discharge pipe, double pipes system to eliminate the possible
spread of virus and germs, and drainage system connections outside the units.

During construction, the project teams proposed infection control plans with various
measures taken such as access monitoring, uniform arrangement of accommodations, and
regular site training. Specific traffic control was taken for blocking the virus spread during
cross-border transportation, e.g., transportation at night in Projects A and B.
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4.2.3. Professional and Modularized Design

To deliver the project as fast as possible, ‘less is more” was adopted as the design
principle in Project A, which denoted to fulfill all functional requirements with minimized
resources. After proposing 25 design schemes, an optimized design with repetitive units
was selected. The optimized design was selected with the considerations as below: (1) it
fulfilled the quarantine purposes, e.g., separation of clean and dirty zones; (2) it provided
as many rooms and beds as possible; and (3) it involved the least materials that need to
be procured from overseas. The project team streamlined all rooms into three types of
modules. In Project K, extended modularized components were adopted to enable the
fastest delivery of a high-quality hospital, e.g., modularized negative-pressure wards and
building services modules.

4.2.4. Works Counting by Hours and Systematic Planning

To cater for the urgent social needs, all case projects adopted a 24-h working arrange-
ment both on sites and in factories, with the principle of counting by hours. To ensure
construction efficiency in such a tight program, systematic planning was conducted by the
project teams both on site and in the factory. For example, the schedule and timeline of
module delivery and installation were designed by minutes in Projects A and B. Modules
were transported during nighttime and were installed successively from midnight to the
early morning. The ‘counting by hours’ working arrangement made it possible for timely
and fast project delivery (Figure 6), e.g., Project A was completed in 600 h and Project K in
120 days providing over 800 beds.

Design  Module installation Construction Inspection
completion completion completion completion — Handover
L »> (a) Project A (Quarantine Camp)
72h 264 h 432 h 552 h 600 h
(b) Project K (Hospital)
Roof structure Inspection

Footing completion Module installation completion completion completion Handover
*— »

9 days 67 days 79 days 100 days 120 days

Figure 6. Timeline of project delivery.

4.2.5. Adoption of Smart Technologies

To address the challenging logistics and site constraints, the project teams adopted
various smart technologies. For example, a cloud-based web portal was developed in
collaboration with an academic research center for achieving real-time logistics monitoring
in Projects A and B, which ensured the smoothness of the 24-h construction arrangement.
In Project K, an AR-based building services checking system was developed by the main
contractor, which allowed the construction team to easily do collision checking on site
as hospitals normally involve complicated overhead ventilation pipes. Furthermore, an
online quality checking platform was adopted in Project K to facilitate remote coordination
between factory production and the project supervision team.

4.2.6. Project-Specific Strategies

To address the project-specific challenges, the project teams adopted corresponding
strategies. For example, in Project K, vehicles with the super-low trailer were used, and
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transportation was arranged at night for the oversized modules. In Project H, the site was
divided into several zones to facilitate efficient resource mobilization.

5. Results of Cross-Case Study
5.1. Measured Construction Efficiency

Cross-case studies on Projects A to L were conducted to evaluate the effectiveness
and efficiency of emergency healthcare project delivery using modular construction. The
time- and cost-efficiency were quantitatively measured and shown in Figure 7, and several
interesting findings were identified from the measured results.
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%  y=-0.019% + 3.7546x - 39.879
E R2=0.5773
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s °
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=)
= ./
S 50
* N ®
[ ]
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Time efficiency (m?/day)

Figure 7. Measured time-efficiency and cost-efficiency. Notes: green dots—Projects A to I (mod-
ular QCs); yellow dot—Project ] (conventional QC); orange dot—Project K (modular hospital);
grey dot—Project L (conventional hospital).

The time and cost-efficiency of modular quarantine camps varied from each other,
which was due to different project complexities (e.g., scales), teams, and site constraints.
Nevertheless, compared with conventional construction (i.e., 53.3 m2/ day and 24.1 m2/HK
$million of Project J), modular construction (i.e., 109.6 m?/ day and 73.1 m?/HK$million on
average) increased the time and cost-efficiency by 106% and 203%, respectively.

In addition, the mathematical expression generated from the statistical analysis is a
quadratic function, where there is an optimal point (i.e., optimized time and cost efficiency
for modular quarantine camps). From Project A to E (CFA: 2000 m?-6000 m?2), cost efficiency
increased with the increase of time efficiency; while from Project F to I (CFA: 13,000 m?~
16,000 m?), cost efficiency decreased with the increase of time efficiency. It was mainly
due to that the complexity of the project (e.g., CFA to be built) affects the efficiency of
project delivery. Therefore, each project should be designed with an appropriate scale
(e.g., moderate CFA) to best mobilize the resources for achieving maximized efficiency.
Nevertheless, the results were derived assuming that all projects were delivered in the
same level of urgency.

Regarding the delivery of hospitals, the time efficiency was greatly enhanced by using
modular approach (Project K: 366.7 m?/day) versus conventional construction (Project L:
23.2 m?/day). According to the interviews with the project teams, the cost efficiency of using
modular construction should be around 20% higher than using conventional construction.
The results suggest that with proper planning and design modular construction can greatly
enhance the time- and cost-efficiency of various healthcare facilities under pandemics.

5.2. Qualitative Performance Analyses

Qualitative performance was analyzed in terms of not only economic performance but
also environmental and social aspects. Economically, modular construction was proved
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efficient by speeding up the construction process but without cost increase, which echoes
the quantitative measurement. In particular, modular construction greatly improved con-
struction productivity and reduced delivery uncertainties, which addressed the challenges
under the COVID-19 pandemic such as insufficient labor.

Environmentally, modular construction enhanced sustainability by reducing construc-
tion waste and pollution. For example, the waste generated from Project A was decreased
significantly by using steel-framed modules; and noise generated in Project K was largely
reduced with the mass adoption of prefabricated components. The reduced waste and
pollution facilitated sustainable delivery of healthcare facilities under COVID-19.

Socially, modular construction addressed urgent social needs by delivering healthcare
facilities in an ever-fast manner. In addition, the modular healthcare facilities could be easily
disassembled after the pandemic and re-located for other purposes such as transitional
housing, which could further address the severe housing shortage and unaffordability. In
terms of lifespan, as interviewed with the case project teams, all these healthcare facilities
comply with the design standard of permanent structures and should also have the same
service life as that using conventional construction.

From the analysis above, modular construction can not only facilitate an efficient and
sustainable response to COVID-19, but also help with the improvement of community
recovery process through risk reduction of the built environment and effective integration
of stakeholders along the construction supply chain to build back better.

6. Discussion

Derived from the results of the case studies and the evaluation, a systematic frame-
work of modular construction-enabled response to COVID-19 was developed to facilitate
efficient delivery of healthcare facilities. As is shown in Figure 8, the framework is process-
and stakeholder-integrated, and involves the principles of stakeholder collaboration, pro-
fessional and modularized design, early involvement of contractors, and the adoption of
smart technologies.

+ Economically efficient (e.g.. shortest time possible) and Sustainable *
s a
5 Peak of the
° COVID-19 wave
£
o : .
&) Main contractor, Module supplier
Sub-contractors
Government Bureaus & Departments
Supportive Agencies & Authorities End users
= Tight program -------g Limited resources - Infectious control Site constraints .
Planning & Design
Emersenc Land identification | Construction
Mitigftim y ke Funding scheme | Site formation ‘ Emergency
i i Recover
Preparedfiess Conceptual design \ Module production : | [y
& Tendering ‘ Module transportation |
| Detail design | On-site module installation & others ‘
Multi-faceted coordination « Strict 1;‘?1.1&\*1] compliance - Cross-border logistics ~——— 5 Time
1 Outbreak of pandemics

Inter-government, Cross-department,
government-industry collaboration
Early contractor involvement
Professional & flexible design

Integrated and parallel construction
Systematic construction planning
Implementation of smart technologies
Construction counting by hours

| Response to emergency (COVID-19)

>

Figure 8. Framework of modular construction-enabled efficient response to COVID-19.
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6.1. Major Principles of Modular Construction-Enabled Response to COVID-19

Collaboration mainly resides in the aspects of inter-government, cross-department,
and government-industry collaboration. The three aspects echo the suggestions by
Chen et al. [35] that joint effort should be made among public and private sectors across
local, national, and international boundaries. The fast delivery of modular quarantine
camps indicated the importance of cross-department and government-industry collabora-
tion, e.g., to streamline the statutory submission and approval process. The importance of
inter-government collaboration was reflected in Project K that the HKSAR Government
teamed up with Shenzhen Government to rapidly set up the modular hospital delivery
strategies. Multi-stakeholder collaboration and coordination is extremely important for
modular construction compared with conventional practices [43]. For example, the guar-
anteed inter-government coordination in Project C ensured smooth cross-border logistics
of module transportation. Government-industry collaboration is also necessary for emer-
gency project delivery to facilitate efficient resource mobilization (e.g., water and electricity
supply) considering the compressed time frame, which was fully reflected in Project B.

Professional and modularized design facilitates quality and fast delivery of emer-
gency healthcare facilities. First, healthcare facilities for COVID-19 should be designed
considering the infectious control criteria such as clean and dirty zones [8]. Second, the
modularized design enables parallel factory and on-site construction, which accelerates the
project delivery process and addressed the critical pandemic impacts such as labor scarcity
identified by Rani et al. [44]. By incorporating the critical features of modular construc-
tion and healthcare facilities, these principles should outperform the existing design and
construction strategies for conventional building projects, e.g., cost-effective design for
commercial buildings [45], and should enhance the existing emergency design strategies
proposed by Chen et al. [30] and Capolongo et al. [32].

The main contractor and module supplier should be involved in the early stage to
design for manufacture and assembly, which was also suggested by Tan et al. [46]. The
project team can then fix the design as early as possible and avoid late changes which are
not allowed under COVID-19. The efficiency of early involvement of construction teams
was proved in all case projects. For example, the design of Project A was completed within
72 h with contributions from the main contractor. In addition, the early contributions by
the contractors and module suppliers in modular construction can reduce the late design
changes which always occur in conventional building construction, and thus can minimize
the time and cost uncertainties of project delivery.

As the activities of emergency construction are normally counted by hours, the use
of smart technologies can help ensure construction efficiency, for example, a digital moni-
toring platform in Project A for coordinating off-site and on-site logistics [8] and a quality
information management system for improving the efficiency of quality management pro-
cess of module manufacturers [47]. Chen et al. [35] also suggested using smart technologies
for emergency response, e.g., accurate time control with the assistance of sensor networks
and GIS communication platforms. Apart from the enhancement of construction efficiency,
the adoption of smart technologies in emergency healthcare project can also reduce the
infection risks such as using tracking bracelets in Project B, and facilitate efficient design
such as using a cloud-based synchronous collaboration platform in Project K.

6.2. Efficiency and Innovation of Modular Construction-Enabled Response to COVID-19

The results of the cross-case study indicated that the delivery of healthcare facilities
using modular construction can enhance the cost-efficiency, which is inconsistent with
Mao et al. [48] and Jang et al. [49] that prefabricated and modular construction was more
expensive than conventional construction. Most importantly, the duration of building an
emergency quarantine camp using conventional construction may take over a year, but
only a few months by using modular approach. Nevertheless, to maximize both time- and
cost-efficiency a large piece of land is suggested to be divided into a few for procurement,
e.g., the development at Penny’s Bay site was divided into Projects E to I. The framework

125



Buildings 2022, 12, 1430

was demonstrated efficient and effective in delivering community isolation facilities for
addressing the 5th wave of the pandemic in Hong Kong, that 20,400 beds were delivered in
32 days to isolate the thousands of virus-infected cases [50].

Compared with the existing emergency response frameworks, e.g., that were devel-
oped by WHO [51] and FHB [39], the framework of modular construction-enabled response
to COVID-19 is problem-driven (i.e., for pandemics), goal-oriented (i.e., economically effi-
cient, socially and environmentally sustainable), stakeholder-integrated (i.e., governmental
and industry stakeholders), and principle-explicit (i.e., principles concerning project plan-
ning, design and construction). By integrating modular construction into the emergency
response process, the framework provides an exemplar for government-industry collabo-
ration. Nevertheless, the effectiveness of the proposed framework and the time and cost
efficiency of using modular construction can be further verified using more emergency
healthcare building projects.

7. Conclusions

This paper has systematically evaluated the performance of modular construction for
healthcare facility delivery in response to COVID-19. The evaluation was conducted based
on the examination of the challenges to, strategies for, and efficiency of using modular con-
struction for delivering emergency healthcare facilities. Multi-case studies were conducted
using 12 real-life projects.

Within-case study revealed multi-faceted challenges to and corresponding strategies
for the rapid delivery of modular healthcare facilities. The major ones are: (1) government-
industry collaboration for addressing the limited resources available; (2) early contrac-
tor involvement and construction counting by hours for overcoming the tight program;
(3) professional design for releasing the high pressure on COVID-19 prevention; and
(4) inter-government collaboration and smart technologies for smooth cross-border logistics.

Cross-case analysis showed that modular construction can enable fast, cost-efficient
and sustainable delivery of emergency healthcare facilities: (1) greatly improved economic
efficiency, e.g., 106% improved time efficiency and 203% enhanced cost efficiency of the
modular quarantine camps measured; and (2) enhanced environmental and social sustain-
ability, e.g., reduced waste of materials.

Based on the multi-case analyses, a novel framework was developed to facilitate effi-
cient delivery of modular healthcare facilities to address the issue of ‘emergency response’
in the circle of emergency/disaster management. Compared with the existing frameworks
of emergency management (e.g., by WHO and Asian Disaster Reduction Center), it is
innovative in three aspects. First, it integrates the multi-stakeholders along both the supply
chain of modular construction (e.g., module supplier) and organizations for emergency
response (e.g., Hospital Authority). Second, it involves a series of new principles such as
inter-government collaboration to facilitate efficient logistics for module transportation.
Third, it sets the goals of modular construction-driven emergency response, i.e., not only
improved efficiency but also enhanced sustainability.

Practically, the identified challenges and strategies should assist both government and
industry stakeholders in fighting COVID-19 by efficient delivery of modular healthcare
facilities in a collaborative manner. Specifically, a joint working group could be formed
with the involvement of building regulators, clients, contractors, and module suppliers
to collaboratively deliver the healthcare projects as fast as possible. Theoretically, the
developed framework should enhance the four-stage emergency management cycle by
integrating modular construction into the stage of emergency response.

Although the study was conducted within the Hong Kong context, the paper should
enlighten the emergency responses in other regions with established supply chains of mod-
ular construction. By exploring the contributions of the modular approach to addressing
COVID-19, the paper should set an exemplar for linking the building construction industry
with urban emergency management systems.
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Abstract: This study concerns the determination of empirical evidence of a real estate market
premium for Green Buildings and of an aware role of the private real estate market as driver to
foster-up urban and architectural sustainability and energy efficiency. In real estate markets, there
is growing relevance of Green Buildings, especially in cities where the greater part of residential
buildings is built before the first regulations on energy performance. Through policies oriented
towards sustainable practices, a twofold goal can be achieved: energy consumption mitigation
respecting the historical value for existing buildings, direct economic impacts on real estate values.
In some metropolitan or urban contexts, the “green premium” for buildings can be understood as
a real “gold premium”. This result has been highlighted and quantified with a real estate market
analysis developed for a central area of an Italian mid-size city, pursued through the innovative
tool of Evolutionary Polynomial Regression (EPR). The study highlighted a higher sale price for
properties characterized by the best ecological characteristics and energy efficiency (+41.52%).

Keywords: green buildings; green premium; real estate market; hedonic price model; evolutionary
polynomial regression

1. Introduction

In real estate markets, there is a growing relevance and appreciation for Green Build-
ings, especially in EU countries where the greater part of residential buildings is built
before the first regulations on energy performance.

The European directive 31/2010/UE was imposed on member states to lower the
energy consumption of buildings and provided the first definition of nZEB building (“nearly
Zero Energy Building”); in Italy, this directive was received with Legislative Decree 63/2013,
then converted into Law 90 on 3 August 2013, according to which, from 1 January 2019,
new buildings occupied by public administrations and owned by the latter must be nZEB,
including school buildings; from 1 January 2021, the above provision is extended to all new
buildings and buildings undergoing major renovations, therefore, both public and private
buildings. Based on the most recent surveys, Italy registers a 15.86% nZEB share for new
construction [1].

Green Buildings have amply demonstrated to have not only lower energy bills but
can improve indoor life and productivity, with their sustainable characteristics and design.
All this determines, consequently, an increase in market value for buildings [2].
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Over time, the building energy performance has become an effective assets valuation
tool, as demonstrated by regulatory innovations in many cities or countries.

In Europe, the Energy Performance Certification (EPC) for buildings was provided
for by the European directives 2002/91/CE and 2006/32/CE. However, this application
has different implications in each of the European Member States, as reported by Buildings
Performance Institute Europe (BPIE) [3,4]. The energy label is mandatory in order to
purchase/sell a property in some countries (e.g., Spain or Italy), while, in other countries,
there is not this legislative obligation (e.g., among these: Czech Republic or Netherland, for
example) [5]. EPC may be based on a seven A-G ranks related to the energy classification
system, with or without more subclasses (i.e., A and A+ as in Austria, Portugal and
Ireland, for example [6]), using non-renewable primary energy or not (kWh/m? year) or
CO; emissions as indicators to build reference levels for energy ranking. Some countries—
Denmark and Hungary—do not use any indicator to describe building energy performance.

Based on the latest references provided by ENEA [7], in Italy, the buildings with high
energy performance went from about 7% to 10% of the total in the period 2016-2019, thanks
to the contribution of major renovations and new constructions; over 60% of the Italian
housing stock is included in the least efficient energy classes (F-G) because it was mainly
built between 1945 and 1972; new buildings represent only 3.4% of the Energy Performance
Certificates (APE), and of these, more than 90% are of high energy performance (A-B). The
non-residential sector, which accounts for 15% of the total APE, accounts for more than 50%
of the certificates in the intermediate energy classes (C-D-E) and for more than 10% in the
most efficient ones (A-B).

Several international experiences are focused on the topic of green premium for
buildings, in terms of higher sale price for properties having better ecological characteristics
and energy efficiency.

The growing interest in this theme is clear evidence that energy performance certifica-
tion is an element having an increasingly greater weight in real estate investments.

The literature particularly recommends expanding the studies on real estate markets
of mid-size cities and in marginal regions with low per capita output and income [8].

The main aim of this work is to highlight how, through policies oriented towards
sustainable practices, direct economic impacts can be achieved on real estate values and
how, in some urban contexts, the “green premium” for buildings can be understood as a
real “gold premium”.

Generally, sustainable interventions on buildings have economic impacts about two
different premia: a technical-thermal premium in terms of better quality of indoor life and
lower energy management costs and a market premium in terms of higher real estate value.
Identifying and quantifying this latter aspect is particularly the main objective of the paper,
to be pursued through the use of Evolutionary Polynomial Regression, a very innovative
tool for analyzing real estate markets. In this sense, we also want to test the reliability and
flexibility of using this innovative tool.

Existing buildings, built in a traditional way, use energy resources in an inefficient
manner, and in their construction phases and management, produce waste, greenhouse
gases and pollutants in large quantities. Green Buildings, unlike conventional buildings or
“Brown Buildings”, as well as trying to use the energy resources efficiently and avoid an
excessive land consumption, aim to preserve environmental resources, together improving
the properties” indoor life.

The definition of a “Green Building” has evolved over time. The U.S. Office of the
Federal Environmental Executive (OFEE) defines it as “the practice of (1) increasing the
efficiency with which buildings and their sites use energy, water, and materials, and (2) reducing
building impacts on human health and the environment, through better siting, design, construction,
operation, maintenance, and removal—the complete building life cycle” [9].

A Green Building is defined in a similar way by the Environmental Protection Agency
(EPA): “the practice of creating structures and using processes that are environmentally responsible
and resource-efficient throughout a building’s life-cycle from siting to design, construction, operation,
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maintenance, renovation and deconstruction. This practice expands and complements the classical
building design concerns of economy, utility, durability, and comfort. Green building is also known
as a sustainable or "high performance” building” [10].

The two above definitions refer to the concept of Life Cycle Assessment (LCA), which
considers and values the impacts of a service or product under all the aspects (social,
economic and environmental). LCA verifies whether a service or product used in a Green
Building is truly green, taking into account solid waste generated in its phases of industrial
production, exercise and final disposal; in other terms, it considers a wide range of environ-
mental impacts, without even neglecting the issues related to global warming or water and
air pollution associated with the service/product considered.

This article first highlights the main scientific literature about the impact of Energy
Performance Certificate on real estate values, with exclusive reference to those papers
which implemented market analysis using Hedonic Price Models (HPM). Afterwards,
Section 3 delivers the methodological structure of Evolutionary Polynomial Regression. In
Section 4, this tool was applied for the city of Reggio Calabria (Italy) in order to detect the
market premium for Green Buildings. Section 5 contains some final reflections about the
topic and a summary of the results.

2. Literature Review

As already mentioned, Green Buildings generate a whole-family benefits in terms
of possible government incentives or tax deductions, better quality life and productivity,
lower management costs, as many international researches suggest [11-15].

Partial equilibrium models have been adopted in these studies about real estate mar-
kets to analyze the short-term effects on the properties’ rental rate considering architectural
and technical features characteristics, among which the energy and ecological values added.

The increase in the demand curve for Green Buildings is demonstrated to the fact that
if higher initial building costs for better ecological and family benefits are supported, this
causes a consequent decline in demand for “brown” buildings (alternatives to formers).

These works assume that a “rent market premium” in the long-term exist related
to innovations in order to favor the effectiveness of green measures and to reduce the
ecological costs of building projects and preferences and behaviors tending to maintain
adequate standards for the technological characteristics involved. A further “market
premium on the sale price” is derived for Green Buildings by the combination of two
factors: higher rent obtainable due to the better appeal of these buildings and the higher
effect of intrinsic characteristics on real estate values (mainly due to lower risk for “negative
premium” from the real estate market if this latter discloses a growing tend toward green
buildings at the expense of existing non-green buildings; lower risk of future and possible
carbon taxes; adaptation, in advance, to future and possible new environmental laws and
regulations; lower management costs as those related to energy).

The EPC rating is one the most common information currently reported in every real
estate advertisement, providing a description of building’s energy performance mandatory
by law. Because of this, many studies started to investigate whether and/or how much this
information influences the choices in real estate markets.

Hedonic Price Models are the most suitable tools to analyze the EPC’s impact on
real estate values, in this direction a review of the literature was performed for European
countries [16]. The main study cases refer to residential and commercial markets.

Looking far back in time, interest for energy efficiency and environmental awareness
developed with the increase over time in hydrocarbons’ prices: Johnson and Kaserman [17],
Laquatra [18], Longstreth [19], Dinan and Miranowski [20] and Longstreth et al. [21] all
tried to implement hedonic price models including among the real estate attributes as an
energy variable. After these pioneering works, only in 2011 did studies start investigating
the effect of “green” labels on commercial buildings such as ENERGY STAR and LEED [15].
For example, for downtown Chicago, Dermisi and McDonald [22] highlighted that only the
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LEED-certified properties sold for a 23% price premium, while an Energy Star certification
had no influence on real estate sale prices.

About more recent studies, in 2011, Brounen and Kok [23] highlighted for the Dutch
residential market the appreciation of EPC in terms of faster time sales and increasing
price. In 2012, Kok and Jennen [24] investigate on the EPC’s effect on sale prices for Dutch
cities, they highlighted that green office building rents were 6.5% higher with respect to
those with lower EPCs by analyzing about 1100 rental transactions. Cajias and Piazolo [25]
applied in 2013 a hedonic model to verify in Germany the relationship among sales and
rentals in consequence of EPC: buildings with best energy classes (B, C and D) were rented
more than the worst G-ranked buildings; similar results were confirmed for real estate sales
(+32.8% in real estate values for buildings with low energy consumption). Also in 2013,
for single-family homes in Sweden, Hogberg [26] verified through 1073 real estate data a
growing real estate prices when the energy class increases.

A report published in 2013 by the Directorate-General for Energy of European Com-
munity collected various studies referred to several European cities or countries (Austria,
Belgium, France, England, Ireland) to elevate the EPC’s effect on properties values [27].
This report highlighted that the EPC’s impact on properties prices is often influenced from
the time this certification was already mandatory in the countries analyzed: a significant
effect on real estate values did exist where the EPC was a consolidated practice, while the
influence of EPC was ineffective in those countries where the rule application was recent.
Concluding, for all countries considered, the real estate values increase in correspondence
to higher energy rankings.

In Ireland, Hyland et al. [28] detected in 2013 that A-ranked energy efficiency prop-
erties registered a rental price premium of about 2% and a sale price premium of 9%, if
compared to D-ranked energy class. In addition, they highlighted that the scarcity of
monetary resources to perform renovation interventions, determines for buildings that not
require further investment on energy retrofitting a preference in the real estate market.

In Portugal, Ramos et al. [29] showed in 2014 that real estate units with better EPCrank-
ing (A, B, C€), if compared with D-rank ones, were characterized by a 5.9% higher unitary
price. A reduction of 4% in real estate prices was recorded for properties with low energy
rankings (E, F, G). Subsequently, Evangelista et al. [30] confirmed in 2019 the results of
Ramos et al. [29] for Portugal, with higher values of EPC appreciation (properties with A
and B energy classes recorded a green premium of 12.5% for existing buildings and 13.1%
for new buildings).

Studies in 2015 and 2016 developed by Fuerst et al. in U.K. [31,32] found a relationship
between energy performance rankings and sale prices. Compared to D-rank properties,
buildings with A- and B-rank recorded a 5% market premium, C-rank buildings recorded a
1.8% market premium, while buildings with lower energy classes (F, E, G) recorded a 1-7%
reduction in sale prices [32].

For cultural aspects and, perhaps, for certainly milder climatic conditions, in Southern
European countries, the EPC’s impact on real estate prices is a topic on which little has
been investigated.

Investigating on the premium price of dwellings with high energy rankings (A, B, C
and D classes) in 2016, De Ayala et al. [33] detected in Spain a premium price for these real
estate goods ranging between 5.4% and 9.8% compared to the less efficient ones. Also in
Spain (Barcelona) in 2016, Marmolejo [34] highlighted a low effect on real estate prices,
due to the fact that energy retrofitting upgrading costs are not sufficiently recuperable
by sellers. Italian experiences are mainly attributable to Fregonara et al. [35] in 2017 and
Bottero et al. [36] in 2018, evaluating the EPC’s impact in the residential real estate market of
Turin (Italy) through hedonic models. Their results suggested that, also in Italy, a significant
appreciation for green buildings exists. Marmolejo and Chen [37,38] recurred to a spatial
hedonic model detecting a significant increase in real estate prices related to the EPC
ranking and how, in 2019, this economic impact varies in different housing segments in
Barcelona: for more recent buildings the energy class does not have a significant impact on
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their prices, but they are instead relevant for all other properties. Again, Taltavull et al. [39]
assessed in 2019 the green premium for buildings in the province of Alicante (Spain) in
correspondence to various climate zones. In line with this latter study, and with reference
to the metropolitan areas of Barcelona, Valencia and Alicante, Marmolejo and Chen [40]
found in 2019 that the impact of energy performance was higher a scarcity of efficient
homes in local real estate markets was evident.

In any case, it should be noted that some studies have shown no positive relationship
between real estate prices and energy class. This because EPC is often used as “proxy”
variable to include in it the impacts of more and omitted real estate characteristics. Among
these studies, in 2017, Olaussen et al. [41] highlighted in Norway the possibility that
energy efficiency may incorporate the effect of construction quality variable. In addition,
Cerin et al. [42], analyzing 67,559 real estate transactions in Sweden in the time period
2009-2010, recorded a negative relationship among energy label and real estate prices, likely
for the lack of an EPC classification reference value. However, the latter study is conflicting
with the study of Hogberg [26] that, for the same time period, verified in Stockholm a
positive impact of better energy class in the property market.

The literature review confirms and recognizes that a market premium for buildings’
green characteristics does exist. Hedonic price models have a higher degree of reliability
and completeness. Certainly, the consumers’ choices in building energy performance
vary depending on location, economic factors, real estate stock, time and variation in
climate zones.

3. Materials and Method: Evolutionary Polynomial Regression

Evolutionary Polynomial Regression (EPR) is a data-driven hybrid technique, where
genetic programming is combined with numerical regression to develop flexible mathemat-
ical models, suitable for multiple application purposes.

The EPR approach overcomes the main limits of so-called “black-box” data-driven
models. Often, the latter can be difficult to build or understood, or in other cases, they
need many data that are difficult to be quantified or find. For example, artificial neural net-
works or genetic algorithms are effective to reproduce databases related to some observed
phenomenon but have obvious limits in the model structure identification and overfitting.
Instead, the stepwise regression is generalized in EPR by considering non-linear model
components, although, with respect to regression parameters, these components are linear.

From this point of view, EPR is similar to non-linear global stepwise regression, since
mathematical expressions of optimal models are searched taking into account a full set of
available formulas by leveraging flexible modifications of the original mathematical struc-
tures. Some general expressions of EPR models can be represented as follows: in particular,
they are “pseudo-polynomial” expressions because the parameters can be calculated as for
a linear problem or for polynomial forms [43,44]:

Y= apt Y a(x) B0 (XSO F () D) (30 P0) )
j=1
Y —ap+ Y af (x50 (0 P00 @
j=1

Y= a0+ Y a(x0)" 00 L (xR F () UYL (xgB0) @)
j=1

¥ =g(a0+ Y a(x) "0 L (x50 P00 0

In the above equations, Y represents the vector of model predictions, m is the number
of additive terms, the parameter 4; to be assessed is determined by a least squares (LS)
method, X} is candidate explanatory variables, the exponent (j, [) with [ = (1, ... , 2k) is the
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exponent of the [-th input within the k-th term (the exponents are chosen among candidate
values, real numbers, which should include the value 0) and, at last, the function f is
selected among a set of possible alternatives and may be exponential, tangent hyperbolic,
natural logarithmic or others. Note that structure of Equation (4) requires the assumption
that function g is invertible, due to the subsequent step of parameter estimation.

The LS method has the advantage of relating the “pseudo-polynomial” structure of
the model with its coefficients; furthermore, it is possible to impose the LS to find for
mathematical structures that only contain positive coefficients aj in particular modeling
systems, where negative coefficient values are often used to balance the realization of
specific errors related to the finite training dataset [45,46].

The structure of the model is searched by exploring the combinatorial space of expo-
nents to be assigned to each candidate input. Any real number could be chosen as exponent
values; however, they are coded as integers during the search procedure. Genetic algo-
rithms and iterative implementation of LS method allow searching for EPR the statistically
better function expressions that link the possible combinations of vectors of the explanatory
variables (i.e., real estate characters) to the dependent variable (i.e., property sale price).
Note that for EPR method implementation, an exogenous definition of the mathematical
expression and a minimum number of parameters to fit the dataset in the best way are not
required, since the optimal solution is directly provided by an iterative process related to
genetic algorithm.

Two main phases characterize EPR: identification of the model structure by generating
a set of polynomial expressions and traditional regression method to estimate the poly-
nomial coefficients. At the basis of the algorithm used, there is the idea of generating a
population of functional expressions considering their capacity to adapt to the available
data. For this reason, the algorithm of EPR finds both the functional forms of the model
and the values of the polynomial coefficients. All this without the identification a priori of
a specific functional expression or with several inputs of the model, namely, the parameters
and the exponents, preliminarily defined at the first stage of the method implementation.

The Coefficient of Determination (COD) allows us to check the statistical accuracy of
each model provided by the EPR implementation, ranging between 0 and 1:

COD=1— N-1 ) ZN (yestimutc’d — ydetected)z 5 (5)
N ZN [ydetected - mean(yddected”

where Yestimated is the dependent variable value assessed by EPR, Yjetecteq is the collected
values of the dependent variable and N is the dataset size. The model statistical accuracy is
greater when the COD is close to the value 1.

A more recent version of EPR exploits Multi-Objective Genetic Algorithms (MOGA)
to identify those models which maximize accuracy of data and parsimony of mathematical
expressions simultaneously [47]. Then, EPR-MOGA provides an expression set with
several accuracy to experimental data and different complexity degree of mathematical
structure of models. The trade-off between accuracy and complexity allows an optimization
strategy leading to a range of model solutions, among which the user could select the
most appropriate one according to the specific requirements of interest and typology of
experimental data considered.

The genetic algorithm underlying EPR-MOGA carries out a multi-objective optimiza-
tion strategy based on the Pareto dominance criterion. These objectives aim to maximize the
model accuracy with appropriate statistical criteria for verification of the model equation,
maximization of the model’s parsimony considering the minimization of the number of
terms of the model equation and reduction in the model complexity by minimization of the
number of explanatory variables in the model equation.

135



Buildings 2022, 12, 621

4. Discussion and Results

The aim of the case study is to highlight the capabilities of EPR-MOGA as an analysis
tool and particularly to detect the market real estate premium for green buildings character-
ized by the higher degree of energy efficiency. Firstly, this application should demonstrate
that EPR-MOGA is significantly helpful as a tool for data modeling and analysis; secondly,
EPR-MOGA is tested on a wide real estate dataset aimed at determining the relationship
between the selling price and a set of real estate characteristics influencing it (among them,
the energy class of the building/residential unit).

To highlight the impact of Green Buildings in marginal economic regions, the case
study examines a mid-size real estate market related to a non-metropolitan city (Reggio
Calabria, about 180,000 inhabitants). In particular, for some its semi-central neighborhoods,
EPR implementation involved a real estate market segment of newly built residential build-
ings. All features are unexplored so far in the real estate market analysis of Green Buildings.

The analysis concerns a sample of 515 residential properties located in the urban
central area of Reggio Calabria (Southern Italy) and detected over 25 years. Only 24 are
Green Buildings (energy class equal to A or B), but the data are not insignificant; on the
contrary, it makes the research even more significant taking into account that the market
for green buildings is practically in its infancy for the city of Reggio Calabria. Most of
the observation of green buildings are located in zone 6, i.e., in a semi-peripheral area of
a suburban district (see Table 1). This avoids any effects related to the context. We also
excluded any possible interference due to the characteristic of its panoramic character.

Table 1. Variable description.

Variable Description
Real estate price (PRC) expressed in thousands of Euros
Property’s age (AGE) expressed retrospectively in no. of years
Sale date (DAT) expressed retrospectively in no. of months
Internal area (AREA) expressed in sqm
Number of services (BATH) no. of services in residential unit

expressed with a score scale (from 1 to 6, passing

Positional Variable (ZONE) from more central areas to more peripheral areas)

expressed with a score scale (1 for bad conditions, 2
Maintenance (MAIN) for mediocre conditions, 3 for good conditions, 4 for
optimal maintenance state)

Floor level (FLOOR) no. of floor levels of residential unit

expressed with a score scale (1 for “A” or “B” energy

Energy efficiency class (EN) efficiency class, 0 for “G” energy efficiency class)

Given the lack of transparency in the Italian real estate market, the methodology used
in the research has provided data collection through the difficult and complex process of
“elicitation”, that is, the confidential confession of information to the researchers from: the
direct actors (buyers, especially, and sellers), operators (promoters), intermediaries (realtors
and agencies) and by notaries.

The quality and build type are the same for all sampled real estate units (apartments
located in used multi-story buildings), and the central area of interest is homogeneous
under the points of view regarding the qualification and distribution of main urban services.
About the sample, georeferencing procedures have been used to verify the “Zone” variable
to facilitate and support data building. For this purpose, with WebGIS tools, the data
collection is facilitated by the fact that the geodatabase makes available, in a coordinated
way and continuously, every real estate document specifically relating to each property,
with further possibilities to integrate the information systems [48,49].
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In Table 1, the variables considered are described, their acronyms given, their typolo-
gies provided (cardinal, ordinal or dummy) and the description and measurement units
specified. Table 2 reports the statistical description of real estate variables.

Table 2. Statistical description of variables.

Parameter

PRC

AREA FLOOR MAIN AGE BATH DAT ZONE EN

Mean
Median
Std. Dev.
Kurtosis
Asymmetry
Min
Max

124,360.35
115,000.00
150,000.00
60,844.53
471
1.62
13,000.00

106.51 3.13 3.00 27.33 1.62 10.43 4.10 0.05
105.00 3.00 3.00 24.00 2.00 10.00 5.00 0.00
120.00 3.00 3.00 5.00 2.00 8.00 5.00 0.00

29.87 1.47 0.89 19.01 0.54 6.92 1.56 0.22
5.16 -0.92 —0.66 1.07 2.04 —0.20 —1.23 15.82
1.26 0.21 —0.47 1.04 0.42 0.45 —0.35 4.21
39.00 1.00 1.00 0.00 1.00 0.00 1.00 0.00

EPR-MOGA methodology is iteratively implemented for the real estate sample by
considering the structure of the generic expression as reported in the mentioned equation
(1) without the function (f). Each additive monomial term of the mathematical expression
is assumed to be a combination of the input variables raised to the proper numerical expo-
nents. The candidate exponents selected from the research belong to the set (0; 0.5; 1; 2),
and the maximum number [ of additive terms in the final expressions is assumed to be 5.
The implementation of the econometric technique for the real estate sample considered
has generated several models. The optimal model to be analyzed for highlighting the
relationship between the real estate characteristics and the selling price has been selected
according to the statistical performance level, the complexity of the algebraic expressions
and the coherence of the coefficients’ signs under an empiric profile. The first two aspects
are resolved through the COD associated by EPR-MOGA with each model, and the mathe-
matical form is visible in the quantity of the terms of the equation and in the combination of
the variables in each term. The empirical coherence of the functional relationships between
the explanatory variables in each model and the selling price, is a less immediate operation
with some complex aspects related to the presence of more variables combined in the terms
of the equation and/or they occur repeated more times.

The application of EPR-MOGA has generated five equations (Table 3) classified—from
the first to the fifth—according to the increasing statistical accuracy of the outputs in terms
of COD and to the complexity of the models in relation to the number of terms, the number
of selected explanatory variables and the combination of the explanatory variables that
constitute each term.

Table 3. Models generated by EPR-MOGA.

Model

Mathematical Expression

1T
1T

PRC = +5.8514e — 7%%% +58,251.253
PRC = +693 3236 AREAMAIN'CBATH | 57 69) 884

PRC = —197,671.948 DAL, 1 629,405 AREAMAIN'GBATHE 103, 357 203

PRC = —28,398.709 DAL - 638,164 AREAMAINCBATH' L 53749 AREAFLOORMAIN-EN' 70, 934 119

_ ZONE*® DAT*® AREA-MAIN®® ;BATH*®
PRC = —500,117.237 AREATS — 32,825.256 AREATS T 523.570W

++197.789 AREAFLOORMAINEN | 906, 216,537

The models selected by EPR-MOGA are characterized by a different algebraic form
complexity, with COD ranging from about 29% to about 91%. Then, under the point of
view of statistical performance indicator associated by EPR-MOGA, for some models, there
is a high statistical reliability in terms of the coherence of the detected data (models IV
and V).
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The reliability of the model chosen is checked by another calculated statistical index,
i.e., the absolute percentage mean error which takes into account all the percentage errors
measured for each detected prices respect to corresponding values estimated through
the model.

Interpreting the results, the only use of the statistical criterion would lead to choose
equation V (see Table 3) as the model that better replicate the analyzed phenomenon, as it
is characterized by a COD next to unity and, therefore, by a very high degree of statistical
reliability. This model consists of all the explanatory variables considered, with exception
of “AGE” variable (Table 4). This is because the property’s age for the various real estate
sampled is sufficiently overlapping.

Table 4. Variables selected (green) or excluded (red) by EPR-MOGA for each model.

Model/Variables

PRC AREA FLOOR MAIN AGE BATH DAT ZONE EN

Model T

Model IT

Model III

Model IV

Model V

Table 4 shows, for each model, the variables selected by EPR-MOGA reputed as the
most relevant on the real estate sale prices. Regarding this aspect, it should be pointed out
that the internal area, maintenance status, positional variable and the number of bathrooms
are included in all models, whereas the property age variable is not included in any model.
The energy class variable is relevant in three of the five models.

Note that the complexity of the terms of the mathematical expression V does not
allow an immediate interpretation of the functional relationships among the explanatory
variables. For this reason, the functional links of the i-th independent explanatory variable
with the variation in the selling prices has been explained through an exogenous simplified
approach that, instead of determining the partial derivative of the dependent variable with
respect to the i-th variable, considers the values of the other variables in the model equal to
their average values of the starting database and provides the analysis of the variations in
value of the assessed changes of selling prices in correspondence to each i-th variable in the
admissible range of its corresponding sample values.

Among the main objectives is that of highlighting the impact of the variable energy
class, whose presence, in the model with greater statistical reliability, determines a variation
of 41.52%. Confirming the significant weight that this variable assumes in valorization of
residential properties.

The outputs of the elaborations carried out for all models have been represented in
Figures 1-5, where X,yis represents the number of observations, and on the Y,ys of each
model, the selling price determined by EPR-MOGA (PRCEgpRr) is compared to the selling
price expected in correspondence of each model (PRCexp).
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Figure 1. Selling price determined by EPR-MOGA (PRCgpg) vs. selling price expected for model
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Figure 2. Selling price determined by EPR-MOGA (PRCgpg) vs. selling price expected for model
IT (PRCexp)-
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Figure 4. Selling price determined by EPR-MOGA (PRCgpg) vs. selling price expected for model
IV (PRCexp)-
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Figure 5. Selling price determined by EPR-MOGA (PRCgpgr) vs. selling price expected for model
V (PRCexp)-

5. Conclusions

The research reached the objective to obtain empirical evidence of a real estate market
premium for Green Buildings and of an aware role of the private real estate market as a
driver to foster urban and architectural sustainability and energy efficiency.

The negative environmental impact of the construction and buildings sector has
worsened over time due to the over-use of resources in the last decades. Pollution, mainly
produced by energy over-consumption in buildings, has increased considerably due to
wrong architectural design and urban management. A set of issues makes the adoption of
general mitigation measures no longer able to be extended, creating to significant incentive
toward building sustainability.

Urban and architectural policies, in fact, are increasingly oriented towards sustain-
ability, energy efficiency, conservation, reuse, architectural retrofit in an ecological manner,
re-vitalization of the existing city and a more effective management of historical and
architectural heritage, including energy aspects.

Housing market analysis is the basis that defines links between housing characteristics
and their market price.

In the study area, it has been detected that the first sale of apartments in some buildings
with proven ecological characteristics carrying energy certification belonging to energy
class A or B show a higher selling price than usual housing, which is unexpected in a small
market of a poor city in a marginal region. This differential is due to the marginal price
(i.e., market premium) paid for the ecological feature (i.e., energy efficiency).

Through a real estate market analysis carried out for the urban area of Reggio Cal-
abria (Italy), the market premium for green buildings has been detected, i.e., the positive
differential in terms of higher selling price for buildings having better energy efficiency
and ecological characteristics. This research’s goal has been pursued with an innovative
tool: the Evolutionary Polynomial Regression.

The results obtained by the application of the proposed method suggest there is a
percentage impact equal to 41.52% in relation to the incidence of the price of the properties
on the presence of a good/excellent energy class (A or B).
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Abstract: The building sector nowadays has come to the stage where it needs a “digital” renovation.
This is to be accomplished by an introduction of change into the methodology of construction and
using new tools and technologies, such as BIM technology. This paper gives an insight into the
status of BIM adoption in North Macedonia. It presents the threefold actions toward introduction
of BIM in the national construction industry. These actions refer to scanning the current situation
regarding digitalization of the sector, then taking promotional actions to express the benefits of BIM,
and finally identifying and proposing the most suitable measures, summarized in the proposal of
the National Roadmap for BIM adoption. The methods used consist of a brief literature review
of the global status of BIM development. Then, the results of a survey conducted on more than
300 respondents representing a sample of building professionals in the country are discussed, and
the barriers for successful BIM adoption are accordingly identified. The next step is to showcase
the potential benefits of BIM for assessment of energy performance of buildings. As a final point,
the conclusions drafted toward identification of the most important challenges are addressed in the
proposed National Roadmap for BIM adoption.

Keywords: digitalization; BIM; construction; productivity; energy performance; BIM roadmap

1. Introduction

Construction serves as an integral part of the economy worldwide. About 6% of global
GDP is generated by engineering and construction (E&C) activities, or approximately
$10 trillion in the annual revenue. However, if we consider the level of productivity, the
industry is failing to keep up with the gains made by other industries [1]. This disables
wider growth of national economies, especially ones that rely more on construction, which
is the case in North Macedonia. This industry has a very low level of adoption of new
technologies, thus resulting in lower project efficiencies and a lower labor productivity.
Digitalization has the potential to change this situation. The construction industry has
continued to operate as in the past 50 years and remains the least digitized sector (except
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for agriculture) [2,3]. In this sector, manual labor is still mostly “on-board”, together with
commonly having workers with the type of knowledge based on “all-in-one” experience,
without an insight into new technologies and established operating and business models,
as is commonly the case in the Macedonian construction sector [4].

Embracing digitalization is necessary in order to increase the productivity of the sector
and to bring innovations into the service of infrastructure and urban development (IU).
Building information modeling (BIM) is a key first step toward these goals [5,6]. Concepts
such as an increased productivity and efficiency, sustainability, an increased security, or
saving financial resources are becoming synonymous with digitalization, but, over the
last 20 years, productivity gains have only been about 1%. The implementation of BIM in
construction is evidently a clear act toward digitalization, and it is expected that it will
bring 13-21% savings in the design and implementation phase and 10-17% in the operation
and maintenance within the global infrastructure market by 2025 [7-9].

BIM is the central piece of the industry’s digital transformation based on a collabora-
tion between different professional groups. It powers new technologies, such as mobile
applications, automatization of processes, remotely driven equipment, and prefabrication,
that are some of the “must-have” technologies when we speak about BIM. BIM is often
perceived as a software for simulation of physical but also functional assets of an object,
thus enabling new services and use of digital technologies [10-13].

1.1. Global Status of BIM Adoption

BIM as a new technology started its introduction in the construction sector over the last
two decades, and it offers tools for transformation and enhancement of project performance
and productivity by decreasing inefficiencies and lowering non-productivity, as well as by
increasing the collaboration among different groups of project stakeholders. However, a
number of barriers and obstacles have inhibited its more extensive implementation, despite
the potential benefits [14]. BIM adoption means “the successful implementation whereby
an organization, following a readiness phase, crosses the "Point of Adoption” into one of
the BIM capability stages, namely, modeling, collaboration, and integration”. Over the past
years, the adoption of BIM has significantly increased worldwide and particularly in the
highly developed countries [15].

The United States are one of the pioneers in BIM development, whose adoption in the
construction industry started from 2003 by launching the “National 3D-4D program” for
gradual implementation of 3D, 4D, and BIM for all major public projects.

The first European legislative incentives toward BIM were released in 2014 with the
European Commission directive 2014/24/EU, which recommended to member states “to
use specific electronic tools such as BIM for public work contracts and design contests”
(European Parliament, 2014). The UK is widely perceived to be a global leader in the
adoption of BIM technology. After requiring BIM in all public works by 2016, the UK
has moved toward BIM level 3, resulting in almost 70% of all professionals in the British
construction industry using BIM by 2019 [16,17]. The Scandinavian countries are at the
forefront of BIM adoption. In 2011, in the Netherlands, the Government Buildings Agency
mandated the use of BIM for all public projects. Wide adoption of BIM is also shown in
other EU countries, such as France, Germany, and Austria.

The situation with the introduction of BIM has changed in a more positive direction
with the putting into place of BIM standards as European standards. In parallel, on the
local level, there are national standards that are sometimes different from the standards at
the European level in order to better reflect the national conditions [18-20].

The Republic of North Macedonia, as a part of the global community, is following
the directions of the global movement toward digitalization in all sectors. However, the
country is still in the very first segment of the road to more significant implementation
of BIM. Therefore, the need to investigate the current status of BIM on the national level,
to probe the attitude and preparedness of the sector toward its introduction, as well as to
identify the main obstacles for wider BIM adoption on the national level arise as a necessary
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topic for profound exploration and study. A supporting consideration for justification of
this need is the fact that also the literature review has identified a gap regarding sources
related to the status or implementation of BIM at the national level. In fact, there are almost
no publications and relevant sources in this topic, except for the references to the actions
undertaken in the frame of the H2020 project TRAINEE, whose results will be a subject of
elaboration in this work.

1.2. Benefits and Barriers for BIM Adoption

The literature review identifies many reported advantages of BIM adoption for execut-
ing construction projects over the traditional construction practices [21-24]. BIM benefits
are identified in different building life cycle phases, as briefly summarized in Table 1.

Table 1. Benefits of BIM adoption.

Phases Pre-Construction Construction Post-Construction
Introduction of GIS (geographic Subseque.nt evaluation of the BIM as-built model after the
information systems) data in construction pl}ases that enable construction effectively
digital infrastructure models accurate plapmng of resources supports the operations,

© Improved accuracy of the data by Exact planning of the storage and maintenance, repair, and
3 using point cloud data of the site procurement of project resources replacement of appliances
> Improving applicability of energy Pre:fal.:)rlcatlon of Supports accurate and
E efficiency measures ]];,K}[dlﬂg con;p onen.ts Jizati in-time management of
° Reducing design clashes in the allows better site utilization the assets
b= early stage by visual FOHOW_ and allocate health and Enables exact scheduling of
% representation of the model safety 1ssues on the maintenance operations and
/M Enhancing the accuracy of constr}lctlon Slt? . . easy access to information
cost estimation Real-time planning .and financing Preview of disassembling
Checking of project dashboa.rd completion process for the end of the
constructability and sustainability Connectlgn to lfean. use of the facility
construction principles
The literature review reports show that the barriers to BIM adoption are common for
both developed and developing countries [25-27]. Table 2 summarizes some of the most
frequently identified barriers for BIM adoption in the construction industry.
Table 2. Barriers for BIM adoption.
Origin Personal Corporate

High initial cost

Barriers for BIM introduction

e Lack of awareness regarding the potential of BIM
e  Low and inadequate offer of BIM trainings
e  No support from company’s

management structure
e  Longer time for model developing
e  Problem with software programs’ interoperability
e  Nonexistent standardized tools and procedures

Resistance to change current construction industry culture
Insufficient governmental support

Legal issues

Lack of interest from clients

Shortage of experienced BIM users

The issues related to intellectual property rights of the
whole or parts of the model

Lack of demand from the contractors and sub-contractors
e No legal requirements for BIM implementation

The brief scope into the global state of the art given above aims to give a general scope
of the level of development reached by developed countries in order to identify the degree
of lagging behind of the Macedonian construction sector and, even more importantly, to
identify the good practice examples to follow in a proposed national approach. This also
applies to the summarized information in Tables 1 and 2, which result from the summary
of the most commonly identified benefits and barriers for BIM adoption worldwide. This
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extraction of the most frequently cited literature data will serve as a reference point to
compare the identified issues from the corresponding categories after investigating the
situation on the national level further in the study.

1.3. Key Insights and Recommended Actions for BIM Introduction

The World Economic Forum (WEF) report from 2016 notifies that the construction
sector is evidently lagging behind most other industries in terms of embracing digital tech-
nologies. Other sectors have undergone tremendous changes during the last few decades
and have experienced the benefits of the use of new processes and product innovations [5].

The increased efficiencies tackled with this change are becoming more and more rec-
ognized by governments across the globe [28,29]. Governments are learning from the good
practice examples that strategic support of lean construction, BIM, and other innovations
in the sector can help to address the rising problem with productivity in construction.

Increasing BIM adoption requires greater collaboration between different professional
groups, higher motivation of the stakeholders, and expressing the right professional capa-
bilities (Figure 1). In this process, the stakeholders from the construction industry should
have the crucial role, but the first step is to understand how BIM benefits them and adds
value to their projects. This should further develop new collaboration forms and should
result in increased teamwork, integration of contracting processes, and implementation
standards for sharing the project data among all of the relevant parties involved [30-32].

* Promotion of BIM benefits
* Increasing value by using BIM
\- Digitalization with BIM

Motivation -
ollaboration set up
oviding standards for data sharing
tablishing integrated contracts
< Enablement >

S E M lning'échemes
+ Changing attitude and behaviors
* Long term dedication for introducing changes

Figure 1. Fields of action toward BIM adoption (adopted by WEF), adapted from Ref. [6].

The approach proposed by WEF toward initiating adoption of digital transition is
reflected in most of the countries that can evaluate their stage of BIM development as a
successful one. It consists of a three-step organization of the target actions:

e  Motivation
e  Collaboration
e Enablement

2. Objectives and Aim of the Paper

The brief scope into the global status of BIM implementation given above does not
aim to give a precise overview of the worldwide situation but rather to shed light on the
level of development reached by developed countries in order to identify the degree of
lagging behind of the Macedonian construction sector and to follow these achievements
as targets in creating proposal and selecting measures to be undertaken on the national
level further in the study. The previous paragraph reports on different levels of penetration
of BIM in different countries, depending on the peculiarities of the national conditions,
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mainly in terms of the legal enablement and the procurement requirements, but they all
have in common the unwavering determination to introduce digitalization into the national
building sectors.

The Republic of North Macedonia, as a candidate country for EU membership, follows
and transposes European legislation, including that regarding the use of digital tools
in construction. However, the country is still at the start of enabling more significant
implementation of BIM.

The current status of BIM, on a national level, regarding professionals” perception
of it has not been studied elsewhere yet. This also applies to identification of the main
obstacles and barriers for wider BIM adoption on a national level. These targets are the
initial objectives of the research work presented in this paper. This paper, nonetheless,
goes much further than just giving an insight into the attitude and awareness about BIM.
Especially for a country with no particular advances in this topic such as North Macedonia,
we find it necessary as well to consider a broader scope of actions to tackle the need for
digital changes, to present some actions toward their enablement, and to propose measures
and steps for a successful change in this situation.

In the following subsections, we will refer to the most commonly identified benefits
and barriers for BIM adoption on a global level, including the successful actions taken
to enable BIM implementation by other countries, identified through a literature review,
in order to better explain the whole scope and background of the proposed actions. This
will also serve for comparing these actions with the ones determined as appropriate on
a national level. In addition, by referring to them, the selection of the most adequate
measures will be governed so as to define an organized and structured approach to bring
the national construction industry in track with contemporary achievements.

Specific Aim and Approach of the Study

The main objective of the paper has a broad scope—to give an extensive insight into
the status of BIM adoption in North Macedonia and to propose a set of threefold actions
toward introduction of BIM in the national construction industry. These threefold actions
apply to an array of steps and organized efforts toward an introduction of BIM on the
national level. Starting with scanning the current situation regarding digitalization of
the sector, then taking promotional actions to express the benefits of BIM, and finally by
identifying and proposing the most suitable measures, summarized in the proposal of the
National Roadmap for BIM adoption, these actions are organized according to the three-step
approach proposed by WEEF, related to motivation, collaboration, and enablement.

In order to explain the starting points and the desired outcome of the whole process of
initiating BIM, we propose this threefold approach, which can be expressed in terms of the
process loop consisting of the three specific aims of this paper (Figure 2).

2. Survey

At the first stage of active

measures, the investigation
on the current stage of BIM 4. Roadmap

status is undertaken The final step is to create an
environment for further and
sustainable implementation of
measures, by proposing a
guideline on the national level
Discovery Delivery
1. Defi 3. Case studies
- Detine This stage of the research is

This stage aims at defining dedicated to motivating the use

the scope of l_hE resear;h of BIM, for which expressing the
and the desired goals in value in EE is chosen

order to select the approach

Figure 2. Specific aims of the paper presented as successive steps in a process loop.
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After defining the scope of the paper and its impact, the three main consecutive actions
are presented. These actions are consequently aligned, each dependent on the previous
one. These three specific aims of the paper are aligned as successive steps, to lead to the
desired goal and the enablement of more intense adoption of BIM. These specific aims are
defined as:

1.  Investigating the level of BIM awareness among building professionals in the Repub-
lic of North Macedonia—the method used is conducting a survey, as described in
Section 3.1, while the survey results are analyzed in Section 4.1.

2. Demonstrating the feasibility of BIM adoption for energy consumption purposes—the
method used is conducting case studies on the benefit of BIM for improving the
energy performance of buildings, which is explained in Section 3.2, and the results of
the case studies are then discussed in Section 4.2 of the paper.

3. Tracing the path for further BIM introduction in the construction sector—by proposing
a document roadmap for national BIM adoption, whose approach is explained in
Section 3.3, while the proposal itself is elaborated in Section 4.3.

Further in the paper, the following sections will explain the implemented methods in
more detail, followed by the discussion and analysis of the obtained results.

3. Materials and Methods

Introducing digitalization in the construction sector in the Republic of North Macedo-
nia is still at the beginner’s level. Moreover, the experience of rare professionals and the
sporadic implementation by a very few small design studios are a matter of ambitious devo-
tion of the rare exceptions among construction engineers and architects who had embraced
self-learning, aiming for further professional development. The remaining majority of the
sector is still strongly traditional, both on an operational and management level. Thus,
the initiatives for settling BIM implementation are easy to notice. Most of these initiatives
are project-driven. Among them, one of the widest actions for the introduction of BIM
was implemented by the H2020 project TRAINEE, https://trainee-mk.eu/en/ (accessed
on 8 February 2022). The project TRAINEE (Toward market-based skills for sustainable
energy-efficient construction) is built on the results of the previous national actions in the
Build Up Skills Initiative in Pillars 1 and 2, concerning two priorities: creating a skilled
building workforce and overcoming the barriers to implementation of EE measures in con-
struction, operation, and maintenance. The overall objective of TRAINEE was to increase
the number of skilled building professionals by addressing three topics:

(a) upgrading and developing qualifications and training schemes and setting up large-
scale qualification for on-site workers, installers, and building professionals for energy
efficiency measures in construction and renewable energy;

(b) improving the multidisciplinary approach to sustainable construction by initiating BIM
at the national level as a tool to demonstrate reduction of the energy performance gap
and for measurable energy saving resulting from improved construction skills; and

(c) market acceptance of developed construction skills by construction companies and
professional trade associations through focusing on the higher value of the buildings,
improved appreciation of the end user’s satisfaction and quality of living, as well as
increased market value of the companies that employ skilled professionals.

Having initialization of BIM as one of its main objectives, this project has taken the
leading role to bring BIM technology closer to professionals in a wide range, thus acting as
a promoter of digitalization in construction on the national level. Threefold actions were
implemented: wide promotional activities and introductory campaign; development of
training programs and training content and piloting the training schemes; and eventual
drafting of the proposal for a national document to act as a guidebook for national BIM
implementation. Thus, TRAINEE has been marked as a narrator of the new coming digital
era in national construction.
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The threefold actions discussed in this paper are undertaken in the frame of the
TRAINEE project. They apply to the specific aims of the paper: to conduct a survey in
order to study the level of BIM awareness; then, an exercise to demonstrate the value
of BIM through expressing BIM benefits in achievement of energy efficiency; and, as
an ultimate goal, to propose a detailed plan for the necessary actions to enable national
BIM introduction.

3.1. BIM Survey for Level of Awareness

In order to weigh the penetration and acceptance of BIM practice in North Macedonia,
a survey on the level of awareness, knowledge, and experience in implementing BIM
practice was carried out within the project TRAINEE involving professionals from the
Macedonian construction sector [33,34].

3.1.1. Selection of the Method and Survey Sample

According to the implemented methodology, as a technique for gathering data, a
survey method was chosen consisting of questions distributed to different professional
groups. The questionnaires were distributed via electronic communication by using the
Google survey tool.

The respondents were selected by inviting them to participate in the survey, using the
mailing lists of the registered professionals in the official Chamber of Certified Architects
and Certified Engineers of Republic of North Macedonia and then the mailing lists of the
members of other professional associations in the sector, such as the Engineering Institution
of Macedonia; then, the companies working in the construction and energy sectors were
invited to participate in the survey through the communication channels of the Economic
Chamber of North Macedonia, and, finally, the representatives from the authorities and the
public sector were reached using the communication network of the steering committee of
the project.

An e-mail reminder was sent twice during the one-month period during which the
survey was conducted.

Since building information modeling (BIM) aims to induce changes in both public and
private sectors to work together in design, solving problems, and building better projects,
faster and at less cost, the respondents involved in the survey were from three main sectors:
AEC, public authorities, and academia. There were 1500 questionnaires distributed by
e-mail among state officials, construction companies, and building professionals with
job experience in AEC (architecture, engineering, and construction). From the total of
57,000 employees in the national construction sector, the sample size of 1500 questionnaires
makes a 2.6% sample size percentage relative to the total population of interest. There were
312 valid responses obtained, which represents a 20,8% respondent answer rate. Responses
were analyzed by using simple qualitative analysis of the obtained results because of the
rather low answering rate relative to the total number of the sample size. Most of the total
312 respondents belonged to the AEC (architecture, engineering, and construction) sector,
with over 78% share, or 244 respondents, while the public sector was represented with
55 respondents, or 18% share in the total number of valid responses, and academia was
represented with 13 respondents, or 4%. The detailed structure of the companies to which
the respondents belong is given in Table 3.
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Table 3. Statistics about the profiles of the companies to which the respondents belong.

Number of Companies Company Profile
Sector Building sector Infrastructure
230 82
Size of the company 1-4 5-10 11-20 21-49 50-99 over 100
91 48 33 41 18 81
Field Construction Investment  Public sector Control Design University =~ Management
60 6 18 31 177 13 7

3.1.2. Preparation of Survey Questions and Structuring the Questionnaire

The exact formulation of the questions is presented in the graphical representation
describing the survey’s logic jumps, given in Figure 3 below.

BIM awareness
survey

1 Please select region

2 Please select the
sector

3 Number of
employees

4 Select the
phase

Other (management, Project design and
education, authority..) development

5 Select your profession

6 Do you use
BIM?

7 What BIM software do
you use? No, but I intend
to start.

8 How many projects in
BIM have you delivered?

9 How would you level
your BIM expertise?

10 What is the reason
you started using BIM?

11 Is there a demand for
BIM in your workplace?

12 When do you expect to
introduce BIM?

13 What are the main
barriers?

Figure 3. BIM awareness survey logic jumps.
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The questions were close-end, and the questionnaire contained two parts.

e  Part1included questions about respondents’ geographical location, field of work in the
construction sector, number of employees, current career stage (architect or engineer);

e  Part2included questions about the skills of respondents in drawing, CAD tools, BIM, and
use of software. This part also included the identified barriers for BIM implementation.

Questions from part 2 were precisely addressed with survey logic jumps, depending
on the answers to the selection-making questions, that were used to determine the next
questions in the survey (Figure 3).

3.2. Expresing the Value of BIM in Achieving Energy Efficiency in Construction

The second action undertaken in this work was realized in order to provoke stronger
BIM penetration in practice, through a wide and comprehensive promotional action. Fur-
thermore, to trigger more intense BIM implementation on the national level or introduction
of BIM topics in academia and professional associations, the demonstration of the best
practices and successful case studies appears to be the most indisputable approach for
expressing the benefits. As explained above, in order to overcome the identified barriers
that hamper BIM implementation on a national level, a set of measures were implemented
by the H2020 project TRAINEE:

e  wide public promotion of BIM involving six promotional workshops that gathered
more than 300 interested building professionals and other stakeholders involved in
the whole life cycle of construction [33];

o  development of four qualification schemes for BIM for which series of pilot trainings
were organized in order to make BIM benefits more understandable to the industry
and the technicians involved;

e  drafting a document that pathways the step-by-step introduction of BIM in a national
construction industry. This document is the first of its kind in the country submitted
for approval by the relevant authorities and aiming to support the implementation
of the new national legislation for public procurement that should introduce the
requirements for use of electronic tools in the procurement procedures, as encouraged
by the Directive 2014/24/EU.

However, the strongest promotional impact comes from the demonstration of benefits
of using BIM tools, as the certified professionals for BIM, through the pilot trainings, were
engaged in piloting the use of a BIM software in order to express the potential of BIM for
reduction of two gaps:

1. the first one between the projected and the actual energy consumption in the phase
after construction, which can be reduced with better design of new buildings regarding
their orientation and materials and minimizing energy needs; and

2. the second one between designed and actual energy performance of the building [33-36].

The first gap was demonstrated with a comparison of architectural design and the as-
built object through analysis of construction materials used, the chosen products, systems
installed, and energy efficiency solutions executed, which have made the difference between
building qualities visible for both construction companies and consumers.

The second gap was demonstrated with a comparison between performance indicators
during architectural design and the actual energy consumption after several years of usage.

Building Energy Modeling—BEM

Executing energy performance simulation of a building is a challenging task, especially
as the building design usually experiences changes during the construction phase and
dynamic changes in real time while it is being used. A building design process includes a
series of activities and decisions in each design phase, but real occupancy, natural behaviors
of its occupants, final thickness of used insulation materials, the accessibility to control
devices, etc. make uncertain the complete accountability of the final energy state, even
though it is made by professionals. In general, there are three phases of a new building
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project: concept or pre-design, final concept design, and development of executive detailed
design and construction model. Thus, the modeling of building energy through BIM
(in this case, known as building energy modeling—BEM) can be outdated if it is not fully
connected with a building data model. This means that BIM and BEM procedures are to
be executed simultaneously or, even better, in an integrated manner. Embedding the joint
BIM+BEM process is a solution offering multiple iterations toward an optimized design in
the environment of shared building data [35]. The difficulty in finding proper examples,
investigation, and also specialized software and hardware demonstrates the value of the
TRAINEE program.
There are three different methods for integrating BIM and BEM procedures [37,38]:

o  Combined method: achieved by combining the BIM model and BEM sub-model,
where both are completed using one or more tools. This requires a multi-specialized
professional proficient in engineering and also in architectural tasks to complete
the modeling and simulating in real time. The available software market does not
provide a unique software that helps with that process, and it is necessary to use a
combination of different softwares inside a suite or different software proceedings
from different vendors.

e  Central method: using shared environment for both procedures, where “readability”
of specific data is ensured by an interoperability gateway, such as the IFC format.
Again, it is necessary to use a combination of different softwares inside a suite or
different software proceedings from different vendors, and so interoperability is a
crucial requirement of the digital model.

e Distributed method: performed by transferring data between the design tool and
simulation tools via a middleware.

Most preferable among them, according to the literature review but also confirmed
with the records of executed projects, is the central method, and it corresponds to the
chosen approach in the TRAINEE project in order to express the benefits of BIM toward
energy efficiency in buildings.

The training, which has delivered more than 110 h of lectures to approximately
60 professionals and companies, has introduced the trainees to the advantages of the use of
BIM software tools Edificius and TerMus PLUS, as well as SolariusPV for photovoltaic sys-
tems design, provided by the Italian software developing company ACCA Software [39,40].
It was a wining decision to select ACCA Software as the software provider, as it is a build-
ingSMART winner of a professional software award for 2019 [41,42] and CDE platform
award for 2020. The importance of this selected software consists in the possibility of
editing IFC data and that it is an affordable software compared to other software options,
something that is of vital importance for massive adoption in a sector such as architecture
and engineering.

3.3. Drafting National Roadmap for Impelementation of BIM

The third action in the threefold approach is the preparation of a document that
will act as a guideline for enabling national implementation of BIM. Some of the main
characteristics that this document should have are defined according to the best practice
experiences for other countries, identified through the literature review [19-21]. They are
given in continuation.

3.3.1. Strategic Goals of the National BIM Roadmap

The specific objectives that support this vision, to trigger the challenges identified by
the BIM survey, are set out below:
e engaging the governmental bodies as an investor in public construction works, thus
acting as a leader in supporting BIM adoption, is expected to act directly on the
increasing of the demand;
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e  creation of a BIM certification body to support and enhance the training offer with
defined training structure and content in terms of learning outcomes in order to ensure
quality of the BIM skills offer;

e  aligning proposed actions for digital transition of the national construction sector with
EU and international regulation and guidelines will serve to facilitate adoption of
international BIM standards, necessary to introduce a framework for a new digital
approach in construction;

e involving all key enablers form different professional profiles to ensure a successful
digital transition, thus supporting the building of a culture of collaborative projects.

These strategic goals will be evaluated upon achievement of key performance indica-
tors (KPIs), defined in the official document of the National BIM Roadmap as quantifiable
criteria for progress (success or failure). This strategic paper provides guidelines for the
advancement of digital design and aims at optimization of the successful introduction
of BIM.

3.3.2. Main Stakeholder Groups

Target groups of interested parties that should play a certain role in the process of
implementation of BIM or take an advantage of digitization are grouped in three groups
as follows:

e companies (construction companies, design studios, engineering firms,
owners, developers ... );

e  industry or professional bodies (manufacturing of construction materials and products,
professional associations, engineering societies ... );

e government (public bodies, legal authorities, public education and
training institutions ... ).
It is to be mentioned that the achievement of the above-listed objectives shall be orches-

trated in collaboration with relevant governmental and non-governmental stakeholders’

engagement to ensure successful implementation of the proposed measures.

3.3.3. Types of Action and Fields of Action toward BIM Adoption

Based on the findings of the national BIM survey and knowing the current situation
of the construction sector in the country regarding the level of digitization (the level of
awareness of existing digital tools and the benefits of their use), as well as taking into
account the available professional workforce and their interest and potential for adopting
digital tools in their work (as expressed in the BIM survey), the identified necessary types
of action toward introduction and wider BIM adoption are summarized as presented
in Figure 4.

Enablement
‘ actions
Collaboration
actions
Motivation
actions
Raising BIM
awareness
Current status
regarding BIM
Passive Proactive

Figure 4. Proposed types of action toward BIM adoption in the National BIM Roadmap.
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The actions proposed to achieve step-by-step introduction of BIM on national level
are elaborated by types of action that correspond to WEF’s proposed actions for BIM adop-
tion [6]. These types of action can be distinguished into two groups: passive measures—not
leading toward initialization of implementation of BIM but rather prerequisites for starting
with implementation of the next group of proactive measures that occasionally will result
in a systematic approach ensuring positive output. Here, awareness-raising activities are
on the midway of the whole process, acting as a milestone and transition point between
passive and proactive measures.

The above-mentioned types of action are to be taken in different “sectors of influence”—fields
of action that will ensure coordinated driving force toward successful introduction of BIM
on the national level. The necessary fields of action when pathwaying national BIM
adoption, as defined by the WEE, are:

Leadership

Standards

Education and training
Procurement

4. Results and Discussion
4.1. The Analysis of Survey Data and Discussion

The data obtained through the survey were analyzed statistically and described by
percentages, proportions, graphs, and charts for comparing the level of knowledge of
AEC industry practitioners. The questionnaires aimed at gathering information in the
following topics:

1. types of building professionals;
2. tools for BIM design; and
3. barriers/obstacles for increased BIM use.

The survey about penetration and acceptance of BIM practice shows that the most
concerned by BIM software tools are architects and engineers, for their design purpose.
Construction and renovation of buildings in residential and public sectors are shown to
be more relevant, because over 70% of respondents belong to this sector, in comparison
to the infrastructure sector. Half of the respondents have heard of BIM software tools,
but only 2.5% are fully focused on delivering all of their designs in BIM. Most of these
architects and engineers generally use two commercial software tools, Graphisoft Archi-
CAD and Autodesk Revit. No openBIM tools or other alternatives were known to most of
the respondents.

In the next section, descriptive statistical values for presenting the survey findings
are given. The data gathered from the respondents presented in Table 4 demonstrate
the descriptive statistics for the level of usage of BIM measured by a semi-Likert scale;
illustrated are the mean and standard deviation of the findings based on the answers to
questions related to the subject of usage of BIM. We introduce this modified application
of the Likert scale to express the statements in terms of measurable values, marking with
the highest value a strong agreement (or approval and acceptance) and with the lowest
value the most negative attitude. Although this is not a standard use of the Likert scale, this
analysis can give a quantitative impression of the attitude of the respondents and express
trends of distribution of opposite statements.

Table 4 summarizes the conclusions that, in general, the respondents are interested in
using BIM technology; however, its use is still not in place. From the respondents that are
already familiar with the technology, most of them have declared themselves as advanced
users, while the strongest deviation of the answers is shown for the question related to
the origin of the initiative for starting with BIM implementation, where the majority have
answered that it was on their own initiative.
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Table 4. Statistics for the level of usage of BIM measured by a semi-Likert scale.

Semi-Likert Scale Value 3 2 1
Do you use BIM? Yes Still not, but I am interested No, not interested Mean SD
24 201 87 1.79 1.32
Level of expertise Expert Advanced Beginner
5 10 9 1.83 1.44
Behavioral attitude My own initiative Investor Employer
19 3 2 2.71 2.24

The findings related to the behavioral attitude of the respondents regarding intentions
for future use of BIM are presented in Figure 5a. The respondents show a strong belief that
the introduction of BIM will come in the very near future (according to the answers, in the
next 1-2 years), but the findings that can easily be listed as barriers to the introduction of
BIM state very explicitly that currently the major problem for wider BIM adoption is the
lack of demand by clients (Figure 5b).

When do you expect to introduce BIM? Is there a demand for BIM?

Already in place W

Innext 1-2 years |
Innext 5 years | EEEE

No N

Yes, from collaborators [l
Yes, from investor [l
No I

0 50 100 150 200 250 300

50 100 150 200 250

(@ (b)

Figure 5. Attitude toward using BIM. (a) The intention to use BIM in the near future; (b) the existence
of request for BIM.

Furthermore, the identified barriers for more intense introduction of BIM are identified
and discussed. Figure 6 presents the radar chart of six sources that hamper BIM adoption,
identified by the respondents of the survey, and their weight in terms of percentage of
respondents that have chosen a certain option as the most important one. Here, it is to be
emphasized that only one option identified as the most important could be selected.

The survey has identified challenges for further BIM adoption that correspond to the
common conclusions on this topic, as is also the case also in other international studies.
Maybe the most evident is the challenge to make a big switch from traditional to digitally
driven construction. This requires changes in attitude, resulting from much harder intro-
duction of new things in more traditional environments. The identified specific issues
hampering the implementation of BIM are the lack of skilled professionals, the lack of BIM
training, very low demand from market actors, and high initial cost for implementation
of BIM standards and specifications. There are very limited courses teaching BIM-related
software tools in North Macedonia. However, these training options are mostly commercial
ones, available from one authorized training provider of Autodesk that offers training in
only one specific BIM software, such as REVIT. Because the scope of this study did not
cover exploring the presence of BIM in training programs in formal education (including
vocational education for construction and architecture and academic studies in these fields),
more profound study on the existing BIM programs in formal education was not conducted.
However, the fact that there are no courses at the university level entirely devoted to BIM
(or titled as so) is indisputable. There are only some parts of programs related to the issue of
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digital construction, covered with the syllabuses of other academic courses, mainly dealing
with management of construction.

%

Lack of demand
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Cost " 20.00%
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Legislation and ..
& i Lack of trainings
standards

Lack of time

Figure 6. Barriers for BIM adoption identified during the BIM survey in North Macedonia, adapted
from Ref. [34].

Main Conclusions and Recommendations upon Survey Results

The survey results gave a clear picture of where the focus should be placed in order to
achieve successful introduction and acceptance of BIM practice.

Three major barriers that were detected through the survey are [35]:
1. lack of BIM training (33%, or 103 respondents);
insufficient requests from clients (no demand for BIM design) (21.2%, or 66 respondents);
3. missing standards and guidelines (15.4%, or 48 respondents)

N

The survey about penetration and acceptance of BIM practice shows that the most
concerned by BIM software tools are architects and engineers, for their design purpose.
Buildings are most appropriate for the introduction of BIM tools, because over 70% of
respondents belong to this sector. Half of the respondents had heard of BIM software
tools, but only 2.5% were fully focused on delivering all of their designs in BIM. Most
of these architects and engineers have educated themselves on their own initiative for
generally two commercial software tools, Graphisoft ArchiCAD and Autodesk REVIT. No
openBIM tools or other alternatives were known to most of the respondents. Still, the low
or nonexistent demand results in BIM trainees themselves being resistant and reluctant to
learn new tools and workflows, as they perceive this as a waste of time and a hindrance
to their productivity. The biggest challenge is to increase the diversity of BIM training
options, enlarging the demand side, which will lead to higher penetration of BIM in the
private sector, and this, from the other side, can easily lead to its implementation in the
public sector and national legislation. Continuous education and training of employees are
invoking real costs that could influence introduction of BIM standards. We always must
have in mind that even the most proficient BIM user will need to learn continuously and
evolve with their knowledge.

4.2. Discussion of the Results of Case Studies Using BIM in Achievement of Energy
Efficiency BEM
4.2.1. The Scope of Realized Case Studies

Two case studies were conducted and are briefly presented below. It is important to
fix the concepts that help to achieve better energy consumption through all phases of the
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building life cycle. Proper studies are necessary to maximize the saving while keeping
energy consumption at the minimum level at the same time.

The first case study aimed at showing that proper urban planning can help to take
advantage of suitable location, orientation, less shadowing (self-one or projected by neigh-
boring buildings), and urban regulations favoring energy efficiency (number of glass
openings, possibility to create balconies, terraces, flat roofs, acceptance of solar appliances
and photovoltaic panels, etc.). When urban planning is fixed, the design process cannot
vary these conditions, and these conditions could be easily checked through e-permit
evaluation (the EUnet4DBP-European Union net for Digital Building Permits has made
visible the importance of geographic information systems (GIS) and BIM connection for
these parameters). This concept, called “intelligent communities life cycle” in the case of
North Macedonia, is extremely useful, as one of the greatest shares in energy consumption
is in public heating combined with private heating, one specific and very interesting energy
mode in continental countries.

This “public energy consumption” makes it difficult to extract the exact bill for apart-
ments and for housing blocks, and so a measure taken in this sense will be impossible to
track per single use. Thus, the approach had to be changed toward developing sustainable
communities through performance analysis solutions. This would have to be converted
into individual building analysis that could permit there to be a counter per building
instead of per user, enabling the design of new buildings as well as renovations that will
lead to significantly less energy consumption, while maintaining occupant comfort. This
situation means that personal behavior toward energy savings has to be extrapolated to
“community” behavior, quite more difficult to track, empower, and enhance. Larger groups
of buildings designed as residential homing blocks and neighborhoods will better apply
these energy design concepts to entire communities and not just individual flats or single
housing [42-51].

4.2.2. The Approach for Analysis of Case Study Results

TRAINEE has focused on the PV energy modeling proposal (as clean and CO,-free
energy, which works perfectly in cold and sunny countries, such as North Macedonia) and
probably could have a second part for monitoring and analysis and considering how it can
be integrated into a digital twin and a building digital twin for sustainable design. This
approach will be more and more important, as we need SDGs (sustainable development
goals) settled by the UN in 2015 to be globally achieved in 2030, net-zero buildings by 2050
in the UK and Europe, AIA 2030 Commitment in US, etc. In most cases, the communities
that need to be reconfigured with PV solar systems to reach these goals are already built,
and their share with respect to new buildings is significant [43-45]. TRAINEE has been
focused on both fields: one to retrofit existing buildings with solar systems and one to help
architects and engineers to simulate energy gains and losses in new building designs. The
application of BIM in both fields is slightly different; for the first case, we have to create a
BIM model using techniques such as laser-scan, plus the transformation of a point cloud
into a digital BIM model, and then applying the energy consumption to the model (as in a
new housing scheme) [52,53].

Case studies were performed as six-phase activities on two different concepts of
buildings: block housing and single (individual) house.

e  Phase 1 is based on selecting the housing block or the new design of a single house
(Figure 7a).

e  Phase 2 (Figure 7b) takes into account the existing conditions of the physical con-
text (latitude, weather, solar orientation, wind, existence of rivers, mountains, and
neighboring buildings).

e  Phase 3 is based on the calculation of existing solar irradiation from meteorological
data from Meteonorm, PVGIS, or Macedonian Geologic Institute. In the TRAINEE
program, Solarius PV by ACCA Software has been used to estimate the photovoltaic
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solar production from real data of the solar irradiation available, acquired from the
main reference climate databases and its deployment in terraces or tilt roofs.

Phase 4 configures the automated drawing of the single-line electrical diagram of the
photovoltaic installations, having the option of customization with the addition of
electrical panels (in AC and DC), electrical protections on the output or input, types of
cables, etc. This single-line electrical diagram of the photovoltaic system installation
is represented in a complete plan with general data and legends of graphic symbols
with details of the types of components used and is ready for printing or export in
PDF, DXF, DWG, etc. formats.

Phase 5 explores the tracking of consumption per hour, day, week, month, trimester,
quarter, and/or year.

Phase 6 fixes the energy savings (Figure 8a) and money flow control (Figure 8b).
Money flow control is a very important issue, as it can be the driver to make the
investment or not. Normally, the investment will be made if it is self-paid or if the
recovery of the investment, commonly called ROI, or return of investment, is made in
a very short number of years. Long recoveries or high investments make difficult the
acceptance of the change to other kinds of energies.

| <\ ot

(b)

Figure 7. Procedures for realization of case studies: (a) Phase 1: selecting the object for BEM analysis;
(b) Phase 2: physical context of the selected object, adapted from Ref. [41].

e
= -

Figure 8. Phase 6 of realized case studies: (a) representation of energy consumption; (b) control over
costs (money flow), adapted from Ref. [41].

4.2.3. Interpretation of the Case Study Results

The two case studies referred to different types of buildings: block housing (Figure 9)

and single (individual) house, both located in Skopje, North Macedonia. The tasks involved
creation of an optimized model integrated with BIM and combination of tools to enable
modeling of the energy performance of the buildings.
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Figure 9. Case study no. 1 for expressing use of BIM in energy modeling: building block in Skopje,
North Macedonia.

The central method for integrating BIM and BEM was used through a shared environ-
ment for both procedures, using specific data in IFC format. IFC provides an environment
of interoperability among IFC-compliant software applications in all phases of building
design, construction, and maintenance [44].

The assessment levels were comprised as optimization stages:

e  BIM model (IFC/ACCA Software + Edificius)
e  Energy model (SolariusPV)
e  Optimization software multi-objective building optimization (TerMusPLUS)

For the second case study on the single house, the goal was to identify the best
comfort, energy, and cost scenarios by using a simulation model for the purpose of building
refurbishment (Figure 10). The experiment was simulated at a passive level, considering
vernacular strategies of the southeastern EU regions, such as natural ventilation and the use
of sun protection (comfort-economic). The model is used to find the optimum with active
systems, applying cost-optimal criteria of energy and economic efficiency. A second further
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stage could be to introduce environmental labeling for the different grades of comfort, as
in PassivHaus, BREEAM, Minergie, HQE, LEED, dgnb, VERDE, or WELL, to create an
evaluation of the needs for each label, and a next phase could be the adoption of proper
tracking with IoT (Internet of things) sensors, connected to the BIM and BEM model to
identify which communities, blocks, or apartments are better or worse energy users.
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Figure 10. Case study no. 2 for expressing use of BIM in energy modeling: individual house in
Skopje, North Macedonia. (a) Configuration of geographical location; (b) conceptual design from
BIM model and checking for solar radiation and shadowing and first visual checker of PV and solar
paneling location; (c) actual energy consumption and environmental impacts calculated with BEM;
(d) estimated predictions for future building performance using BEM.
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4.2.4. TRAINEE's Digital Procedure to Implement BEM Digital Models

These case studies have served the purpose of expressing the usability of BIM in
performing energy modeling of existing buildings. The TRAINEE project has created
a digital procedure to implement BEM digital models in housing communities to track
their consumptions and savings (Figure 11). Implementation of the procedure is pending.
It was shown that even when the building itself is not initially constructed with a BIM
model, converting the existing building data into a digital model can serve for modeling
the future building performance and selecting the retrofitting interventions that will satisfy
the cost-gain ratio. The transformation of all housing communities into digital models
to manage their energy consumption on a real-time basis after a PV and solar paneling
intervention will be the next challenge.
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Figure 11. Digital procedure to implement BEM digital models in housing communities developed
by TRAINEE project to track energy consumptions and savings.

The real savings numbers after one BEM design in a real community or block housing
and its tracking and counter-comparison are pending, but the expected figure is that digi-
tizing the housing sector by using BIM and BEM can serve to track the energy consumption
trends and to identify the measures that can result in final energy savings. It is expected
that significant numbers of up to 20% in energy savings for new buildings and up to 38%
with retrofitting of existing building stock can be achieved through the proposed procedure.

4.3. Proposal of a National BIM Roadmap
4.3.1. Structure of the Proposal of the National BIM Roadmap

The proposal of the set of measures and actions that should lead to a more structured,
governed, and coordinated approach toward BIM implementation on a national level is
designed to engage all relevant stakeholders and to entitle the leading role of representative
organization (body), where the government itself should take its responsibility, at least in
establishing such a coordinating body (if not taking the role itself) [45].

The set of measures are chosen from the types of action previously identified and
are spreading through all four fields of action (Figure 12) in order to guaranty in-depth
penetration in all relevant spheres and to ensure a stable fundament for transition from
traditional to digital construction. The proposed strategies and actions are targeted to
overcome barriers identified in the BIM survey. The basic structure of the proposed
roadmap is shown on Figure 12.
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Figure 12. Basic structure and fields of action of the proposed BIM roadmap.

The detailed structure of the roadmap is then presented in Appendix A. It describes
the relevant strategy proposed for meeting the identified challenges and the adequate
measures set to mitigate the barriers, which are all listed in corresponding vertical columns
of the graphical representation of the roadmap. Measures are to be undertaken in all four
fields of action as indicated in the corresponding horizontal lines representing the listed
measures. The roadmap also indicates the expected timeframe for the implementation of
a certain action. It is expected that the proper implementation of well-planned measures
can bring the digitization of the construction sector on a significantly higher level in the
timeframe of four years.

4.3.2. General Recommendations for National BIM Adoption

The proposed roadmap for BIM adoption aims at triggering the attention of the
responsible public and governmental authorities to be more proactive toward pushing
the digitization of the national construction sector forward in order to keep pace with
developed countries and global development. This document should act as a baseline
and template document to define the step-by-step process of digital transformation and
to delegate the roles of all responsible actors in the process. The document is structured
by summarizing the best approaches and successful practices of developed countries and
offers the structuring of a system of measures that can lead to the achievement of defined
goals in collaboration with all relevant governmental and non-governmental stakeholders.

Based on the experience of developed countries that have been successful in imple-
mentation of BIM and are already harvesting the benefits that follow after the phase of
“initial implementation”, general recommendations that ensure success of the process of
BIM adoption can be formulated as:

e introducing a BIM mandate is shown as a successful push forward incentive;

e  clear framework for procurement of BIM in public sector construction projects is a
positive approach;

e identifying a champion for BIM. Acting as a central figure in the process of initiating
BIM adoption, the BIM champions are recognized by supporting BIM adoption and
providing profound expert advice to overcome appearing challenges.

Better integration of BIM tools is necessary in order to achieve these goals and report
energy savings. A European Commission study finds that the most successful countries
in this area are the ones that have integrated BIM requirements into their public procure-
ment legislation and that supported the implementation of BIM through public sector
interventions in a more effective way if they are in line with private sector initiatives [31].
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The regulatory environment will also define the potential for change, and, in order
to support productivity growth, regulators may mandate the use of BIM to increase trans-
parency and cooperation across the industry; publish supplier performance data; create
cost transparency throughout the construction industry; transform regulations to support
productivity; and consider labor interventions to ensure skills development instead of
relying heavily on a cheap migrant temporary workforce [1].

5. Conclusions

BIM is definitely promoting serious changes to the construction industry. It changes
its perspectives, its standard procedures, its way of traditional functioning, but BIM brings
its own potential to harvest benefits in all stages of the project life cycle.

According to the findings of the survey, it had been shown that BIM is still in a
premature level of implementation in North Macedonia. Although there are individual
successful examples, the sector is not prepared, and the whole picture has to be created with
thorough planning and activating stakeholders of all levels of the construction sector and,
even more importantly, the relevant authorities and market actors. Transformation toward
BIM as a new technology and methodology for executing construction in all phases requires
a strategic plan. In order to achieve BIM’s full adoption, enforcement by the government
is needed. At the early stage of implementation, the enforcement by government toward
BIM, as a driver for the required change, is necessary.

Showing successful examples, promoting benefits, and changing the culture of tradi-
tional construction are only some of the measures that guarantee change of perception and
eagerness for embracing the positive changes.

6. Limitations and Further Studies

This work presents the current stage of implementation of BIM in the Macedonian
construction sector. It includes an insight into the current attitude of the professionals and
workers in the sector toward BIM implementation, identified through a conducted survey
presented as the first pillar of the paper’s actions. However, the results obtained by the
survey should be considered by taking into account the limitations of this study, related to
the total response rate of the target sample. As stated in Section 3.1.1, from the total of 57,000
employees in the national construction sector, the sample size of contacted respondents
sent questionnaires was 1500, i.e., 2.6% of the total sample size. The obtained 312 valid
responses represent a 20.8% respondent answer rate relative to the sent questionnaires,
but it is an even lower answering rate relative to the total sample size. This should be
considered as the frame of the survey’s limitations.

Although this study is among the first dealing with this subject, it opens many different
fields for further, deeper research, it raises new questions and uncertainties and requires
precise analysis and evaluation of the adequacy of some internationally recognized and
accepted approaches to correspond best to the national circumstances.

Some of the plans for future studies are already elaborated in the main text of this
work, as they become evidently necessary through discussion of the achieved results of the
performed work while identifying the uncovered area of this study. These ideas will be
listed in brief, organized according to the three axes targeted by the paper:

(a) Future steps to improve the BIM survey will be to spread its scope to other respon-
dents from the group of BIM users (not BIM professionals), to collect information on
the construction phases where the use of BIM is mostly present, and, of greatest impor-
tance, to investigate in more detail the inclusion of BIM in formal education programs
in order to be able to propose appropriate actions to overcome skills shortages.

(b) Regarding the use of BIM in evaluating the energy performance of buildings (both
new and already constructed), there are several directions to extend this study. After
developing a PV energy modeling procedure, the next part of the study could be
dedicated to monitoring and analyzing how they can be integrated into a digital
twin and a building digital twin for sustainable design. Then, the introduction of
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environmental labeling for the different grades of comfort is a useful way to express
the building’s value, and the third direction for further studies could be converting the
existing building data into a digital model to serve for modeling the future building
performance and for selecting the retrofitting interventions that will satisfy the cost-
gain ratio.

(c) Considering the proposed document for the National Roadmap for implementation
of BIM that elaborates strategic actions designed to support sustained use of BIM, it
is necessary to continuously monitor and evaluate the effectiveness of its realization.
This will ensure that the pace of development is well defined, ensuring keeping track
with the objectives.

This threefold area for further studies guarantees that the interest to invest in BIM
development is in the upward position and will ensure new achievements in the topic of
BIM. It will also serve the sustainability of the paper’s results as it opens field for further
research and reveals the unanswered questions and challenges that the national adoption
of BIM is facing.
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Appendix A

Table Al. The summary of the proposed National Roadmap for introduction of BIM.

Coordinated asset information requirements
across public sector
Training schemes for public sector 1st year E&T
BIM mandates in procurement of public works 2nd year Procurement

2nd year Standards

Communication between BIM body and national

o 1st year Standards
standardization agency
Specifying BIM competencies when accrediting BIM il E&T
program
Make provision for c.levelopmg government il Procurement
construction contracts
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Table A1. Cont.
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Abstract: This article presents our findings from a three-stage research project, which consists of
the identification, development, and evaluation of a defect management Augmented Reality (AR)
prototype that incorporates Building Information Modelling (BIM) technologies. Within the first
stage, we conducted a workshop with four construction-industry representatives to capture their
opinions and perceptions of the potentials and barriers associated with the integration of BIM and AR
in the construction industry. The workshop findings led us to the second stage, which consisted of the
development of an on-site BIM-based AR defect management (BIM-ARDM) system for construction
inspections. Finally, a study was conducted to evaluate BIM-ARDM in comparison to the current
paper-based defect management inspection approach employed on construction sites. The findings
from the study revealed BIM-ARDM significantly outperformed current approaches in terms of
usability, workload, performance, completion time, identifying defects, locating building elements,
and assisting the user with the inspection task.

Keywords: Augmented Reality; mixed reality; Building Information Modelling; defect management;
construction inspection; quality assurance; immersive visualisation

1. Introduction

Within the last decade, Building Information Modelling (BIM) has received increased
attention from the academic community with a trend towards integrating BIM within the
architectural design process (Figure 1). BIM improves the quality of the documentation
produced, enabling the BIM model to be leveraged throughout the construction-project
life-cycle. Due to the comprehensive data provided by BIM models, advanced visualisation
tools such as Augmented Reality (AR) and Virtual Reality (VR) have been recognized as
effective media to visualise and interact with BIM data. AR is defined as a tool that combines
the real and virtual worlds by superimposing virtual content onto the physical world.
Using this concept, researchers have explored the integration of AR with BIM models in the
construction-project life-cycle. Some common examples include Safety and Training [1,2],
Risk Management [3,4], Architectural Design [5-7], Facilities Management [8,9], Education
and Learning [10,11], and Building Performance Simulation [12,13].

In this article, we present our findings from a three-stage research project consisting of
the identification, development, and evaluation of a BIM-based AR defect management
(BIM-ARDM) system for conducting on-site construction inspections. In the first stage, we
identified and examined the current uses, barriers, and potential uses for the integration
of immersive AR and BIM within the Architecture, Engineering, and Construction (AEC)
industries. This was achieved by conducting a workshop consisting of focus-group inter-
views with four construction-industry representatives, each with varying roles and levels
of experience working in the construction industry.
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Figure 1. The growth of BIM and BIM + AR based on the yearly Google Scholar article mentions
(patents and citations excluded). The following query terms were used: BIM—(“Building Information
Modeling” OR "Building Information Modelling”), BIM + AR—(“Building Information Modeling”
OR “Building Information Modelling”), AND (“Augmented Reality” OR “AR” OR “Mixed Reality”).

The findings from this workshop led us to the second stage, which consisted of
the development of an on-site defect management BIM-ARDM prototype. The technical
implementation was designed to address the concerns and potential features highlighted
by the industry representatives during the focus-group interviews. In the subsequent third
stage, we conducted a pilot study with 11 participants to evaluate the experimental BIM-
ARDM system by comparing it to the current defect management techniques employed in
the construction industry.

Currently, digital technologies have not been adequately adopted in the construction
industry, and their potential is yet to be fully exploited. Current construction processes such
as conducting defect management inspections on buildings remain relatively traditional
and primarily consist of extracting analogue drawings and building information data
from BIM models and printing them as paper-based documents to use during the on-site
construction inspection. Due to the level of detail required for construction personnel to
sufficiently conduct defect management inspections, a significant amount of paper-based
documents are generally required on-site. Whilst conducting the inspection, analogue
drawings of the architectural model are used as a reference by the inspector to compare
how elements, such as a light switch or door, compare to the architectural plans.

Identifying construction defects from printed drawings can be challenging and re-
quires extensive training to precisely read the 2D drawings and understand their spatial
location in the physical space. During the inspection, building-defect data are managed
by writing inspections notes onto a paper-based or digital checklist. Due to the conven-
tional approach for conducting on-site inspections involving a highly manual component,
this process could potentially lead to errors, mistakes, or loss of data occurring before,
during, and after the inspection takes place. Additionally, the conventional method for
defect management inspections requires a significant amount of time allocated to set up the
inspection and summarize post-inspection data. This was demonstrated in a recent study
by Ma et al. [14] that illustrated the inspection process using conventional approaches that
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required almost double the time to plan the inspection (40 min), summarize results (50 min),
and communicate (20 min) in comparison to performing the actual construction-site defect
management inspection (60 min).

To improve productivity, and minimise unnecessary delays and reworks caused
by misinterpretation of plans, and drawings and imprecise information transfer from
three-dimensional to two-dimensional environments, an improved information-exchange
medium is required.

We believe a more effective approach could be achieved by leveraging the visualisation
capabilities of AR to directly link the BIM model with the physical construction site allowing
the BIM model location and specification data to be shown in-situ to enhance a construction
personnel’s spatial awareness and understanding of the architectural design. This process
also enables inspection data to be digitally recorded during the inspection and linked
directly back to the BIM model, which we believe can further mitigate data loss, mistakes,
and discrepancies that could potentially occur by having workers manually inputting data
from paper-based documents into digital systems.

The specific contributions of this study are:

1. Identification and categorization of current uses, potentials uses, and barriers for BIM
and AR integration within the construction industry.

2. Animproved AR system for identifying construction defects during an on-site con-
struction inspection.

3. Asetof novel AR visualisations, and features to improve defect management inspec-
tion performance.

4. A Revit plugin to autonomously link data recorded during the construction inspection
back to the original BIM model.

5. Data analysis software to evaluate and assess construction inspection performance through
eye-tracking, and head-tracking data linked to a four-dimensional visualisation.

In the remainder of this article, we explore and summarize the findings from previ-
ous works that have integrated AR technologies and BIM to conduct on-site construction
inspections. We also identify and discuss the current technological challenges associated
with the integration of AR and BIM within the AEC industries. We present our interview
results from a workshop highlighting the current uses, potential uses, and barriers asso-
ciated with integrating BIM and AR within the construction industry. Next, we present
a summary of an experimental BIM-ARDM system that details the implementation and
design decisions involved in the development of the software. We then present our findings
from a pilot study of the proposed BIM-ARDM which demonstrates significant results
for the usability, workload, performance, completion time, locating building elements,
identifying defects, and preferences in comparison to a traditional paper-based approach.
We conclude the study with a discussion of the limitations of our BIM-ARDM prototype
and some final remarks.

2. Background

In this section, we explore and summarize the implementations and findings from
previous works that explore the usage of AR and BIM to conduct on-site construction
inspections. Subsequently, we identify and discuss two common technological and software
limitations that inhibit the current optimum usage of AR within the AEC industries.

2.1. AR Supporting BIM for Construction Inspections

Shin and Dunston [15] stated two issues needed to be addressed before AR technology
could become prevalent in the AEC industries: limitations of AR technology (e.g., tracking)
and identifying applicable areas within the construction industry that AR could be used for.
The researchers identified eight tasks where AR could benefit the construction industry:
layout, excavation, positioning, inspection, coordination, supervision, commenting, and
strategising. The following year Shin and Dunston [16] presented ARCam: an AR-based
prototype aimed at improving the performance of steel-column inspections. The hardware
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consisted of a mounted stationary video camera attached to a HiBall-3100 tracking system.
Inspectors observed virtual content superimposed onto the physical steel columns through
a traditional touch-screen display. A study with sixteen graduate civil engineering students
was conducted to compare ARCam with conventional methods for steel-column inspections.
The findings demonstrated that ARCam required less task load based on the NASA-Task-
Load-Index results [17] and was a more intuitive mode of operation for conducting the
inspection task. However, conventional methods outperformed ARCam in regards to
inspection precision and performance. The authors concluded the graphical appearance of
the virtual model, tracking, and calibration set up all required improvements to improve
the feasibility of ARCam.

In recent years, researchers have utilized more modern immersive AR displays for
construction-based inspections. Portalés et al. [18] developed an AR tablet-based on-
site inspection tool that incorporated visualisations to superimpose virtual content onto
prefabricated buildings. Similarly, Garcia-Pereira et al. [19] presented an annotation-
based tablet AR inspection tool for prefabricated buildings. The system consisted of a
visualisation that allowed inspectors to change the transparency of the virtual building
model by manipulating the value of a virtual slider. Various types of annotations were also
incorporated into the system including text-based annotations, photographic annotations,
and 2D-drawing annotations. A study with 11 participants that had previous experience in
construction-based inspections was conducted to test the various functions in the system.
Participants were tasked to calibrate the virtual model, change the transparency of the
virtual model, revisit a pre-existing annotation, make two new annotations, revisit one
of their own annotations, and delete an annotation. The results from the study showed
that the usability of the system received an 81.36 (excellent) ranking based on the System
Usability Scale (SUS) [20]. A Likert-based ranking (1 strongly disagree to 5 strongly agree)
revealed participants believed the presented system could reduce the inspection time
(mean = 4.18), improve documentation during the inspection process (mean = 4.09), be
suitable for real work environments (mean = 4.45), and be valuable for documenting the
geometry of elements during inspections (mean = 4.73).

Feng et al. [21] used the HoloLens to develop an AR-based inspection tool that
superimposed BIM models onto a physical construction site. The researchers utilized
an AR-based interface allowing inspectors to check off construction elements within a
virtual holographic checklist. Park et al. [22] proposed a conceptual proactive construction
defect management framework that integrated BIM, AR, and data-collection methods to
improve upon the conventional manual construction-inspection processes. The proposed
framework presents a solution to address each of the three stages required in a typical
knowledge-management process: 1. capture, 2. retrieval, and 3. reuse. The presented
solutions consisted of (1) a proposed data-collection template to improve the quality of
data captured during the inspection, (2) a defect domain ontology for improved retrieval
and access of defect data, and (3) an AR-based system that incorporates image-matching
techniques to overcome the conventional manual construction-inspection practices. The
following year Kwon and Park et al. [23] presented two AR-based prototypes to conduct
defect management inspections both remotely and on-site. The remote system consisted
of having an on-site worker take a picture of the physical element, which is relayed
into a server. The 2D image is then run through an image-matching system to identify
the corresponding virtual element to compare the differences between the physical and
virtual elements. The on-site defect management system consisted of a mobile-based AR
application that superimposed virtual building models onto the physical building using
a marker-based tracking technique. Zhou et al. [24] developed an AR system to inspect
segment displacement during tunnel construction. Th eresults from a case study comparing
the proposed AR system to conventional methods demonstrated that the AR system can
reduce the total duration of the inspection. Furthermore, participants claimed the AR
system was more intuitive and overall a more-effective approach to diagnose segment
displacement in comparison to conventional methods. Other works have proposed the
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usage of an IFC-based framework to improve the interoperability of equipment used to
conduct self-inspections of buildings [25].

Other prototypes that do not directly support AR, but that demonstrated potential ben-
efits for construction inspections, were presented by Ma et al. [14]. The authors proposed
a non-immersive collaborative tablet-based quality-management inspection application
that integrated BIM models and indoor positioning. The system was tested by having a
construction manager conduct an on-site inspection using both the proposed tablet-based
system and a traditional paper-based system. The results revealed that the construction
manager spent approximately 30% more time using the proposed tablet-based system for
conducting the actual on-site inspection. However, taking into consideration other factors
associated with the entire inspection process (i.e., inspection-task planning, inspection
results summarizing, and communication), the researchers concluded the system could
save approximately 50% of the time for the entire inspection process. The results from
this test were shown to seven construction site engineers to gather qualitative feedback on
the system. The engineers stated the ability to avoid manually entering inspection data
from paper records into computers, maintain the latest inspection progress from the BIM
model, adhere to inspection standards, and improve stakeholder communication as the key
advantages of the proposed tablet system.

2.2. Current Challenges

Based on our previous literature review of AR supporting BIM for construction inspec-
tions and the results from our workshop, we identified two common technical limitations
that we believe require improvements before BIM-based AR technologies can be adopted
from research into the construction industry. Firstly, before developing a BIM-based AR tool,
a workflow is required to transfer the BIM model from a BIM-based CAD platform (e.g.,
Revit) into an AR-supported software development kit (SDK) or game engine (e.g., Unity
or Unreal) without loss of BIM metadata. Once this has been achieved, a tracking technique
is then required to superimpose the virtual BIM model onto the physical construction site
at a one-to-one mapping whilst the user navigates through the environment.

2.2.1. Integrating BIM Models from CAD Platforms to Game Engines and SDKs

The lack of interoperability to communicate BIM data across different platforms has
been one of the primary technical barriers associated with the development of BIM-based
AR/VR prototypes built off SDKs or game engines. Currently, the Industry Foundation
Class (IFC) remains the most widely adopted approach for transferring BIM models across
platforms. IFC is defined by BuildingSMART as a data model that “can define physical
components of buildings, manufactured products, mechanical/electrical systems, structural
analysis models, energy analysis models, cost breakdowns, work schedules, and more” [26].
This process allows partial metadata associated with the BIM model to be saved within a
single file format, which can be exported and imported across BIM-based CAD platforms
that provide native IFC support. However, game engines, such as Unity, do not provide
native support for IFCs, and third-party libraries [27-29] have been released to parse and
import IFC models into game engines. The primary limitation associated with IFC is that
only specific metadata associated with the BIM model are maintained that can result in a
significant loss of BIM metadata when exporting from the native CAD format (e.g., rvt file
format) to IFC.

However, recently, the Unity Development team released Unity Reflect: A software
package that creates a natural uni-directional linkage between a CAD platform (Revit)
and the Unity game engine (https://unity.com/products/unity-reflect, accessed on 20
December 2021). Although, future work is still required to achieve a natural bi-directional
exchange of BIM data between CAD platforms and game engines.
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2.2.2. Tracking and Registration

The tracking accuracy associated with the alignment of virtual holographic models
onto the physical world remains one of the prominent ongoing research fields within the AR
research community. Typically, AR tracking techniques [30] are camera-based, and they are
defined through two categorizations: marker-based [31] and marker-less tracking [32,33].
Marker-based tracking methods rely on tracking the position of physical markers (e.g., Vu-
foria [34] frame targets, image targets, QR codes, or ARToolKit markers [35]) to achieve an
alignment between the virtual world and the real world. Although marker-based tracking
techniques yield a more-precise tracking accuracy than marker-less techniques, specific
limitations associated with marker-based techniques make it difficult to employ within a
real-world construction site. Firstly, the most obvious limitation is that physical markers are
required for the tracking to be achieved. As a result, various physical markers would be
needed to be set up on the physical construction site, which would be tedious. Furthermore,
the placement of these physical markers would have to match the exact position of corre-
sponding virtual markers on the BIM model at a one-to-one mapping. This means a point
cloud or spatial map of the construction site would be required as a reference to ensure the
virtual building model is precisely placed at the corresponding position of the real-world
construction site.

Alternatively, marker-less tracking techniques rely strictly on the depth sensors and
cameras built into the AR hardware to simultaneously map and localize the virtual world
in real time. Although currently tracking performance is sacrificed when using marker-less
tracking techniques, as AR hardware and tracking algorithms continue to advance, marker-
less tracking techniques for on-site construction inspections will become more feasible.
Research by Kopsida and Brilakis [36] explored three AR tracking techniques that would
be suitable for on-site construction inspections: model-based, marker-less using monocular
SLAM, and marker-less using Red-Green-Blue—Depth (RGB-D) devices. The researchers
concluded that using the built-in RGB-D depth-sensors of devices such as the Microsoft
Kinect and Google Project Tango was the most feasible out of the three marker-less tracking
solutions for on-site construction-inspection accuracy. Recent works by Hiibner et al. [37]
have further validated this claim by demonstrating the accuracy of RGB-D sensors built into
the Microsoft Hololens 1 Head-Mounted Display (HMD), which were capable of tracking
within a two-centimetre accuracy in indoor environments.

3. Workshop

A workshop was conducted to facilitate focus-group interviews with four construction-
industry representatives in attendance, each with different roles and levels of experience
working within the construction industries. All participants were active professionals with
multiple years of prior experience working in the construction industry. Each participant
was selected from different construction companies to represent a range of practices in
the construction sector including sole trader, small to medium enterprises, and larger
practices. The specific roles and expertise of each participant are displayed in Table 1.
Due to the data collected in the focus-group interviews being entirely qualitative, with
the workshop process involving demonstrations and open discussions, the number of
participants selected to take part in the workshop was purposefully kept to a smaller
scale. The primary goal of this workshop was to capture the participants” opinions and
perceptions regarding the potentials and barriers associated with the integration of BIM
and AR within the construction industry. Specifically, the workshop explored the following
research questions:

1. What is the current adoption related to the integration of BIM and AR within the
construction industry?

2. What are the barriers associated with integrating BIM and AR within the construc-
tion industry?

3. What potential scenarios across the entire construction-project life-cycle could BIM
and AR be integrated for?
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Table 1. This table shows the experience and roles of the workshop participants.

Participant Role Construction-Industry Experience
1) General Builder and Director 33 Years
2) BIM Manager 33 Years
3) BIM Manager 10 Years
4) Project Administrator 4 Years

3.1. Procedure

The workshop process consisted of presentations, interactive demonstrations, focus-
group interviews, and discussions. The presentations and demonstrations were conducted
prior to the interviews and discussions to familiarise participants with AR and VR tech-
nologies and to showcase some of the potential scenarios the technology could be applied
to within the construction industry. The VR demonstration consisted of a first-person
walk-through visualisation of a virtual BIM model. Participants were able to interact with
virtual elements within the building to display the BIM metadata properties associated with
each element (e.g., manufacturer, cost, material, name, etc.). The AR demonstration utilized
the see-through mixed reality HMD Microsoft Hololens 1, which allowed participants to
visualise a virtual scaled-down BIM model. Participants were able to rescale the BIM model
using the "air tap gesture" through a two-dimensional UI attached to the model. Partic-
ipants were also able to interact with the BIM model by enabling and disabling specific
components and rooms within the building by toggling components on and off in the UL

Focus-group interviews were the main instrument used to collect data during the work-
shop. The data collected from this workshop were analysed using a content analysis [38]
approach. This process enabled us to make replicable and valid inferences from texts to
the contexts of their use. A three-step methodology was employed to analyse the collected
data. Firstly, data were converted from an audio recording to a transcript and were or-
ganised based on time stamps. Next, the data were coded by segmenting sentences or
paragraphs into categories and labelling those categories with a term associated with the
actual language of the participants. This included finding frequencies of occurring ideas
(or events) in the data relevant to the research questions. Subsequently, three key themes
were identified from the analysis: current uses of using BIM and AR, barriers of using BIM
and AR, and scenarios and future directions for using BIM and AR.

3.2. Current Uses of BIM and AR

Despite all workshop participants having limited prior experience using AR technolo-
gies, all participants had a sufficient understanding of AR. All participants stated that the
technology had not been incorporated within any of their current or previous companies.
However, multiple participants stated their companies were actively utilizing VR as a
walk-through visualisation tool within the design phase of their projects to “bring clients in
and do a bit of a walk-through”.

Although participants stated there are limited current uses of AR within the construc-
tion industry, Figure 1 demonstrates that a comprehensive amount of research has previously
been conducted on the integration of AR and BIM technologies and is continually rising each
year. Furthermore, the literature has also demonstrated that a significant amount of research
has been conducted on the integration of AR across a range of AEC disciplines [39-41]. Due
to the substantial amount of AR research conducted in AEC, and the limited adoption
of AR within the AEC sectors, it is evident that a clear gap exists between the research
and industry. The broader impact of AR on AEC projects is not well understood. Further
discussions with AEC experts to understand the current barriers surrounding BIM and AR,
and to identify applicable areas for the integration of AR and BIM in the AEC industries,
are required to bridge the gap between the research and practice.
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3.3. Current Barriers Surrounding BIM and AR

Before AR technology can be applied to the construction industry, it is necessary
to identify the current barriers inhibiting the optimum usage of AR in construction. In
this section, we explore non-technical aspects from the perspective of experts within the
construction industry that need to be overcome before AR and BIM can become prevalent
within the construction industry. The specific barriers identified by participants that we
discuss include (1) maturity and reliability, (2) accessibility, (3) standards and data exchange,
and (4) stakeholder perception and organisational culture.

3.3.1. Maturity and Reliability

Participants described the lack of maturity and reliability associated with current AR
technologies as one of the leading factors for why their companies had yet to adopt AR
technologies. One participant stated that “we still don’t see huge benefits in jumping into
AR at the moment until the technology matures a little bit more”. We believe that the acces-
sibility and tracking limitations associated with AR technologies are factors that directly
correlate with the advancement of the maturity and reliability of future AR technologies.

3.3.2. Accessibility and Cost

Due to the pricing and limited AR devices available, it is difficult and expensive to
acquire a high-end AR display. Currently, the Hololens II is marketed at USD 3500 (https:
/ /www.microsoft.com/en-us/hololens/buy, accessed on 20 December 2021) (Table 2),
and due to the cost of hardware and resources, prices of high-end AR HMDs will likely
remain expensive in the future. As a result, accessibility of the technology was stated by
the participants as a major barrier for the adoption of AR within the construction industry.
One participant suggested using a tablet or smartphone as the primary display to make AR
more accessible: “so you are not carrying a whole bunch of devices. That is where I sort of
see an easy way of marketing (AR)”.

Table 2. This table shows the modern AR HMDs commercialized over the last decade and the retail
prices associated with the devices. (+ Discontinued, planned, and § rumoured).

AR Headset Year Price (USD)
Meta 11 2014 750
Meta 2 t 2016 494
HoloLens 1 * 2016 3000
Magic Leap 1 * 2018 2295
HoloLens 2 2019 3500
Magic Leap 2 2021 2295
Apple AR Headset § 2022 3000

Participants stated that the costs associated with designing and maintaining BIM
models was another hurdle as to why BIM has not become fully adopted within construction
companies. Participants pointed out that this issue is especially prevalent for smaller
projects with a lower budget; one participant stated: “You've got to sort of work out
something to try and bring smaller projects into using it”.

3.3.3. Standards and Data Exchange

Interoperability and lack of support provided to exchange BIM data across different
platforms is another key barrier associated with the adoption of BIM and AR technologies.
One participant stated, “the models coming through are actually being dumbed down
and all the data is stripped out of them”. Although IFC was introduced as a standardized
data model to exchange BIM data across platforms, only a limited portion of meta-data
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associated with the BIM are maintained when exporting to IFC. The participant further
commented: “We have seen an increase in people sharing models in IFC rather than native
Revit or Techno or whatever else. That’s great as you get some geometry with it, but you've
lost a whole heap of data”.

Finally, the other challenges are related to the highly fragmented and inconsistent
capabilities across hardware platforms and operating systems. There is an imbalance in
the projects within the construction industry itself with architects, services, and structural
industries still using basic CAD and 2D media. The level of inconsistencies in the platforms
used by different industries including architects, consultants, and construction professionals
affect the level of accuracy through the supply chain. One participant stated, “we’re getting
jobs where we still get CAD and 2D drawings”.

3.3.4. Stakeholder Perception and Organisational Culture

Stakeholder perception and organisational culture also pose challenges for the integra-
tion of AR and BIM technologies within the construction industry. This was highlighted by
a participant who claimed “the major holdup to the advancement and development (of AR
in construction) is not the technology, it is actually the people and processes”. Most of the
construction industry is still very traditional and is quite reluctant to adopt new technology,
especially related to the usage of BIM and AR. One participant stated “there are negative
perceptions created when using new technology,” and “people really have to build the
confidence before they take the next step”.

One participant also commented on the architectural designers’ reluctance to design
and develop BIM models: “The payoff for (BIM) is for the person in front. This means
the driver either has to be the end user clients that are going to see a potential payoff if
the entire tool chain is using BIM to its full extent”. As a solution to the aforementioned
issue, one participant commented: “I think the only way to push the clientele to drive BIM
through the process is to make it an industry standard”.

3.4. Potential and Future Directions for Using BIM and AR

AR systems provide fast and easy access to information through a three-dimensional
medium that creates huge opportunities and potential for the adoption of AR in a range
of construction disciplines. Some of the potential uses of AR in construction mentioned
by participants were as follows: (1) quality assurance and defect management inspections,
(2) safety inductions and training, (3) risk management, (4) facilities management, and (5)
building performance simulation.

3.4.1. Quality Assurance and Defect Management Inspections

Using AR to conduct quality assurance or defect management inspections was one
particular area of interest mentioned by multiple participants throughout the workshop.
Some of the comments from the participants included the following: (1) “I see (AR) as
particularly valuable at this stage in terms of reviewing things before you install ceilings
before you clad walls or things where you actually should be doing your QA checks”; (2) “If
you have an AR environment (where) you can go into the room so you don’t necessarily
need 100% accuracy of measurement, you are not actually constructing but you just have to
do a building review—'Are all the elements that should be in this room actually installed?
Can I'sign off’?”; and (3) “Just doing QA work is a really good use (for AR) and there is no
reason why you can’t do that right now”.

3.4.2. Safety Inductions and Training

Participants also described the possibilities of using AR to train construction workers
on the safety implications associated with the construction site: “the only (way) we would
potentially use (AR) is probably safety and design upfront. Walking around (a BIM) and as
you're going through the safety and design review phase looking at certain areas that you
potentially might have some concerns”. The benefit of using AR for safety and training is
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that users can simulate, share, and exchange valuable information without any physical
medium. A participant further stated “I think one of the uses for (AR) is safety induction
because you want to familiarise some person with the safety of the site, the egress paths,
where areas are restricted. There’s no reason why all that information can’t be contained
within a model which then could be used in a training environment to familiarise someone
with the building very quickly”. One participant also stated the following negative aspect
of using AR for safety and training: “I think it’s very difficult to replace a real-life situation
with a virtual situation, you might be able to visualise it but to get all other interaction that
you would have on a construction site, and all the other safety factors you got to be aware
of, I still think it is not quite there”.

3.4.3. Risk Management

Similarly, participants identified risk management as another area of interest for the
integration of AR and BIM. Participants described developing a potential AR application
which “provides live visualisation of a building along with the associated high-risk areas,
and exclusion zones, and the ability to manage risks and report them”. Linking geolocation
coordinates and the project schedule to the BIM could be further integrated to provide
four-dimensional visualisations of the BIM model [42].

3.4.4. Facilities Management

Facilities management was described by participants as “a major driver for AR, it
comes into great usage for AR”. The ability to use AR for see-through objects and to
visualise occluded elements was referenced many times throughout the workshop as a
potentially valuable use of the technology. One participant described the following scenario:
“if you can walk into a building and look up at the ceiling and you know what’s above
it, you can point at the ceiling and go: where is the air-conditioning unit for this room?”
Previous research such as ARWindow has demonstrated an optimistic outlook to adopt AR
technologies within facilities management (FM) from the perspective of industrial facility
managers [43].

3.4.5. Building Performance Simulation and Visualisation

Using the immersive three-dimensional qualities of AR to simulate and assess the
performance of building design features was also described as one of the potential uses for
AR within the construction industry. One of the participants stated, “say acoustically you
have to meet certain acoustic requirements, if you could integrate something that spread
out certain sound levels in a room there definitely is a benefit”.

3.5. Potential Features

Throughout the workshop, participants highlighted several features when describing
their optimal AR applications for construction. Specifically, participants mentioned the
following: (1) visualisation and sequencing, (2) UI design and user-friendliness, and (3) ac-
cessibility as important features when developing an AR-based construction application.

3.5.1. Visualisation and Sequencing

Participants described the ability to visualise sequences and the ability to “pull apart
a model and put it back together” to develop a better understanding of “what you need
to go in first” as a potential feature for an AR system. Similarly, another participant
stated: “in terms of interaction, turning things on and off (in the BIM) so people can
deconstruct and reconstruct the building as many times as they want until they get it
right and say OK this is the way I want to do it”. The ability to sequence components
is demonstrated in commercial AR-based construction applications such as Gamma AR
(https://gamma-ar.com/, accessed on 20 December 2021) and Trimble Connect (https:
/ /connect.trimble.com/, accessed on 20 December 2021). Colour-coding virtual building
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elements, and visualising occluded elements, was also a feature demonstrated by BIM
Holoview (http://www.bimholoview.com/, accessed on 20 December 2021).

3.5.2. UI Design and User-Friendliness

The user-friendliness of the technology was a continuous theme throughout the work-
shop. Participants were asked to describe their optimal AR applications, and participants
responded that it “has to be really simple to use”, with an intuitive UI design. Furthermore,
it should be a “really easy process, so you can wander around a site, point an iPad in a
direction, and it knows exactly where they are and shows them what they should be seeing.
You actually take the human element out of it”.

3.5.3. Accessibility

Integrating AR with existing BIM-based CAD platforms can also make AR more
attractive and accessible to construction companies. One participant stated “you get
someone comfortable in one platform and then the next job they go to its working on a
different platform and what they are able to do one they are not able to do (in the other). It
just brings frustration for people”. However, due to the lack of development tools, support,
and flexibility provided by BIM-based CAD platforms, developers tend to utilize SDKs and
game engines such as Unreal (https:/ /www.unrealengine.com/, accessed on 20 December
2021) or Unity (https://unity.com/, accessed on 20 December 2021) for AR software
development. Participants also discussed the potential of using AR to access everything
needed during a construction task within a single compact device. When referring to an
AR inspection application, one participant commented “if you’ve got everything in your
iPad you can then actually start using checklists and whatever else you need in one device
so you (don’t need to) carry a whole bunch of devices”.

3.6. Summary

A summary of the potential future applications proposed by the workshop respon-
dents is as below:

Al. Using AR technologies to conduct on-site quality assurance and defect management
inspections on a construction site.

A2. The ability to use AR technologies to visualise BIM models and go through the safety
and design review phase and identify which areas on the construction site may have
some potential safety concerns.

A3. An AR-based learning/educational/training risk-management application designed
to familiarise a person with the safety requirements and hazards associated with the
construction site.

A4. A facilities-management-focused AR application that allows facility managers to
visualise obstructed or invisible objects within a physical building.

A5. An AR-based building performance simulation and analysis tool that provides the user
feedback on whether a room in the building meets specific performance requirements
(e.g., acoustics).

Throughout the workshop, the participants also proposed several potential features
when describing their optimal AR applications. We categorized and summarized the poten-
tial features highlighted by workshop participants into four categorizations: visualisations,
interface, tracking, and data exchange.

Visualisations

F1. Using AR to visualise occluded objects (e.g., wiring, pipes) on a construction site.

F2.  Sequencing a BIM model into specific components to insert things, and having a UL
providing visual feedback on the insertion process.

F3. Representing data using three-dimensional visualisations as opposed to traditional
two-dimensional architectural analogue drawings.
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F4. Design the AR application to be highly interactive. Users should have the ability to
visualise the building and turn specific components on and off.

Interface

F5.  Ensuring the general user-friendliness of the AR application and Ul is a priority. It
needs to be very simple and easy to use for a non-technical user.

F6. Having checklists and other documents required for a construction task to be all
accessible within a single device.

F7. Anintegration of the AR system with existing BIM platforms to improve accessibility.

Tracking

F8. Animproved AR tracking system that is very simple to use and setup.
F9. Linking AR to digital point survey type accuracy for improved tracking.

Data Exchange

F10. A system or workflow capable of maintaining BIM data when exchanging BIM data
across platforms to avoid loss of data.

In the remainder of this article, we explore the implementation of Al. Using AR to
conduct on-site construction inspections from the above-listed potential applications. We
also present the implementation of several features integrated within the system highlighted
by participants from the list of potential features. Specifically, we address all the listed
potential features (F1-F9) in the BIM-ARDM system with the exception of F10 due to the
scope of the development.

The decision-making process, which led to the selectio