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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

Buildings 2021, 11, 59. https://doi.org/10.3390/buildings11020059 https://www.mdpi.com/journal/buildings1
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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:

• Demand expertise and specific knowledge;
• Require the definition of multiple variables related to mechanical systems, load,

schedules, etc.;
• 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 IS5281 “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 IS1045 “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 IS5281 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 (GradeValueu) 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).

IP = 100 × ECre f − ECdes

ECre f
(1)

where:
IP—Improvement percentage (%) of energy consumption for floor area
ECref—Reference energy consumption (kWh/m2 year)
ECdes—Unit energy consumption (kWh/m2 year)

Bldrate =
∑m

u=1 Areau × GradeValueu

∑m
u=1 Areau

(2)

where:
Bldrate—Energy rating of building
GradeValueu—Energy rating of unit (apartment/office)
Areau—Area of unit (m2)
u—Unit
m—Number of units

Table 1. Unit energy efficiency rating (residential) with GradeValueu.

Rating of
Unit

Grade
Value

Energy Efficiency Improvement Percentage by Climatic Zone (%)

Climate
Zone A

Climate
Zone B

Climate
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.

Figure 1. ENERGYui workflow.

ENERGYui 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

Architectural
(user-defined)

Location Set by user *

Geometry

Opaque Set by user * (See Figures 3 and 4)

Windows Set by user * (See Figures 3 and 5)

Blinds

Shading
Coefficient Winter

Shading
Coefficient

Summer

No Blinds 1.0 1.0
2/3 opening 0.6 0.4
1/2 opening 0.5 0.4
Full opening 0.8 0.4

Sunshades Set by user * (See Figure 5)

Materials Set by user * (See Figures 4 and 7)

Ventilation Night Crossed, Comfort

Non-Architectural
(Tool defined)

Loads

People From 4 to 8—According to apartment size
Constant From 1 to 0.5 W/m2—According to apartment size
Non-constant From 8 to 4 W/m2—According to apartment size
Lighting 5 W/m2

Mechanical system Ideal system—Heating/Cooling Loads Calculation

Setpoint Heating 20 ◦C

Cooling 24 ◦C

Infiltration 1 ach

Seasons According to location climatic zone

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

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
ENERGYui 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).

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,

6
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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 IS5282.

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

7
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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.

Figure 5. Opaque envelope: Assignment of composite elements.

Figure 6. Openings: Assignment of window and shading elements.

8
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Figure 7. Energy rating for a building (left) and an individual unit (right).

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.

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 m2 for all buildings, resulting in two 4-story and one
5-story buildings, respectively as shown in Figure 9.

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 façade uses as a starting point a basic level of insulation, meeting the
minimum requirements required for heavy construction as set out in IS1045. 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 5.0 m, 8.2 m, 14.0 m

Orientation Des_Alt 0 Deg, 45 Deg, 315 Deg Main façade
orientation -

Insulation
Bsc StIns Standard Insulation U = 1.25 W/m2K

Des_Alt ImIns Improved insulation U = 0.5 W/m2K

Glazing
Bsc DgCl Double Glazing Clear U = 3.95 W/m2K, SHGC = 0.65, Vt = 0.63

Des_Alt LowE Low Emissivity
glazing U = 3.14 W/m2K, SHGC = 0.52, Vt = 0.6

Shading

Bsc noShd No shading -

Des_Alt IntShd Internal dynamic
shading SC = 0.55

Des_Alt ExtShd External dynamic
shading -

Des_Alt BrSol External fixed shading -

Window Size

Bsc MedWin Medium window size H = 1.4 m
Des_Alt MaxWin Maximal window size H = 2.7 m
Des_Alt MinWin Reduced window size H = 1.0 m

Des_Alt MinWinSouth Reduced window size
South H = 1.0 m

Light Control
Bsc LC1S Light control 1 step on/off (500 lx)

Des_Alt LC2S Light control 2 step on/off (500 lx)
Des_Alt LCdim Light control dimmer dimmer (500 lx)

Ventilation

Bsc noV No Ventilation -

Des_Alt nNV Natural night
ventilation 3 ach

Des_Alt mNV Mechanical night
ventilation 10 ach

Des_Alt ComfV Comfort ventilation Ceiling fan (Allows to raise summer
temperature by 0.5 ◦C)

Basic alternative (Bsc)

Insulation Glazing Shading Window Size Light Control Ventilation
StIns 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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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).
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Table 5. Design path showing improvements of two design alternatives.

Description
Typical Middle Floor Whole

Building
Apartment 1 Apartment 2

ECref Residential:
41.78 kWh/m2 year

Improvement
%

Rating
ECdes

(kWh/m2

year)

Improvement
%

Rating
ECdes

(kWh/m2

year)
Rating

A
lt

e
rn

a
ti

v
e

1

1
Basic Insulation Single
Glazing Clear No
Shading

−6 F 44.3 5 E 39.9 F

2

Improved Envelope
Insulation
IS5282-Level 2 Double
Glazing Clear

6 E 39.3 16 D 35 D

3 Full Opening External
shutters 24 C 31.7 24 C 31.7 B

4 Night Ventilation 32 A 28.2 31 A 28.6 A

A
lt

e
rn

a
ti

v
e

2

1 Increase
Glazing—social areas −9 F 45.7 −24 F 51.9 F

2 LowE Glazing 5 E 39.7 −10 F 45.9 F

3 Full Opening External
shutters 23 C 32.2 14 D 36.1 C

4 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 IS5282.
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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 CO2
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. To identify 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 CO2

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

21



Buildings 2021, 11, 634

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 CO2 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

B01 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]

B04 Risks and uncertainties involved in implementing new
technologies 6 [7,8,12,41,42]

B05 Economic state 2 [9,22]
B06 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]

B08 Conflicts of interests among various stakeholders in adopting
GBTs 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 (H0) 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 (α) 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.

Company
Type

Percentage Profession Percentage
Experience in
Construction

Industry
Percentage

Experience in
Green

Building
Percentage

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
manager 16

Financial
investment 5 Academia 5

Architect 3 Architect 3
Material
supplier 3

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

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 4.11 0.831
B01 2 Lack of government support 4.11 0.924
B15 3 High cost of sustainable materials and products 4.03 0.915
B05 4 Economic state 4.00 0.771
B02 5 Higher costs of GBTs 3.97 0.822
B03 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

B07 9 Lack of knowledge and awareness of GBTs and their
benefits 3.76 1.025

B17 10 Fewer GB regulations available 3.71 0.927

B04 11 Risks and uncertainties involved in implementing new
technologies 3.68 0.904

B11 12 Lack of reliable GBTs research and education 3.66 0.966

B16 13 Complexity and rigid requirements involved in adopting
GBTs 3.58 1.030

B09 14 Resistance to change 3.50 1.109
B19 15 Difficulties in adapting to the certification system 3.50 1.133

B08 16 Conflicts of interests among various stakeholders in
adopting GBTs 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
unavailable 3.37 1.025

B13 19 Longer construction period 3.24 1.025
Color Legend

Political Economic Socio-
cultural Technological Legal

    

The results reveal that the three main barriers to green building are:
“Lack of skilled/experienced staff”.
“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 Water-efficiency 4.61 0.790
D17 2 Energy-efficiency 4.58 0.758
D08 3 Improved occupant health, comfort, and satisfaction 4.55 0.686
D19 4 Low environmental impact 4.47 0.797
D22 5 Preservation of natural resources 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 Better indoor environmental quality 4.37 0.852
D02 9 Positive company image and reputation 4.29 0.835
D03 10 Reduced lifecycle costs 4.24 0.943
D21 11 Reduced construction and demolishing wastes 4.21 1.018

D14 12 Efficiency in Construction Processes and management
practices 4.13 0.906

D16 13 GB rating systems 4.11 0.863
D12 14 Commitment to social responsibility 4.08 1.124
D13 15 Increase of awareness 4.05 1.064
D05 16 High rental returns 4.00 1.090
D07 17 Increased building value 4.00 1.090
D10 18 Facilitation of practice sharing 3.97 1.078
D11 19 Educational programs 3.95 1.114
D04 20 Attract premium clients 3.95 1.161
D06 21 Improvement in the national economy 3.92 1.075
D09 22 Attract quality employees and reduce employee turnover 3.89 1.134

Color Legend

Political Economic Socio-
cultural Technological Legal Environmental

     

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-
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].

It is 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.

Author Contributions: Conceptualization, D.A. and A.N.; formal analysis, D.A.; funding acquisition,
A.N.; investigation, D.A.; methodology, D.A.; project administration, M.A.H.; resources, A.N.;
supervision, A.N. and M.A.H.; validation, D.A.; visualization, G.A.; writing—original draft, D.A.;
writing—review & editing, A.N., M.A.H. and M.K. All authors have read and agreed to the published
version of the manuscript.

Funding: The present research was supported by Nazarbayev University Competitive Grants Pro-
gram (Funder Project Reference: 021220FD2251, Project Financial System Code: SEDS2021022).

Informed Consent Statement: Informed consent was obtained from all the participants before
completing the survey.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Global Alliance for Buildings and Construction. Global Status Report for Buildings and Construction: Towards a Zero-Emission,
Efficient and Resilient Buildings and Construction Sector. International Energy Agency and the United Nations Environment
Programme. 2020. Available online: https://globalabc.org/sites/default/files/inline-files/2020%20Buildings%20GSR_FULL%
20REPORT.pdf (accessed on 15 January 2021).

2. Global Alliance for Buildings and Construction. Global Status Report for Buildings and Construction: Towards a Zero-Emission,
Efficient and Resilient Buildings and Construction Sector. International Energy Agency and the United Nations Environment
Programme. 2019. Available online: https://www.unep.org/resources/publication/2019-global-status-report-buildings-and-
construction-sector (accessed on 20 January 2021).

3. Pulselli, R.M.; Simoncini, E.; Bastianoni, S. Emergy analysis of building manufacturing, maintenance and use: Em-building
indices to evaluate housing sustainability. Energy Build. 2007, 39, 620–628. [CrossRef]

4. Yudelson, J. The Green Building Revolution; Island Press: Washington, DC, USA, 2010.
5. WBCSD. Energy Efficiency in Buildings–Business Realities and Opportunities–Full Report. 2008. Available online:

http://www.wbcsd.org (accessed on 10 January 2021).
6. Ahn, Y.H.; Pearce, A.R.; Wang, Y.; Wang, G. Drivers and barriers of sustainable design and construction: The perception of green

building experience. Int. J. Sustain. Build. Technol. Urban Dev. 2013, 4, 35–45. [CrossRef]
7. Kibert, C.J. Sustainable Construction: Green Building Design and Delivery; John Wiley & Sons: Hoboken, NJ, USA, 2016.
8. The Green Building Information Gateway. 2020. Available online: http://www.gbig.org/places (accessed on 14 January 2021).
9. AlSanad, S. Awareness, Drivers, Actions, and Barriers of Sustainable Construction in Kuwait. Procedia Eng. 2015, 118, 969–983.

[CrossRef]
10. Darko, A.; Chan, A.P.; Owusu-Manu, D.-G.; Ameyaw, E.E. Drivers for implementing green building technologies: An international

survey of experts. J. Clean. Prod. 2017, 145, 386–394. [CrossRef]
11. Barbier, E.B. The Concept of Sustainable Economic Development. Environ. Conserv. 1987, 14, 101–110. [CrossRef]
12. Darko, A.; Chan, A.P.C.; Ameyaw, E.E.; He, B.-J.; Olanipekun, A.O. Examining issues influencing green building technologies

adoption: The United States green building experts’ perspectives. Energy Build. 2017, 144, 320–332. [CrossRef]
13. Boulton, E. The Research Funnel. Medium. 2018. Available online: https://medium.com/@emmaboulton/the-reseach-funnel-61

7b8333ad7f (accessed on 22 January 2021).
14. Brundtland, G.H.; Khalid, M.; Agnelli, S.; Al-Athel, S.; Chidzero, B. Our Common Future; Oxford University Press: New York, NY,

USA, 1987; Volume 8.

35



Buildings 2021, 11, 634

15. Lam, P.T.I.; Chan, E.H.W.; Chau, C.K.; Poon, C.S.; Chun, K.P. Integrating Green Specifications in Construction and Overcoming
Barriers in Their Use. J. Prof. Issues Eng. Educ. Pract. 2009, 135, 142–152. [CrossRef]

16. Chan, A.P.C.; Darko, A.; Olanipekun, A.O.; Ameyaw, E.E. Critical barriers to green building technologies adoption in developing
countries: The case of Ghana. J. Clean. Prod. 2018, 172, 1067–1079. [CrossRef]

17. Eichholtz, P.; Kok, N.; Quigley, J.M. Doing Well by Doing Good? Green Office Buildings. Am. Econ. Rev. 2010, 100, 2492–2509.
[CrossRef]

18. Ahn, Y.H.; Pearce, A.R. Green Construction: Contractor Experiences, Expectations, and Perceptions. J. Green Build. 2007, 2,
106–122. [CrossRef]

19. Yas, Z.; Jaafer, K. Factors influencing the spread of green building projects in the UAE. J. Build. Eng. 2020, 27, 100894. [CrossRef]
20. Langdon, D. Costing Green: A Comprehensive Cost Database and Budgeting Methodology. Lisa Fay Matthiesen and Peter Morris.

2004. Available online: https://vgbc.vn/wp-content/uploads/2018/12/Costing-Green_A-Comprehensive-Cost-Database-and-
Budgeting-Methodology.pdf (accessed on 25 January 2021).

21. Aktas, B.; Ozorhon, B. Green Building Certification Process of Existing Buildings in Developing Countries: Cases from Turkey. J.
Manag. Eng. 2015, 31, 05015002. [CrossRef]

22. Ulubeyli, S.; Kazancı, O.; Kazaz, A.; Arslan, V. Strategic Factors Affecting Green Building Industry: A Macro-Environmental
Analysis Using PESTEL Framework. Sak. Üniv. Fen Bilimleri Enstitüsü Derg. 2019, 23, 1042–1055. [CrossRef]

23. Darko, A.; Zhang, C.; Chan, A.P. Drivers for green building: A review of empirical studies. Habitat Int. 2017, 60, 34–49. [CrossRef]
24. Serpell, A.; Kort, J.; Vera, S. Awareness, Actions, Drivers and Barriers of Sustainable Construction in Chile. Technol. Econ. Dev.

Econ. 2013, 19, 272–288. [CrossRef]
25. Andelin, M.; Sarasoja, A.-L.; Ventovuori, T.; Junnila, S. Breaking the circle of blame for sustainable buildings—Evidence from

Nordic countries. J. Corp. Real Estate 2015, 17, 26–45. [CrossRef]
26. Darko, A.; Chan, A.P.C.; Gyamfi, S.; Olanipekun, A.O.; He, B.-J.; Yu, Y. Driving forces for green building technologies adoption in

the construction industry: Ghanaian perspective. Build. Environ. 2017, 125, 206–215. [CrossRef]
27. Worzala, E.; Bond, S. Barriers and drivers to green buildings in Australia and New Zealand. J. Prop. Invest. Financ. 2011, 29,

494–509.
28. Love, P.E.D.; Niedzweicki, M.; Bullen, P.A.; Edwards, D.J. Achieving the Green Building Council of Australia’s World Leadership

Rating in an Office Building in Perth. J. Constr. Eng. Manag. 2012, 138, 652–660. [CrossRef]
29. Devine, A.; Kok, N. Green certification and building performance: Implications for tangibles and intangibles. J. Portf. Manag.

2015, 41, 151–163. [CrossRef]
30. Paul, W.; Taylor, P.A. A comparison of occupant comfort and satisfaction between a green building and a conventional building.

Build. Environ. 2008, 43, 1858–1870. [CrossRef]
31. Liu, J.Y.; Low, S.P.; He, X. Green practices in the Chinese building industry: Drivers and impediments. J. Technol. Manag. China

2012, 7, 50–63. [CrossRef]
32. He, Y.; Kvan, T.; Liu, M.; Li, B. How green building rating systems affect designing green. Build. Environ. 2018, 133, 19–31.

[CrossRef]
33. Our World in Data. Kazakhstan CO2 Country Profile. 2021. Available online: https://ourworldindata.org/co2/country/

kazakhstan (accessed on 10 February 2021).
34. Agency for Strategic Planning and Reforms of the Republic of Kazakhstan Bureau of National Statistics. 2021. Available online:

https://www.gov.kz/memleket/entities/aspr?lang=en (accessed on 10 February 2021).
35. Global Green Initiatives in Kazakhstan. 2019. Available online: https://kapital.kz/gosudarstvo/68657/globalnaya-zelenaya-

iniciativa-doshla-do-kazahstana.html (accessed on 15 February 2021).
36. Akhanova, G.; Nadeem, A.; Kim, J.R.; Azhar, S. A multi-criteria decision-making framework for building sustainability assessment

in Kazakhstan. Sustain. Cities Soc. 2020, 52, 101842. [CrossRef]
37. Electronic Government of the Republic of Kazakhstan. Sustainable Development Goals in the Republic of Kazakhstan. Public

Services and Online Information. 2021. Available online: http://www.egov.kz (accessed on 17 February 2021).
38. Qualtrics. How to Increase Online Survey Response Rates. 2021. Available online: https://www.qualtrics.com/experience-

management/research/tools-increase-response-rate/ (accessed on 2 February 2021).
39. Li, Y.; Song, H.; Sang, P.; Chen, P.-H.; Liu, X. Review of Critical Success Factors (CSFs) for green building projects. Build. Environ.

2019, 158, 182–191. [CrossRef]
40. Zhang, X.; Platten, A.; Shen, L. Green property development practice in China: Costs and barriers. Build. Environ. 2011, 46,

2153–2160. [CrossRef]
41. Hwang, B.G.; Zhu, L.; Ming, J.T.T. Factors Affecting Productivity in Green Building Construction Projects: The Case of Singapore.

J. Manag. Eng. 2017, 33, 04016052. [CrossRef]
42. Windapo, A.O. Examination of Green Building Drivers in the South African Construction Industry: Economics versus Ecology.

Sustainability 2014, 6, 6088–6106. [CrossRef]
43. Oguntona, O.A.; Akinradewo, O.I.; Ramorwalo, D.L.; Aigbavboa, C.O.; Thwala, W.D. Benefits and Drivers of Implementing

Green Building Projects in South Africa. J. Phys. Conf. Ser. 2019, 1378, 032038. [CrossRef]
44. Bryman, A. Social Research Methods; Oxford University Press: New York, NY, USA, 2016.

36



Buildings 2021, 11, 634

45. Lau, R.; Zhao, X.; Xiao, M. Assessing quality management in China with MBNQA criteria. Int. J. Qual. Reliab. Manag. 2004, 21,
699–713. [CrossRef]

46. Pallant, J. SPSS Survival Manual: A Step by Step Guide to Data Analysis Using IBM SPSS; Routledge: Oxfordshire, UK, 2020.
47. Siegel, S. Nonparametric Statistics for the Behavioral Sciences. 1956. Available online: http://www.ru.ac.bd/stat/wp-content/

uploads/sites/25/2019/03/303_11_Siegel-Nonparametric-statistics-for-the-behavioral-sciences.pdf (accessed on 1 March 2021).
48. Manoliadis, O.; Tsolas, I.; Nakou, A. Sustainable construction and drivers of change in Greece: A Delphi study. Constr. Manag.

Econ. 2006, 24, 113–120. [CrossRef]

37



buildings

Article

An Exhaustive Search Energy Optimization Method for
Residential Building Envelope in Different Climatic Zones of
Kazakhstan

Mirzhan Kaderzhanov, Shazim Ali Memon *, Assemgul Saurbayeva and Jong R. Kim

Citation: Kaderzhanov, M.; Memon,

S.A.; Saurbayeva, A.; Kim, J.R. An

Exhaustive Search Energy

Optimization Method for Residential

Building Envelope in Different

Climatic Zones of Kazakhstan.

Buildings 2021, 11, 633. https://

doi.org/10.3390/buildings11120633

Academic Editor: Roberto Alonso

González Lezcano

Received: 29 October 2021

Accepted: 28 November 2021

Published: 10 December 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Department of Civil and Environmental Engineering, School of Engineering and Digital Sciences,
Nazarbayev University, Nur-Sultan 010000, Kazakhstan; mirzhan.kaderzhanov@alumni.nu.edu.kz (M.K.);
assemgul.saurbayeva@nu.edu.kz (A.S.); jong.kim@nu.edu.kz (J.R.K.)
* Correspondence: shazim.memon@nu.edu.kz; Tel.: +7-778-443-85-16

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  
for heating, 9622 to 36,088  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 https://www.mdpi.com/journal/buildings38



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

39



Buildings 2021, 11, 633

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.

 

Figure 1. Flowchart of the BESM and optimization. Note: Qc is a heat gain through the envelope for the cooling season; Qh is
a heat loss through the envelope for the heating season; Aw, Ag, and Ar are the surface area of the wall, window, and roof; kw is
the overall thermal conductivity of the wall; kr is the thermal conductivity value of the roof; and Ug 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/m2 [10]. Typically, two sets of
OTTV 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:

OTTVwall =
Qwc + Qgc + Qgsol

Awall
(1)

where Awall is the exterior wall’s gross area, Qwc is the conduction through the opaque wall,
Qgc is the conduction through the fenestration, and Qgsol 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
Qwc [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 RTTV, respectively [22]:

ETTV =
∑ Q
∑ A

=
Qwc + Qgs

Aw + Ag
(2)

Qwc = Aw × Uw × αw × TDeqw (3)

Qgs = Ag × SC × ESM × SF (4)

RTTV =
Ar × Ur × αr × TDeqr

Ar
(5)

where Aw, Ag, and Ar 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, α is
the solar absorptivity constant related to the façade 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/m2).

As indicated in Equations (2)–(5), the areas (Aw, Ag, and Ar) and physical character-
istics (Uw, Ur, αw, αr, and SC) of the building envelope, as well as the climate-dependent
factors (TDeqw, 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 (Uw and Ur, 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.

 

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:

Qc =
n
∑

i=1
kwi × Awi × ΔTDwc + kr × Ar × ΔTDrc +

m
∑

i=1
Ug × Agi × ΔTDgc

+
m
∑

i=1
qic × SCic × Awsi × ΔTDgc

(6)

Qh =
n
∑

i=1
kwi × Awi × ΔTDwh + kr × Ar × ΔTDrh +

m
∑

i=1
Ug × Agi × ΔTh

− m
∑

i=1
qih × SCih × Awsi × ΔTDgc

(7)

where Qc is a heat gain through the envelope for the cooling season; Qh is a heat loss
through the envelope for the heating season; kw is an overall thermal conductivity of
the wall; TDw, TDr, and TDg are equivalent temperature differences between indoor and
outdoor surrounding space wall, roof, and glazing, reseptively; q is the standard solar
heat gain factor; Ug is the U-value of glazing; Aw, Ag, and Ar are the surface area of the
wall, window, and roof; Awsi 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 h represent the cooling and heating periods, respectively.

The overall thermal conductivity of the wall can be calculated as follows:

kw =
1

h1
C1

+ h2
C2

+ h3
C3

+ h4
C4

(8)

where h1, h2, h3, and h4 are the thicknesses of the wall composition layers, and C1, C2, C3,
and C4 are the thermal conductivity values of wall composition layers.

AT = ATE + ATS + ATW + ATN (9)

The overall thermal conductivity of the roof can be calculated as follows:

kr =
1

Rc + Rr × Ac
Ar

(10)

where kr is the thermal conductivity values of the roof, Rc is the thermal resistance value
for the roof ceiling, Rr is the thermal resistance value for the roof, Ac is the ceiling area, Ar
is the roof area, and AT(E, S, W, N) is the total area building’s wall.

Aw = (1 − WWR)× AT (11)

Ag = WWR × AT (12)

SC = SCg × min
(

1, max
(

0,
SLF × Doh − Xoh

hg

))
(13)

where SLF is the shade line factor, Doh is the depth of overhang (projection), Xoh is the
vertical offset from the top of the window to the overhang, hg is the height of the window,
WWR is the window-to-wall ratio, and SCg 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 m2, respectively,
while the roof area was calculated as 154.2 m2. 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 (SCg) 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 (q) 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:

R = Rceiling + Rroo f ×
Aceiling

Aroo f
(14)

kr =
1

Rceiling + Rroo f ×
Aceiling

Aroo f

(15)

where Aceiling and Aroo f are the ceiling and roof areas, respectively, while Rceiling and
Rroo f are thermal resistance values for ceiling and roof and equal to 0.1328 m2 K/W and
0.8733 m2 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 (kr) 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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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 (Xoh) was kept as 0.2 m, while the depth of the overhang
normal to the building plane (projection, Doh) 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.

 

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 4.73
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
(
(1, max

(
0,

SLF × Doh − Xoh
hg

))
(16)

where,

SC—total shading coefficient,
SLF—shade line factor from [37],
Doh—depth of overhang (projection), m
Xoh—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.

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

Layers Materials
Thickness,

(h1, h2, h3, h4),
(m)

Thermal
Conductivity,

(C1, C2, C3, C4),
(W/mK)

Density
(kg/m3)

Specific Heat
(J/kgK)

Exterior
finish

Ceramic brick 0.5 0.59 1831 825
Cement sand render 0.02 1 1800 1000

Limestone mortar 0.02 0.7 1600 840
Burnt ceramic clay tile 0.012 1.3 2000 840
Dry ceramic clay tile 0.012 1.2 2000 850

Clay block 0.0075 1.4 2500 840

Material
Block

(Core layer)

Masonry block 0.15 0.24 800 840
Burnt brick veneer 0.15 0.74 1700 800

Aerated concrete block 0.2 0.24 750 1000
Brick veneer 0.15 0.547 1950 1000

Reinforced concrete 0.15 0.5 1400 830
Clay block 0.19 1.0 1800 920

Insulation layer

Penoplex 0.0795 0.030 30 1340
Glasswool 0.012 0.039 20 840

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

Interior finish

Gypsum Board 0.013 0.16 800 1090
Cement mortar 0.012 0.72 1760 840

Gypsum insulating plaster 0.013 0.18 600 1000
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 (Qc) and heat loss (Qh) 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:

Q1 =
(

ATE + ATS + ATW + ATN

)× (1 − WWR)× 1
h1

C1
+

h2

C2
+

h3

C3
+

h4

C4

× n
∑

i=1
ΔTDw

+
1

Rc + Rr × Ac

Ar

× Ac ×
n
∑

i=1
ΔTDr

+Ug × WWR × (
ATE + ATS + ATW + ATN

)× n
∑

i=1
ΔTDg

(17)
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where TDw, TDr, and TDg are the equivalent temperature differences between indoor and
outdoor surrounding space wall, roof, and glazing, respectively; q is the standard solar
heat gain factor; Ug is the U-value of glazing; h1, h2, h3, and h4 are the thicknesses of wall
composition layers; C1, C2, C3, and C4 are the thermal conductivity values of the wall
composition layers; Rc is thermal resistance value for roof ceiling; Rr is thermal resistance
value for the roof; Ac is the ceiling area; Ar is roof area; AT(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 (Aws),
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

Difference (◦C)
Shade

Line Factor
Wall Area Exposed to
Solar Radiation (m2)

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 33.4 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 Q2. 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 Q2 to find the maximum
and minimum values of Q2 in the heating and cooling seasons, respectively. The maximum
and minimum values of Q2 were defined by the “−” and “+” signs before this expression,
as an expression of Q2 describes the reduction of heat entering into the indoor area by the
shading system. The heat gain equation for cooling (Q1) should add the minimum value
of heat gain reduction value (Q2), while the heat loss equation for heating (Q1) should
subtract the maximum value of heat gain reduction (Q2) 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 = qih × WWR × (Aws)× SCg ×
n

∑
i=1

ΔTDwi × min
(

1, max
(

0,
SLFi × Doh − Xoh

hg

))
(18)

where q is the standard solar heat gain factor; WWR is the window-to-wall ratio; Aw is a
surface area of the wall; SCg is the shading coefficient of the glazing; TDw is the equivalent
temperature differences between indoor and outdoor surrounding space wall; SLF is shade
line factor from; Doh is the depth of overhang (projection); Xoh is vertical offset from the
top of the window to overhang; and hg is the height of the window.

Finally, the combination of the two parts appears in the following way: Q1 for heating
minus the maximum value of Q2 for heating, and Q1 for cooling plus the minimum value of
Q2 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 × 5.0 m × 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.

Composition
Materials

Layers Material
Thickness,

(h1, h2, h3, h4),
(m)

Thermal
Conductivity,

(C1, C2, C3, C4),
(W/mK)

Density
(kg/m3)

Specific Heat
(J/kgK)

Wall

Exterior finish Burnt ceramic clay tile 0.012 1.3 2000 840
Core layer Brick veneer 0.0165 0.542 1950 840
Insulation Glasswool 0.081 0.039 20 840

Interior finish Plaster board 0.0125 0.35 817 1620

Roof

Exterior finish Roof tile 0.01 0.84 1900 800
Core layer Concrete slab 0.15 1.13 2000 1000
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.
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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.

City Latitude Longitude
Climate Zone (According
to Koppen Classification)

The Average
Temperature in

January (◦C)

The Average
Temperature in

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 × 12.4 m, with an elevation of 3 m for each story and 308.48 m2

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
of Cities

Base
Design

Optimized
Design

Reduction
in (kWh)

Reduction
(Gcal)

Base
Design

Optimized
Design

Reduction
in (kWh)

Reduction
(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

 
(a) (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/m2 and 100 kWh/m2, respectively, during the hot season. For the cool season,
selected Kazakhstan’s cities demonstrated an average value of 38 kWh/m2 and 30 kWh/m2

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/m2 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/m2, 116.47 kWh/m2, and 98.47 kWh/m2 for the period from 1998 to 2014,
respectively, and 126.03 kWh/m2, 115.31 kWh/m2, and 100.25 kWh/m2, respectively,
according to forecasting future climate conditions.

53



Buildings 2021, 11, 633

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.

Envelope
Components

Heating Energy Reduction (kWh)
in Nur-Sultan

Heating Energy Reduction (kWh)
in Koksetau

Base
Case

Optimized
Case

Percentage of
Contribution

for Energy
Reduction

Base
Case

Optimized
Case

Percentage of
Contribution

for Energy
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)
in Almaty

Cooling Energy Reduction (kWh)
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 (  ) per Gcal. 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 Gcal. 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

List of Cities

Energy
Reduction

(kWh)

Energy
Reduction

(Gcal)

Price Rate
(  per Gcal)

Price Rate
(  per kWh)

Economic Impact
(  for the Period)

Centralized
Heating

Equipment
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  and 9700  , 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  and 9600  , 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:

• 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);

• 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;

• 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;

• 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;

• 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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Abbreviations
TDES Total direct energy supply
TFEC Total final energy consumption
PLA Perimeter Annual Load
ENVLOAD Envelope Energy Load
OTTV Overall Thermal Transfer Value
TRNSYS Transient System Simulation Tool
GMDH Grouped Method of Data Handling type neural network
NSGA-II Non-Dominated Sorting Genetic Algorithm II
ASHRAE The American Society of Heating, Refrigerating and Air-Conditioning Engineers
HVAC Heating, ventilation, and air conditioning
PCM Phase change material
WNN Wavelet neural network
MLP Multi-Layer Perceptron neural network
ACO Ant Colony Optimization
ABC Artificial Bee Colony
PSO Particle Swarm Optimization
BF Brute force
BESM Building Energy Simulation model
ETTV Envelope Thermal Transfer Value
RTTV Roof Transfer Value
SHGC Standard solar heat gain coefficient of glazing
WWR Window-to-wall ratio
Aw, Ag, Ar Surface area of the wall, fenestration, and roof
kw An overall thermal conductivity of the wall
kr Thermal conductivity values of the roof
Ug U-value of glazing
Awall The exterior wall’s gross area
Awsi Wall area exposed to solar radiation
Qc Heat gain through the envelope for the cooling season
Qh Heat loss through the envelope for the heating season
Qgsol Solar radiation through the fenestration
h1, h2, h3, h4 Thicknesses of wall composition layers
C1, C2, C3, C4 Thermal conductivity values of wall composition layers
Rc Thermal resistance value for roof ceiling
Rr Thermal resistance value for the roof
Ac Ceiling area
Ar Roof area
AT Total area building’s wall
SLF Shade line factor
Doh The depth of overhang (projection)
Xoh Vertical offset from the top of the window to overhang
hg The height of the window
SCg Shading coefficient of the glazing
SC Total shading coefficient
α The solar absorptivity constant related to the façade surface and color
TD Equivalent temperature difference
TDw, TDr, TDg Equivalent temperature differences between indoor and outdoor surrounding

space wall, roof, and glazing
ESM External shading multiplier
SF Solar factor
q The standard solar heat gain factor
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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,
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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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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).

Table 1. List of buildings in “Unwanted Interruptions” order (on a 7-point Scale where 1 is best), together with scores for
Perceived Productivity.

Building Location Type
Unwanted Interruptions

Scores
Productivity %
(Up or Down)

Torrent Research Centre (with
AC) Ahmedabad, India commercial 2.87 20.88

Military Families Resource
Centre 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

Min Energy Water &
Communication Putra Jaya, Malaysia institutional 3.19 16.00

Nikken Sekkei Building Tokyo, Japan commercial 3.19 8.51
Torrent Research Centre (with

PDEC) 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 3.47 5.62
NRG Systems Facility Vermont, USA commercial 3.50 19.51

Natural Resources Defense
Council California, USA commercial 3.53 23.00

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
Computer Science &

Engineering Toronto, Canada institutional 4.01 2.54

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
Project in 2006 St Austell, England commercial 4.58 −7.00

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
Zealand institutional 5.39 9.80

Student Services Centre Newcastle, Australia institutional na −2.04
Institute of Technical

Education Bishan, Singapore institutional na −10.61

General Purpose Building Newcastle, 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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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.

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

Country 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%)

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

Background questions
Age What is your age? Tick Under 30 or 30 or over

Gender What is your sex? Tick Male or Female

Workgroups 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

Satisfaction
Unwanted interruptions Please estimate how you are affected by unwanted interruptions . . . ? Tick a number

from 1 (for Not at all) to 7 (for Very frequently)

Productivity
Please estimate how you think your productivity at work is decreased or increased by

the environmental conditions in the building . . . ? Tick a number from 1 (for Decreased
by 40%) to 9 (for Increased by 40%)

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:

H0: μ1 = μ2 = μ3 = . . . = μk (1)

where μ 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:

rxy =
cov(x, y)√

var(x)·√var(y)
(2)

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
Unwanted interruptions 4.06 1.648 3377

Institutional buildings Productivity 4.96 1.731 1407
Unwanted interruptions 4.28 1.695 1374

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

Productivity
Between Groups 59.829 1 59.829 20.897 <0.001 **
Within Groups 13,559.334 4736 2.863 - -

Total 13,619.163 4737 - - -

Unwanted
Interruptions

Between Groups 50.199 1 50.199 18.176 <0.001 **
Within Groups 13,115.968 4749 2.762 - -

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

Commercial

Productivity
Pearson Correlation 1 −0.384 **

Significance (2-tailed) - <0.001
n 3331 3212

Unwanted Interruptions
Pearson Correlation −0.384 ** 1

Significance (2-tailed) <0.001 -
n 3212 3377

Institutional

Productivity
Pearson Correlation 1 −0.324 **

Significance (2-tailed) - <0.001
n 1407 1293

Unwanted Interruptions
Pearson Correlation −0.324 ** 1

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

Sustainable buildings Productivity 5.49 1.706 2604
Unwanted interruptions 3.97 1.701 2573

Conventional buildings Productivity 4.70 1.581 2134
Unwanted interruptions 4.31 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

Productivity
Between Groups 714.707 1 714.707 262.301 <0.001 **
Within Groups 12,904.457 4736 2.725 - -

Total 13,619.163 4737 - - -

Unwanted
interruptions

Between Groups 136.968 1 136.968 49.923 <0.001
Within Groups 13,029.199 4749 2.744 - -

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

Sustainable buildings

Productivity
Pearson Correlation 1 −0.361 **

Significance (2-tailed) - <0.001
n 2604 2438

Unwanted Interruptions
Pearson Correlation −0.361 ** 1

Significance (2-tailed) <0.001 -
n 2438 2573

Conventional buildings

Productivity
Pearson Correlation 1 −0.348 **

Significance (2-tailed) - <0.001
n 2134 2067

Unwanted Interruptions
Pearson Correlation −0.348 ** 1

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 years Productivity 5.39 1.729 1200
Unwanted interruptions 3.85 1.668 1208

30 years or over Productivity 5.04 1.672 3473
Unwanted interruptions 4.22 1.649 3479

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

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

Total 13,394.475 4672 - - -

Unwanted
Interruptions

Between Groups 121.384 1 121.384 44.355 <0.001 **
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

under 30 years

Productivity
Pearson Correlation 1 −0.350 **

Significance (2-tailed) - <0.001
n 1200 1148

Unwanted
Interruptions

Pearson Correlation −0.350 ** 1
Significance (2-tailed) <0.001 -

n 1148 1208

30 years or over

Productivity
Pearson Correlation 1 −0.367 **

Significance (2-tailed) - <0.001
n 3473 3299

Unwanted
Interruptions

Pearson Correlation −0.367 ** 1
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

Male
Productivity 5.25 1.650 2413

Unwanted interruptions 4.05 1.605 2369

Female
Productivity 5.00 1.728 2247

Unwanted interruptions 4.21 1.718 2301

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

Productivity
Between Groups 68.197 1 68.197 23.935 <0.001 **
Within Groups 13,271.737 4658 2.849 - -

Total 13,339.934 4659 - - -

Unwanted
Interruptions

Between Groups 30.708 1 30.708 11.123 0.001 **
Within Groups 12,887.738 4668 2.761 - -

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

Male

Productivity
Pearson Correlation 1 −0.359 **

Significance (2-tailed) - <0.001
n 2413 2289

Unwanted Interruptions
Pearson Correlation −0.359 ** 1

Significance (2-tailed) <0.001 -
n 2289 2369

Female

Productivity
Pearson Correlation 1 −0.371 **

Significance (2-tailed) - <0.001
n 2247 2144

Unwanted Interruptions
Pearson Correlation −0.371 ** 1

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 5.32 1.607 1056
Unwanted interruptions 4.09 1.675 1028

Shared with one other
Productivity 5.21 1.637 367

Unwanted interruptions 3.85 1.670 357

Shared with 2–4
Productivity 5.13 1.740 781

Unwanted interruptions 4.09 1.603 798

Shared with 5–8
Productivity 5.13 1.726 685

Unwanted interruptions 4.08 1.696 702

Shared with more than 8
Productivity 4.99 1.724 1720

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

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

Total 13,307.624 4616 - - -

Unwanted
Interruptions

Between Groups 58.633 5 11.727 4.245 0.001 **
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.

(I) Work-Group (J) Work-Group Mean Difference (I–J) Std. Error p-Value
95% Confidence Interval

Lower Bound Upper Bound

Solo occupant

Shared with 1 other 0.115 0.103 0.874 −0.18 0.41
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 0.43

Shared with more
than 8 0.331 ** 0.066 0.000 ** 0.14 0.52

Shared with 1
other

Solo occupant −0.115 0.103 0.874 −0.41 0.18
Shared with 2–4 0.079 0.107 0.977 −0.23 0.38
Shared with 5–8 0.077 0.110 0.981 −0.24 0.39

Shared with more
than 8 0.216 0.097 0.231 −0.06 0.49

Shared with 2–4

Solo occupant −0.194 0.080 0.147 −0.42 0.03
Shared with 1 other −0.079 0.107 0.977 −0.38 0.23

Shared with 5–8 −0.002 0.089 1.000 −0.25 0.25
Shared with more

than 8 0.137 0.073 0.420 −0.07 0.35

Shared with 5–8

Solo occupant −0.192 0.083 0.190 −0.43 0.04
Shared with 1 other −0.077 0.110 0.981 −0.39 0.24

Shared with 2–4 0.002 0.089 1.000 −0.25 0.25
Shared with more

than 8 0.139 0.077 0.458 −0.08 0.36

Shared with more
than 8

Solo occupant −0.331 ** 0.066 0.000 ** −0.52 −0.14
Shared with 1 other −0.216 0.097 0.231 −0.49 0.06

Shared with 2–4 −0.137 0.073 0.420 −0.35 0.07
Shared with 5–8 −0.139 0.077 0.458 −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.

(I) Work-Group (J) Work-Group Mean Difference (I–J) Std. Error p-Value
95% Confidence Interval

Lower Bound Upper Bound

Solo occupant

Shared with 1 other 0.240 0.102 0.176 −0.05 0.53
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
than 8 −0.163 0.065 0.125 −0.35 0.02

Shared with 1
other

Solo occupant −0.240 0.102 0.176 −0.53 0.05
Shared with 2–4 −0.244 0.106 0.191 −0.55 0.06
Shared with 5–8 −0.231 0.108 0.268 −0.54 0.08

Shared with more
than 8 −0.403 ** 0.097 <0.001 ** −0.68 −0.13

Shared with 2–4

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 5–8 0.013 0.086 1.000 −0.23 0.26
Shared with more

than 8 −0.159 0.071 0.223 −0.36 0.04

Shared with 5–8

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 2–4 −0.013 0.086 1.000 −0.26 0.23
Shared with more

than 8 −0.172 0.074 0.189 −0.38 0.04

Shared with more
than 8

Solo occupant 0.163 0.065 0.125 −0.02 0.35
Shared with 1 other 0.403 ** 0.097 <0.001 ** 0.13 0.68

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 0.38

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

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
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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

76



Buildings 2021, 11, 55

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].
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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/m2 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 NOx 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, NOx and SO2,
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 NOx 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 GI 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 GI 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
WRF 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
WRF [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 WRF, 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 WRF, 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 GI 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, ΔT15, and the initial, GIin, and final
considered tree cover, GIfin, can be described by a multiparameter correlation as below:

ΔT15 = a + b GIin + c GIfin, (1)

where a = −0.0145, b = −0.01068 and c = 0.0167. The R2 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, ΔT15, may be expressed as a linear function of the increase of the tree cover ΔGI:

ΔT15 = d·ΔGI (2)

where d = 0.0181. The R2 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 ΔT15 are grouped into four clusters of ΔGI,
as shown in Figure 3. When the average value of ΔT15 for each cluster is correlated against the
corresponding mean ΔGI value, the resulting correlation can be better presented by a second-degree
polynomial:

ΔT15mean = 0.00013 ΔGI2 + 0.0079 ΔGI (3)

with an R2 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.

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,

ΔTngt = a1 + b1 GIin + c1 GIfin (4)

where a1 = 0.4123, b1 = −0.0355 and c1 = 0.0262. The R2 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, ΔTngt, and the corresponding increase of GI.

ΔTngt = d1·ΔGI (5)

where d1 = 0.0344. The R2 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.

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

Analysis of the case studies may lead to the following conclusions:

(a) 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.

(b) During the night, the maximum ambient temperature decrease corresponding to a GI rise of 80%
may not exceed 2.3 ◦C, while the temperature drop for a GI increase by 20% is close to 0.5 ◦C.

(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].

(d) 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].

(e) 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.

(f) 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].

(g) 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 NOx 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 NOx, 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 (PM10, PM2.5) and one on NO2,
SO2 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) PM2.5 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
to 24.9%. 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 PM2.5,
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 PM2.5 and PM10, 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 PM2.5 and 225 kg of PM10 per year. When new trees
were considered, the removed quantities rise to 43 kg/year of PM2.5 and 1474 kg/year of PM10.
This corresponds to an increase of the removed pollutants close to 514% for PM2.5 and 555% for PM10.

The impact of an increase of tree cover from 20% to 30% on the removal of PM10 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 PM2.5 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 PM2.5 in the
city’s downtown area by about 10% or 1.1 μg per cubic meter during the night-time. The calculated
increased concentration of PM2.5 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 PM2.5 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 PM10 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/m3 or 18.0 mg m−3 of total PM10, to 2.1 mg/m3 of primary PM10. When the tree cover increases
to 54%, it was calculated that about 200 tonnes/year of PM10 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 PM10, resulting in a reduction of the average PM10 concentration by 2%. Under the
high greenery increase scenario, about 13 tonnes/year of PM10 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 PM10 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 PM2.5 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
PM2.5 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 ppbv,
are calculated during the night, mainly because of the titration phenomena associated with the increased
NOx 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 NOx and reduced wind speeds. During the day,
it was calculated that both the concentration of NOx 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 NOx 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 NO2 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 NOx 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 NOx

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]. It is 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/m2/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 NOx. 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 NOx and O3 is quite complex and depends on their relative concentrations.
High concentration of NOx, mainly generated from motor traffic, react with O3, converting
it to O2, 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 NOx 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 NOx 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 NOx, 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 NOx 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) The rate of BVOC emissions from the additional trees seems to be the determinant factor regulating
the atmospheric concentration of ozone. Low emitters, emitting under 2 μg/g/h of isoprene and
1 μg/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) The natural 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 μg/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 PM10, 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 SO2, 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 × 500 m, while past studies were based on coarser grid sizes up to
2 × 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
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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 × DTmax (6)

where DTmax is the decrease of the maximum daily temperature. The correlation is statistically
significant, p = 2.9 × 10−7 and R2 = 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.

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.

(a) 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.

(b) 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].

(c) Increased tree cover affects the concentration of harmful pollutants like O3, NOx, 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.

(d) 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 NOx 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 NOx, 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.
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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).

 

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 J 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 J K L
MR (%) >95 (A–I) N/A >70 N/A

CFA (m2) 2052 5980 2000 3470 3000 13,158 13,125 15,938 15,938 16,000 44,000 21,600
No. of beds 118 234 120 198 110 700 700 850 850 850 816 108

Supplier
Experience

CN
3–5

CN
3–5

CN
>10

SG
3–5

HK
1–3

CN
3–5

HK
3–5

CN
>10

CN
3–5 N/A CN

3–5 N/A

Year of completion 2020 (A–I) 2020 2021 2007
Duration (days) 26 62 66 84 68 73 87 88 87 300 (↑) ~120 ~930 (↑)

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) “↑”: 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
(Main Contractor), Project Manager (Module Supplier)

Project Director (Client), General Manager and
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 (m2/day) = CFA/Duration of project
delivery; and (2) Cost efficiency (m2/$) = 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.

 

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

Planning
Multi-faceted communication

and coordination
Tight program for planning

To enhance inter-government and cross-department collaboration
To enable wide-industry partnership and early contractor involvement

Design

Multi-faceted communication
and coordination

Tight program for design
Strict regulatory compliance

Challenging modularization of hospital

To enable wide-industry partnership and early contractor involvement
To follow the principle of Less is More

To adopt professional and modularized design
To design for production and transportation

Construction

Multi-faceted communication and
coordination (between site and factory)

Tight program but limited resources
available (for both site and factory)

High pressure on COVID-19 prevention
(for both site and factory)

Challenging logistics
Project-specific site constraints

To enhance government-industry collaboration
To count construction by hours and organize resources efficiently

(for both site and factory)
To take comprehensive infectious control measures

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.

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.

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.

Figure 7. Measured time-efficiency and cost-efficiency. Notes: green dots−Projects A to I (mod-
ular QCs); yellow dot−Project J (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
$million of Project J), modular construction (i.e., 109.6 m2/day and 73.1 m2/HK$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 m2–6000 m2), cost efficiency
increased with the increase of time efficiency; while from Project F to I (CFA: 13,000 m2–
16,000 m2), 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 m2/day) versus conventional construction (Project L:
23.2 m2/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.

 

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
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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.

126



Buildings 2022, 12, 1430

Author Contributions: Conceptualization, W.P.; data collection and analysis, W.P. and Z.Z.; writing—
original draft preparation, Z.Z.; writing—review and editing, W.P.; supervision, W.P.; funding
acquisition, W.P. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Development Bureau of the HKSAR Government (Project
No. 200009500) and the Strategic Public Policy Research Funding Scheme from the Policy Innovation
and Co-ordination Office of the Government of the Hong Kong Special Administrative Region
(HKSAR) (Project No. S2019.A8.013.19S).

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the Ethics Committee of The University of Hong Kong (Reference
Number: EA1904016 and EA1909001; Date of approval: 26 April 2019 and 10 September 2019).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: All data, models, or code generated or used during the study are
available from the corresponding author by request.

Acknowledgments: Acknowledged are the project information provided by the Architectural Ser-
vices Department of the HKSAR Government and China State Construction (Hong Kong) Limited
and the individuals who participated in the case studies.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Rhodes, O.; Rostami, A.; Khodadadyan, A.; Dunne, S. Response Strategies of UK Construction Contractors to COVID-19 in the
Consideration of New Projects. Buildings 2022, 12, 946. [CrossRef]

2. Pan, Y.; Zhang, L.; Yan, Z.; Lwin, M.O.; Skibniewski, M.J. Discovering optimal strategies for mitigating COVID-19 spread using
machine learning: Experience from Asia. Sustain. Cities Soc. 2021, 75, 103254. [CrossRef] [PubMed]

3. Aghapour, A.H.; Yazdani, M.; Jolai, F.; Mojtahedi, M. Capacity planning and reconfiguration for disaster-resilient health
infrastructure. J. Build. Eng. 2019, 26, 100853. [CrossRef]

4. Lestari, F.; Paramitasari, D.; Fatmah; Yani Hamid, A.; Suparni; EL-Matury, H.J.; Wijaya, O.; Rahmadani, M.; Ismiyati, A.;
Firdausi, R.A.; et al. Analysis of Hospital’s Emergency and Disaster Preparedness Using Hospital Safety Index in Indonesia.
Sustainability. 2022, 14, 5879. [CrossRef]

5. Keenan, J.M. COVID, resilience, and the built environment. Environ. Syst. Decis. 2020, 40, 216–221. [CrossRef] [PubMed]
6. Chen, L.-K.; Yuan, R.-P.; Ji, X.-J.; Lu, X.-Y.; Xiao, J.; Tao, J.-B.; Kang, X.; Li, X.; He, Z.-H.; Quan, S.; et al. Modular composite

building in urgent emergency engineering projects: A case study of accelerated design and construction of Wuhan Thunder God
Mountain/Leishenshan hospital to COVID-19 pandemic. Autom. Constr. 2021, 124, 103555. [CrossRef] [PubMed]

7. MBI. Innovating in Modular Construction: Broad’s Holon Building; Modular Advantage—September/October 2021 Edition; Modular
Building Institute (MBI): Charlottesville, VA, USA, 2021.

8. Zhang, Z.; Pan, W.; Zheng, Z. Fighting Covid-19 through fast delivery of a modular quarantine camp with smart construction.
Proc. Inst. Civ. Eng. Civ. Eng. 2020, 2, 89–96. [CrossRef]

9. Yazdani, M.; Kabirifar, K.; Fathollahi-Fard, A.M.; Mojtahedi, M. Production scheduling of off-site prefabricated construction
components considering sequence dependent due dates. Environ. Sci. Pollut. Res. 2021, 1–17. [CrossRef]

10. Yang, Y.; Pan, M.; Pan, W.; Zhang, Z. Sources of uncertainties in offsite logistics of modular construction for high-rise building
projects. J. Manag. Eng. 2021, 37, 04021011. [CrossRef]

11. Prasad, K.V.; Bhat, N. Impact of the Covid-19 pandemic on construction organisations in India: A case study. Proc. Inst. Civ. Eng.
Civ. Eng. 2022, 175, 17–21. [CrossRef]

12. Wang, Z.; Pan, W.; Zhang, Z. High-rise modular buildings with innovative precast concrete shear walls as a lateral force resisting
system. Structures 2020, 26, 39–53. [CrossRef]

13. Pan, W.; Yang, Y.; Zhang, Z.; Chan, S. Modularisation for Modernisation: A Strategy Paper Rethinking Hong Kong Construction; CICID,
The University of Hong Kong: Hong Kong, China, 2019; Available online: http://hdl.handle.net/10722/275575 (accessed on
20 August 2022).

14. Pero, M.; Stößlein, M.; Cigolini, R. Linking product modularity to supply chain integration in the construction and shipbuilding
industries. Int. J. Prod. Econ. 2015, 170, 602–615. [CrossRef]

15. Pan, W.; Zhang, Z.; Xie, M.; Ping, T. Modular Integrated Construction for High-Rises: Measured Success; The University of Hong
Kong: Hong Kong, China, 2020; ISBN 978-962-8014-29-3. Available online: https://www.miclab.hk/success (accessed on
20 August 2022).

16. Lawson, M.; Ogden, R.; Goodier, C. Design in Modular Construction; CRC Press: Boca Raton, FL, USA, 2014; ISBN 978-036-7865-35-1.
17. Kamali, M.; Hewage, K. Life cycle performance of modular buildings: A critical review. Renew. Sustain. Energy Rev. 2016,

62, 1171–1183. [CrossRef]

127



Buildings 2022, 12, 1430

18. Loizou, L.; Barati, K.; Shen, X.; Li, B. Quantifying Advantages of Modular Construction: Waste Generation. Buildings 2021, 11, 622.
[CrossRef]

19. Khan, A.; Yu, R.; Liu, T.; Guan, H.; Oh, E. Drivers towards Adopting Modular Integrated Construction for Affordable Sustainable
Housing: A Total Interpretive Structural Modelling (TISM) Method. Buildings 2022, 12, 637. [CrossRef]

20. Masood, R.; Lim, J.B.P.; Gonzalez, V.A. Performance of the Supply Chains for New Zealand Prefabricated house-building. Sustain.
Cities Soc. 2021, 64, 102537. [CrossRef]

21. Pan, W.; Pan, M.; Yang, Y. Implementing Modular Construction in High-rise High-density Cities: Perspectives in Hong Kong.
Build. Res. Inform. 2022; in Press.

22. Gharib, Z.; Tavakkoli-Moghaddam, R.; Bozorgi-Amiri, A.; Yazdani, M. Post-Disaster Temporary Shelters Distribution after a
Large-Scale Disaster: An Integrated Model. Buildings 2022, 12, 414. [CrossRef]

23. Salari, S.A.-S.; Mahmoudi, H.; Aghsami, A.; Jolai, F.; Jolai, S.; Yazdani, M. Off-Site construction Three-Echelon supply chain
management with stochastic constraints: A modelling approach. Buildings 2022, 12, 119. [CrossRef]

24. Gharib, Z.; Yazdani, M.; Bozorgi-Amiri, A.; Tavakkoli-Moghaddam, R.; Taghipourian, M.J. Developing an integrated model for
planning the delivery of construction materials to post-disaster reconstruction projects. J. Comput. Des. Eng. 2022, 9, 1135–1156.
[CrossRef]

25. Drabek, T.E. Managing the emergency response. Public Adm. Rev. 1985, 45, 85–92. [CrossRef]
26. Waugh, W.L., Jr.; Streib, G. Collaboration and leadership for effective emergency management. Public Adm. Rev. 2006, 66, 131–140.

[CrossRef]
27. WHO. Environmental Health in Emergencies and Disasters: A Practical Guide; World Health Organization: Geneva, Switzerland, 2002;

ISBN 9-241-54541-0.
28. Mannakkara, S.; Wilkinson, S.; Francis, T.R. “Build Back Better” principles for reconstruction. Encycl. Earthq. Eng. 2015, 328–338.

[CrossRef]
29. Bae, Y.; Joo, Y.M.; Won, S.Y. Decentralization and collaborative disaster governance: Evidence from South Korea. Habitat Int. 2016,

52, 50–56. [CrossRef] [PubMed]
30. Chen, R.; Sharman, R.; Rao, H.R.; Upadhyaya, S. Design principles for emergency response management systems. J. Inf. Syst.

e-Bus. Manag. 2007, 5, 81–98. [CrossRef]
31. Cowick, C.; Cowick, J. Planning for a disaster: Effective emergency management in the 21st century. Emergency and Disaster

Management: Concepts, Methodologies, Tools, and Applications. IGI Glob. 2019, 142–163. [CrossRef]
32. Capolongo, S.; Gola, M.; Brambilla, A.; Morganti, A.; Mosca, E.I.; Barach, P. COVID-19 and Healthcare facilities: A decalogue of

design strategies for resilient hospitals. Acta Bio. Med. 2020, 91, 50–60.
33. Schexnayder, C.; Anderson, S. Emergency accelerated construction. In Proceedings of the Construction Research Congress 2010:

Innovation for Reshaping Construction Practice, Banff, AB, Canada, 8–10 May 2010; pp. 837–848. [CrossRef]
34. Wang, Z.Z.; Shi, B. Decision making and economic analysis for accelerated bridge construction. Appl. Mech. Mater. 2013,

423–426, 2196–2201. [CrossRef]
35. Chen, R.; Sharman, R.; Rao, H.R.; Upadhyaya, S.J. Coordination in emergency response management. In Communications of the

ACM; ACM: New York, NY, USA, 2008; Volume 51, pp. 66–73. [CrossRef]
36. McWilliams, M. Creating an effective emergency response team. Prof. Saf. 2020, 65, 66–70. Available online: https://www.

proquest.com/docview/2409675256?pq-origsite=gscholar&fromopenview=true (accessed on 31 August 2022).
37. Gransberg, D.D. Early Contractor Design Involvement to Expedite Delivery of Emergency Highway Projects: Case Studies from

Six States. In Transportation Research Record; Sage CA: Los Angeles, CA, USA, 2013; Volume 2347, pp. 19–26. [CrossRef]
38. SB. Emergency Response System; Security Bureau (SB), HKSAR Government: Hong Kong, China, 2020.
39. FHB. Preparedness and Response Plan for Novel Infectious Disease of Public Health Significance; Food and Health Bureau (FHB), HKSAR

Government: Hong Kong, China, 2020.
40. GURL, E. SWOT analysis: A theoretical review. J. Int. Soc. Res. 2017, 10, 994–1006. [CrossRef]
41. Yin, R.K. Case Study Research Design and Methods; SAGE Publications, Inc.: New York, NY, USA, 2014; ISBN 978-145-2242-56-9.
42. Zhang, Z.; Pan, W. Multi-criteria decision analysis for tower crane layout planning in high-rise modular integrated construction.

Autom. Constr. 2021, 127, 103709. [CrossRef]
43. Wuni, I.Y.; Shen, G.Q.; Osei-Kyei, R. Quantitative evaluation and ranking of the critical success factors for modular integrated

construction projects. Int. J. Constr. Manag. 2020, 22, 2108–2120. [CrossRef]
44. Rani, H.A.; Farouk, A.M.; Anandh, K.S.; Almutairi, S.; Rahman, R.A. Impact of COVID-19 on Construction Projects: The Case of

India. Buildings 2022, 12, 762. [CrossRef]
45. Tam, V.W.; Le, K.N.; Wang, J.Y. Cost implication of implementing external facade systems for commercial buildings. Sustainability

2018, 10, 1917. [CrossRef]
46. Tan, T.; Mills, G.; Hu, J.; Papadonikolaki, E. Integrated approaches to design for manufacture and assembly: A case study of

huoshenshan hospital to combat COVID-19 in Wuhan, China. J. Manag. Eng. 2021, 37, 05021007. [CrossRef]
47. Shin, J.; Choi, B. Design and Implementation of Quality Information Management System for Modular Construction Factory.

Buildings 2022, 12, 654. [CrossRef]
48. Mao, C.; Xie, F.; Hou, L.; Wu, P.; Wang, J.; Wang, X. Cost analysis for sustainable off-site construction based on a multiple-case

study in China. Habitat Int. 2016, 57, 215–222. [CrossRef]

128



Buildings 2022, 12, 1430

49. Jang, H.; Ahn, Y.; Roh, S. Comparison of the Embodied Carbon Emissions and Direct Construction Costs for Modular and
Conventional Residential Buildings in South Korea. Buildings 2022, 12, 51. [CrossRef]

50. ArchSD. Turning Impossible to Possible: Construction of Community Isolation Facilities; CIC Power Talk: Hong Kong, China,
2022. Available online: https://citac.cic.hk/en-hk/news-and-events/events/past-events/past-events-details/363 (accessed on
30 June 2022).

51. WHO. Emergency Response Framework (ERF); World Health Organization: Geneva, Switzerland, 2017; ISBN 978-924-1512-29-9.

129



Citation: Massimo, D.E.; De Paola, P.;

Musolino, M.; Malerba, A.; Del

Giudice, F.P. Green and Gold

Buildings? Detecting Real Estate

Market Premium for Green Buildings

through Evolutionary Polynomial

Regression. Buildings 2022, 12, 621.

https://doi.org/10.3390/

buildings12050621

Academic Editor: Audrius Banaitis

Received: 30 March 2022

Accepted: 5 May 2022

Published: 7 May 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

buildings

Article

Green and Gold Buildings? Detecting Real Estate Market
Premium for Green Buildings through Evolutionary
Polynomial Regression

Domenico Enrico Massimo 1, Pierfrancesco De Paola 2,*, Mariangela Musolino 1, Alessandro Malerba 1

and Francesco Paolo Del Giudice 3

1 Department of Patrimony Architecture and Urbanism, Mediterranea University of Reggio Calabria,
Melissari St., 89124 Reggio Calabria, Italy; demassimo@gmail.com (D.E.M.);
mariangela.musolino@unirc.it (M.M.); malerbale@gmail.com (A.M.)

2 Department of Industrial Engineering, University of Naples “Federico II”, Vincenzo Tecchio Sq. 80,
80125 Naples, Italy

3 Department of Architecture and Design, University of Rome “Sapienza”, Borghese Sq. 9, 00186 Rome, Italy;
francescopaolo.delgiudice@uniroma1.it

* Correspondence: pierfrancesco.depaola@unina.it

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/m2 year) or
CO2 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, Högberg [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 Högberg [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]:
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In the above equations, Ŷ represents the vector of model predictions, m is the number
of additive terms, the parameter aj to be assessed is determined by a least squares (LS)
method, Xk is candidate explanatory variables, the exponent (j, l) with l = (1, . . . , 2k) is the
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exponent of the l-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
N

· ∑N(yestimated − ydetected)
2

∑N [ydetected − mean(ydetected)]
2 (5)

where yestimated is the dependent variable value assessed by EPR, ydetected 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.
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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

Positional Variable (ZONE) expressed with a score scale (from 1 to 6, passing
from more central areas to more peripheral areas)

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

optimal maintenance state)

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

Energy efficiency class (EN) expressed with a score scale (1 for “A” or “B” energy
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 124,360.35 106.51 3.13 3.00 27.33 1.62 10.43 4.10 0.05
Median 115,000.00 105.00 3.00 3.00 24.00 2.00 10.00 5.00 0.00

Std. Dev. 150,000.00 120.00 3.00 3.00 5.00 2.00 8.00 5.00 0.00
Kurtosis 60,844.53 29.87 1.47 0.89 19.01 0.54 6.92 1.56 0.22

Asymmetry 4.71 5.16 −0.92 −0.66 1.07 2.04 −0.20 −1.23 15.82
Min 1.62 1.26 0.21 −0.47 1.04 0.42 0.45 −0.35 4.21
Max 13,000.00 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 l 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

I PRC = +5.8514e − 7 AREA0.5·MAIN0.5·BATH0.5

ZONE0.5·EN0.5 + 58, 251.253
II PRC = +693.3236 AREA·MAIN0.5·BATH0.5

ZONE0.5 + 37, 692.884
III PRC = −197, 671.948 DAT0.5

AREA0.5 + 629.405 AREA·MAIN0.5·BATH0.5

ZONE0.5 + 103, 351.203
IV PRC = −28, 398.709 DAT

AREA0.5 + 638.164 AREA·MAIN0.5·BATH0.5

ZONE0.5 + 203.749 AREA·FLOOR·MAIN·EN0.5

ZONE + 70, 234.119

V PRC = −500, 117.237 ZONE0.5

AREA0.5 − 32, 825.256 DAT0.5

AREA0.5 + 523.570 AREA·MAIN0.5·;BATH0.5

ZONE0.5

+197.789 AREA·FLOOR·MAIN·EN0.5

ZONE + 206, 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 I
Model II
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 Xaxis represents the number of observations, and on the Yaxis of each
model, the selling price determined by EPR-MOGA (PRCEPR) 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 (PRCEPR) vs. selling price expected for model
I (PRCexp).

 

Figure 2. Selling price determined by EPR-MOGA (PRCEPR) vs. selling price expected for model
II (PRCexp).

139



Buildings 2022, 12, 621

Figure 3. Selling price determined by EPR-MOGA (PRCEPR) vs. selling price expected for model
III (PRCexp).

 

Figure 4. Selling price determined by EPR-MOGA (PRCEPR) vs. selling price expected for model
IV (PRCexp).
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Figure 5. Selling price determined by EPR-MOGA (PRCEPR) 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

Be
ne

fit
s

of
BI

M
us

e

• Introduction of GIS (geographic
information systems) data in
digital infrastructure models

• Improved accuracy of the data by
using point cloud data of the site

• Improving applicability of energy
efficiency measures

• Reducing design clashes in the
early stage by visual
representation of the model

• Enhancing the accuracy of
cost estimation

• Checking of project
constructability and sustainability

• Subsequent evaluation of the
construction phases that enable
accurate planning of resources

• Exact planning of the storage and
procurement of project resources

• Prefabrication of
building components

• BIM allows better site utilization
• Follow and allocate health and

safety issues on the
construction site

• Real-time planning and financing
dashboard completion

• Connection to lean
construction principles

• BIM as-built model after the
construction effectively
supports the operations,
maintenance, repair, and
replacement of appliances

• Supports accurate and
in-time management of
the assets

• Enables exact scheduling of
maintenance operations and
easy access to information

• Preview of disassembling
process for the end of the
use of the facility

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

Ba
rr

ie
rs

fo
r

BI
M

in
tr

od
uc

ti
on

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

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

• High initial cost
• 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
• 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].

 

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:

• Motivation
• Collaboration
• 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 WEF, 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).

Figure 2. Specific aims of the paper presented as successive steps in a process loop.

148



Buildings 2022, 12, 218

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.

149



Buildings 2022, 12, 218

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.

 

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

• Part 1 included questions about respondents’ geographical location, field of work in the
construction sector, number of employees, current career stage (architect or engineer);

• Part 2 included 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:

• 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];

• 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;

• 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]:

• 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.

• 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.

• 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:

• 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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• 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;

• 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;

• 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:

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

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

• 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.

 

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 WEF, 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).

  
(a) (b) 

0 50 100 150 200 250

No

In next 5 years

In next 1-2 years

Already in place

When do you expect to introduce BIM?

0 50 100 150 200 250 300

No

Yes, from investor

Yes, from collaborators

Is there a demand for BIM?

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.
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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);
2. insufficient requests from clients (no demand for BIM design) (21.2%, or 66 respondents);
3. missing standards and guidelines (15.4%, or 48 respondents)

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 CO2-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.

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

• 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).

• 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.

 

 

(a) (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].

(a) (b) 

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:

• BIM model (IFC/ACCA Software + Edificius)
• Energy model (SolariusPV)
• 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.

 

 

(a) (b) 

 
(c) 

 
(d) 

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.

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:

• introducing a BIM mandate is shown as a successful push forward incentive;
• clear framework for procurement of BIM in public sector construction projects is a

positive approach;
• 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 A1. The summary of the proposed National Roadmap for introduction of BIM.

Challenges Strategies Actions Timeframe
Field of
Action

Incentives for BIM requirements in all public works 1st year Leadership
Coordinated asset information requirements

across public sector 2nd year Standards

Training schemes for public sector 1st year E&T

Public sector taking
the lead

BIM mandates in procurement of public works 2nd year Procurement
Identify a suitable individual/executive to lead the

implementation program 1st year Leadership

Communication between BIM body and national
standardization agency 1st year Standards

Specifying BIM competencies when accrediting BIM
program 2nd year E&T

Lack of
demand

Establish central
body

Make provision for developing government
construction contracts 2nd year Procurement
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Table A1. Cont.

Challenges Strategies Actions Timeframe
Field of
Action

BIM competitions 2nd year Leadership
Scholarships for BIM education 2nd year E&TPromoting success

cases Mandate for skilled BIM professionals for
government projects 3rd year Procurement

Awareness seminars 1st year Leadership
BIM center of excellence 2nd year Standards

Developing self-assessment tool for BIM skills 1st year E&T
Building BIM

capacities
BIM R&D actions 3rd year Procurement

Develop a base level of learning outcomes targeted at
alternative
NFQ levels

1st year Leadership

Develop a BIM certification program to be managed
by the

National Standards Authority
2nd year Standards

Developing BIM
education and

training

BIM in Schools and universities 3rd year E&T
Leveling of BIM skills with NQF levels and creation

of BIM occupational standards 2nd year Leadership

Links with international standards for BIM
certification 3rd year Standards

Developing different levels of BIM certification and
training programs 3rd year E&T

Lack of BIM
skills (both

training and
skilled pro-
fessionals)

BIM certification
and connection

with NQF

BIM certification requirements for contract of works
in public sector 2nd year Procurement

Enhance international collaboration to make use of
structured, validated, comparable datasets 1st year Leadership

Support replication of international and European
standards 2nd year Standards

Incorporate
international

standards
BIM training based on international standards 2nd year E&T
Consultation with key stakeholder groups for
commitment to adopting open, internationally

recognized information standards
1st year Leadership

“National Tools” based on open tools that help drive
general conformance with standards, avoid

duplication of effort, and avoid exclusion of SMEs
4th year Standards

BuildingSmart certification 3rd year E&T

Not existing
BIM

standards
and

protocols
Open BIM adoption

Ensure that public procedures (planning, mapping,
building inspections, public procurement) require

information in compliance with standards
3rd year Procurement

Set up a central platform to act as digital resources
and tools bank to ease BIM introduction 2nd year Leadership

Establishing national protocols for using BIM 3rd year Standards
BIM guide workshops 2nd year E&T

Removing
impediments

Support through online means the clients to receive,
review, manage,

and assess BIM on their projects
3rd year Procurement

Establishing knowledge hub for exchange of
experience 1st year Leadership

Links with international BIM platforms to ensure
standardization 2nd year Standards

Advise on effective BIM implementation 3rd year E&T

Missing
culture for
collabora-

tive
projects

Creating platform
for cross-sectional

collaboration

BIM fund 4th year Procurement
Legend of fields of action: Leadership action; Standards; E&T; Procurement.
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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. An improved AR system for identifying construction defects during an on-site con-
struction inspection.

3. A set of 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, García-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.

173



Buildings 2022, 12, 140

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 Hübner 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 UI.

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 1 † 2014 750

Meta 2 † 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

178



Buildings 2022, 12, 140

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:

A1. 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 UI

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 UI 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. An integration of the AR system with existing BIM platforms to improve accessibility.

Tracking

F8. An improved 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 A1. 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 selection of an AR-based defect man-
agement application from the above list of potential applications identified by workshop
participants, was based on the following factors. Firstly, we narrowed down the primary
potential applications that received the most optimistic responses amongst the workshop
participants. We then consulted with AEC experts from both the research and industrial
sectors to discuss which of the potential applications AR could have the most significant
impact. Finally, a discussion amongst the researchers who have an extensive background
working with AR technologies determined that implementing an AR-based defect manage-
ment application would be feasible to develop as the first step for adopting the results of
the focus-group interviews to advance AR development and adoption in AEC.

4. BIM-ARDM System Development

Current industry approaches for identifying defects on a construction site are still
relatively manual and require construction inspectors to make estimations based on paper-
based, two-dimensional plans and analogue drawings. Higher-tier AEC firms have be-
gun integrating tablet-based application such as Aconex Field (https://help.aconex.com/
aconex/our-main-application/using-aconex/field, accessed on 20 December 2021) into
their project workflow. These applications are designed to improve the data-management
process by having inspectors input data directly into a UI containing digital checklists as
they conduct their inspections. Additionally, the quality of inspection data captured during
on-site inspections still requires inspectors to interpret two-dimensional plans and analogue
drawings to make estimations on whether elements were built correctly. Furthermore, these
tools only provide the capability of storing inspection data into independent databases and
information-management systems separate from the BIM model. As an alternative to the
conventional inspection systems, researchers have proposed the usage of AR technology to
superimpose the virtual BIM model onto the physical construction site. However, from
the previous work highlighted in Section 2.1, we identified the following drawbacks of
previous AR systems, which are specifically addressed in the BIM-ARDM system:

1. All AR implementations that incorporated HMDs used a holographic interface to
input and record data (e.g., checklists). We describe in Section 4.2.1 why we believe
this design consideration would not be suitable on a real-world construction site.
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2. No AR systems were proven to perform more effectively than conventional ap-
proaches for conducting on-site construction inspections.

3. Limited AR features and visualisations were integrated to support the inspector with
their on-site inspection performance.

4. No AR systems were tested on a real-world construction project.
5. No AR systems were capable of storing inspection data back to the original BIM

model.
6. No systems were capable of quantitatively assessing or evaluating the on-site inspection

performance.

Based on the aforementioned issues and potential features previously highlighted by
workshop participants in Section 3, we designed and developed an on-site BIM-ARDM
system for construction defect management inspections. The primary goal during the
development phase was to develop a prototype that improved upon the conventional paper-
based methods that utilizes two-dimensional plans and analogue drawings to conduct
defect management inspections. Our approach for achieving this was to leverage the
visualisation capabilities provided by AR technologies (Microsoft HoloLens 2) to visualise
the three-dimensional BIM model superimposed at a one-to-one mapping over the physical
construction site (Figure 2).

Our system also incorporates a handheld tablet-based interface that connects directly
to the HoloLens 2 through a customized TCP/IP network architecture allowing a two-
way transmission of data between the two devices. The handheld tablet-based application
contains a dynamically produced checklist providing inspectors with an interface to directly
input inspection data into.

In this section, we provide a complete overview of the BIM-ARDM prototype and
present the four major components involved in the development of the overall BIM-ARDM
system.

Figure 2. This figure shows a third-person perspective of the BIM-ARDM system. The BIM model is
superimposed over the physical site at a one-to-one mapping. A colour-coded visualisation represents
correct (green), minor (yellow), and major (red) defects.

4.1. Implementation

The BIM-ARDM system was developed to run off a specific set of hardware and
software components. For the hardware, the see-through AR head-mounted display
Microsoft HoloLens 2 was used to show the virtual BIM model on the physical construction
site. Additionally, a Samsung Galaxy S6 Lite tablet was used in-synch with the HoloLens
2 to provide inspectors with a tablet-based UI to input inspection data and control the
various visualisations and features integrated within the BIM-ARDM system.

In terms of the software, all software components in the BIM-ARDM system were
developed entirely in the C# programming language. The AR and playback analysis applica-
tions were built with the Unity 3D Game Engine. The Revit Plugin was developed with the
Revit API. The Unity libraries we used to develop the AR application consisted of the Mixed-
Reality Toolkit (MRTK) (github.com/Microsoft/MixedRealityToolkit-Unity/releases, ac-
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cessed on 20 December 2021) for HoloLens 2 integration, Vuforia (https://developer.
vuforia.com/, accessed on 20 December 2021) to integrate a marker-based tracking so-
lution for coordinate space calibration, and the 3D User Interaction Toolkit (3DUITK)
(github.com/WearableComputerLab/VRInteractionToolkit, accessed on 20 December 2021)
[44] to integrate a “Bendcast” visualisation [45] to aid users in locating elements. An
overview of the various components used in the AR application is presented in Figure 3A.

Figure 3. These diagrams present the system architecture of the BIM-ARDM system. The UML
diagram (A) presents an overview of the primary components integrated into the AR application.
The sequence diagram (B) demonstrates how the main components within BIM-ARDM interact.

4.2. BIM-ARDM System Overview

The BIM-ARDM system is comprised of four major components. The first component
is a tablet-based application designed to handle two primary functions: (1) input and
data collection, which consists of an easy-to-use checklist interface allowing inspectors
to input and collect specific inspection data whilst they conduct their on-site inspection
and (2) controlling the various AR visualisations and features integrated into the system.
The second component is an AR-based application running off the HoloLens 2 HMD,
which allows the inspector to experience the immersive three-dimensional visualisations
integrated into the system. The AR-based application and tablet-based application are
directly connected through a TCP/IP network protocol. The third component is a Revit
plugin that synchronizes data automatically collected during the inspection back to the
original Revit model. The fourth component is a post-inspection data-analysis tool designed
to evaluate and assess the inspection performance of the inspector through eye-tracking
and head-tracking data collected during the inspection. A diagram showing how the four
major components within the BIM-ARDM system interact is presented in Figure 3B.

4.2.1. Tablet-Based Application

The development of an intuitive and easy-to-use UI for inputting checklist data was
one of the primary design considerations during the development of the BIM-ARDM
system. It was evident, based on participants’ responses during the workshop, that practical
AR-based applications in AEC must be simple, easy to use, and have an intuitive UI for
construction personnel to operate (F5). Participants also commented on the importance of
having checklist and other documents required for a construction inspection to be accessible
within a single device (F6). As a result, we aimed to design a complete UI that contained the
functional requirements required to perform a defect management inspection (F6) whilst
still maintaining a simple and easy-to-use UI design (F5).

Initially, we explored using an AR-based holographic UI that utilized a combination of
gestures and audio commands as user input. However, based on our informal observations,
we felt a non-tactile UI would lack intuitiveness and user-friendliness when operating the
UI due to the complex nature of the UI design. Furthermore, the likelihood of false positives
occurring when using a gesture-based interface would likely contribute to increased errors
occurring whilst the inspector conducts their inspections. We also discussed the potential
of using a speech-based input system; however, due to construction sites being relatively
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noisy environments, we concluded that a speech-based input system would not be suitable
for a real-world construction site.

We concluded that a tablet-based interface that could seamlessly communicate data
with the HoloLens II was the most viable and user-friendly approach for inspectors to
operate on a real-world construction site. To achieve this, we developed a TCP/IP network
architecture where a local server is hosted off the Android tablet, and the HoloLens II con-
nects to the local server as a client. This allowed us to create a bi-directional communication,
allowing us to synchronously transmit commands and data between both devices.

The tablet-based application consists of three primary interfaces that allow the inspec-
tor to operate the BIM-ARDM system. The first interface, “Visualisations” (Figure 4A)
enables the inspector to control (turn on/off) and configure the different visualisations
integrated into the AR-based system. The second interface, “Checklist” (Figure 4B) allows
the inspector to input inspection data, and the third interface, “Diagnostics and Calibra-
tion” (Figure 4C) is used to setup the calibration of the AR system and display diagnostic
feedback associated with the tablet-based and AR-based applications.

Figure 4. The left image (A) presents the UI design for the visualisations tab; image (B) displays the
UI design for the checklist tab where a dynamic checklist of each element within the BIM model was
generated; image (C) presents the UI design for the diagnostics tab.

Visualisations: The visualisation interface (Figure 4A) acts as a control panel for the
visualisations, allowing the inspector to control and configure two AR visualisations, cate-
gorizing elements and rendering the distance. The interface also controls some additional
AR features including toggling the visibility of the BIM model and enabling/disabling the
generated AR spatial mapping mesh.

Checklist: The checklist interface (Figure 4B) provides the inspector with a UI to input
inspection data into whilst they conduct their construction inspection. Upon loading the
application, each element in the BIM model is generated within the checklist interface, and
the inspector can assign each element to one of the following three values:

1. Correct (no defect): The construction is correct, contains no defects, and is correctly
aligning with the virtual element. In the pilot study, we defined this as a less-than-5
cm drift between the virtual and physical elements.

2. Close (minor defect): The construction slightly differs from the virtual element. In the
pilot study, we define this as a 5 cm-to-50 cm drift between the virtual and physical
elements.

3. Incorrect (major defect): The construction significantly differs from the virtual element.
In the pilot study, we defined this as a greater-than-or-equal-to-50 cm drift between
the virtual and physical elements.

Upon assigning the element to one of the three above-listed values in the checklist,
the corresponding holographic element within the AR environment will update its colour.
Within the checklist interface, each element also contains a text-box area where inspectors
can input any additional comments related to the inspection of each element.

The checklist interface also consists of a built-in sorting option feature that allows the
inspector to sort elements based on the following categorizations:
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1. Unordered: Displays elements in their default, randomly generated order.
2. Sort by completion: Sorts elements that are currently unassigned before elements that

have been assigned.
3. Alphabetical order: Sorts elements by alphabetical order.
4. Sort by ID: Sorts elements numerically based on their Revit models unique ID.
5. Rendered within field of view (FOV): Only displays checklist elements that are actively

being rendered within the inspector’s FOV.

The system also provides the capability for inspectors to capture images of individual
elements by selecting an element within the checklist UI and pressing the capture-image
button. Images are captured through the HoloLens 2’s built-in camera and stored within
the HoloLens 2 internal storage system. Subsequently, checklist data inputted into the
tablet application during the inspection are autonomously logged to a .csv file, which is
also stored within the HoloLens 2 internal storage system. We also integrated support to
load previous .csv files within the AR-based application, which allows inspectors to load
their previous inspection sessions. Finally, a Revit plugin was developed to import all data
recorded in the BIM-ARDM system back to the original Revit model.

Diagnostics and Calibration: The diagnostics and calibration interface (Figure 4C) was
designed to support two primary functions. Firstly, if a potential issue emerges whilst
operating the BIM-ARDM system, this interface allows the inspector to determine the
problem that caused the issue to occur. This is achieved by having a console UI that
displays the various debug statements outputted by the BIM-ARDM system. Secondly, the
menu contains a set of buttons that allow the inspector to setup and configure the tracking
calibration process.

4.2.2. AR-Based Application

The AR-based application is comprised of two primary functions. The first function
is the visualisations and features that we developed to support inspectors with their on-
site construction inspection performance. The second function is the developed tracking
and calibration system that is used to superimpose the BIM model onto the real-world
construction site at a one-to-one mapping.

Visualisations and Features: User-friendliness (F5) and interactivity (F4) were two
features mentioned by several participants throughout the workshop. Participants also
encouraged representing data through three-dimensional visualisations as opposed to
traditional two-dimensional analogue drawings (F3). To achieve this, we developed a set
of five three-dimensional visualisations designed to assist the inspector with conducting
their inspection. The developed AR visualisations can be controlled and configured by the
inspector directly through the tablet-based application. The specific visualisations were
(1) the ability to visualise specific elements based on their categorizations (F2 and F4), (2)
controlling the camera’s rendering distance to only visualise specific elements within a
specified distance from the user, (3) an element location-finder visualisation, (4) an element
colour-coded visualisation, and (5) a tool that only displays elements within the checklist
UI that are currently being looked at by the inspector. A more-detailed description and
overview of the design motivations associated with each of the visualisations is presented
below.

1. Categorizing elements: The ability to turn on and off specific elements was a feature
highlighted by workshop participants (F4). Due to our system workflow consisting of an
IFC-based approach to import BIM models into Unity, partial metadata associated with the
BIM are maintained. As a result, unique IDs and categorizations of building elements that
are automatically generated in Revit are accessible within the Unity game engine. Using
this data, we developed an approach to automatically and dynamically generate a list
of categorizations based on the corresponding categories associated with each building
element. Within the tablet interface, inspectors can toggle on or off different categories
to enable or disable the visibility of each AR building element associated with the given
category; for example, electrical fixtures or signs as illustrated in Figure 5. Based on our
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informal observations, we believe this visualisation to be most effective when inspecting
complex and dense BIM models. The primary advantage of the visualisation is that it
allows the inspector to focus on specific elements and filter out any irrelevant elements to
avoid confusion and improve visibility.

Figure 5. This figure demonstrates the categorizing elements’ visualisation, which only displays
specific elements in the AR view (B) that have been enabled by the inspector on the tablet UI (A).

2. Rendering distance: A visualisation was also developed that allows the inspector to
control the visibility of elements by manipulating the rendering distance of the AR camera.
A slider on the tablet UI can be controlled by the inspector to specify the rendering-distance
threshold. A transparent holographic box is displayed in the AR environment that provides
visual feedback to the inspector of the specified rendering-distance threshold. All elements
between the user and the displayed holographic box are visible to the AR user; whereas,
elements outside the box are not rendered by the camera (Figure 6).

The visualisation was developed based on two specific design motivations. Firstly, due
to our software rendering several non-occluded objects at a time, we believed a function
to mitigate the amount of virtual objects being rendered by the camera could significantly
improve the visibility of elements within the AR environment. We initially tested this
visualisation on a smaller-scale environment with a Revit model containing approximately
thirty elements, and based on our informal observations, we did not find the visualisation
particularly useful. However, when testing this visualisation on a real-world construction
site with more than 2000 elements, we discovered this visualisation had the potential to
become more effective as the complexity and density of the BIM model increased. This was
demonstrated when it became difficult to focus on specific elements within the scaled-up
BIM model due to having several non-occluded virtual elements actively being rendered by
the AR camera. Therefore, using the visualisation to only display specific elements closer
to the inspector significantly improved the visibility of elements.

The second motivation is that using this feature can significantly increase the frame
rate of the AR application, thus improving performance. It became evident when testing
the BIM-ARDM prototype on a real-world construction site that required a BIM model
with over 2000 virtual elements actively rendered within the AR camera that performance
was an issue. However, when using this visualisation, we discovered the performance of
the AR application system significantly improved due to the visualisation mitigating the
number of elements rendered by the AR camera.
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Figure 6. This figure demonstrates the rendering-distance visualisation, which mitigates the amount
of elements visible by controlling the camera-rendering distance.

3. Element finder visualisation: A visualisation was also developed to make it easier for
inspectors to locate virtual elements whilst conducting their inspection. This visualisation
is autonomously enabled within the AR view when the inspector selects a checklist element
through the checklist UI. The visualisation consists of a virtual Bezier curve that appears in
front of the inspector guiding them to the location of the virtual element that was selected
on the checklist (Figure 7).

When testing an early iteration of the system, we found it extremely difficult to locate
and identify holographic elements based on their corresponding checklist name. Therefore,
the design motivation of this visualisation was to make it easier for an inspector to locate
and identify checklist elements. We initially developed a visualisation that would display a
virtual arrow in front of the user and point to the direction of the selected element. However,
based on our informal observations we found this approach would not be suitable to locate
virtual elements within a dense environment where elements are clustered or closely
confined. As a result, we re-designed the visualisation to incorporate a bendable ray that
would provide a direct path from the position of the inspector to the centre of the selected
element.

Figure 7. This figure shows the Bendray visualisation, which acts as a visual guidance to direct users
to specific elements. In this example, the inspector selected a lighting switch in the tablet-based UI.

4. Colour-coded visualisation: During the construction inspection, inspectors can
input into the tablet-based checklist interface whether elements were built in the correct
(no defect), close (minor defect), or incorrect (major defect) positions. A colour-coding
visualisation tool was integrated into the system to autonomously update the colour of
the corresponding virtual element once it is checked off the checklist by the inspector. The
colour of the virtual element is modified from their default material colour to a green value
to represent if the element is correct (i.e., no defect), yellow if close (i.e., minor defect), or
red if incorrect (i.e., major defect). The primary motivation of this visualisation is to provide
inspectors with visual feedback on what elements have already been inspected within the
checklist. We believe this could improve inspection performance as inspectors can easily
and efficiently keep track of the elements they have previously checked off during the
inspection.

5. Checklist field-of-view (FOV) rendering: The final feature integrated into our
BIM-ARDM system was designed to only display elements within the checklist UI that
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the inspector is currently looking at within the AR application (Figure 8). Based on the
size of the BIM model, checklists can potentially produce a large and comprehensive list
of elements. Therefore, we believed that as the complexity of the BIM model increased,
it would become more difficult for inspectors to identify specific elements from the AR
environment within the checklist UI. Furthermore, specific checklist elements may also
share the same or similar names due to having multiple copies or variations of the same
elements (e.g., windows) within the Revit model. As a result, the motivation of this feature
was to develop an approach that would improve the inspector’s ability to identify a specific
element within the checklist UI. Based on our informal observations, we believe that this
feature achieves this goal by making it significantly easier for an inspector to identify and
locate an element within the checklist UI.

Figure 8. This figure demonstrates the checklist FOV renderer, which only displays elements in the
checklist UI (A) that the inspector is currently looking at in the AR view (B). In this example, the
inspector is looking at the stair rails, which appear in the tablet-based checklist UI.

Tracking and calibration process: During the workshop, participants stated they
require digital surveying-type accuracy (F9) whilst still maintaining a very simple process
to setup the tracking (F8). Due to inspectors requiring millimetre-precise tracking accuracy
between the virtual BIM model and the physical construction site to obtain accurate results,
we prioritized tracking accuracy over developing a user-friendly tracking system. However,
we still integrated various features into our tracking system (e.g., spatial anchors and a
re-calibration system) to improve the tracking setup process.

Previously, we discussed two common methods to superimpose BIM models onto
a physical construction site: marker-based and markerless tracking. To obtain the most-
accurate tracking results, we employed a hybrid tracking approach that uses a marker-
based tracking technique to initially calibrate the system and subsequently a markerless
approach for maintaining the tracking without markers. After the initial calibration was
setup, we also assigned anchors to the BIM model to ensure minimal drift occurs whilst
the user navigates through the building. Using this process, we could achieve up to a
1 cm accuracy precision, but this was heavily dependent on ensuring that the position
of the physical marker was being tracked at the identical position of the corresponding
virtual marker in the BIM model as depicted by Figure 9. To improve the simplicity and
user-friendliness of our tracking system (F8), a set of additional features were integrated
into our tracking system. This includes spatial anchors that allow inspectors to store and
load previously calibrated tracking environments so that a one-time calibration is required
for each construction site. However, based on our testing, we found anchors to be relatively
inconsistent with the HoloLens 2, and it was highly dependent on the spatial mapping
accuracy produced by the built-in depth sensors.

To make minor adjustments to the tracking, we also developed an easy-to-use tracking-
adjustment system that can be controlled by the inspector directly through the tablet-based
application. Simple debugging tools are also available in the tablet-based application to
further assist the inspector with the tracking setup process.
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Figure 9. This diagram shows the basic calibration setup. The left image (A) shows the BIM model of
the real-world building. Image (B) shows the BIM model superimposed onto the virtual point cloud.
Image (C) shows the physical marker placed at the corresponding position of the virtual marker
within the real-world environment.

4.2.3. Revit Plugin

During the workshop, participants described the importance of maintaining BIM
data (F10) and integrating the AR system with existing BIM platforms (F7). Although the
BIM-ARDM system was built off the Unity game engine, we developed a Revit plugin
to ensure all data collected during the inspection using the BIM-ARDM system can be
synchronized back to the original BIM model. The plugin can be executed directly within
Revit and automatically parses a .csv file outputted by the BIM-ARDM software. Data are
then linked back to the Revit model based on the unique ID of each element. The recorded
data consist of two primary categories:

1. The checklist data, which contain data inputted by the user using the tablet interface.
These data include whether the element is correct, close (minor defect), or incorrect
(major defect), as well as any other additional comments inputted by the inspector.

2. Images captured of on-site elements, which are captured through the built-in HoloLens
2 camera and can be captured by selecting a capture image on the tablet-based inter-
face. Running the Revit plugin links each picture taken during the inspection back to
each of the corresponding Revit elements and attaches the images to the elements as a
raster image parameter as illustrated in Figure 10.

Figure 10. This figure showcases how checklist data were linked back to the original Revit model
after running our developed Revit plugin. Image (A) shows images captured of elements that are
stored as raster images in the given elements “Image” parameter. Image (B) shows additional data
associated with checklist data that are stored in the elements “Comments” parameter.

4.2.4. 4D Playback Analysis Tool

We also present an experimental analysis tool built into our system, which aims to
monitor the performance quality of the inspector’s defect management inspection. During
the inspection, the head position and rotation vectors, converged eye gaze position and
rotation vectors of each pupil, calibration data, and associated timestamps (every 0.1 s) are
logged and stored within the HoloLens as a .csv file. After the inspection, the playback
analysis software then allows users to playback this data as a 4D visualisation, which
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displays the inspector’s head and eye-gaze location at any time interval throughout the
inspection. Additional options are built into the system allowing users to slow down, speed
up, play in real-time, or jump between different time intervals using a 2D slider. A heatmap
visualisation, which dynamically generates heatmaps at every point that the user looked
at on the construction site, was incorporated into the system (Figure 11). A three-colour
gradient palette (red, yellow, and green) was used to represent which areas the user was
most focused on throughout the inspection. The advantages of this tool are that it allows
managers to ensure the inspection has been conducted thoroughly and correctly. Using
the playback analysis software, users can identify areas within the BIM model that were
potentially neglected based on the inspector’s eye-tracking data.

Figure 11. This figure showcases the developed 4D Playback Analysis Tool. Image (A) presents
a playback of the inspector from a first-person perspective and Image (B) from a third-person
perspective. The user can adjust the timestamp of the system, and it will display the exact position
of where the user was in the real world at that time and where the user was looking. A heatmap is
dynamically produced to keep track of where the user has and has not looked.

4.3. System Limitations

The presented BIM-ARDM system consists of two common AR limitations, tracking
accuracy and performance.

4.3.1. Tracking Accuracy

Due to defect management inspections requiring millimetre-precision accuracy to
ensure the accuracy of inspection data, tracking was one of the primary limitations as-
sociated with the system. Although we did not conduct any formal tests or analysis on
our tracking accuracy, based on our information observations, we believe the tracking
accuracy would generally produce between 1–2 cm. As a result, during our pilot study,
participants were instructed to only consider virtual elements greater than 5 cm from the
corresponding physical elements as a defect. It also became evident during user-testing
that due to depth-perception issues associated with the HoloLens display, the depth of
virtual objects would appear to change based on the position and angle of the user.

4.3.2. Performance

Throughout the development of the AR-based system, performance was the primary
design consideration during the algorithmic design and implementation of the presented
visualisations and features. Due to the HoloLens running as a standalone device, we had
to ensure the system would be capable of maintaining a steady frame rate whilst rendering
complex geometric building models in addition to several visualisations and features. As
a result, our algorithmic implementation of all visualisations and features maintained an
O(1) time complexity.

This allowed our implementation to run on very large BIM models consisting of
complex geometry. We tested and validated the performance of our BIM-ARDM system

189



Buildings 2022, 12, 140

on a real-world construction site (Adelaide Festival Plaza (https://armarchitecture.com.
au/projects/adelaide-festival-plaza-precinct-masterplan/, accessed on 20 December 2021)
that consisted of a complex BIM model containing over 2000 virtual models. The results
from this test demonstrated that the system was capable of running at a steady frame rate
of 10–15 FPS. However, using the rendering-distance visualisation further improved the
system’s frame rate.

Despite these results demonstrating the scalability of the BIM-ARDM system, the
performance-design limitation resulted in specific features being cut from the system due
to not meeting performance requirements. Future iterations of AR displays will continue
to improve their processing capabilities, and, as a result, more performance-demanding
visualisations and features will become feasible in the future for standalone AR displays.

5. User Study

A comparability pilot study with 11 participants was conducted to assess the perfor-
mance of our proposed BIM-ARDM system in comparison to the conventional paper-based
defect management techniques currently employed within the construction industry. The
11 participants primarily consisted of researchers from the university. All participants who
volunteered to take part in the study had some prior experience using AR technology (45%
use AR 1–10 times per month, 27.3% daily, 18.2% 1–10 times per year, and 9.1% weekly).
From the selection of 11 participants, 10 participants lacked prior experience in conducting
on-site construction inspections within a professional capacity.

5.1. Experimental Design

The experiment comprised of two conditions. The first condition was the conven-
tional approach for conducting defect management inspections, which utilized a three-
dimensional perspective and two-dimensional orthographic paper-based drawings of the
building model as a reference. The second condition was the experimental BIM-ARDM
prototype, which superimposes the virtual building model onto the physical construction
site and incorporates several visualisations and features as described in Section 4. The
experiment consisted of a within-study design, and the order of conditions varied for each
participant to counterbalance data. The different AR visualisations provided in the AR
condition could be toggled on and off based on the participant’s preference. However,
participants were encouraged to test each visualisation at least once. During each condition,
participants were instructed to complete a defect management inspection task that involved
identifying and recording on-site construction defects within a building at the university.

The types of defects we focused on during the study was whether the placement
(position or rotation) of a physical constructed element matched the position of the cor-
responding virtual building element. Participants were instructed to categorize defects
into three categorizations: correct (i.e., no defect) when the virtual element was less than
5 cm of the constructed element, close (i.e., minor defect) when the virtual element was
between 5 cm and 50 cm, and incorrect (i.e., major defect) when the virtual element was
greater than or equal to 50 cm from the constructed element. During each condition, partic-
ipants were required to inspect a total of thirty elements within the building and record
whether each element was correct, close, or incorrect into a tablet-based checklist interface
(Figure 4). From the thirty elements inspected by participants in each condition, eighteen
of the elements were correct (no defects), eight elements were close (minor defects), and
four elements were incorrect (major defects). Each condition contained a different set
of defects and correctly positioned elements, and these elements were counterbalanced
between the two conditions. Despite the paper-based condition relying entirely on using
paper-based drawings, participants still wore a HoloLens 2 HMD with a blank display for
data-collection purposes and to replicate the environmental conditions of the AR condition.
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5.2. Results

A combination of objective and subjective metrics were utilized to capture specific data
throughout the experiment. The collected subjective data consisted of a System Usability
Scale (SUS) [20], the Paas Mental Effort ranking [46], a combination of shared and specific
Likert-scale based questions, and open-ended short-answer questions as illustrated in Table
3. The objective data, which were used to evaluate the participants’ performance consisted
of completion time and error rates based on the experimental design.

5.2.1. Usability

The usability for both systems was measured by having participants complete the
SUS questionnaire upon completion of each condition. The mean SUS results revealed
participants ranked the usability of the paper-based system at 42.04 (grade = F; adjective
rating: awful; SD = 19.963), whereas the AR-based system received a mean rating of 81.36
(grade = A; adjective rating: excellent; SD = 9.107). A Wilcoxon Signed rank test verified
that participant SUS ratings for the AR system were significantly higher (p < 0.01, r = −0.87)
than the paper-based approach.

5.2.2. Features and Visualisations

A series of Likert-based (not effective (1) to very effective (5)) questions (Table 3 and
Figure 12) were asked to participants to capture their preferred features and visualisations
that assisted them with their inspection task performance. For the AR condition, the
Bendray (M = 4.909, SD = 0.301) and colour-coding elements (M = 4.545, SD = 0.934)
visualisations were ranked among the two most-useful visualisations. Participants also
stated the ability to visualise specific elements based on categories (M = 3.454, SD = 1.368)
and sort elements (M = 3.545, SD = 1.572) within the checklist (for AR) were effective
features. Lastly, the rendering distance visualisation (M = 2.454, SD = 0.934) was ranked as
a relatively neutral feature by participants.

Table 3. Questionnaire results for each condition (paper = paper-based condition; AR = augmented-
reality condition). A Wilcoxon Signed rank test was used to determine the significance for each
Likert-based question (Blue shading represents AR condition, red represents paper-based condition).

# Statements Cond Mean SD p

Q1 Based on the mental effort scale, please
rank the cognitive-load of the task.

Paper
AR

6.545
3.727

1.368
1.793 0.003

Shared-Condition Statements

Q2 I found this system was useful in assisting
me to complete the inspection task.

Paper
AR

2.454
4.909

1.128
0.301 0.003

Q3 I found this system was useful for locating
building elements in the building.

Paper
AR

2.454
4.818

1.035
0.404 0.003

Q4 I found this system was useful to identify
construction defects.

Paper
AR

2.272
4.545

0.786
0.522 0.003

Condition-Specific Statements

Q5

Q6

I found the paper-based architectural plans
were useful in assisting me to complete the task.
I found the visualisations were useful in assisting
me to complete the task.

Paper

AR

2.181

4.818

0.981

0.404
0.003

Q7 I found the tablet user-interface effective for inputting
data into a checklist and controlling the visualisations. AR 4.272 1.009 nil

Visualisations and Features Questions

Q8 Sorting elements in the checklist. Paper
AR

2.3
3.545

1.337
1.572 0.01

Q9 Bendray visualisation. AR 4.909 0.301 nil

Q10 Rendering-distance visualisation. AR 2.454 0.934 nil

Q11 Colour-coding visualisation. AR 4.545 0.934 nil

Q12 Visualising elements based on categories. AR 3.454 1.368 nil
Post-Questions

Q13 Please tick the condition you found MOST effective
for completing the inspection task.

Q14 Please tick the condition that was your personal
preference.

Q15 Please tick the condition you felt you were less likely
to make mistakes/errors with.
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Figure 12. Questionnaire Results for each condition visualised in a bar chart with standard deviation
(*: statistically significant).

5.2.3. Cognitive Load Scale

The Paas scale was used to measure the cognitive load of participants for conducting
on-site inspections for both paper-based and AR conditions. A Wilcoxon Signed rank test
revealed participants reported a significantly lower cognitive load (p < 0.01, r = −0.88) was
required to complete the task when using the AR-based system (M = 3.72, SD = 1.79) in
comparison to the paper-based condition (M = 6.54, SD = 1.36). A graphical comparison of
the mental-effort ratings is presented in Figure 13.

Figure 13. Paas mental effort for paper-based and AR-based conditions. (Box and whiskers plot.)

5.2.4. Participant Performance

A paired T-test determined, on average, that participants completed the inspection
task significantly faster (t(10) = −3.06, p = 0.01, r = 0.69) when using the AR-based system
(M = 639.6 s, SD = 103.4) in comparison to the paper-based approach (M = 1029.3s, SD =
457).

The overall performance of each participant’s inspection for both conditions was
measured by looking at whether the participant was able to correctly identify whether
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each element was built in the correct (no defect), close (minor defect), or incorrect (major
defect) positions. A paired T-test analysis of the results from the checklist data showed, on
average, that participants had a significantly lower error rate (t(10) = −3.05, p = 0.01, r =
0.69) when using the AR-based system (M = 24.7 (82% correct), SD = 2.78) in comparison to
the paper-based approach (M = 17.6 (59% correct), SD = 1.9).

A closer examination of participants’ error rates also showed significantly lower error
rates for correctly identifying minor defects (t(7) = −10.5, p < 0.01, r = 0.97) using the AR-
based system (M = 1.75) in comparison to the paper-based approach (M = 7.75). However,
we did not find any significance in error rates for identifying correct (p = 0.49) and major
defects (p = 0.1) between AR-based and paper-based conditions.

During the tasks, participants were also asked to input a distance approximation (in
centimetres) for how far apart virtual elements that they identified as defects appeared to
differ from the corresponding physical-building elements. Results from this data showed a
strong correlation (R2 = 0.978) for the participant’s ability to correctly estimate distances
of minor and major positional defects when using the AR system. However, results from
the paper-based condition revealed that participants performed poorly (R2 = 0.486) when
estimating the distances between virtual elements on the architectural paper-based plans
with their corresponding physical elements (Figure 14). We were unable to find significance
for the mean error distance of the approximations made by participants for correct (p =
0.53) and major defects (p = 0.23) between AR and paper-based approaches. However, we
found that participants’ mean error of distance approximations for minor defects were
significantly lower (p = 0.02, r = −0.8) when using the AR-based system (M = 22.5 cm, SD =
6.48) in comparison to the paper-based approach (M = 40 cm, SD = 11.16) as illustrated in
Table 4.

A further examination into the most commonly misidentified elements by participants
using both AR-based and paper-based methods revealed some interesting discrepancies
(Table 5). Among the five most commonly misidentified elements by participants whilst us-
ing the AR system, four of the elements were correct but were misidentified by participants
as minor positional defects. In contrast, the paper-based condition produced the complete
opposite results where five of the six most commonly misidentified elements were minor
defects but were misidentified by participants as correct elements (i.e., non-defects).

Figure 14. Participant approximations of the distances between virtual and physical elements.

Table 4. Summary of common errors made by participants using AR and paper-based conditions.

Cond Correct Minor Major

Mean Error Rate Mean Error Dist Mean Error Rate Mean Error Dist Mean Error Rate Mean Error Dist

AR 2.33 3.86 cm 1.75 22.5 cm 0.5 41.8 cm

Paper 2 5.47 cm 7.75 40 cm 6.75 70.3 cm

p-val
0.49

Paired T-test
0.53

Wilcoxon Signed
Rank Test

<0.001
Paired T-test

0.02
Wilcoxon Signed

Rank Test

0.1
Wilcoxon Signed

Rank Test
0.23

Paired T-test
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Table 5. This table presents a comparison of the most-common errors made during the inspection
when using the paper-based and AR condition.

Augmented Reality

Element ID: Name Incorrect Percentage Participant Answers Correct Answer

1: basic wall 6 (54.5%) major (1 m) × 2, major (30 cm), major (10 cm, correct, major (rot 45) minor defect (rot)

4: stair springer 5 (45.4%) minor 15 cm × 2, minor (bit to the left), minor 20 cm, incorrect 60 cm correct (0 cm)

20: light 37782 5 (45.4%) minor 5 cm, minor 30 cm, minor 10 cm, minor 15 cm, minor 7 cm correct (0 cm)

23: light 377731 4 (36.3%) minor 5 cm × 2, minor 10 cm × 2 correct (0 cm)

8: railing 4 (36.3%) minor 7 cm, minor 10 cm, major 60 cm correct (0 cm)

paper-based

3: switch 361548 10 (90.9%) correct × 10 minor (7.5 cm)

14: basic wall 9 (81.8%) correct × 5, major × 4 minor (44.3 cm)

27: exit sign 2 9 (81.8%) correct × 4, minor (30 cm) × 2, minor (20 cm) major (85 cm)

28: fire sign 8 (72.7%) major 2 m, major 1 m × 2, major 3 m, correct × 3 minor (30 cm)

18: light sign 8 (72.7%) correct × 8 minor (18.2 cm)

13: switch 361508 8 (72.7%) correct × 8 minor (16.4 cm)

5.2.5. Feedback

Preference: Upon completion of the study, we asked participants to pick which condi-
tion was most effective, less likely to make errors, and their overall personal preference.
All participants stated the AR condition was more effective in completing the task, and
that they were less likely to make mistakes during the task using AR. One participant
(9.1%) stated the paper-based condition was their personal preference due to their prior
experience conducting construction-site inspections with paper-based plans.

General Feedback: A variety of subjective feedback about the paper-based and AR
systems was captured by asking participants what they liked and disliked about each
condition. Regarding the paper-based approach, many of the dislikes were about the
general difficulty of reading and interpreting plans. When participants were asked what
they liked about the paper-based plans, two participants stated that the ability to see the
room on the drawings without having to physically walk around it was useful. A full
breakdown of participant comments is presented in Table 6.
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Table 6. This table provides a summary of the subjective open-ended short-answer comments made
by participants after completing both conditions.

Statements Summary of Comments (AR) Summary of Comments (Paper)

What do you
like and/or dis-
like about the...
(AR Cond)
tablet-based
user-interface?
(Paper Cond)
paper-based
architectural
plans?

Dislikes
- Too much colour on the UI (×2),
- Elements disappearing
when looking down to the tablet when using the Rendered
within FOV function. (×3),
- Sorting checklist changing the
element positions (×1).
Likes
- Ease of use (×8),
- Bendray to identify elements (×2),
- Colour-coded visualisation (×2),
- Rendered within FOV (x1),
- Categories visualisation to filter elements (×1),
- Controlling visualisations with the user-interface (×2)

Dislikes
- Ability to detect small differences (×3)
- Readability of paper plans (×7)
- Annoyance reading plans (×1)
- Annoyance of carrying tablet and
paper-based plans (×1)
- Increased mental effort (×1)
Likes
- The ability to see the room without
having to walk around it. (×2)

What did you
like about this
system?

- Ease of use (×6),
- Locating elements within Bendray (×7),
- Colour-coded visualisation (×2),
- Categories visualisation to
filter elements (×1),
- Sort functionality (×2),
- Rendered within
FOV function (×1),
- Sorted by completion & alphabetical
order (×1),
- Inputting data into checklist (×1),
- Improved spatial
awareness (×1),
- Use of tablet to control Hololens visualisations (×1)

- Does not cause any motion sickness (×1)
- Inputting data into the tablet checklist
user-interface (×5)
- Simple to use (×4)

What did you
NOT like
about this
system?

- Bendray coming out of eye (×2),
- Mild motion sickness (×1)
- Rendered within FOV function not keeping items on top. (×2),
- Holographic objects appearing to change based on the users
position (depth perception) (×1),
- Difficult identifying where some
elements should be (×1),
- Superimposing virtual objects on physical
objects looks strange. (×1)

- Interpretability of plans and ability to
identify defects. (×7)
- Lack of spatial awareness
understanding. (×1)
- Fatigue from holding the tablet for
long period of time (×1)

5.3. Discussion

An exploration into the most-common misidentified elements revealed that, for the AR
condition, participants primarily misidentified correct elements as minor defects, whereas,
for the paper-based condition, participants most commonly misidentified minor defects as
correct elements. We believe the most-likely explanation for participants misidentifying
correct elements as minor defects when using the AR system was due to centimetre drifts
occurring in the tracking as participants navigated throughout the building. We also
noticed that two of the five most commonly misidentified elements for the AR condition
were ceiling lights, which were physically placed relatively far apart from the participants.
Therefore, due to the physical distance between the participants and virtual lights, we
speculate that depth perception most likely contributed to participants misinterpreting
correct elements as minor defects. This was also backed up by post-questionnaire comments
where one participant stated: “In some cases, the 3D object positions were a bit different in
different viewpoints but not much”; another participant stated: “I found it was sometimes
difficult for some elements to identify where they should be, especially the lights”; and
another participant commented: “Hololens depth can be hard to read”.

6. Conclusions

This article presented the findings of a three-stage research project, which consisted of
the identification, development, and evaluation of the BIM-ARDM system for conducting
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on-site construction inspections. In summary, the research project described in this article
achieved the following contributions:

1. Identification and categorization of current uses, potentials uses, and barriers for BIM
and AR integration within the construction industry.

2. An improved AR system for identifying construction defects during an on-site construction
inspection.

3. A set of novel AR visualisations, and features to improve defect management inspection
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 visualisa-
tion.

The study results showed that the three-dimensional capabilities of the BIM-ARDM
system significantly outperformed conventional analogue drawings in terms of the inspection-
task performance, the mental workload, the completion time, locating building elements,
identifying defects, and assisting the user. Results from the Likert-based questionnaires
and qualitative feedback showed participants preferred using the BIM-ARDM system and
ranked BIM-ARDM significantly better than conventional approaches.

We believe the current barrier that limits the adoption of our developed BIM-ARDM
prototype within the construction industry is the tracking limitations associated with cur-
rent AR hardware. This will limit the type and scale of defects that can be determined using
the BIM-ARDM system. However, tracking is still very much an ongoing research ques-
tion within the AR research community, and advancements to tracking are continuously
developing. Although our BIM-ARDM system is capable of achieving up to 1 cm accuracy,
we believe a more-reliable and stable tracking system that could consistently maintain less
than a 1 cm accuracy would support the adoption of the BIM-ARDM system within the
construction industry.
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Abstract: Tools exist to predict fatalities related to floods, but current models do not focus on fatalities
in buildings. For example, Storm Xynthia in France in 2010 resulted in 41 drowning deaths inside
buildings. Therefore, there has been increasing recognition of the risk of people becoming trapped
in buildings during floods. To identify buildings which could expose their occupants to a risk of
death in the case of flooding, we propose the use of the extreme vulnerability index (VIE index),
which identifies which buildings are at greatest risk of trapping people during floods. In addition,
the “mortality function method” is used to further estimate the expected number of fatalities based
on (1) groups of vulnerable people (e.g., aged or disabled), (2) the location of buildings in relation
to major watercourses, and (3) the configuration of buildings (e.g., single or multiple entries and
single or multiple stories). The overall framework is derived from case studies from Storm Xynthia
which give a deterministic approach for deaths inside buildings for coastal floods, which is suited for
low-lying areas protected by walls or sandy barriers. This methodology provides a tool which could
help make decisions for adaptation strategy implementation to preserve human life.

Keywords: coastal flooding risk; loss of life; fatality assessment; residential buildings; climate change
adaptation; VIE index

1. Introduction

Floods killed 8 million people in the last century [1]. The conditions under which
235 fatalities occurred in relation to 13 floods events (hurricanes and storms) were analyzed.
It was concluded that 68% of the deaths were caused by people drowning in cars and on
foot (33 and 25%, respectively), while just 6% occurred inside buildings [1]. By contrast,
54% (out of 771 people) were drowned in buildings during Hurricane Katrina in 2005 [2],
while all of the fatalities (41) caused by Storm Xynthia in France were those drowned in
buildings [3,4]. Boissier [5] suggested that for high-magnitude, low-frequency events, most
of the fatalities occur inside buildings.

Storm Xynthia (28 February 2010) had major impacts along the Atlantic coast of France,
especially between the Loire and Gironde estuaries. The analysis of fatalities provided by
Vinet et al. [3,4] for Storm Xynthia highlighted how buildings can trap people during floods.
In addition to factors such as the time of day (e.g., nighttime) and the fact no warning was
given [6], they showed that (1) most drownings occurred when the flood level exceeded
1 m, (2) 90% of drownings occurred inside buildings located within 400 m of the flood
defenses which failed, and (3) 78% of the drownings occurred inside single-story houses.

Subsequently, Creach et al. [7] defined areas where people could be trapped inside
buildings in case of flooding as zones of “extreme vulnerability”.
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In response to Storm Xynthia, the French government instigated the “black zone”
policy, which listed 1628 buildings in areas of extreme flood risk for demolition at a cost
of EUR 315.7 million [8]. This policy attracted significant criticism, however, principally
on the grounds of the lack of methodological transparency [9], expenditure, and failure
to engage local communities in a timely manner. However, of principal concern was the
fact that the strategy did not result in any appreciable reduction in human vulnerability to
flooding hazards along French coasts, as it was also limited in scope to areas flooded in
2010 [10,11]. Thus, the policy was a reactive adaptation which lacked cost-benefit analysis
and time to make an enlightened choice in association with locals.

The French Atlantic Coast is particularly susceptible to flooding. For instance, it is
predicted that a centennial flood could cause 354,079 ha to be submerged [12]. In this
area, there are 535,500 permanent inhabitants [13] and 136,711 buildings [12], 22% of
which are single-story constructions [13]. Furthermore, flooding is likely to be exacerbated
further under the current trajectory of global warming and resulting sea level rise [14–16].
Moreover, other areas along the French Atlantic coast are also exposed to floods [12], and
additionally, the sea level is rising, which will inevitably increase coastal flooding.

To address these problems, in this paper, we propose a global framework to evaluate
potential fatalities specifically inside buildings in relation to coastal flooding. To achieve
this, the novelty is to use extreme vulnerability index (VIE index) to evaluate the buildings
at greatest risk of flooding and to assess the implications for human fatalities [7] in addition
to the population’s features. Using lessons learned from Storm Xynthia, this yields a
deterministic approach which is suited for low-lying areas exposed to coastal floods with
numerous single-story houses, features which are those of the French Atlantic coast. Thus,
this paper will demonstrate the value of the VIE index in assessing and locating most risky
houses which could, in fact, help decision makers to establish strategies to protect human
life from flood risk in the future.

2. Materials and Methods

2.1. State of the Art of Fatality Assessment Methods
2.1.1. General Principles of Fatality Assessment

The assessment of fatalities due to floods is a relatively new research field [17,18],
with research shifting from the hydrological process to its management [19]. Several major
studies have been conducted in the UK, Netherlands, and Canada [20,21] because of greater
data availability pertaining to the conditions under which flood-related fatalities occurred.
These data have been crucial to the development of numerical models. In particular, these
studies focused on coastal or inland floods due to breaches in flood defenses, and they differ
from other work that has focused on fatalities caused by tsunamis or hurricanes [22–24].

According to Di Mauro et al. [21], fatalities are mainly influenced by the number of
exposed people which could be reduced by preventive evacuation. The flood magnitude,
frequency, and location, as well as the types of buildings and people’s vulnerability and
behavior are shown to be the main variables controlling fatality risk.

Fatalities can be evaluated in two different ways on the basis of scale [21,25]: (1) at the
microscale, which pertains to “individual risk”, and (2) the macroscale, which considers
the overall risk to society. Microscale studies are useful for understanding individual
human responses to flooding, but data are lacking, and as a result, numerical models
rely on interpolation and possess limited predictive power [21,26]. Macroscale risk is
simpler in terms of assessing the likelihood that deaths will occur in relation to several
factors [20,21]. This probability has been estimated through examining the statistical
relationships between the fatalities and characteristics of past floods [17]. For example,
Klijn et al. [27] estimated that 0.3% of people could die in the Netherlands due to a flood,
and according to Jonkman et al. [17], 1% of exposed people globally are expected to die in
coastal floods.
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2.1.2. Methods for Assessing Fatalities

Three different methods are used to assess fatalities in relation to floods [21]. First, the
Life Safety Model (LSM) focuses on individual risk. It was developed in Canada to assess
potential fatalities due to dam failure [28,29], and it involves modeling of the behavior of
individuals during floods using an automated 2D cellular model. The health of individual
people is considered in the model. The method requires specific data about the hazard
characteristics (e.g., timing and magnitude), the age and health of the people, and the
building type, configuration, and general accessibility for the purpose of evacuation [21].
This model is useful for simulating evacuation planning and evaluating the mitigative
effects of warning systems on crisis management [21]. It can also be used for educational
purposes to define the best course of action on what to do in the case of flooding.

Second, there is the Flood Risk to People (FRP) methodology—developed in the
UK [30–32]—which can assess both societal and individual risk. The societal risk aims to
evaluate the potential consequences of a flood. It functions by multiplying the exposed
population by a rating factor defined for different sectors. This rating is based on the
assessment of the characteristics of the flood (e.g., water height, water flow, and debris
content), area vulnerability (e.g., type of land use and building configuration to offer
shelters), and the population characteristics (e.g., age and mobility). For each of these
aspects, areas with similar properties are demarcated. The number of people at risk is
obtained through a census [33], which is then divided into residential buildings, and
the number of potential deaths is thus estimated. This method is used to assess the
consequences of different floods to derive a large-scale risk assessment.

Uncertainties exist regarding the evaluation of the number of people at risk depending
on the timing of the flood [30–32]. The methodology nevertheless provides an estimate
of the areas at greatest risk of flooding. It was originally designed to be used as an
operational tool for decision makers in the UK, but only the flood hazard parameter was
used. Priest et al. [34] adapted the FRP methodology for continental floods in Europe. They
showed that the FRP methodology overestimated the number of deaths outside the UK
due to the fact it did not consider population behavior and preventive evacuation. The
Risk to Life Model (RLM) introduced a “mitigation” component to the methodology, which
is defined by the level of awareness and the ease by which people can be evacuated. It is
divided into four classes, depending on the evacuation rate, from >75% to >25%.

Third, the mortality functions method [17,25,35] focuses on fatalities related to coastal
and inland floods following the failure of flood defenses. It is particularly useful for areas
reclaimed from the sea (polders) with flat land protected from floods by flood defenses.
The goal of the method is to estimate the fraction of fatalities from the total population
exposed to flooding to derive the number of potential fatalities (Equation (1)):

N = FD NEXP (1)

where N is the potential number of deaths, FD is the mortality fraction, and NEXP is the
number of exposed people.

The mortality fraction (FD) is defined by the severity of the hazard, which is controlled
by the extent of the flooded area, water depth, the kinetic properties of the flood, or the
proximity to flood defenses. Jonkman et al. [17] employed a 2D model to simulate different
flooding scenarios. The simulated flooded area is divided into three zones ranked according
to the conditions of the flood defenses: (1) the breached zone (torrential flow), (2) the zone
of rapidly rising water, and (3) the zone with minimal flooding. For each zone, a mortality
function is given depending on the flood characteristics (i.e., from 1 (certain death) to 0
(no risk of death)). Thus, in the breached zone (maximum of 300 m behind the breach),
the mortality fraction is theoretically equal to 1 [35], though most recent works on Storm
Katrina show a value of 0.053 [2].

The mortality function is then multiplied by the number of exposed people (NEXP).
This number depends on (1) the total number of inhabitants in the flooded area, (2) the
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number of people evacuated before the flood, (3) the number of people in the process of
evacuating during the flood, and (4) the number of people rescued. The method is simple
in that it only requires an estimation of the number of fatalities from the total number of
exposed people in a specific area. However, the model parameters are based primarily on
the characteristics of the flood.

In theory, the model could be modified to explicitly account for fatalities inside build-
ings. Consideration of a building’s configuration as a control on the vulnerability of people
to flooding would result in a different mortality function estimate. A simple solution would
be to multiply this value by the total number of exposed people inside buildings.

2.1.3. Limits of Fatality Assessments

The advantages and limitations of the various methods are listed in Table 1. Generally,
micro-tools require numerous hypotheses regarding (1) the behavior of people during
floods, (2) flood wave kinetics, and (3) accurate data about the occupation of buildings.
Furthermore, powerful software is then needed to simulate the spatial and temporal
properties of the flood and the time needed for evacuation in different flood scenarios.

Table 1. Advantages and limitations of the three fatality assessment methods.

Type or Scale Method Advantages Drawbacks

Micro Life Safety
Model (LSM)

Realistic, accurate
locations of

deaths

Technical, fine data
needed for

modulization

Macro Flood Risk
to People (FRP)

Takes into account
several dimensions

of vulnerability

Data not fully
available
in France

Macro Mortality functions Easy to use
Mainly driven

by hazard
characteristics

Macro-models try to assess the potential number of deaths through several factors per-
taining to flood characteristics and the vulnerability of people. Thus, an important objective
is to assess the potential for fatalities that occur inside buildings at the building scale.

The FRP methodology [30–32,34] provides a holistic approach including parameters
related to the flood hazard, such as the vulnerability of a given area and the vulnerability
of people living in or occupying that area. However, this approach was originally designed
in relation to floods in the UK and is relevant thanks to a wide range of accurate data
available there.

The mortality function method [17] is advantageous for its simplicity of use. However,
as stated earlier, it relies on the characteristics of floods to define the mortality fraction. In
this paper, we suppose that the configurations and locations of buildings are also crucial
contributing factors to fatalities. The methodology proposed is a complementary approach
to the mortality function method but with an increased emphasis on vulnerability.

The factors used in various methods are summarized in Table 2. This table shows
that it is a challenging task to measure and model all the parameters which could lead
to fatalities [17,20,34]. The most complete (FRP) method includes six over seven of these
parameters, while the others integrate just four or five. Three factors refer to flood charac-
teristics. Di Mauro and De Brujn [36] stated that results are largely influenced by the extent
of the flooded area, which then raises questions about the simulation of flood hazards.
The introduction of a new parameter based on vulnerability may considerably enhance
fatality estimation.
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Table 2. Parameters integrated into the main flood fatality assessment methods (adapted from [20]).
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LSM Lumbroso et al. [29] X X X X X

Mortality
Functions

Waarts [37] X X X X HP

Vrouwenvelder and
Steenhuis [38] X X X X HP

Jonkman [35,39] X X X X X HP/L

FRP
HR Wallingford et al.

[31,32] X X X X X X HP

Priest [34] X X X X X HP

At present, buildings are only considered in terms of risk of collapse [20], potential
shelters [31], or for their own vulnerability [40]. According to Di Mauro and De Bruijn [36],
the fact that buildings are scarcely integrated in this type of study is due to the lack of
knowledge of mortality inside buildings. In this respect, the studies of the fatalities due to
Storm Xynthia [3,4] and Hurricane Katrina [2] are very useful.

Table 2 also shows that most of the tools are based on specific flood case studies, which
could affect their applicability to other territories or flood events [17,20,34].

Estimating the number of exposed people to floods also affects the estimation of fatali-
ties [36]. Quantifying the number of exposed people is challenging because this will vary
according to the time of day, season, and the amount of time taken to evacuate particular
types of buildings (e.g., residential homes and offices). According to Jonkman [35], the goal
of mortality functions is not to provide an exact estimate of the number of deaths but to
assess the risk level. For Di Mauro and De Bruijn [36], it is more appropriate to give the
result as a percentage of fatalities rather than an exact number. To give an appropriate esti-
mation, the best way would be to multiply flood and evacuation scenarios [36] to identify
flood-prone areas in which more fatalities are likely.

In summary, the existing tools do not provide a specific assessment of fatalities inside
buildings at the building scale. Therefore, we propose a framework that integrates and
assesses the risk of death inside buildings at the building scale, which could be an add-on
to other methods.

2.2. VIE Index: A Tool to Locate Buildings Which Could Expose Their Occupants to Death
2.2.1. Context

Due to a lack of knowledge about the death risk inside buildings at risk of flooding,
there are few integrated fatality assessment methods [36]. We therefore used the VIE index
method (Vulnérabilité Intrinsèque Extrême, i.e., extreme vulnerability assessment) recently
proposed by Creach et al. [7] to integrate the role of the building type and configuration in
relation to assessments of fatality risk. Following Storm Xynthia, the deficiencies linked to
policies such as the “black zone” and general methods used to identify buildings that put
people at serious risk [9,41] resulted in the VIE index being designed to explicitly assess
the role of buildings in trapping people during floods. The VIE index does not focus on
the risk of building collapse, which is related to the quality and design of buildings. Both
tsunami [42–48] and inland flood hazards [34,49] are not treated by the VIE index as ends in
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themselves. Its main goal is to identify buildings which could trap their occupants during
flooding because of their configuration and location. In this way, the VIE index focuses
more on the vulnerability parameters than on hazard characteristics.

2.2.2. VIE Index Methodology

The VIE index is based on four major criteria which contributed to people having been
trapped in residential buildings during Storm Xynthia [3,4] (Figure 1):

• Cr1: Potential water depth inside buildings;
• Cr2: Distance to flood defenses;
• Cr3: Architectural typology of buildings, since single-story constructions are more

likely to trap people than multi-story buildings, where people could escape upstairs;
• Cr4: Proximity to a rescue point to facilitate ease of evacuation.

Figure 1. The VIE index methodology (source: [7]). “DEM” corresponds to Digital Elevation Model
used for calculation, and “h × 100” strip corresponds to a strip behind flood defenses for which the
width is 100 times the height of the dike.

Each of the criteria is rated from 0 (no vulnerability) to 4 (high vulnerability). Creach
et al. [11] proposed the formula below (Equation (2)), validated through statistical analysis,
to demarcate buildings that pose the greatest risk in terms of trapping people during floods
(Figure 1):

VIE =

(
Cr1× 2

3
+ Cr4 × 1

3

)
+ Cr2 + Cr3 (2)
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The results range from 0 (no vulnerability) to 12 (maximum vulnerability). To map
the results of the index, they are divided into four classes which represent different levels
of vulnerability:

• Green class (VIE index = 0): buildings are not exposed to floods and therefore do not
endanger people;

• Orange class (VIE index = 1–5): buildings are of a suitable design to reduce risk to
people during floods. The level of risk for people is low;

• Red class (VIE index = 5–8): the risk for people is high but non-lethal if appropriate
action is taken, except for older, younger, or disabled people;

• Black class (VIE index = 8–12): the risk for people is very high and could result in
fatalities in the case of flooding.

The VIE index method has been validated through statistical analysis [11]. The first
results were then validated by comparison with the locations of deaths during Storm
Xynthia [11]. The calculation of the VIE index shows that 83% of fatalities occurred in
buildings classified “black”, while 17% of the fatalities fell within the “red” class. Thus,
this shows the good ability of VIE index method to identify buildings in which death may
occurs in the case of a coastal flood.

2.3. A Derived Method for Evaluating the Risk of Fatalities inside Buildings during Floods

From the methods and their limitations reviewed in Section 2, a derived method for
assessing fatalities is proposed which involves the following:

• Focusing on vulnerability more than on hazards;
• Using data about fatalities that occurred inside buildings during Storm Xynthia;
• Incorporating the VIE index method to assess the vulnerability of buildings for people.

We included the FRP framework because of its holistic approach [30–32,34] and the
mortality function method [17] for its simplicity in calculating a mortality fraction for areas
of equal vulnerability. In contrast with Kolen et al.’s paper [6], where they applied the
rule of thumb of 1% deaths during coastal floods for Storm Xynthia (see Appendix A), we
calculated a specific mortality fraction for each area, which assumed that the probability
of death varied according to the building’s vulnerability to flooding. Though only a
single event, the data for Storm Xynthia [3,4] enabled us to calculate the following in a
determinist way:

• A relationship between fatalities related to Storm Xynthia and buildings which posed
the greatest risk to people, as determined by the VIE index [11]. This allowed us to
estimate a parameter close to the FRP framework’s area vulnerability.

• A relationship between the age of deceased people and the total number fatalities. This
allowed us to estimate a parameter close to the FRP framework’s people vulnerability.

These two parameters are then used to estimate a mortality fraction.
Another important aspect of Storm Xynthia was the importance of secondary houses

(i.e., houses which are held by people who do not live there throughout the year and which
are mainly used for leisure during holiday times) in the coastal municipalities impacted
by the storm, which had a major influence on the number of exposed people. This is an
additional parameter to be estimated for assessing the exposed population.

In summary, we propose an add-on methodology that assesses fatality risk, taking
into account the two previously mentioned aspects for the assessment of the mortality rate
(Figure 2).

2.3.1. Lessons Learned from Storm Xynthia’s Fatalities

The circumstances regarding deaths inside buildings during Storm Xynthia are listed
in Table 3, according to previous detailed work by Vinet et al. [3,4]. This shows that 29 of the
41 deaths by drowning occurred inside buildings in the municipality of La Faute-sur-Mer.
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Figure 2. Proposed factors influencing the number of fatalities inside buildings due to flooding
(adapted from [21]). Text in red corresponds to new parameters we propose using for calculation of
the mortality fraction.

Table 3. Synthesis of death circumstances inside buildings during Storm Xynthia with regard to VIE
index results.

Number of Deaths % of Total (29 Deaths)

Total Number of Deaths 29 100%

Deaths distribution depending on
vulnerability class

Black 24 83%
Red 5 17%

Deaths distribution depending on age
Under 15 3 10%

15–60 4 14%
Above 60 22 76%

Deaths distribution depending on
occupation

Principal houses 20 69%
Secondary houses 9 31%

From the VIE index, people residing in a house in a black zone are at substantially
greater risk of fatality than those in a house in a red zone. According to Devaux et al. [50],
1661 out of 1996 flooded buildings in the municipality of La Faute-sur-Mer were likely
to expose their occupants to a risk of death, according to the VIE index [7]. Of these
1661 buildings, 63% (1027 buildings) were “black” zone buildings and 37% (604 buildings)
were “red” zone buildings, according to the definitions of the VIE index. However, 83% of
the deaths were located inside “black” zone buildings according to Table 3, compared with
just 17% inside “red” zone buildings. According to these results, “orange” zone buildings
are not considered to be likely to expose their occupants to a risk of death, because their
vulnerability level should allow people to escape (upstairs or to a shelter close to the house).

In addition, elderly or very young people are at greatest risk of being drowned. In
2006, the census reported that 45% of the inhabitants of La Faute-sur-Mer were above the
age of 60 [51]. Crucially, over 76% of deaths occurred in people older than 60 (Table 3). By
contrast, people aged 15–60 years represented 45% of the population in 2006. However,
only 14% of the total number of deaths related to Storm Xynthia affected this age group
(Table 3).

Four deaths of people aged from 15–60 were located inside black zone houses, thus
confirming the risks associated with this classification of building. For the red zone build-
ings, 33% of the deaths of people aged under 15 and 18% of people aged above 60 occurred,
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which also confirms the danger of this classification of building. From these data, the
probability of death relating to age and building type could be estimated.

A final point concerned the occupation of principal and secondary houses. From
a total of 3737 buildings in 2006 [51], 86% were secondary houses, and only 14% were
principal houses. Storm Xynthia occurred during a holiday weekend, and it is probable that
several principal houses were unoccupied while several secondary houses were occupied.
Table 4 shows that 69% of deaths occurred in principal houses while 31% were located
inside secondary houses. This finding has important implications for estimating the
exposed population.

Table 4. Results of the mortality fraction by building vulnerability class and age of population.

VIE Index Typology Age Category Mortality Fraction

Black class

Under 15
(

FB−15
D ) 2.61%

15–60
(

FB 15−60
D ) 1.20%

Above 60
(

FB+60
D ) 5.38%

Red class

Under 15
(

FR−15
D ) 2.22%

15–60
(

FR 15−60
D ) 0%

Above 60
(

FR+60
D ) 2.04%

Based on these different observations, we focused on the most vulnerable zone (red and
black classes), and a mortality fraction was proposed for each situation using Equation (3):

Fi,j
D =

Ni,j

Ni,j
EXP

(3)

where i = {B, R} refers to the building vulnerability class (black or red class), j = {−15, 15–60, +60}
is the age of the population, Fi,j

D is the mortality fraction according to the building vulnera-
bility class and the age of the inhabitants, Ni,j is the potential number of deaths for each
situation, and Ni,j

EXP is the corresponding exposed population.
Detailed calculations of the mortality fraction for each situation are given in Appendix B,

and the results are summarized in Table 4 and Appendix C (lines 15–20). It needs to be
said that black buildings could lead to death for all, whereas red class buildings are rela-
tively safe except for the young and the elderly, who can have difficulties moving inside a
flooded house.

2.3.2. Estimating a Global Mortality Fraction per Municipality (FMUNICIPALITY
D )

Based on these mortality fractions, a specific mortality function per municipality,
called FMUNICIPALITY

D , is calculated, which includes the following:

• Age of the local population according to census data;
• Proportion of black and red houses according to the VIE index results.

As shown by Equation (4), each mortality fraction is multiplied by the proportion of
each age category. Then, the proportions between the black and red houses are included:

FMUNICIPALITY
D =

[(
FB,−15

D × P−15
)
+

(
FB,15−60

D × P15−60
)
+

(
FB,+60

D × P+60
)]

× PB

+
[(

FR,−15
D × P−15

)
+

(
FR,15−60

D × P15−60
)
+

(
FR,+60

D × P+60
)]

× PR
(4)

where FB,−15
D is the mortality fraction for people aged under 15 in black zone houses, P−15

is the proportion of people aged under 15 in the municipality population, FB,15−60
D is the

mortality fraction for people aged 15–60 in black zone houses, P15−60 is the proportion
of people aged 15–60 in the municipality population, FB,+60

D is the mortality fraction for

207



Buildings 2022, 12, 125

people aged above 60 in black zone houses, P+60 is the proportion of people aged above 60
in the municipality population, PB is the proportion of black zone houses among dangerous
buildings (red and black houses), FR,−15

D is the mortality fraction for people aged under
15 in red zone houses, FR,15−60

D is the mortality fraction for people aged 15–60 in red zone
houses, FR,+60

D is the mortality fraction for people aged above 60 in red zone houses, and PR

is the proportion of red houses among dangerous buildings (red and black zone houses).
This method enables having a more accurate assessment of the mortality fraction for

each city. For example, a city with mostly red zone houses and people aged 15–60 will have
a low mortality fraction.

2.3.3. Estimating the Exposed Population per Municipality (NEXP)

To estimate the most exposed population per municipality in the case of coastal
flooding, the fatality risk in relation to building vulnerability to flooding needs to be
emphasized. In particular, this concerns the occupants of both the red and black zone
houses as classified by the VIE index. This number is estimated using the total number of
the potentially deadliest buildings and the average number of people per household, as
defined by census data.

The importance of secondary houses will be integrated into the population estimation.
This is achieved using census data in which the proportion of principal and secondary
houses is collected. For each of them, an average occupation rate based on data from Storm
Xynthia is proposed, which is 69% for principal houses and 31% for secondary houses
(Table 4). This results in a global occupation rate for the deadliest buildings. This is then
multiplied by the average people per household and gives Equation (5):

NMUNICIPALITY
EXP = [(PPH × TPH) + (PSH × TSH)]× NRB × NHF (5)

where NMUNICIPALITY
EXP is the population potentially exposed to a risk of death per mu-

nicipality in the case of coastal flooding, PPH is the proportion of principal houses in the
municipality, TPH is the estimated occupation rate of principal houses (69%), PSH is the
proportion of secondary houses in the municipality, TSH is the estimated occupation rate of
secondary houses (31%), NRB is the number of black and red buildings identified by the
VIE index, and NHF is the average number of people per household of the municipality.

This formula allows the proportion of the deadliest houses (which could vary from
one municipality to another) to be considered, as well as secondary houses which could
radically increase the number of people at risk of fatality. In the case of La Faute-sur-Mer,
according to the formula, a total of 1182 people were exposed to flooding during Storm
Xynthia (Appendix B).

2.3.4. Assessing the Potential Number of Deaths (N)

Using Equation (4) (FMUNICIPALITY
D ) and Equation (5) (NMUNICIPALITY

EXP ), the potential
number of deaths (N) for each municipality, depending on its specific characteristics on the
basis of the formula of Jonkman et al. [17], was calculated (Equation (1)). For the specific
case of La Faute-sur-Mer, the application of the formula yielded a total of 29 potential
deaths, which is an accurate result in light of the data on fatalities in this municipality.

The strength of this method is that it allows for the inclusion of parameters pertaining
to the vulnerability of houses, which could vary from one municipality to another (altimetry
and architectural type of buildings). The method also accounts for the importance of
secondary houses, which could be an important parameter to assess the exposed population
in the case of some touristic municipalities exposed to coastal floods.

3. Results

The results of both the VIE index and potential fatality assessment were calculated
for seven municipalities on the French Atlantic coast [7,52]. Three of them are located in
Baie de l’Aiguillon, and they were directly impacted by Storm Xynthia: La Faute-sur-Mer
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(29 deaths), L’Aiguillon-sur-Mer (no deaths), and Charron (3 deaths). The others are located
on Noirmoutier Island, which was impacted little by the storm, but the configuration of
human settlement is similar to the municipalities impacted in 2010 [52,53] and has been
impacted by coastal floods in the past [54,55].

The results of these previous studies show good validation of the model for the three
studied municipalities impacted by Storm Xynthia (see Section 2.2.2), as well as confirming
that it was highly risky places with black houses representing levels of 48%, 28%, and 1%
in La Faute-sur-Mer, l’Aiguillon-sur-Mer, and Charron, respectively [7]. This was due to
recent allotments of single-story type buildings constructed in the lower parts of these
municipalities. On the other hand, the municipalities of Noirmoutier Island showed a low
level of black houses which was always under 4%, except for in La Guérinière (20%) [52].
In general, buildings in flood-prone areas on the island are located relatively far from the
sea (500 m or more).

Here, we focus on the case of La Guérinière, since it is the most exposed municipality
of Noirmoutier Island [52]. However, data and detailed calculations of potential fatalities
are given for each of the seven municipalities in Appendix C.

3.1. Study Site

Noirmoutier Island is in the central part of the French Atlantic coast (Figure 3). It is a
low-lying island with an area of 49 km2 and with 68% of its territory located beneath the
level of the storm surge associated with Storm Xynthia [53]. To protect it from the sea, a
network of 24 km of flood defenses was established on the east coast of the island, while
the west coast is protected by a sandy barrier [56]. La Guérinière is in the central part of
the island, namely on its narrowest part (800 m between the west and east coasts). It is the
smallest municipality of the island with an area of 7.8 km2, and 80% of its territory could
potentially be flooded [50], therefore making it the most exposed town on the island. Its
position increases the risk of coastal floods. In addition, in the event of failure of the eastern
flood defenses (5-m elevation flood defenses) or the sandy barrier (5.5-m elevation), the
resulting damage would be catastrophic.

 

Figure 3. Location of the town of La Guérinière (source: [57]).
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Today, Noirmoutier is noted for its leisure activities [58]. In the last 40 years, the
number of buildings increased by 162%, and the population increased by 19% [57], with
most of this urbanization occurring in low-lying areas. Thus, should a centennial flood
occur, one half of the residential buildings of the island would be at extreme risk of
flooding [52].

With a total of 1460 inhabitants in 2011 [51], La Guérinière is the smallest municipality
of the island with 15.5% of the island’s total population. However, the number of residential
buildings has increased by 144% since 1968 [51], and they represent 17% of the total number
of residential buildings on the island (2817 of 16,438 buildings). Of these buildings, 74%
are secondary homes, while the average is 66% on the island [51]. For a centennial-scale
flood, 63% of the residential buildings of La Guérinière could be flooded [52] (Table 5).

Table 5. VIE index results for La Guérinière municipality (adapted from [57]). Non-identified
buildings correspond to those for which the VIE index cannot be calculated due to missing data (i.e.,
architectural type unknown) or which are not residential buildings.

Class Number of Buildings
% of Buildings among “Total

Identified Buildings”

Green class 1034 37%
Orange class 329 12%

Red class 885 31%
Black class 569 20%

Total identified buildings 2817 100%
Non-identified buildings 1251 ø

Total buildings 4068 ø

Although only 3% of the area of Noirmoutier was flooded during Storm Xynthia [50],
and though no major storms have impacted the island since the 1950s, major floods have
occurred in the past [55,59]. For example, the storm of 1937 is known to have flooded a
large part of the island even though no deaths occurred, probably because of the lower
population density [55]. Even though Noirmoutier Island was not recently impacted by
coastal floods, it remains at risk, since low-lying areas are heavily urbanized.

3.2. VIE Index Results

The VIE index results for La Guérinière were presented in two recent publications, with
one presenting the results for the whole of Noirmoutier Island for two flood scenarios [52]
and the other focusing on the case of La Guérinière and presenting four different flood
scenarios [57]. In this section, the “medium scenario”, which corresponds to a centennial
return period, is selected for analysis. As recommended by the French Ministry for the
Environment, this scenario needs to be used for regulatory documents for urban planning
in flood-prone areas [60]. It needs to be based on either the highest known historical sea
level or on the results of a centennial flood numerical model [60]. For Noirmoutier Island,
the sea level measured in the harbor of Noirmoutier-en-l’Île was used. It was measured to
be 4.20 m NGF (French legal altimetric datum). It needs to be said that only the water depth
was used to specify the hazard, as the VIE index focuses on vulnerability inside buildings,
with the proximity to coastal defenses being a way to estimate high rising water inside.

Calculation of the VIE index requires several steps for each criterion, which are linked
to different maps. Here, we refer to Creach’s [61] atlas to review each map of the process. It
should be noted that the results presented here refer to buildings for which the VIE index
has been calculated (“total identified buildings” given in Table 5), which could defer from
the total number of buildings in the territory as most of them are not residential buildings
(e.g., garages or garden sheds) or sometimes data are missing (i.e., architectural typology).

La Guérinière has a total amount of 1783 residential houses located under 4.20 m NGF
and which could be flooded in a centennial flood (Table 5). It represents 24% of the total
number of potentially inundated buildings of the island, and 75% of them in La Guérinière

210



Buildings 2022, 12, 125

could be submerged by a water depth >1 m, which is considered a level of extreme danger
for people [17,30,62]. A 1-m water level would result in 28% of the buildings on the island
being inundated. While 40% of the coast of the island is artificial, few buildings are close to
flood defenses. Less than 23% could be directly affected by high rising water if the flood
defenses failed. However, in La Guérinière, where the island is the narrowest, 56% of
residential buildings are particularly vulnerable to a dike failure (Cr2). The architectural
typology (Cr3) shows that 60% of the potentially inundated buildings of La Guérinière are
single-story, with the average on the island being 64%. Finally, since Noirmoutier Island is
a low-lying territory, there are few natural shelter areas (i.e., above the maximum water
level). In La Guérinière, these correspond to the sandy barrier. Additionally, 35% of La
Guérinière’s buildings (Cr4) are less than 100 m from a natural shelter area (average of 25%
on Noirmoutier Island), while 14% are located more than 200 m away (average of 9% on
Noirmoutier Island).

The calculation of the VIE index confirmed that La Guérinière is the most exposed
municipality of Noirmoutier Island. At the island scale, the exposure of residential build-
ings for people is not particularly high; the green class (no vulnerability of the buildings
for people) is 54%, the red class is 26% (potential risk of death due to individual behavior
or vulnerable people), and the black class is 5% (potential death due to the vulnerability
of the building for people). In La Guérinière, according to Table 5, 37% of residential
buildings are in the green class, 12% are in the orange class, and most importantly, 31%
are in the red class, while 20% are in the black class. Therefore, there is a considerable risk
of death for people living in 52% of the residential buildings of La Guérinière, compared
with 31% for the whole island. The black class is far more representative than the other
municipalities, as this class reaches a maximum of 4% on Noirmoutier-en-l’Île and less than
1% on L’Epine and Barbâtre. On Noirmoutier-en-l’Île, it comprises 291 buildings, whereas
in La Guérinière, it is 569.

As shown in Figure 4, most of the black houses are relatively close to the southwest
coast, where the sandy barrier is narrow, less elevated, and thus poorly protected by flood
defenses. These houses are also of a single-story type, which does not allow for vertical
evacuation, contrary to the surrounding red houses which are located at the same altimetry
but offer multiple stories. A rapid rise of water is possible, meaning there is insufficient time
for people to evacuate, except if a preventive evacuation is carried out or if it is possible to
escape upstairs. On the other hand, buildings at the two ends of La Guérinière are located
on the barrier (green class) or are protected by it, and therefore the rise in water level would
be slower (red or orange class).

3.3. Potential Fatalities

From the VIE index results, and with reference to the census data which are given in
Appendix C, it is possible to estimate the potential number of deaths in relation to floods.

3.3.1. Estimating the Mortality Fraction (FD)

The mortality fraction was calculated from the age of the population, the proportion
of potentially lethal houses (red and black VIE index classes), and the integrated mortality
fraction (Appendix C). The age composition of the population for 2011 (to allow comparison
with Storm Xynthia’s context of 2010) and the proportion of red and black houses among
the potentially lethal houses are given in Appendix C (from line 6 to 9 and lines 3 and 4,
respectively).

Derived from Equation (4) and according to the data from Appendix C, we have
Equation (6):

FLaGueriniere
D = [(0.261 × 0.138) + (0.120 × 0.482) + (0.538 × 0.379)]× 0.39

+[(0.222 × 0.138) + (0 × 0.482) + (0.204 × 0.379)]× 0.61) = 0.018
(6)

This indicates a mortality fraction of 1.82%, which is less than that for La Faute-sur-
Mer (2.45%). The difference is explained by the potentially lethal black zone houses, which
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are less represented in La Guérinière (39%) than in La Faute-sur-Mer (60%). Thus, in
proportion, fewer buildings will expose the occupants to an extreme risk of death.

Figure 4. VIE index results for La Guérinière municipality (adapted from [57]).

Concerning the age of the population, the elderly are less represented in La Guérinière
(38%) than in La Faute-sur-Mer (45%), but the representation of young people is large (14%
in La Guérinière, relative to La Faute-sur-Mer (10%)).

La Guérinière is the municipality with the highest mortality fraction of Noirmoutier
Island (1.5% in Noirmoutier-en-l’Île, 1.2% in Barbâtre, and 1.1% in L’Epine). This is mainly
because of the importance of black buildings among potentially lethal houses; these repre-
sent 39% of houses in La Guérinière but only 19% in Noirmoutier-en-l’Île, 2% in Barbâtre,
and 0.2% in L’Epine. Thus, the probability of dying inside a residential house in La
Guérinière is higher than in the other municipalities of Noirmoutier Island.

3.3.2. Estimating the Exposed Population (NEXP)

According to Equation (5), the exposed population was estimated from the average
number of people per household, which is given in line 14 of Appendix C (2.1 inhabitants
per household). Appendix C also shows the proportion of principal houses (line 11; 26%)
and secondary houses (line 12; 74%) and the occupation rate (Table 4 and Appendix C,
lines 21 and 22, respectively, at 69% for principal houses (TPH) and 31% for secondary
houses (TSH)), and the number of potentially lethal houses (line 5; 1454 (NRB)):

NLaGueriniere
EXP = [(0.26 × 0.69) + (0.74 × 0.31)]× 1454 × 2.10 = 2146.65 (7)
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Equation (7) gives a total of 1247 of people potentially exposed to flooding. The fact
that this number is smaller than the number of potentially lethal houses is due to the im-
portance of secondary houses, which represent 74% of the buildings of La Guérinière. This
number of potentially exposed people is slightly higher than the number of people exposed
to Storm Xynthia in La Faute-sur-Mer (1182 according to Equation (A3) in Appendix B).
The number of potentially exposed people in La Guérinière is the highest for Noirmoutier
Island but not as high as elsewhere (1118 in L’Epine, 1054 in Noirmoutier-en-l’Île, and 1022
in Barbâtre). This difference is mainly due to the slightly higher number of potentially
lethal houses in La Guérinière (1454) than in the other locations (1228 in L’Epine, 1220 in
Noirmoutier-en-l’Île, and 1214 in Barbâtre).

3.3.3. Number of Potential Fatalities (N)

By applying the formula for the mortality function method (Equation (1)) using (1) the
mortality fraction calculated for La Guérinière (FLa Gueriniere

D = 1.8%) and (2) the number of
potentially exposed people (NLa Gueriniere

EXP = 1247), the potential number of deaths could be
estimated using Equation (8):

NLa Gueriniere = FLa Gueriniere
D × NLa Gueriniere

EXP = 1.8% × 1247 = 22.71 (8)

In the case of a centennial flood in La Guérinière, 23 fatalities could be recorded
inside houses. This is lower than the number of deaths that occurred in La Faute-sur-Mer
during Storm Xynthia (29 deaths recorded). As explained previously, this is the result
of the mortality fraction being lower in La Guérinière (FLa Gueriniere

D = 1.8%) than in La
Faute-sur-Mer (FLa Faute−sur−Mer

D = 2.45%).
The other municipalities on the island may also experience fewer fatalities in the case

of a centennial flood (16 in Noirmoutier-en-l’Île, 12 in L’Epine, and 12 in Barbâtre) because
of a lower mortality fraction but also an exposed population (Appendix C, line 25).

This result confirms that La Guérinière is the municipality most at risk of fatalities on
Noirmoutier Island, even if it is not as exposed as La Faute-sur-Mer.

4. Discussion

Regarding the VIE index, the key limitations are discussed in the work of Creach et al. [7].
Different uncertainties are responsible for overestimation of the number of flooded houses.
These include (1) the use of a “static” method to estimate the potential water depth, (2)
no consideration of flood defenses to reduce water depth (as recommended by the French
Ministry for Environment (see [62])), and (3) estimation of the water depth in relation
to the local topography. It is an evaluation of the worst scenario possible. If a building
is likely to be flooded, even though the probability is low, it needs to be considered at
risk of inundation. The precautionary principle needs to be considered when protecting
human life.

The novelty for fatality assessment is to identify those buildings in which deaths are
most likely, which allows for proposing adaptation strategies to reduce their vulnerability.
However, there are several specific limitations to the approach proposed in this paper.
First, it is a deterministic approach, as the mortality fractions are only estimated from
Storm Xynthia. This limitation is evident when considering that the mortality fraction
is 0 for people aged 15–60 in red houses (Table 4), because no deaths were recorded in
this case during Storm Xynthia [3,4]. In fact, deaths are less likely to occur in red houses
for “healthy” people [1,4], but there is still a degree of risk. It was similarly necessary to
consider principal and secondary houses because they represent more than 50% of the
residential buildings in the studied coastal municipalities [51]. Despite the availability of
accurate data about the number of secondary houses, even though there are general data
proposed at the municipality scale, it is difficult to estimate the population exposed to a risk
of flooding. The number of people occupying secondary houses can vary because of holiday
periods, which themselves are seasonal. Only very fine resolution studies would permit
the elucidation of details concerning the exact location and number of occupied secondary
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houses, but this would require numerous interviews [63,64] or new considerations about
the occupancy of residential houses throughout the year, with this type of research still
being in progress for the French Atlantic coast [64]. In fact, the hypothesis we used could
be seen as an upward occupancy in regard to the most frequent season for coastal floods to
occur on the French Atlantic coast [59]. Winter is not the period at which residential homes
are the most occupied.

Analysis of more past flood events is clearly needed to validate the methodology and to
refine the mortality fractions. For instance, the 1953 storm in the Netherlands [65], Canvey
Island in the UK [21,26], and Hurricane Katrina in the USA [2] are well-documented storms
for which data concerning deaths inside buildings are available. Therefore, the application
of the methodology presented in this paper is a first step which can be adapted and applied
to the French Atlantic coastal municipality, as they exhibit similar characteristics in terms
of the degree of urbanization, architectural typology, number of secondary houses, and
population. In addition, the current lack of accurate data, both on fatalities related to
Storm Xynthia and census information, as well as other parameters that could influence
the number of fatalities (e.g., gender or health condition), have not been considered [1].
Finally, there is also a disparity between the accuracy of the outputs given by the VIE index,
which can permit the identification of each residential house based on its vulnerability and
ranking from fatality assessments, which provide an estimation of the potential number of
deaths at the municipality scale. This is because of difficulties such as the lack of available
high-resolution spatial data in France. This is particularly true for other parameters such
as the building type, size, and function (i.e., principal or secondary house) as well as the
number of occupants and their ages and genders.

Applying the method to other past floods could also allow for addressing another
limitation of the proposed method: building collapses are not considered, as no collapse
occurred during Storm Xynthia [4]. However, this is usually integrated in such studies [20],
as it could amplify the risk of death [39].

Despite these limitations, the proposed methodology is suited for low-lying areas
protected from the sea by walls or sandy barriers, which vast territories along the French
Atlantic coast or in Netherlands and UK have. It could be proposed as an add-on to the LSM,
the FRP, and the mortality functions methods. It allows one to identify buildings which
are safe or unsafe, depending on the exposed population in an agent-based model, and it
could add another input to the FRP method and allow one to address a specific mortality
fraction, depending on the building typology, other than those currently estimated by the
mortality functions method. Moreover, it should be seen as a useful experimental tool for
enabling decision makers to reduce the vulnerability of buildings and to protect people
from future floods, which could increase with the sea level’s rising due to climate change.
The achievability of this goal is enhanced by the possibility of undertaking cost–benefit
analyses. Overall, it provides a complementary approach to existing fatality assessment
methods by considering the risk of death inside buildings.

5. Conclusions

The methodology presented herein is useful for considering how fatalities may result
from people being trapped in buildings during coastal floods. The primary example of
Storm Xynthia showed how the building type, configuration, and location could consider-
ably increase the risk of death [3,4].

The VIE index [7] provided a method of assessing which buildings posed the greatest
risk to occupants during times of flooding. This index is based on four criteria, which were
identified as predominant in the estimation of human vulnerability during Storm Xynthia:
(1) potential water depth inside buildings, (2) distance to flood defenses, (3) the architectural
typology of the buildings, and (4) proximity to a rescue point. These criteria are used to
assign a rating to houses which present the greatest risks to people. The results are divided
into four vulnerability classes (green to black), of which two represent a potentially lethal
situation for occupants: (1) the red class, where death risk is more related to at-risk behavior
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or vulnerable people, and (2) the black class, where the configurations and locations of
people contribute more to the risk of fatalities during periods of flooding.

From the assessment of the vulnerability of houses for people, a deterministic quantifi-
cation of the death risk was proposed using the mortality function method developed by
Jonkman et al. [17] and data from Storm Xynthia. This method estimates the probability
of death (FD) among an exposed population (NEXP). According to Jonkman et al. [17], the
probability of death occurring depends on the hazard characteristics. In this paper, the
probability of death was shown to have been conditioned not just by the zone (i.e., the
“black class”) of the occupied houses but also the age of the occupants. Based on the condi-
tions under which fatalities occurred during Storm Xynthia [3,4], a mortality fraction of the
deaths was estimated depending on the vulnerability of the houses for people (red or black
class) and the age of the population (under 15, 15–60, and above 60 years). By integrating
census data and the VIE index results at the municipality scale, it is possible to estimate
a specific probability of death for people. Then, the exposed population is calculated
depending on the average number of households living in dangerous houses (red and black
classes of the VIE index) considering the combined effects associated with the principal
and secondary houses. This allows the potential number of deaths to be calculated.

The model gives good results, with the VIE index highlighting the high vulnerability of
buildings in La Faute-sur-Mer and L’Aiguillon-sur-Mer—the most impacted towns during
Storm Xynthia—for which the death toll was counterbalanced by numerous secondary
houses unoccupied at the time of the flood. The method has also been applied to Noir-
moutier Island, which was not impacted by Storm Xynthia, but with similar characteristics
regarding buildings’ locations and configurations. However, the expected deaths there are
less important due to a less important mortality fraction. This is due to the fact that, in
general, buildings are located farther from the sea, so their vulnerability level is lower.

Despite several limitations of the deterministic approach, specifically the need for
more data regarding the circumstances of death, and the fact that it is impossible to assess
the exact number of deaths, the estimate provided by the methodology is a first step toward
a complementary approach that links with other existing methods for assessing fatalities
in relation to floods and which is suited for urbanized coastal flood-prone areas protected
from the sea by sandy barriers or walls. Moreover, the present methodology could be
used for evaluation with cost-efficiency analysis (CEA) for building mitigation strategies.
This may be a very useful tool for decision makers to save lives by identifying the best
adaptation strategies to reduce vulnerability to coastal floods, the magnitude and frequency
of which are expected to increase in response to rising sea levels [16,66].

6. Patents

• Different fatality assessment methods due to floods exist but do not integrate
building characteristics;

• The VIE index framework allows one to assess a building’s vulnerability for people;
• Coupled with census data, it allows one to evaluate a specific mortality fraction

per municipality;
• This derived fatality assessment method is useful for working on a building’s adap-

tation.
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Appendix A. Estimation of the 1% Value of Deaths in the Case of Storm Xynthia

Jonkman [35] and Jonkman et al. [17] proposed the generic value of 1% of deaths (FD)
among an exposed population (NEXP) in case of flooding, and it was successfully applied
in the case of Storm Xynthia by Kolen et al. [6]. Considering the number of deaths (N = 29)
and an exposed population (NEXP) estimated to be 3000 people, the mortality fraction (FD)
is equal to 1%, as shown below (Equation (A1)):

FD =
N

NEXP
=

29
3000

= 0.01 (A1)

However, the value of NEXP can be criticized. It corresponds approximately to the
combined population of La Faute-sur-Mer and L’Aiguillon-sur-Mer, which are neighboring
and were both impacted by Storm Xynthia. The total population of the two municipalities
was 3291 in 2006 and 3001 in 2011 [51]. However, the deaths were only recorded in La
Faute-sur-Mer; its population was 1008 inhabitants in 2006. Thus, Equation (A2) yields

FD =
N

NEXP
=

29
1008

= 0.0288 (A2)

Here, the mortality fraction (FD) is close to 3%. It could be improved by considering
that not every building was flooded, and thus certain municipal areas were not affected.
The exposed population was clearly lower, and if so, the mortality fraction was higher.
Thus, we consider that the value of 1% was not sufficient in this case.

This contrasts with other values used in the literature. For instance, for the 1953
storm at Canvey Island (UK), the mortality fraction was estimated to be 0.4% [36], and in
The Netherlands, it was proposed to have a mortality fraction of 0.3% for coastal floods [27].

Appendix B. Calculation of the Mortality Fraction Depending on Building

Vulnerability and the Age of Casualties for La Faute-sur-Mer

To estimate a mortality fraction using the VIE index, which considers red or black
houses and the ages of people, we used the data from Storm Xynthia (see Section 2.3.1).
The results are given in Table 4. In this appendix, we give details on the calculation of
each mortality fraction (FD) according to data from Storm Xynthia for the La Faute-sur-Mer
municipality (29 deaths) as derived from Equation (2). We needed to estimate the number
of people impacted (NEXP) to do so.

Census data used for the calculation are given in Appendix C (lines 6–14).
It should be noted that all buildings identified by the VIE index were not flooded

during Storm Xynthia (due to the limitations discussed in Section 4). Table A1 shows
the number of buildings effectively flooded, which needed to be used for estimating the
mortality fractions from Storm Xynthia. Among the flooded buildings, 63% were black
houses, and 37% were red houses.
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Table A1. Differences between buildings theoretically (according to VIE index results) and effectively
flooded during Storm Xynthia.

Theoritically Flooded (According to
VIE Index) for Storm Xynthia

Effectively Flooded for
Storm Xynthia

% Effectively or
Theoretically Flooded

Red class 885 604 68.2%
Black class 1305 1027 78.7%

Total 2190 1631 74.5%

Appendix B.1. Estimating the Impacted Population (NEXP)

Since we know the number of deaths (29), the context of the casualties (Table 4), and
the number of effectively flooded buildings (1631) [9], it is possible to apply Equation (4) as
follows (Equation (A3)):

NLa Faute−sur−Mer−Xynthia
EXP = [(PPH × TPH) + (PSH × TSH)]× NRB × NHF = 1181.7 (A3)

where NEXP is the population potentially exposed to a risk of death in the case of a coastal
flood, PPH is the proportion of principal houses in the municipality (=13.4%), TPH is the
occupation rate of principal houses (69%), PSH is the proportion of secondary houses in
the municipality (85.9%), TSH is the occupation rate of secondary houses (31%), NRB is the
number of black and red buildings identified by the VIE index and flooded during Storm
Xynthia (1631), and NHF is the average household of the municipality (2.02).

The result showed a total number of 1182 persons exposed to death risk during
Storm Xynthia.

Appendix B.2. Mortality Fraction for People Aged under 15 Living in Black Houses

Based on the results from Equation (A3) (NLa Faute−sur−Mer−Xynthia
EXP = 1181.7), it was

possible to estimate the number of those aged under 15 who were exposed to the flood
during Storm Xynthia that were living in black houses. This number was driven by the
proportion of people under 15 in the municipality population (P−15 = 10.3%, line 7 from
Appendix C) and the proportion of black houses effectively flooded during the storm
(PB = 63%). This gives Equation (A4):

NB−15
EXP =

(
NLa Faute−sur−Mer−Xynthia

EXP × P−15
)
× PB = (1181.7× 0.103)× 0.63 = 76.7 (A4)

The result gives a total number of 77 people aged under 15 who were exposed to the
flood in that were black houses during Storm Xynthia (NB−15

EXP ). Among them, two deaths
were recorded (NB−15). The mortality fraction (FB−15

D ) is given by Equation (A5):

FB−15
D =

NB−15

NB−15
EXP

=
2

76.7
= 0.0261 (A5)

The mortality fraction for people under 15 in black houses (FB−15
D ) was 2.61% according

to the data from Storm Xynthia in La Faute-sur-Mer.

Appendix B.3. Mortality Fraction for People Aged 15–60 Living in Black Houses

The people aged 15–60 represented 44.7% of the local population in 2006 (P15−60; line
8 from Appendix C). The total number of the exposed population (NEXP = 1181.7) and the
proportion of black houses effectively flooded during the storm (PB = 63%) are given in
Equation (A6):

NB15−60
EXP =

(
NLa Faute−sur−Mer−Xynthia

EXP × P15−60
)
× PB = (1181.7× 0.447)× 0.63 = 332.8 (A6)
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The result gives a total of 333 people aged 15–60 who were exposed to flooding
during Storm Xynthia (NB15−60

EXP ). Among them, four deaths were recorded (NB15−60). The
mortality fraction (FB15−60

D ) is given by Equation (A7):

FB15−60
D =

NB15−60

NB15−60
EXP

=
4

332.8
= 0.0120 (A7)

The mortality fraction for people aged 15–60 who were in black houses (FB15−60
D ) was

1.20% according to the data from Storm Xynthia in La Faute-sur-Mer.

Appendix B.4. Mortality Fraction for People Aged above 60 Living in Black Houses

People aged above 60 represented 45% of the local population in 2006 (P+60; line 9 from
Appendix C). Using the total number of people exposed in the population (NEXP = 1181.7)
and the proportion of black houses effectively flooded during the storm (PB = 63%) gives
Equation (A8):

NB+60
EXP =

(
NLa Faute−sur−Mer−Xynthia

EXP × P+60
)
× PB = (1181.7× 0.449)× 0.63 = 334.3

(A8)
This indicates that a total of 334 people aged above 60 were exposed to flooding during

Storm Xynthia (NB+60
EXP ). Among them, 18 deaths were recorded (NB+60

EXP ). The mortality
fraction (FB−15

D ) is given by Equation (A9):

FB+60
D =

NB+60

NB+60
EXP

=
18

334.3
= 0.0538 (A9)

The mortality fraction for people aged above 60 in black houses (FB−15
D ) was 5.38%

according to data from Storm Xynthia in La Faute-sur-Mer.

Appendix B.5. Mortality Fraction for People Aged under 15 Living in Red Houses

People aged under 15 comprised 10.3% of the local population in 2006 (P−15; line
7 from Appendix C), and those effectively flooded red houses during Storm Xynthia
represented 37% (PR). We could estimate the number of people aged under 15 effectively
exposed to flooding (NR−15

EXP ) using Equation (A10):

NR−15
EXP =

(
NLa Faute−sur−Mer−Xynthia

EXP × P−15
)
× PR = (1181.7× 0.103)× 0.37 = 45.03

(A10)
This gives a total of 45 people aged under 15 who were exposed to flooding in red

houses during Storm Xynthia (NR−15
EXP ). Among them, one death was recorded (NR−15). The

mortality fraction (FR−15
D ) is given by Equation (A11):

FR−15
D =

NR−15

NR−15
EXP

=
1

45.03
= 0.0222 (A11)

The mortality fraction for people aged under 15 in red houses (FR−15
D ) was 2.22%

according to data from Storm Xynthia in La Faute-sur-Mer.

Appendix B.6. Mortality Fraction for People Aged 15–60 Living in Red Houses

Using the total number of the exposed population (NEXP = 1181.7), the proportion of
people aged 15–60 (P15−60 = 44.7%; line 8 from Appendix C), and the proportion of red
houses effectively flooded during the storm (PR = 37%), we could estimate the exposed
population of people aged 15–59 living in red houses (NR15−60

EXP ) using Equation (A12):

NR15−60
EXP =

(
NLa Faute−sur−Mer−Xynthia

EXP × P15−60
)
× PR = (1181.7× 0.447)× 0.37 = 195.5 (A12)
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This gives a total of 196 people aged 15–60 exposed to flooding in red houses during
Storm Xynthia (NR15−60

EXP ). Among them, no deaths were recorded (NR15−60). The mortality
fraction (FR15−60

D ) is given by Equation (A13):

FR15−60
D =

NR15−60

NR15−60
EXP

=
0

195.80
= 0.0 (A13)

The mortality fraction for people aged 15–60 living in red houses (FR15−60
D ) was 0%

according to data from Storm Xynthia in La Faute-sur-Mer.

Appendix B.7. Mortality Fraction for People Aged above 60 Living in Black Houses

Using the total number of the exposed population (NEXP = 1181.7), the proportion of
people aged above 60 (P+60 = 45%; line 9 from Appendix C), and the proportion of red
houses effectively flooded during the storm (PR = 37%), we could estimate the exposed
population of people aged above 60 living in red houses (NR+60

EXP ) using Equation (A14):

NR+60
EXP =

(
NLa Faute−sur−Mer−Xynthia

EXP × P+60
)
× PR = (1181.7× 0.449)× 0.37 = 196.3

(A14)
This gives a total of 197 people aged above 60 exposed to flooding living in red houses

during Storm Xynthia (NR+60
EXP ). Among them, four deaths were recorded (NR+60). The

mortality fraction (FR+60
D ) is given by Equation (A15):

FR+60
D =

NR+60

NR+60
EXP

=
4

196.3
= 0.0204 (A15)

The mortality fraction for people aged above 60 living in red houses (FR+60
D ) was 2.04%

according to data from Storm Xynthia in La Faute-sur-Mer.
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Abstract: In the last decades, considerable work has been done regarding service life prediction of
buildings and building components. Academics and members of the CIB W080 commission, as well
as of ISO TC 59/SC14, have made several efforts in this area and created a general terminology for the
concept of service life, which is extremely relevant for property management, life cycle assessment
(LCA) and life cycle costs (LCC) analyses. Various definitions can be found in the literature that share
common ideas. In fact, there are different criteria that trigger the end of a building’s service life,
but the trap that building practitioners too often fall into and that should be avoided is dividing a
problem into separate boxes, labels, and specializations without the mutual cohesion and interaction,
and ignoring human behavior. Some definitions of service life are discussed in this review paper,
in which the cause-effect processes underlying aging and decay are described. These descriptions
highlight the continuous interrelation between different criteria for the end of a building’s service life,
considering too often neglected and misunderstood causes of the end of life.

Keywords: service life; buildings’ components; property management

1. Introduction

Like humans, buildings and their components also are “born”, “get older” and
“die” [1]. The “birth” of a building is easy to identify, i.e., the beginning of its service
life starts as soon as the building is put into use [2]. However, the end of a building’s
service life is difficult to predict, as this depends on both objective and subjective de-
mands. The “end of service life” can be seen as a normative concept, since without human
intervention (e.g., maintenance actions) the building may physically endure until collapse.

How then can the concept of service life be defined? Perhaps the first definition of
service life can be found in the Hammurabi Code (c.1950 to 1910 BC) as “a house should
not collapse and kill anybody” [3]. In the last decades, several studies and methodologies
have been developed regarding service life prediction of buildings and components. These
studies have arisen from the need for reliable knowledge about the durability of building
elements so that more sustainable strategies can be adopted regarding maintenance activi-
ties and the management of a building’s life cycle. Service life data have mostly been used
in research fields that include property management [4], life cycle analysis (LCA), and life
cycle cost analysis (LCC). LCA and LCC results are strongly dependent on assumptions
regarding the service life of buildings and their components. These assumptions are often
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limited to standardized values of 30 to 50 years but, in reality, the buildings and their
components’ lifetime vary considerably, first because each building (as a whole) is a unique
prototype and then because some components present shorter service lives. Therefore, the
adoption of standard assumptions tends to lead to incorrect results [5]. A critical literature
review performed by Silva and de Brito [6] revealed that guidelines and standards pro-
pose a standardized average value for all the cladding solutions, usually adopting a too
optimistic value in less durable claddings and a too pessimistic in more durable claddings.
This study [6] reveals that the estimations provided by sampling seem to be more reliable
and adjusted to the actual durability of building components.

The concepts and terminology in service life prediction present some variations, with
different meanings and connotations, depending on the scope of the different studies
carried out. In this sense, in the literature, different terms can be used with the same
meaning, and the same terminology can be used to describe different concepts.

Different standardization documents [7–10] have been developed, which were in-
tended to harmonize the concept of service life. Awano [11] separates the life of a building
into two categories: “real life”, where the life of a building is conditioned by its physical
condition; and “service life”, which is conditioned by the capability of a building to fulfill
its function and other performance criteria. Brand [12] mentioned that buildings lose their
capability to meet minimum performance requirements at two different rates: a slower rate
related to the natural aging of materials, referring to the physical deterioration that occurs
over time; and a more variable but faster rate, related to changes dictated by aesthetic (e.g.,
new materials or construction trends) or legal motives (e.g., fire safety or the presence of
materials that are not allowed anymore, as asbestos), or due to variations in the social
context (e.g., changes in users’ demands). Moreover, Brand [12] divided the building into
durability layers, i.e., construction subsystems whose degradation occurs at different paces,
among which are the “structure”, the “skin”, the “systems” and the “interior lay-out and
finishes” [1]. Therefore, instead of an end of service life, one can speak of different ends
of service life of the various parts of the building, according to the performance criteria
considered relevant. The average service life results from the average of the values of the
remaining service times of each element considering the relative importance of each one.
For example, some elements can easily be replaced, e.g., ceramic wall cladding tile, while
the degradation of structural elements can jeopardize the building’s use, leading to its
rehabilitation or demolition.

There are several definitions in the literature that describe the loss of a building’s
ability to meet minimum performance requirements. Service life estimates should consider
the various reasons for establishing the end of service life of a building and its components
but there are various interrelating parameters. In this study, an exhaustive literature
review is provided, based on the collection of information over several years, and based
on the authors’ experience on service life prediction, who are active members of the
CIB W080 and ISO TC 59/SC14 commission. This review presents different perspectives
regarding the concept of service life and obsolescence and the criteria that trigger the
need for maintenance, repair, or replacement of a building and its components. Section 2
describes the concepts of service life and obsolescence; Section 3 confronts the concepts
of serviceability and functionality; Section 4 considers the cause-effect dimensions of
obsolescence; Section 5 discusses the causal effects between criteria to establish the end of
service life of a building and its components.

2. Service Life and Obsolescence

In the ISO 15686-1 [13] standard, service life is defined as the period after installation
during which a building or its components meets or exceeds the performance requirements.
Another relevant concept is the “design service life” [9,13], also referred to as “planned
service life” [7] or “design life” [8] or “design working life” [10] and defined as the service life
that the designer intends an item (product, component, assembly or construction) to achieve when
subjected to the expected service conditions and maintained according to a prescribed maintenance
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management plan. Haapio and Viitaniemi [14] refer to service life as the period during which
a building or component is able to fulfill the users’ objective and subjective needs, without
unacceptable maintenance costs or losses to third parties.

A building’s safety and functionality are usually seen as objective needs [15–19].
Aesthetic and social reasons, as well as the users’ comfort and well-being, are usually
seen as subjective demands, varying from user to user, and changing over time [20,21].
In some studies [12,22], it is revealed that the building components are often replaced
before the end of their service life, and this is mainly due to subjective reasons, leading to
“obsolescence-based” maintenance actions.

The term obsolescence is defined, according to ISO 15686-1 [13], as the loss of the ability
of a building element to perform satisfactorily due to changes in performance requirements.
In dictionaries, obsolescence is described as the process of becoming old-fashioned or
out-of-date [23]. Various authors [24–29] relate to a building’s obsolescence to their loss
of performance or utility, which can be caused by their physical deterioration or due to
economic and social motivations, technological or political changes, or even fluctuations
in users’ needs. In this sense, an obsolete building element may not be damaged or
dysfunctional, but instead, it can no longer fulfill the users’ needs considering more recent
and up-to-date standards [30].

Therefore, the service life and the obsolescence of building elements can be described
as the incapability of fulfilling performance requirements and the user’s needs, but these
requirements are constantly changing over time. In this sense, the meaning of “utility” is a
key concept in this definition [31]. Nevertheless, it is not possible to measure objectively the
concept of “utility”, which makes it extremely difficult to measure the limit that establishes
the end of service life or the instant after which the constructive element becomes obsolete.
Usually, a conventional limit is adopted to establish the end of service life of a building
element, considering various acceptance criteria.

3. Serviceability and Functionality

The first contribution in the scope of the analysis of a building’s functionality appeared
at the beginning of the 70s; Markus et al. [32] highlighted the relevance of understanding
the humans’ role in the definition of the criteria to evaluate a building’s performance. In
the 80s, CIB [33] introduced the adoption of test methods to quantify physical properties
(e.g., thermal conditions, through the assessment of the heating/cooling demands) to
ascertain a building’s performance. Rush [34] put forward the idea of analyzing a building’s
performance as a whole, considering building physics, social and psychological aspects,
as well as economic factors. The concept of serviceability in construction was initially
introduced by Master and Brandt [35], referring to serviceability as the capability of a
building or component to perform the function for which it has been specifically designed
and used. Andersen and Brandt [36] related the concept of service life with those of
serviceability and functionality, referring that a building’s service life can be described as
the period of time during which at least the basic performance properties are maintained
at an acceptable level. Davis and Szigeti [37] described serviceability as the ability of the
building to support the activities performed by the users and owners, being able to perform
the functions for which they were designed.

The users’ demands are considered to be increasingly dynamic [38]. In this sense,
buildings and components must be able to constantly adapt in order to fulfill the users’
demands and to comply with the performance-based building legislation, which itself is
constantly changing [39,40].

In recent decades, various methodologies have been put forward to appraise build-
ings’ functionality. Lützkendorf et al. [41] evaluated a building’s functional performance,
considering a building’s use, its accessibility, and capability to adapt to the users’ changing
needs. Preiser and Vischer [42] indicated that building performance in a post-occupancy
stage can be defined as the boundary between criteria and design [43,44]. The study of
Blok and Teuffel [45] also relates the term functionality with flexibility, describing it as the
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capability of the building to adapt to new needs. This study highlights that the “functional
service life” of a building is more a question of a stakeholder’s decision rather than a
physical or technical service life. Various authors [46–49] have created a new digital tool
to estimate the functional performance and service life of heritage buildings, taking into
account external risks (e.g., static-structural, atmospheric, and anthropic conditions) and
variables related to building vulnerability (e.g., geological location, constructive system,
roof design, conservation state, amongst other variables). Augenbroe [50] proposed an
innovative virtual experiment to measure how well a technical solution fulfills the users’
requirements, focusing on the impact of building performance simulation in a building’s
design. More recently, climate change has emerged as a new challenge to attaining the
expected life of a building. Hence, the impact of climate change on the functionality of a
building and its elements has been discussed [51,52], where the need to change a building’s
components, elements, or systems must be evaluated so that a building can accommodate
new requirements to adapt to the changing environmental conditions.

The two terms are interrelated, but they refer to different concepts, as discussed in
more detail in Section 5.2.

4. Cause-Effect Dimensions of Obsolescence

The concept of obsolescence is difficult to define. Buildings become obsolete due to a
variety of reasons, which are typically interdependent and correlated with each other [53].
Common causes can easily be found between different types of obsolescence.

Once considered ‘obsolete’, a building is typically subjected to maintenance, rehabilita-
tion, or replacement/demolition. The reasons why the building is subjected to maintenance
are commonly categorized as being either predictable or unpredictable. Marteinsson [54]
has denoted that, whilst the physical degradation is a measurable parameter, social and
legal reasons are more challenging or even impossible to predict.

Iselin and Lemer [55] suggested that building obsolescence tends to occur due to
endogenous (e.g., inadequate use of materials) and exogenous causes (e.g., climate degra-
dation agents). In another approach, Nutt et al. [56] suggested that the obsolescence
of buildings can occur due to either physical deterioration or behavioral factors (e.g.,
users’ needs).

Various authors [57,58] differentiate “physical deterioration” from “physical obsoles-
cence”, suggesting that whereas “physical deterioration” occurs due to expected phenom-
ena (e.g., wear and tear), “physical obsolescence” occurs due to sudden events, linked to the
users’ behavior. Other authors [55,59,60] applied the two terms arbitrarily, considering that
the physical deterioration of a building is an underlying form of physical obsolescence [26].

In a more recent approach, Thomsen and Van der Flier [28,29] suggested that the
conceptualization of obsolescence could be described by the quadrant-matrix presented
in Figure 1. This correlation matrix considers four parameters, thereby establishing a
conceptual model to describe a building’s obsolescence and considers the correlation be-
tween them. Quadrant A represents the “building obsolescence” as initially described by
Baum [61]. This type of depreciation occurs due to internal or endogenous characteristics
of buildings, namely inadequate design, lack of maintenance, and the natural wear and
aging process that leads to a building’s physical deterioration. Quadrant B represents
the “physical location obsolescence”, in which a building’s obsolescence occurs due to
exogenous factors related to changes in local conditions, e.g., changes in the environment by
adjacent buildings or by traffic, changes in local laws, emerging standards, and rising func-
tional demands. Quadrant C represents behavioral conditions related to the proprietor’s or
users’ attitudes, as misuse or changes in the required functions. Quadrant D is related to
behavioral effects due to changes in local conditions, e.g., increase of the criminality and
social depreciation of the neighborhood, loss of market status and value, availability of
better options.
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Figure 1. Extended diagram of the two main cause-effect dimensions of obsolescence (adapted from
Thomsen and Van der Flier [28,29]). Copyright 2022 Copyright Informa UK Limited; Copyright 2011
Copyright Thomsen, A. and Van der Flier, K.

The analytical model proposed in Figure 1 is based on the premise that obsolescence
occurs due to a sequence of complex, frequent, and interconnected cause-effect processes
at different scales within and between the four quadrants of the model, leading to the
depreciation of the building.

These seem to be the principal cause-effect dimensions of obsolescence since even if
the physical service life can be prolonged indefinitely, the end of service life of a given
element will occur anyway, since it is rooted in the users’ behavior and can be caused by
aesthetic, legal, technological or functional, economic, or social reasons [61–63].

5. Discussion of the Criteria That Trigger the End of a Building’s Service Life

Analyzing the criteria that trigger the end of a building’s service life in separate layers
seems an impossible task, since the end of a building’s service life occurs, most of the time,
due to a set of factors that are interrelated to each other. Notwithstanding the evident chal-
lenges, various authors, and as is found in different standards documents [1,2,7,8,13,64–67],
in a simplified way, have split the concept of service life into different types of service life.
In the following sections, the criteria that trigger the end of a building’s service life are
discussed, in accordance with various types of service life or obsolescence as referenced in
the literature.

5.1. End of Service Life Triggered by Physical Degradation

Contrarily to the building owner’s common beliefs, the physical deterioration is not the
dominant factor for the end of a building’s service life [68,69]. In real world situations, the
end of service life due to physical deterioration can have distinct connotations, according
to the type of building or component analyzed [12,70].

For structural elements, due to safety requirements, the end of service life is usually
conditioned by economic or functional criteria, rarely reaching the end of their physical
service life [71].

Concerning the building envelope, the end of service life depends on the type of use of
the building. According to Itard and Meijer [72], fundamental differences can be observed
in commercial compared to residential, rented compared to owned, and single compared
to joint ownership buildings. The performance of maintenance activities is also highly
dependent on the tenure profile. Usually, a planned preventive maintenance strategy
tends to be adopted in the rented sector (which has revenue intents). On the other hand,
in the residential owner-occupied sector, maintenance activities are essentially reactive,
in response to existing anomalies due to physical deterioration. Therefore, the end of a
building’s physical service life is usually attained or exceeded [28,29]. On the other hand,
a regular maintenance plan is usually adopted for buildings with revenue intents; thus,
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the façades are subjected to major interventions even before they have reached the end of
their physical service life (considering a conventional limit state according to the owner’s
requirements).

The end of service life of infrastructure networks is rarely triggered by their physical
deterioration since installations are regularly subjected to regular maintenance actions [55].
Therefore, the replacement of equipment and installations is usually conditioned by tech-
nical or legal reasons. In this case, “obsolescence” cannot be recognized as the inability
of infrastructural networks to meet performance requirements, but rather, as the incom-
patibility between the performance of the infrastructural network, and the increasing
requirements of the users over time [73].

For interior finishes, the end of service life is usually conditioned by fashion or aesthetic
criteria, rooted in changes in users’ focus on and interest in aesthetics.

Various codes and standards provide an average standardized value for the design life
of a building or component (which can vary between 50 to 120 years) [10,12,13]. However,
it has been shown through various studies that, when considered as a whole, buildings
seldom reach their maximum value, conventionally assumed for the end of a building’s
service life. According to Thomsen and van der Flier [74], defining the instant after which a
building fails to comply with the essential performance requirements is a very challenging
task. In practice, the end of a building’s physical service life can be limitless, when
regular and adequate maintenance policies are in place, and a building can, in contrast,
be demolished long before reaching its physical or functional limit due to social or legal
motives [75].

In real world scenarios, the relevance of physical deterioration to trigger the end of a
building’s service life is linked to the type of use, construction methods, ownership (and
tenure), and culture. Iizuka [76] shows that, in 74% of the circumstances, physical deteri-
oration is responsible for the demolition of bridges, whereas this reason only motivates
26% of the refurbishment of the current building stock [22]. Horst et al. [77] suggested that,
in the USA, the service life of housing ranges from 11 to 32 years, whereas schools only
undergo general renovations after 42 years, with a tendency to be discarded after 60 years,
mainly due to functional motivations. In this study, it was revealed that the end of service
life of tertiary office buildings in Japan tended to be limited by economic reasons, with
expected service lives ranging between 23 and 41 years. Wuyts et al. [78] refer that several
Japanese houses are used for less than a generation prior to being demolished or abandoned
and that the average service life of residential buildings is of only 25 years. Pinder and
Wilkinson [23] and Gann and Barlow [79] suggested that the end of service life of an office
building is usually triggered by the mutable and growing number of requirements over
time. For example, in the United Kingdom, an office building’s service life decreased to
40–50 years in the 1950s and 1960s, and to 20–25 years in the 1990s.

5.2. End of Service Life Triggered by Functional and Technological Demands

The concept of functional service life [13] is related to three principal parameters that
are interrelated (Figure 2); these include:

(i) Functionality, which is usually related to the users’ demands, considering the relation
between the users’ needs and the ability of the building to fulfill these needs or to
perform to a given level of demand;

(ii) Serviceability, which is related to the extent to which the building is appropriate or
valuable in addressing users’ requirements;

(iii) Suitability, which is defined as a building’s capability to support the functions or
activities required by users [43].
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Figure 2. Connection between functionality, serviceability, and suitability.

For example, the same place or room can have different functions (e.g., office work,
dining room, or a medical office). When a given place is not suitable for a given use, there is
a disparity between the level of functionality required and the level of serviceability offered
for that use by the place [13].

Various authors [80,81] have indicated that the end of service life is commonly related
to technical criteria, whether conveyed as safety, functional or performance demands.
The “functional service life” is described as the period during which the building fulfills
adequate functional, or operational performance levels [82]. Under specific conditions,
a building’s functional performance can be linked to its physical properties [83] (e.g.,
when the building’s physical deterioration compromises its normal use). According to
Landman [84], a building’s functional service life is intrinsically related to its flexibility
and adaptability.

Blok and Teuffel [45] proposed a framework to estimate the end of service life, suggest-
ing values ranging between 30 and 80 years. This huge variation is due to the variability
of demands of new stakeholders and advances in the building technology, which tend to
trigger the end of a building’s functional service life [50,85–87]. For example, for health care
facilities, technological criteria seem to be the crucial reason to establish the end of a build-
ing’s service life, related to upgrading towards modern medical and health care technology;
this can lead to a reduction of about 50% of a building’s design service life [88,89]. In reality,
the functional service life is based on a demand and supply chain, which is shared between
functionality and serviceability, i.e., between the users’ needs and a building’s functions.

5.3. End of Service Life Triggered by Legal Requirements

A building’s service life is often conditioned by legal, political, regulatory, or statutory
requirements [90–93]. Buildings are designed to comply with current standards; thus,
the end of their legal service life is usually triggered as new building legislation is pro-
posed [53,94]. Some authors [56,95] refer to legal obsolescence as control obsolescence,
since the end of service life or the need for rehabilitation is triggered by modifications to
the legal instruments that control the design and maintenance of buildings.

Wilkinson et al. [96] suggested another term to designate the legal obsolescence, which
is political obsolescence, this occurring when trigged by alterations in public or community
benefits. Pourebrahimi et al. [26] highlight that the concept of political obsolescence over-
laps that of social obsolescence, but the first is ruled by measurable regulatory principles,
whereas the second is rooted in social behavior and subjective expectations. According to
Williams [97], legal obsolescence can be defined as statutory obsolescence, but the meaning
is similar, considering that the building reaches the end of its statutory or legal service life
when it is unable to satisfy statutory obligations.
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The performance requirements referred to in the definitions provided in ISO 15,686 [13]
are usually related to national building codes or stakeholders’ expectations. These legal
regulations are frequently related to safety concerns, and economic and cultural circum-
stances [98]. Once again, it appears that the end of a building’s service life is established by
criteria that are not mutually exclusive, i.e., there are several motivations that are intercon-
nected, and the end of service life is difficult to split into distinct or isolated concepts.

New policies and guidelines, as well as new urban development plans, can trigger
the end of a building’s service life (e.g., new thermal comfort codes, fire safety codes,
environmental hazards, among others) [99–101].

Various reasons can promote the extension of a building’s service life, requiring
substantial maintenance costs [102]. In some instances, the service life is prolonged due
to political or compulsory regulatory alterations, e.g., when a heritage classification is
awarded to a building [103]. In other circumstances, demolishing and reconstructing might
impose new and stricter regulations, thereby causing the stakeholders to maintain the
building in unsuitable conditions for prolonged periods of time [100,101].

5.4. End of Service Life Triggered by Social or Community Motivations

Various authors [104,105] have defined social obsolescence as the decline in suitability
or serviceability of a building due to social changes centered on individual or collective
perceptions. A building can be in perfect condition but still be abandoned, often long
before it reaches undesirable levels of degradation, simply because more advanced, and
apparently superior solutions are available [23,106].

A building faces a declining capacity to fulfill the shifting and rising expectations of
users over time, as social and political alterations occur [107,108]. These rising expectations
are rooted in behavioral aspects, as the users’ personal experiences and desires.

Social obsolescence is linked to the social variability of a building’s cultural framework,
varying at global, regional, and local scales. In this sense, social obsolescence is referred
to, in some instances, as cultural obsolescence [109], since this depends on local customs,
cultural principles, the users’ standard of living and working circumstances. In particular,
the acceptance criteria or the tolerance for the deterioration of a building varies by country,
within the same country, and even within the same neighborhood. For example, Power [110]
has suggested that large-scale social housing commonly represents reduced levels of design
and construction quality, minimized construction costs, thereby jeopardizing the safety,
comfort, and durability of buildings. Nevertheless, the majority of the tenants reveal
reduced levels of demand, thus prolonging a building’s service life, whilst in neighborhoods
having high economic power, the end of service life can be precipitated due to the users’
high level of demand.

Williams [97] describes social obsolescence in a more general way, adopting the term
community obsolescence, referring to a building’s inability to meet the users’ needs due to
local conflicts of interest arising from the use of a building. The author highlighted that
obsolescence is a subjective idea, since “one man’s trash is another man’s treasure”, and an
obsolete building according to a given user or for a given use, may still be very useful for a
different user or for other uses.

A building’s obsolescence due to social, cultural, or community reasons is rooted in
social trends that occur due to alterations in [26,111]: individual and collective preferences
and social perceptions; users’ lifestyle and the social role of housing and the underlying
affairs with family, amenities, schools, transport, and jobs; closeness to familiar attractions;
neighborhood identity and local culture; among others.

Preiser and Vischer [42] mentioned that the reasons underlying the performance of
rehabilitation actions are, in increasing order of importance: aesthetics, social motivations,
psychological aspects; functionality; safety; and health. The users recognize the importance
of mitigating the evolution of a building’s physical deterioration, but still do not adopt
specific measures in this direction. Frequently, the users only complain about a building’s
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conditions, when severe degradation levels have already been attained, compromising a
building’s safety [112].

For decades, the stakeholders and users believed that a building can last forever, but
several practical studies demonstrated that the real service life can be abruptly ended, long
before the design service life [113]. The example of the Quattrograna West District at Avel-
lino (in Italy) shows how social motives can impose the demolition and reconstruction of an
entire neighborhood, after an earthquake, disregarding a building’s physical deterioration.
The district was rebuilt to promote the users’ comfort and well-being, and to stimulate
social cohesion [114,115]. Another example is the Gailanxi region of Chongqing city, where
the early demolition of buildings due to urban renewal requirements leads to significantly
short buildings’ service lives [116].

The demolition of buildings presents several drawbacks. From an environmental point
of view, a building’s demolition produces wastes, whose disposal, management, and reuse
have an environmental and financial impact. A building’s demolition also encompasses
social problems, due to the need for ensuring the compensation for financial support of the
demolition or alternative housing for those dislocated [110].

Frequently, economic, or financial reasons supersede criteria for physical degradation
or social motivations [117]. Different stakeholders have different points of view; investors
are predominantly concerned with economic targets, disregarding the users’ social value or
a building’s cultural worth. A study performed for housing organizations, and concerning
demolition strategies, raised a suspicion that secret motivations can influence the decision to
intervene or demolish. In some situations, the owners may want to demolish or rehabilitate
their buildings, even if they comply with functional requirements or provide lower levels of
physical deterioration, in order to force the disposal of unwelcome tenants and to revitalize
and improve the attractiveness of their assets [118].

5.5. End of Service Life Triggered by Aesthetics or Architectural Trends

The end of service life due to aesthetics or architectural trends is almost impossi-
ble to model, since this is related to a high degree of subjectivity and personal opinion.
Different authors [96,119,120] have introduced the concept of aesthetic or visual obsoles-
cence, indicating that a building becomes obsolete from an aesthetic point of view when
it is considered outdated or old-fashioned and no longer fulfills the currently prevalent
architectural trends [96].

Aesthetic obsolescence can also be connected to alterations in architectural styles [121].
Other authors [27,57,58,122] have indicated that a building becomes aesthetically obsolete
due to changes in its aesthetic attributes (image, fashion trends, among others). Poure-
brahimi et al. [26] have indicated that these alterations in style or architecture, or in aesthetic
ideals, are unavoidable, and an attractive building today will necessarily become an objec-
tionable building, from an aesthetic point of view, sometime in the future. Marteinsson [123]
highlighted that the changes in architectural trends tend to promote the adoption of new
requirements concerning the aesthetic appearance of the building, new designs, or the
choice of new or different construction materials.

More than would be desirable, aesthetic motivations lead to the replacement of build-
ing components, necessarily neglecting their physical deterioration or their technical or
economic performance. According to Alaimo and Accurso [124], undertaking rehabilitation
actions in buildings is often conditioned by their aesthetic appearance, as well as by their
social and urban context.

The Gillender Building is a good example in which aesthetic concerns and social
criteria led to a sudden end of the building’s service life. This building was constructed
in 1897 and demolished in 1910, with a view to being replaced by an even taller building.
Abramson [125] listed various examples of “speedy obsolescence” in the United States
and particularly in New York (e.g., the Plaza Hotel, the Western Union Building, and
the Grand Central Terminal). In the 1910s, this kind of obsolescence became endemic to
the city center of America’s urban agglomerations, given real estate (economic factors),
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architectural and cultural reasons. Nevertheless, other examples can be found worldwide,
in which fashion trends or new demands from an aesthetic point of view helped bring
about the end of a building’s service life. In the U.K., 46% of buildings on local authority
estates are dismantled after 11 to 32 years [126]. In Japan, office buildings frequently have
service lives ranging between 23 and 41 years [127].

For non-structural buildings elements, as interior finishing, the end of service life is
commonly triggered by variations in the demographics, i.e., the users’ requirements change
over their life, and it is simply a matter of time before fashion and style decide the fate of a
building. In this sense, the same building element may fulfill an elder owner’s needs, but
fail to comply with the younger generation’s expectations (e.g., the use of rugs as a floor
covering system).

In hotels, the replacement and renovation of building components usually occur long
before the end of their physical and functional service life, being triggered by aesthetic and
fashion motivations, which tend to occur every 5 to 7 years [128].

6. Conclusions

The preparation of this paper is a result of efforts from members of the CIB W080
working commission for the conceptualization of building service life. In this study, a
theoretical discussion is presented regarding the concept of service life and obsolescence,
collected from different perspectives and points of view on an entire complex concept that
is service life.

A valuable review has been provided for which the causal effects between the different
criteria that dictate the end of buildings’ service life are discussed. The impact of endoge-
nous and exogenous factors affecting a building’s service life is described, also considering
the influence of human behavior on the underlying cause-effect processes that contribute
to the end of service life of buildings and components.

In the literature, the different criteria that trigger the end of a building’s and building
components’ service life are described as being separate and unique. From this study,
it is now apparent that the different criteria are interrelated and that the end of service
life is conditioned by a combination of motives, in cause-and-effect chains, related to e.g.,
building type, function, location, and ownership.

Due to the multitude of different factors, general conclusions about the lifespan and
life expectancy of buildings are overall not possible. More is known and possible at the
level of specific building types and parts, particularly in the residential sector, such as
applications in LCA. Because this knowledge is essential for meeting the goals of the
Paris Agreement (e.g., footprint reduction, lifespan extension, circular construction, and
waste minimization), continued research should be focused on relevant specific parts of the
building stock.

The literature analyzed in this paper revealed that obsolescence appears to occur,
in the majority of the situations, before the physical deterioration of buildings and their
components. This knowledge suggests that the current focus on the durability or longevity
of the buildings should be rethought. In future studies, it may be interesting to evaluate,
e.g., through surveys and case studies analysis, the criteria that most often lead to the end
of the service life of buildings and components, evaluating different demand levels, as well
as use and ownership profiles.
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Abstract: Safety, health and environmental (SHE) management is becoming a priority as construction
companies (i.e., contractors) strive to reduce construction accidents and negative environmental
impacts, conform to regulatory requirements, and sustain their competitiveness. Consequently,
construction firms are expected to adopt and implement innovative SHE management systems to
mitigate SHE risks effectively and efficiently. For construction firms to effectively do this, they
need to have the adequate capability in respect of integrated SHE management. However, there
is limited empirical insight regarding the integrated SHE management capabilities of construction
companies. Furthermore, there is limited insight regarding the mechanisms for ascertaining the
integrated SHE management capability of construction companies to guide such organisations to-
wards SHE management excellence in their operations. Drawing on the capability maturity model
integration (CMMI) concept, this study, by applying expert reviews (i.e., Delphi technique and the
design methodology for capability maturity grids), developed an integrated Safety, Health and
Environmental Management Maturity Model (iSHEM-CMM). The model offers capability maturity
assessment on a five-level scale within five thematic categories and 20 integrated SHE management
capability attributes. Based on an industrial validation by construction professionals, it is concluded
that the maturity model is a useful assessment framework or tool for industry stakeholders, particu-
larly construction firms, to evaluate the status of their current SHE management capabilities, identify
strengths and improvement areas, and accordingly prioritise strategies/actions for improving their
SHE management. Furthermore, clients who appoint construction companies could use the model as
part of prequalification arrangements in selecting construction companies with an adequate SHE
management capability.

Keywords: capability attribute; capability maturity model; construction; integrated safety; health
and environmental management

1. Introduction

The construction sector remains one of the key generators of adverse environmental
impacts and is among one of the highest contributors of work-related accidents, resulting
in injuries, fatalities, and illnesses [1–3]. For instance, in the USA, the construction sector
accounted for over 800 worker-related deaths in 2019 [4]. Moreover, the UK construction
sector recorded the highest number of fatal injuries in 2020/21 [5]. The construction sector
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in India, having only 7.5% of the total world labour force, also contributes 16.4% of fatal
occupational accidents worldwide [6].

Furthermore, the sector accounts for a significant consumption of natural resources
and energy. Estimates indicate that buildings and construction together account for 36% of
final energy use, 16% of natural water, 39% of CO2 emissions, 40% of the waste produced
and 50% of all raw materials extracted [7,8]. With the volume of construction output
projected to grow by more than 85% globally by 2030 [9], the impact of construction
operations on the environment and workers’ safety and health would be far-reaching
if nothing were to be done about it. The socio-economic impacts arising from these
negative environmental impacts, injuries, illnesses, and fatalities [3,10] have triggered
several efforts to address the poor status of SHE management in construction. One of the
prominent initiatives to address the SHE situation in construction is the implementation
of management systems, particularly environmental management systems (EMSs) and
safety and health management systems (SHMSs) in construction to manage SHE risks
with maximum effectiveness and minimum bureaucracy [11]. This could be beneficial in
reducing the number of fatalities, injuries, illnesses and potentially negative environmental
impacts, leading to better SHE performance outcomes within the construction sector.

Like other countries [4–6], in Ghana, the construction industry accounts for a high
number of occupational accidents and deaths as well as work-related illnesses [12]. The
construction industry in Ghana is also noted for its constant degradation, pollution, sub-
stantial raw materials and energy consumption, which negatively impact the development
of the country [12]. Despite these negative impacts, Agyekum et al. [13] reported that
the high-risk nature of the industry, the weak institutional structures for implementing
SHE standards, and laxity in the enforcement of safety and environmental legislations
on construction sites have impeded the implementation of SHE standards. Due to these
lapses, there has been a need to implement proactive and systematic methods that have the
potential to prevent accidents and negative environmental impacts on construction sites,
and that will further assist construction companies to effectively improve SHE performance
outcomes in the industry. Unfortunately, the uptake of a prominent approach like the
implementation of SHE management systems in the Ghanaian construction industry is
low [12].

While several authors and industry stakeholders have advocated for integrated man-
agement systems for the construction industry [14], there is no single integrated SHE
management framework for construction organisations to use. Therefore, there is a general
lack of a robust systematic mechanism that enables construction companies to ascertain the
maturity of their SHE management practices. A process improvement tool, like a capability
maturity model, can offer such a mechanism. Though maturity models have been proven
valuable for assessing organizational processes or practices in delivering performance for
various domains, there are just a few related examples of its application to integrated SHE
management in the construction industry. For instance, Hamid et al. [15] developed the
integrated management system for safety, health and environmental quality (SHEQ-MS)
in the construction industry. Rebelo et al. [16] also developed the integrated management
system-quality, environment and safety (IMS-QES). Though closely related to SHEM-CMM,
these two systems/models do not enable SHE management capability maturity assessment.
In addition to these two, there have been single stand-alone maturity models (i.e., maturity
models that do not integrate multiples domains) developed for safety management [17]
and environmental management [18], which still do not incorporate the environmental
aspects and safety aspects, respectively.

Drawing on the afore-mentioned gap, the question that arises is what integrated safety,
health and environmental capability maturity model can best work for the construction
industry. To answer this question, this study thus examines integrated SHE management
capability. It adopts the capability maturity modelling concept for the development of
an integrated safety, health and environmental management capability maturity model
(iSHEM-CMM) to enable the assessment of iSHEM capability of construction firms, effec-
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tive management of components of an iSHEM system, and thereby improve construction
iSHEM capability maturity levels and management practices. The capability maturity
model developed is a useful assessment framework or tool for industry stakeholders,
particularly construction firms, to evaluate the status of their current SHE management
capability, identify strengths and improvement areas, and accordingly prioritise strate-
gies/actions for improving their SHE management. Furthermore, clients who appoint
construction companies could use the model as part of prequalification arrangements in
selecting construction companies with an adequate SHE management capability.

The next section presents a brief overview of integrated SHE management capability
and capability maturity modelling concepts to provide the foundation for developing the
iSHEM-CMM. The research method applied, including the design decisions involved in
developing the iSHEM-CMM, the maturity model and validation of the model, are sub-
sequently presented. The implications stemming from the developed capability maturity
model and concluding remarks are also presented.

2. Literature Review

This section conducts a critical comparative review of the related literature. Litera-
ture reviewed is presented under two sub-sections, i.e., safety, health and environmental
management capability in construction; and capability maturity models. A systematic
review through content analysis of literature related to the theme under investigation was
conducted. Multiple queries were conducted on online databases like Google Scholar, Web
of Science (WoS), Scopus and the like. Literature relevant to the current study and which
spanned 1990 to 2019 were covered. Initial reviews limited to titles and abstracts of papers
were accessed to ensure relevance to the theme under investigation. The search for the
relevant literature was carried out using a combination of words like ‘safety and health
in the construction industry’, health and safety management in construction’, safety and
health capability in construction’, ‘safety, health and environment’, and ‘capability maturity
models’. Sections 2.1 and 2.2 summarise the significant literature retrieved from the search.

2.1. Safety, Health and Environmental Management Capability in Construction

The increasing concern regarding environmental, safety and health issues and their
efficient management in construction have become of utmost importance for construction
organisations worldwide. Some of these organisations are complying with SHE legislation
and standards by deploying systematic and proactive initiatives such as SHE management
systems [19–21] to address SHE issues and their associated undesirable outcomes. Though
the adoption and implementation of SHE management systems are minimal in the construc-
tion sector, several studies have highlighted their implementation in construction as an
innovative approach that offers substantial improvements in operation efficiency, standard
compliance, as well as in SHE performance [22–24]. A study by Yoon et al. [24] revealed
that in Korea the implementation of SHE standards saw safety performance increasing
by more than 30%, with fatal accidents decreasing by 10.3%. Zeng et al. [22] reported
that construction companies in China were able to enter international markets, reduce
waste and noise control and improve safety and health at workplaces by implementing
Environmental Management Systems (EMS). These studies show that the implementation
of EMSs and SHMSs is an important innovative, systematic and proactive approach in
reducing construction accidents and in minimising detrimental environmental impacts of
construction operations [22,24]. However, the parallel implementation of both management
systems (i.e., EMS and SHMS) have been criticised for being bureaucratic, costly, paper-
driven and arduous [14,19,25], hence the need for an integrated management of SHE issues
in construction through a single system (i.e., an integrated SHE management system).

Integrated SHE management in construction involves identifying, assessing and man-
aging SHE risks rightly to minimise injuries, illness, fatalities and negative environmental
impacts. It requires construction companies to take into account SHE considerations in
addition to cost, time and quality considerations in all phases of building and construc-
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tion projects. Though the compliance to SHE regulations often leads to a reduction in
work-related tragedies and adverse environmental impacts, the efficient and effective
management of SHE problems in construction based on an integrated SHE management
framework makes it critical for construction companies to have an appropriate organisa-
tional capability which encompasses the policies, systems, resources, information, infras-
tructure and personnel of the company. However, empirical work into integrated SHE
management capability is missing in the growing body of construction SHE management
literature. For instance, within the last few decades, several studies on SHE management
systems in the construction industry have focused on: (1) awareness, motivators, costs,
benefits and barriers of management systems [2,26–28]; (2) effectiveness of SHE manage-
ment systems in addressing occupational accidents, SHE performance, pollution and waste
reduction [24,29]; (3) integration of environment, quality, safety and health management
systems and benefits [14,19,25]; and the elements of stand-alone management systems and
integrated management systems [29,30]. In terms of integrated SHE management capa-
bility, there is inadequate empirical research for insights into what constitutes integrated
SHE management capability and mechanisms by which it can be reliably assessed to pave
the way for continuous process improvement. Given the increasing concerns over SHE
performance for sustainable construction and the lack of existing frameworks for integrated
SHE management in construction, the development of a simple and implementable iSHEM
framework that involves capabilities or practices relevant to the efficient implementation
of an iSHEM system in a construction firm is crucial. The efficient management of iSHEM
capabilities or practices could lead to better SHE performance. According to the capability
maturity modelling concept, the degree of process effectiveness and efficiency reflects the
capability of firms and organisations to implement processes successfully, thereby showing
the maturity of organisational practices [31]. Therefore, capability maturity models (CMMs)
serve as a good reference framework for developing iSHEM-CMM.

2.2. Capability Maturity Models

To respond to the highly competitive external environment, organisations continu-
ously search for effective new approaches for assessing performance and organisational
capability, as well as enhancing management capabilities [32] such as business excellence
models, balanced scorecards, maturity models, total quality management, business process
reengineering amongst others. However, amongst these approaches, maturity models have
been designed to provide organisations with guidance on how to effectively measure and
improve the maturity of functional domains within these organisations [33]. Moreover,
they have assisted organisations in overcoming challenges of the need for cost reduction or
quality improvement in the face of competitive pressure [34].

The principal idea of maturity models is that they describe the characteristics of
organisational processes or activity at different levels of maturity [35]. They have their
roots in quality management and continuous process improvement [36]. In particular,
the Quality Management Maturity Grid by Crosby [37] describes the behaviour exhibited
by a company at five maturity levels for a set of aspects of quality management [38].
According to Van Looy et al. [36], the best-known derivative of the quality management
maturity concept is the capability maturity model (CMM). CMM was developed by the
Software Engineering Institute (SEI) at Carnegie Mellon University as a reference model
for assessing, evaluating and improving software process maturity [39,40]. Capability
maturity models (CMMs) focus on improving organisational processes and identifying
several levels of maturity ranging from low to high and each maturity level details the
behaviour exhibited by organisations [41,42]. The CMM framework describes the maturity
of organisations according to five levels (i.e., initial, repeatable, defined, managed and
optimising) and determines these levels based on key process areas or capabilities [38,39].
However, the number of maturity levels can differ, depending on the domain and the
concerns motivating the model.
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The CMM Integration (CMMI), which is an extension of the CMM, is a single and
comprehensive framework that is appropriate for organisations of any structure and fo-
cused on guiding organisation-wide process improvement [36,41]. It has two different
representations of maturity, namely staged and continuous representations [43]. The staged
presentation includes five levels similar to those of the original CMM. Each maturity level
consists of several process areas that are specifically demarcated to that stage. Organ-
isations get assessed against their process areas’ existence or absence and produce an
overall maturity level rating [44]. This presentation is useful for organisations that are
looking at improving their overall process capability. With the continuous representation,
maturity within each process area is analysed separately and improvements are made ac-
cordingly [36]. This presentation offers a more flexible approach to process improvements
and is suitable for organisations looking to improve specific process areas and desiring to
choose areas of implementation [45].

Currently, CMM/CMMI is one of the most widely accepted frameworks for assessing
organisational capability in a domain as part of continuous process improvement [39,42].
Increasingly, CMMI has become a tool used to assess and improve organisational processes,
systems, products, and competencies on the evolutionary path towards excellence and
attaining desired outcomes [46]. Although originally developed for process improvement
within the software industry, the CMM/CMMI represent a generic framework for con-
tinuous process improvement and hence has been applied in varied domains in several
industrial sectors, including construction in areas such as supply chain management, risks
management, disability management, change management, Building Information Mod-
elling, and e-business [44,47–50]. In the area of SHE in construction, CMM frameworks
have also been applied, although not specifically to integrated SHE management. For
instance, there is the safety culture maturity model by Fleming [51] to access safety culture
maturity, the AC2E performance matrix by Carillon Plc [52] to assess construction site
safety management, the health and safety maturity model by Goggin [53] to assess the
maturity of safety management practices of a given construction company at the organi-
sational level, the Environmental management maturity model of construction programs
by Bai et al. [54], and also the Design for occupational safety and health capability model
(DfOSH) by Manu et al. [55] to access the DfOSH capability maturity of design firms in
the construction sector. Other than Goggin’s model, which focuses on safety and health
management practices in construction, the extant literature does not reveal any other matu-
rity models and systematic approaches for evaluating integrated SHE management in the
construction industry, thus highlighting the significance of this paper. The application of
CMMI/CMM in several areas in construction, including occupational safety, health and
the environment, as a useful and robust tool for assessment and continuous process im-
provement, therefore, supports its application to integrated SHE management to produce
an iSHEM-CMM.

3. Materials and Methods

In developing the iSHEM-CMM, the approach of Maier et al. [56] on how to de-
velop maturity grids based on organisational capability assessments was as follows.
Maier’s et al. [56] procedural approach consists of four steps: (1) Planning: identifica-
tion of target audience, aim, scope and success areas; (2) Development: defining the
various parts of the maturity model which are the process areas, maturity levels, the cell
descriptors and administration mechanisms; (3) Evaluation: model verification, refinement
and validation; (4) Maintenance: documentation and communication of development
processes, results and changes in process areas and cell descriptors. The main design
decisions in this approach are the establishment of (1) key process areas (i.e., integrated
SHE management capability attributes) and (2) the capability maturity levels.

In maturity model literature, maturity models (MMs) have received recurrent criti-
cisms, particularly its lack of theoretical framework or methodology and traceability [57].
There is a dearth of literature on how to theoretically develop a maturity model [58].
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However, the development process is not demonstrated in most of the documentation of
maturity models and grids. Notwithstanding, recent studies have sought to introduce a
structured approach to previous work done [59].

Compared to other traditional methods, Maier et al.’s [56] was followed in this study
because it provides rigorous and consistent development procedure, and also looks similar
to some of the common steps in the approaches developed by other authors like SEI [60],
De Bruin et al. [58], Poghosyan et al. [61], and Asah-Kissiedu et al. [12]. Sub-Section 3.1
expounds the various methods.

3.1. Maturity Model Development

Like most existing CMMI- or CMM-based models, the iSHEM-CMM follows the
continuous-structure [60] since it provides a generic measurement of capability maturity
level for each integrated SHE management capability attribute. The model is represented
in a grid format and has two main components: capability maturity levels and integrated
iSHEM capability attributes. Levels of capability maturity are allocated against the at-
tributes, thereby creating a series of cells. Each cell contains a brief text description (i.e.,
descriptor) for each activity at each capability maturity level. The following subsections
present the steps taken to develop the maturity model.

3.1.1. Design Decisions for Developing the iSHEM-CMM

In this section, the main design decisions outlined in Maier et al. [56] for developing
maturity grids are elaborated.

Planning

Step 1: Specifying the Audience. The iSHEM-CMM is intended to assist construction
firms to improve their SHE management. The expected audience of the model is thus
construction firms.

Step 2: Defining the Aim. The purpose of the iSHEM-CMM is to assist construction
companies to improve SHE performance in the construction sector. The aim of the maturity
model is, therefore, to assist construction firms to assess their current SHE management
maturity to facilitate continuous improvement.

Step 3: Clarifying the Scope. While some maturity models are designed for generic
purposes, others are designed for a specific domain. The iSHEM-CMM, as the name
indicates, is designed to support a particular domain, which is SHE management in the
construction industry.

Step 4: Defining the Success Criteria. The development of the iSHEM capability
maturity model is motivated by the need for improved guidance on SHE management
processes and practices in the construction industry. The most important success criteria
were, therefore: (1) Usefulness for the construction industry, determined by the relevance
of the domain’s components, and the ability of the model to support improvement effort
within SHE management; (2) Usability determined by the clarity and the syntactic quality
of the model; and (3) Coverage of key iSHEM capability attributes determined by how
well the maturity model covers the areas important to focus on for ensuring effective
management of SHE issues in construction companies.

Development

Step 5: Selecting the Process Areas. A key element of developing a maturity model is
the identification of capability areas/attributes [56,58,61]. Therefore, the development of
the iSHEM-CMM involved identifying the relevant key iSHEM capability attributes and
the definitions of the levels of maturity. According to Maier et al. [56], the key process areas
used in developing a maturity grid can be derived from (1) the experiences in the field of
the originator and by reference to established knowledge in a particular domain; and (2) a
panel of experts in the domain, especially where there is limited prior literature concerning
the domain.
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Considering the lack of empirical work on construction SHE management capability,
this study used a panel of construction industry experts after a comprehensive systematic
literature review to identify potential capability attributes for achieving effective integrated
SHE management in construction. This was applied as a three-pronged sequential research
approach comprising: (1) a systematic literature review to identify potential integrated SHE
management capability attributes and a preliminary expert verification process to ascertain
the appropriateness and comprehensiveness of the identified attributes; (2) application of
expert Delphi technique to generate consensus regarding the importance of the attributes;
and (3) application of voting analytical hierarchy process (VAHP) to generate weights of
importance based on the outcomes of the Delphi technique. Detailed description of the
application of the three-pronged approach is given in Asah-Kissiedu et al. [12].

To select suitable and qualified experts for the preliminary verification of capability at-
tributes, the guidance suggested by Hallowell and Gambatese [62] in selecting experts was
followed. This included at least five years of professional experience in the construction
industry, a minimum of five years’ experience in SHE management, an advanced degree in
construction management or other related fields (minimum of BSc.), an affiliation with a
professional body and have researched areas of environmental, health and safety manage-
ment in construction. In line with the criteria, twelve (12) experts were engaged for the
preliminary verification process and a total of 30 experts for the three-round Delphi survey.
The experts for the preliminary verification were academics with industry experience and
expertise in SHE management in construction. Such people are likely to have an up to date
understanding of the subject matter of the study. Therefore, they were considered useful to
engage with in the preliminary verification exercise prior to the Delphi survey. The experts
involved in the Delphi survey were industry professionals.

Each of the Delphi rounds took three weeks, spanning a three-month duration. From
the verification process and the Delphi rounds, the views of the experts regarding the
capability attributes were collated and analysed. An agreement on 20 iSHEM capability
attributes was then obtained (refer to Section 4). A detailed account of the derivation of the
attributes from the aforementioned methods is reported in Asah-Kissiedu et al. [12]

Step 6: Formulating the Maturity Levels and Descriptors. The literature shows that
CMMs commonly used five maturity levels [56,61,63], which aligns with the original CMM
by Paulk et al. [39] Similarly, in this study, five capability maturity levels (i.e., Level 1 being
the lowest maturity level and Level 5 being the highest maturity) were adopted as shown
in Table 1. Capability maturity level definitions and characteristics were abstracted from
the literature review and refined through expert review. In line with the guidelines by
Maier et al. [56], the maturity level descriptors at the extreme ends (i.e., Level 1 being the
lowest maturity level, and Level 5, being the highest maturity) were formulated based
on the underlying notion of what represents maturity for each attribute. In capability
maturity modelling, lower levels of maturity are used as the basis for achieving higher
levels of maturity. For instance, for a construction firm to reach capability Level 5 or full
maturation in a capability attribute, it should have met the requirements for the lower
levels. As a result, each level is defined and characterised clearly, thus allowing companies
to self-evaluate their level of maturity. It is therefore important to understand what these
capability maturity levels represent in practice, as they are fundamental to assessing the
capability maturity of a company. Shown below in Table 1 are the capability maturity levels
and their definitions.

Step 7: Formulating the Cell Texts (i.e., maturity level descriptors). This decision point
represents the intersection of the key process area (i.e., the capability attributes) and the
capability maturity levels. Attribute characteristics, thus, need to be described at each
level of maturity. This decision point is recognised as a significant step in developing a
maturity model assessment [56]. To be able to formulate cell descriptors that are precise,
concise, and clear, three considerations are described by Maier et al. [56]: (1) using a top-
down or bottom approach; (2) consideration of the information source; (3) consideration of
the formulation mechanism. The top-down approach involves the writing of definitions
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before measures or a set of practices are developed to fit the definitions, while the bottom
approach involves the determination of measures before definitions are written to reflect
the measures [56]. Since integrated SHE management in construction is a relatively new
field in maturity model applications, not much evidence is available for what is thought
to represent maturity. Consequently, a top-down approach was deemed appropriate for
formulating the cell texts since this approach places emphasis first on what maturity is
before how it can be measured [56]. Again, this approach was used because of the lack of
empirical work on integrated SHE management capability.

Table 1. Capability maturity levels and definitions.

Capability Level Definition

Level 1 There are no structured processes and procedures in place. Performance is consistently poor.

Level 2 Organisational processes and procedures may exist but are usually ad-hoc and unstructured.
Procedures and processes are not defined. Performance is fair.

Level 3 Organisational processes and procedures are formal and defined. Process and procedure are
reactive. Performance is mostly good.

Level 4 Organisational procedures and processes are planned, well-defined, proactive and generally
conform to best practices. Performance is very good and consistently repeated.

Level 5
Organisational processes and procedures are standardised, fully integrated throughout the

organisation, and continually monitored, reviewed for continuous improvement. Performance is
exemplary and comparable to best in the industry.

In establishing what represents maturity in each of the key process areas (i.e., SHE
management capability attribute) in this study, the underlying notion of maturity was
obtained by reviewing various sources, including extant literature relating to the key
process areas, feedback from future recipients of the model (through an expert verification),
existing capability maturity models and best practice guides on subjects related to SHE
management capability attributes. Therefore, existing capability maturity models like the
UK Coal Journey Model by Foster and Hoult [17] and Risk Management Maturity Model
(RM3) by the Office of Road and Rail, and Health and Safety Maturity [63] were reviewed
to obtain the underlying notion of maturity for each of the SHE capability attributes. In
summary, the cell texts were formulated using:(1) The underlying rationale of maturity of
each capability attributes; and (2) The identification and the descriptions of the best and
worst practices at the extreme ends of the scale (i.e., Level 1 and Level 5), such that Level 1
represented no or very low maturity and Level 5 represented the highest level of maturity
which is also presented by reviews within the capability maturity model literature to ensure
continuous improvement. Secondly, the other cell descriptors in between (i.e., levels 2, 3
and 4) were also deduced from the underlying notion and formulated accordingly. In the
end, the model was developed with a fraction full version presented in the results section
and the full version in the Appendix A, Table A1.

Step 8: Defining the Administration Mechanisms. The iSHEM-CMM was developed
as a stand-alone model and targeted for application in several construction firms. Following
the formulation of cell texts, the developed model and an evaluation questionnaire were
sent to selected experts to further verify the model.

Evaluation

Step 9: Validating the Model. Once the iSHEM-CMM was populated, it was evaluated
by construction professionals to ensure the practical utility of the model. A detailed
description of the model validation is presented in Section 5.2.

Maintenance

Step 10: Documenting, communicating and maintaining the model. The purpose of
the maintenance phase is to keep the final maturity model and, its elements or attributes
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current. Continued accuracy and relevance of the model can be ensured by its end-users
during this phase. For the iSHEM-CMM, communication is in part secured through
this paper.

4. Results and Discussion

The experts for the preliminary verification and Delphi survey were experts who
had knowledge and experience in SHE management in the construction industry. Each
of the experts is affiliated with at least one professional body, which includes: Chartered
Institute of Building, Institute of Environmental Management and Assessment, Institution
of Occupational Safety and Health, International Institute of Risk and Safety Management,
Association of Project management, Ghana Institution of Construction, Ghana Institute of
Safety and Environmental Professionals and Ghana Institute of Surveyors. The years of
experience in SHE management in construction are between 5 and 17 years. The experts
engaged in the study were suitable as their experience and roles relate to SHE management
in construction.

From a systematic literature review, twenty-seven (27) potential capability attributes
were identified. At the end of the verification process and the subsequent three-round Del-
phi survey, 20 integrated SHE management capability attributes were finally obtained and
subsequently categorised, based on their relatedness, into five thematic areas of SHE man-
agement capability. The five thematic categories are strategy, people, process, resources,
and information. The categorisation of the capability attributes is consistent with the
concept of organisational capability maturity, although specific to integrated SHE manage-
ment [39,64–66]. Detailed descriptions of the thematic categories and the various attributes
within are presented in Table 2. The emergent iSHEM capability attributes were similar
to some of the key process areas/capabilities/criteria used in existing capability maturity
grids and models. For example, Goggin’s [53] Health and safety maturity model for health
and safety in construction proposed attributes such as management commitment, safety
policy, hazard identification, resources, reporting and control, and worker involvement and
commitment. The UK coal journey maturity model by Foster and Hoult [17] also included
attributes such as policy and commitment, training and competence, communication and
consultation, documents and operations control, incident investigations, and monitoring
and auditing.

Furthermore, the design safety capability maturity model for the offshore sector by
Strutt et al. [46] included attributes like education and training, research and development,
organisational learning, and managing of safety in the supply chain, while the safety cul-
ture maturity model by HSE [67] also included attributes including ‘training’, ‘management
commitment and visibility’, ‘learning organisation’, and ‘safety resources’. Furthermore,
the design for occupational safety and health (DfOSH) maturity grid by Manu et al. [66]
proposed attributes such as DfOSH competence and training, management commitment,
design risks management, physical work and ICT resources. In the building information
modelling (BIM) domain in construction, Succar [68] proposed a BIM maturity matrix,
which was comprised of capability attributes such as leadership, physical infrastructure,
technology (encompassing software and hardware) and human resources (comprising of
knowledge, resources and skills). The iSHEM capability attributes (e.g., senior management
commitment to SHE; SHE policy objectives and targets; SHE management programme;
SHE risk management; Management of outsourced SHE services; Physical and financial re-
sources; SHE incidents investigation; SHE system auditing; SHE training and processes for
learning lessons and knowledge management) share similarities with the above-mentioned
attributes in models by HSE [67], Strutt et al. [46], Goggin’s [53], Filho et al. [69], Foster
and Hoult [17] and Poghosyan et al. [61], although the iSHEM capabilities have specific
relevance or focus on the implementation of an iSHEM system in construction firms.
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Table 2. Verified integrated SHE management capability attributes.

Thematic Category Attributes

Strategy, i.e., the organisation’s vision and
top management commitment to

SHE management

Senior management commitment to safety, health and environment
(SHE) management

An integrated SHE policy that serves as the foundation for a company’s SHE
development and implementation

SHE objectives and targets for a company, in line with SHE policy

SHE management programme, i.e., company’s action plans for achieving SHE
objectives and targets

Processes, i.e., the organisation’s
procedures, processes and systems for

SHE management

SHE risks management, i.e., systems, processes and procedures for SHE hazards
identification, risks assessment and identification risks control strategies

Management of outsourced services, i.e., processes and mechanisms for assessing the
competence of outsourced personnel, subcontractors and suppliers with regards to the

management of SHE

SHE operational control, i.e., processes, procedures and measures for controlling SHE
risks, to ensure SHE regulatory compliance in operational functions and to achieve the

overall SHE objectives

SHE emergency preparedness and responses, i.e., emergency procedures and
measures to minimise the impact of uncontrolled events and unexpected incidents

SHE performance monitoring and measurement, i.e., systems, processes and
procedures to monitor and measure SHE performance to ensure compliance with

SHE regulations

SHE incidents investigation, i.e., processes and procedures for investigating the causes
of SHE incidents

SHE system auditing, i.e., processes and procedures to conduct SHE audits to assess
compliance and SHE management system effectiveness

People, i.e., organisation’s human capital,
their roles, responsibilities, and

involvement in SHE management

SHE roles and responsibilities, i.e., availability of dedicated SHE roles and
responsibilities within an organisational hierarchy

SHE Training, i.e., provision of suitable SHE training for personnel

Employee involvement and consultation at all levels in SHE management
and operations

SHE competence, i.e., the skills, knowledge and experience of personnel to undertake
responsibilities and perform SHE activities

Resources, i.e., organisation’s physical
and financial resources required for

SHE management

Physical SHE resources, i.e., provision of physical resources for SHE implementation

Financial resources for SHE, i.e., Provision of financial resources for
SHE implementation

Information, i.e., SHE related documents,
data, lessons, records and their

communication across an organisation

Communications, i.e., communication of relevant SHE information and requirements
to personnel and other relevant stakeholders

SHE documentation and control, i.e., provision and maintenance of adequate SHE
documentation and records

SHE lessons and knowledge management, i.e., capturing lessons learned and
knowledge acquired from historical incidents and management of SHE

Communications, i.e., Communication of relevant SHE information and requirements
to personnel and other relevant stakeholders

4.1. The iSHEM Capability Maturity Model

After the capability attributes and the capability, maturity levels were obtained and
an initial iSHEM-CMM was developed. The model is a multilevel framework and offers
maturity assessment on a five-level scale, within five thematic categories consisting of 20
integrated SHE management capability attributes. Table 3 shows an excerpt of the iSHEM
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capability maturity grid, with two iSHEM capability attributes—Senior management
commitment to SHE and SHE policy and maturity levels from 1–5. Due to its large size, the
full version of the iSHEM-CMM is presented in the Appendix A, Table A1 of this paper.

4.2. Validating the iSHEM Capability Maturity Model

In this section, validation of the maturity model by industry experts is presented. De
Brium et al. [58] recommended that the evaluation process of a maturity model should
mainly focus on the model’s constructs (i.e., relevance and coverage of the domains com-
ponents) and the model instruments (i.e., the reference model, performance scale and
assessments procedure). In view of this, the validation process involved: (1) the use of
the iSHEM by construction professionals to assess the SHE management capability of
construction companies; and subsequently (2) the completion of a validation survey by
the professionals. The validation survey was used to appraise both content of the maturity
model (i.e., the relevance and appropriateness of the capability attributes and levels) and
its usability (i.e., understandability, ease of use and practicality).

4.2.1. Selection of Companies for Validation

To ensure a broad validation of the maturity model, construction professionals, includ-
ing SHE experts from 70 construction firms operating in Ghana, were invited to participate
in the validation process. Fifty-nine (59) construction firms consented. The construction
professionals involved included Health and Safety managers (15.3%), Project managers
and construction managers (13.6%), Environmental Managers (13.6%), and Site Managers,
Safety, Health or Environmental Consultants and Health and Safety Officers (11.9%). A
majority of the respondents (67.8%) had over five years of professional experience. This is
indicative of an experienced and knowledgeable group of construction professionals.

4.2.2. Questionnaire for Validation

To validate the capability maturity model (i.e., SHEM-CMM), an evaluation question-
naire was used as the instrument (see Appendix A-Table A2). It consisted of two sections.
The first section solicited information on the respondent background details. In the second
section, respondents were asked to evaluate the model based on six criteria (i.e., relevance
of attributes, comprehensiveness of attributes, appropriateness, adequacy of capability
maturity levels, ease of understanding, ease of use and level of usefulness and practicality).
These validation criteria were similar to the survey developed by Salah et al. [70] (2014).

The validation exercise required that the construction professionals were to assess
their company’s SHE management capability maturity by using the developed maturity
model and thereafter evaluate the capability maturity model as a whole by the six criteria
on the five-point Likert scale using the levels (5) Strongly agree, (4) agree, (3) Neither agree
nor disagree, (2) disagree, (1) Strongly disagree.

4.2.3. Validation Results

In total, responses were obtained from 59 construction firms operating in Ghana. The
results of the survey are presented in Table 4. From the validation results, it is evident
that the iSHEM-CMM is comprehensive and suitable for assessing the SHE management
capability maturity of construction companies. The high rating indicates a convincing
level of approval of the developed capability maturity model. Regarding the relevance
and comprehensiveness of integrated SHE management capability attributes, the results
confirm that the capability attributes are relevant and did cover all aspects of integrated SHE
management capability in construction. Concerning the correct assignment of attributes
to their respective capability levels and sufficient maturation of attributes, the validation
results indicated that the construction professionals were satisfied with the accuracy of the
capability attributes and its correct assignment to their respective maturity levels in the
developed model.

250



Buildings 2021, 11, 645

T
a

b
le

3
.

Th
e

iS
H

EM
-C

M
M

(e
xc

er
pt

).

S
h

e
C

a
p

a
b

il
it

y
A

tt
ri

b
u

te
s

U
n

d
e
rl

y
in

g
N

o
ti

o
n

o
f

M
a
tu

ri
ty

C
a
p

a
b

il
it

y
M

a
tu

ri
ty

L
e
v

e
ls

L
e
v

e
l

1
L

e
v

e
l

2
L

e
v

e
l

3
L

e
v

e
l

4
L

e
v

e
l

5

Se
ni

or
m

an
ag

em
en

t
C

om
m

it
m

en
t

A
s

m
at

ur
it

y
in

cr
ea

se
s,

se
ni

or
m

an
ag

em
en

t
co

m
m

it
m

en
tt

o
sa

fe
ty

,
he

al
th

an
d

en
vi

ro
nm

en
ta

l(
SH

E)
m

an
ag

em
en

tb
ec

om
es

un
w

av
er

in
g,

vi
si

bl
e

an
d

w
el

l-
ar

ti
cu

la
te

d
ac

ro
ss

th
e

co
m

pa
ny

•
La

ck
of

se
ni

or
m

an
ag

em
en

t
co

m
m

it
m

en
tt

o
SH

E
m

an
ag

em
en

t
•

Th
er

e
is

no
re

so
ur

ce
co

m
m

it
m

en
t

(fi
na

nc
ia

la
nd

hu
m

an
re

so
ur

ce
s)

fo
r

SH
E

re
la

te
d

is
su

es

•
Li

m
it

ed
co

m
m

it
m

en
tb

y
co

m
pa

ny
’s

se
ni

or
m

an
ag

em
en

tt
o

SH
E

im
pl

em
en

ta
ti

on
•

Li
m

it
ed

re
so

ur
ce

co
m

m
it

m
en

tf
or

SH
E

re
la

te
d

is
su

es

•
Pa

rt
ia

l
co

m
m

it
m

en
tb

y
co

m
pa

ny
’s

se
ni

or
m

an
ag

em
en

tt
o

SH
E

im
pl

em
en

ta
ti

on
•

Sh
ow

of
se

ni
or

m
an

ag
em

en
t

co
m

m
it

m
en

ti
s

re
ac

ti
ve

(e
.g

.,
w

he
n

si
gn

ifi
ca

nt
ri

sk
s

ar
e

an
ti

ci
pa

te
d

or
re

sp
on

se
to

a
m

aj
or

en
vi

ro
nm

en
ta

l
im

pa
ct

s)
•

A
n

ad
ho

c
im

pl
em

en
ta

ti
on

co
m

m
it

te
e

is
es

ta
bl

is
he

d
•

SH
E

ch
am

pi
on

is
id

en
ti

fie
d

•
Th

er
e

is
re

so
ur

ce
s

co
m

m
it

m
en

tf
or

SH
E-

re
la

te
d

is
su

es

•
Fi

rm
co

m
m

it
m

en
tb

y
co

m
pa

ny
’s

se
ni

or
m

an
ag

em
en

tt
o

SH
E

im
pl

em
en

ta
ti

on
.

•
Se

ni
or

m
an

ag
em

en
t

co
m

m
it

m
en

ti
s

al
ig

ne
d

to
co

m
pa

ny
’s

po
lic

y
on

SH
E

m
an

ag
em

en
t.

•
Se

ni
or

m
an

ag
em

en
t

ar
e

am
on

gs
tt

he
SH

E
ch

am
pi

on
s

w
it

hi
n

th
e

or
ga

ni
sa

ti
on

.
•

M
an

ag
em

en
t

co
m

m
it

m
en

ti
s

w
el

l
ar

ti
cu

la
te

d
ac

ro
ss

th
e

co
m

pa
ny

•
Su

ffi
ci

en
tr

es
ou

rc
es

co
m

m
it

m
en

tf
or

SH
E-

re
la

te
d

is
su

es

•
Th

er
e

is
a

fu
ll,

un
w

av
er

in
g

an
d

cl
ea

rl
y

vi
si

bl
e

co
m

m
it

m
en

to
f

co
m

pa
ny

’s
se

ni
or

m
an

ag
em

en
tt

o
SH

E
im

pl
em

en
ta

ti
on

•
Se

ni
or

m
an

ag
em

en
t

co
nt

in
uo

us
ly

an
d

vi
si

bl
y

de
m

on
st

ra
te

th
ei

r
co

m
m

it
m

en
tt

o
SH

E
an

d
sh

ow
sh

ar
ed

va
lu

es
di

re
ct

ed
at

co
nt

in
ua

lly
m

ee
ti

ng
SH

E
ob

je
ct

iv
es

sa
fe

ly
•

A
cr

os
s

fu
nc

ti
on

al
SH

E
im

pl
em

en
ta

ti
on

co
m

m
it

te
e

is
es

ta
bl

is
he

d
in

cl
ud

in
g

a
SH

E
ch

am
pi

on
s

an
d

m
em

be
rs

fr
om

al
lk

ey
m

an
ag

em
en

tf
un

ct
io

ns
of

th
e

co
m

pa
ny

.
•

Th
er

e
is

a
ri

ng
-f

en
ce

d
re

so
ur

ce
co

m
m

itm
en

tf
or

SH
E

im
pl

em
en

ta
tio

n
an

d
m

ai
nt

en
an

ce
•

C
om

pa
ny

se
ni

or
m

an
ag

er
(s

)a
re

am
on

gs
t

SH
E

m
an

ag
em

en
t

ch
am

pi
on

s
w

it
hi

n
th

e
in

du
st

ry
an

d
ar

e
re

co
gn

is
ed

as
in

du
st

ry
th

ou
gh

t-
le

ad
er

s
in

re
sp

ec
to

fS
H

E
m

an
ag

em
en

t

251



Buildings 2021, 11, 645

T
a

b
le

3
.

C
on

t.

S
h

e
C

a
p

a
b

il
it

y
A

tt
ri

b
u

te
s

U
n

d
e
rl

y
in

g
N

o
ti

o
n

o
f

M
a
tu

ri
ty

C
a
p

a
b

il
it

y
M

a
tu

ri
ty

L
e
v

e
ls

L
e
v

e
l

1
L

e
v

e
l

2
L

e
v

e
l

3
L

e
v

e
l

4
L

e
v

e
l

5

Sh
e

Po
lic

y

A
s

m
at

ur
it

y
in

cr
ea

se
s,

co
m

pa
ny

SH
E

po
lic

y
be

co
m

es
ex

pl
ic

it
ly

st
at

ed
,

w
el

l-
co

m
m

un
ic

at
ed

w
it

hi
n

th
e

or
ga

ni
sa

ti
on

,
an

d
in

te
rp

re
te

d
an

d
ap

pl
ie

d
co

ns
is

te
nt

ly
by

al
l

m
an

ag
er

s/
su

pe
rv

is
or

s
an

d
st

af
f.

•
N

o
po

lic
y

st
at

em
en

to
n

SH
E

m
an

ag
em

en
t

•
SH

E
po

lic
y

st
at

em
en

ti
s

ou
td

at
ed

an
d

va
gu

el
y

w
or

de
d

•
SH

E
po

lic
y

do
es

no
tm

ee
tl

eg
al

re
qu

ir
em

en
ts

an
d

em
pl

oy
ee

s
ar

e
ra

re
ly

in
vo

lv
ed

in
it

s
de

ve
lo

pm
en

t
•

Po
lic

y
ha

s
no

t
be

en
co

m
m

un
ic

at
ed

w
it

hi
n

th
e

co
m

pa
ny

an
d

do
cu

m
en

te
d

•
SH

E
po

lic
y

st
at

em
en

ti
s

cl
ea

r,
se

tt
in

g
ou

tt
he

in
te

nt
io

n(
s)

on
ho

w
SH

E
is

m
an

ag
ed

,t
ra

ck
ed

an
d

re
po

rt
ed

•
Po

lic
y

m
ee

ts
m

aj
or

it
y

of
le

ga
l

re
qu

ir
em

en
tw

it
h

so
m

e
em

pl
oy

ee
s

ac
ti

ve
ly

in
vo

lv
ed

in
it

s
de

ve
lo

pm
en

t
•

Po
lic

y
is

co
m

m
un

ic
at

ed
ac

ro
ss

di
ff

er
en

t
le

ve
ls

of
th

e
co

m
pa

ny
,b

ut
m

an
ag

em
en

to
r

su
pe

rv
is

or
s

an
d

em
pl

oy
ee

s
ha

ve
in

co
ns

is
te

nt
in

te
rp

re
ta

tio
ns

an
d

ap
pl

ic
at

io
ns

of
th

e
po

lic
y

•
3P

ol
ic

y
st

at
em

en
ts

ar
e

po
or

ly
do

cu
m

en
te

d
an

d
no

td
is

pl
ay

ed
at

w
or

kp
la

ce

•
SH

E
po

lic
y

is
cl

ea
r,

co
m

pr
eh

en
si

ve
an

d
w

el
l-

de
fin

ed
,s

et
ti

ng
ou

tt
he

in
te

nt
io

n
on

SH
E

•
SH

E
po

lic
y

pr
es

en
ts

a
cl

ea
r

ap
pr

oa
ch

to
m

an
ag

in
g

SH
E

in
cl

ud
in

g
th

e
re

qu
ir

ed
ac

co
un

ta
bi

lit
y

an
d

re
sp

on
si

bi
lit

y
fo

r
m

an
ag

in
g

SH
E

•
SH

E
po

lic
y

m
ee

ts
al

l
th

e
le

ga
lr

eq
ui

re
m

en
ts

an
d

ot
he

r
re

qu
ir

em
en

ts
th

e
co

m
pa

ny
su

bs
cr

ib
es

to
•

M
or

e
re

le
va

nt
em

pl
oy

ee
s

ar
e

ac
ti

ve
ly

in
vo

lv
ed

in
SH

E
po

lic
y

fo
rm

at
io

n
an

d
st

ra
te

gy
fo

rm
ul

at
io

n
•

SH
E

po
lic

y
is

ac
ti

ve
ly

co
m

m
un

ic
at

ed
w

it
hi

n
th

e
co

m
pa

ny
an

d
to

ot
he

r
st

ak
eh

ol
de

rs
•

Po
lic

y
is

ac
ce

pt
ed

,
un

de
rs

to
od

an
d

co
ns

is
te

nt
ly

in
te

rp
re

te
d

an
d

ap
pl

ie
d

in
th

e
sa

m
e

w
ay

by
al

lm
an

ag
er

’s
or

su
pe

rv
is

or
s

an
d

em
pl

oy
ee

s
•

SH
E

po
lic

y
is

fo
rm

al
ly

do
cu

m
en

te
d,

di
sp

la
ye

d
at

th
e

w
or

kp
la

ce
an

d
is

av
ai

la
bl

e
to

al
l

st
ak

eh
ol

de
rs

•
Th

er
e

is
a

cl
ea

r
po

lic
y

on
SH

E
m

an
ag

em
en

t,
se

tt
in

g
ou

ti
nt

en
ti

on
(s

)
on

SH
E

m
an

ag
em

en
t

an
d

re
co

gn
is

in
g

th
at

SH
E

im
pl

em
en

ta
ti

on
is

no
ta

se
pa

ra
te

ta
sk

bu
t

an
in

te
gr

al
pa

rt
of

th
e

or
ga

ni
sa

ti
on

SH
E

ac
ti

vi
ti

es
•

A
ll

re
le

va
nt

pe
op

le
ar

e
en

ga
ge

d
in

SH
E

po
lic

y
fo

rm
at

io
n

as
w

el
ls

as
SH

E
st

ra
te

gy
fo

rm
ul

at
io

n,
w

it
h

cl
ea

r
ac

ti
on

s,
an

d
ac

co
un

ta
bi

lit
ie

s
an

d
ta

rg
et

s
•

D
oc

um
en

te
d

po
lic

y
is

in
pl

ac
e,

co
ns

is
te

nt
w

it
h

ot
he

r
be

st
-p

er
fo

rm
in

g
or

ga
ni

sa
ti

on
’s

po
lic

ie
s,

co
m

m
un

ic
at

ed
an

d
re

ad
ily

av
ai

la
bl

e
to

al
l

st
ak

eh
ol

de
rs

•
SH

E
po

lic
y

is
pe

ri
od

ic
al

ly
re

vi
ew

ed
to

en
su

re
th

at
it

re
m

ai
ns

re
le

va
nt

to
th

e
co

m
pa

ny
,

re
fle

ct
in

du
st

ry
be

st
pr

ac
ti

ce
s

an
d

de
m

on
st

ra
te

ef
fe

ct
iv

en
es

s
an

d
co

nt
in

uo
us

im
pr

ov
em

en
t

252



Buildings 2021, 11, 645

T
a

b
le

4
.

Su
m

m
ar

y
of

re
sp

on
se

s
fe

ed
ba

ck
fo

r
m

at
ur

it
y

m
od

el
ev

al
ua

ti
on

.

A
ss

e
ss

m
e

n
t

C
ri

te
ri

a

E
v

a
lu

a
ti

o
n

R
e

sp
o

n
se

(%
)

(n
=

5
9

)

S
tr

o
n

g
ly

A
g

re
e

A
g

re
e

N
e

it
h

e
r

A
g

re
e

n
o

r
D

is
a

g
re

e
D

is
a

g
re

e
S

tr
o

n
g

ly
D

is
a

g
re

e
T

o
ta

l
(%

)
M

e
d

ia
n

/M
e

a
n

/S
ta

n
d

a
rd

D
e

v
ia

ti
o

n

A
tt

ri
b

u
te

s
u

se
d

in
th

e
S

H
E

M
-C

M
M

w
o

rk
sh

e
e

t

A
tt

ri
bu

te
s

ar
e

re
le

va
nt

to
SH

E
m

an
ag

em
en

tc
ap

ab
ili

ty
.

35
.6

62
.7

1.
7

0
0

10
0

4.
00

/4
.3

4/
0.

51

A
tt

ri
bu

te
s

co
ve

r
al

la
sp

ec
ts

of
SH

E
m

an
ag

em
en

tc
ap

ab
ili

ty
.

20
.3

62
.7

16
.9

0
0

10
0

4.
00

/4
.0

3/
0.

62

A
tt

ri
bu

te
s

ar
e

co
rr

ec
tl

y
as

si
gn

ed
to

th
ei

r
re

sp
ec

ti
ve

ca
pa

bi
lit

y
le

ve
l.

15
.6

71
.2

13
.6

0
0

10
0

4.
00

/4
.0

2/
0.

54

A
tt

ri
bu

te
s

ar
e

cl
ea

rl
y

di
st

in
ct

.
40

.7
50

.8
8.

5
0

0
10

0
4.

00
/4

.3
2/

0.
63

C
a

p
a

b
il

it
y

m
a

tu
ri

ty
le

v
e

ls

Th
e

ca
pa

bi
lit

y
le

ve
ls

su
ffi

ci
en

tl
y

re
pr

es
en

t
m

at
ur

at
io

n
in

th
e

at
tr

ib
ut

es
.

18
.6

69
.5

8.
5

3.
4

0
10

0
4.

00
/4

.0
3/

0.
64

Th
er

e
is

no
ov

er
la

p
de

te
ct

ed
be

tw
ee

n
de

sc
ri

pt
io

ns
of

m
at

ur
it

y
le

ve
ls

.
6.

8
52

.5
27

.1
13

.6
0

10
0

4.
00

/3
.5

3/
0.

82

E
a

se
o

f
u

n
d

e
rs

ta
n

d
in

g

Th
e

ca
pa

bi
lit

y
le

ve
ls

ar
e

un
de

rs
ta

nd
ab

le
33

.9
61

5.
1

0
0

10
0

4.
00

/4
.2

9/
0.

56

Th
e

do
cu

m
en

ta
ti

on
s

(i
.e

.,
as

se
ss

m
en

t
in

st
ru

ct
io

ns
)a

re
ea

sy
to

un
de

rs
ta

nd
13

.6
71

.2
11

.9
3.

4
0

10
0

4.
00

/3
.9

5/
0.

63

Th
e

re
su

lt
s

ar
e

un
de

rs
ta

nd
ab

le
13

.6
79

.7
6.

8
0

0
10

0
4.

00
/4

.0
7/

0.
45

E
a

se
o

f
u

se

Th
e

sc
or

in
g

sc
he

m
e

[i
.e

.,
dr

op
-d

ow
n

op
ti

on
s

fo
r

m
at

ur
it

y
le

ve
ls

(1
–5

)]
is

ea
sy

to
us

e
39

57
.6

1.
7

1.
7

0
10

0
4.

00
/4

.3
9/

0.
61

Th
e

SH
EM

-C
M

M
is

ea
sy

to
us

e
18

.6
71

.2
8.

5
1.

7
0

10
0

4.
00

/4
.0

7/
0.

58

U
se

fu
ln

e
ss

sa
n

d
p

ra
ct

ic
a

li
ty

SH
EM

-C
M

M
is

us
ef

ul
fo

r
as

se
ss

in
g

SH
E

m
an

ag
em

en
tc

ap
ab

ili
ty

49
.2

47
.5

3.
4

0
0

10
0

4.
00

/4
.4

6/
0.

57

SH
EM

-C
M

M
is

pr
ac

ti
ca

lf
or

us
e

in
in

du
st

ry
28

.8
64

.4
6.

8
0

0
10

0
4.

00
/4

.2
2/

0.
56

253



Buildings 2021, 11, 645

Furthermore, the results indicated that the majority of the construction professionals
were of the opinion that capability levels, supporting documentations and the results were
easy to understand. Additionally, the iSHEM-CMM was found to be easy to use, useful for
assessing SHE management capability and practical for use in the construction industry by
the majority of the construction professionals, particularly the ease of using the Microsoft
Excel format of the maturity model and the user-friendly nature of the scoring scheme
(i.e., drop-down options for capability levels) during the assessment. Based on the overall
results of the validation exercise, the developed integrated SHEM-CMM was generally
well-received by practitioners in the industry.

5. Conclusions

Efficient management of SHE issues has become of utmost importance for construction
firms globally. Construction firms need to have the appropriate capability in terms of SHE
to effectively minimise injuries, illness and negative environmental impacts through an
integrated SHE management framework. Construction firms would have differing iSHEM
capabilities, and it is important they understand their current iSHEM capability depth
so that they can continuously improve. Similarly, it is vital that construction clients,
consultants or other institutions engaging the services of construction firms are also able to
evaluate the iSHEM capability of those organisations. This study adopted the capability
maturity modelling concept to develop an integrated safety, health and environmental
management capability maturity model for construction firms. This study addressed a
significant research gap relating to iSHEM capability by identifying 20 distinct capability
attributes and presenting empirical work on developing an iSHEM capability maturity
model to facilitate assessments and improvement of integrated SHE management practices.
The maturity model shows five maturation levels in distinct iSHEM capability attributes
drawn from literature review and a Delphi survey with a panel of SHE experts. To ensure
the usefulness of the maturity model in practice, the model was further improved by SHE
expert verification and refinement and validated by construction professionals, including
SHE experts. The findings reveal that the developed model is fit and is capable of assessing
the iSHEM capability of construction firms, managing components of an iSHEM system
effectively, and improving construction iSHEM capability maturity levels and management
practices. The developed maturity model considers the main tasks of an iSHEM system,
the underlying processes, strategies, resources, information and the people using the
iSHEM system. It is anticipated that the developed iSHEM-CMM would be beneficial
to construction firms and other industry stakeholders by undertaking self-assessment of
their iSHEM capability to better understand their iSHEM and implement actions needed to
improve it.

5.1. Implications of the Research

This study’s main implication is that the developed model provides a means for
construction companies to evaluate their SHE management capability systematically. This
would enable them to ascertain the areas of strength and deficiency in respect of their
SHE capability. On the basis of SHE management capability self-assessment, construc-
tion companies could prioritise their investments and target efforts at addressing any
identified areas of capability deficiency to ensure continuous improvements and avoid
sub-optimisation. Moreover, this model serves as a management tool that allows SHE
management consultants to evaluate their construction clients firm’s current SHE capability
maturity and provide guidance on how they can improve their SHE management practices
and processes. Additionally, the identified iSHEM capability attributes could be used
by construction clients (including government agencies) as part of the SHE management
criteria for selecting companies to undertake projects.

Several maturity models have been developed in relation to safety culture in many
domains; however, until now, no maturity model has been developed that has attempted
to take the maturity perspective into integrated SHE management practices in construc-
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tion. The output of this study (i.e., the iSHEM-CMM) therefore offers a basis for similar
capability maturity-based research with a focus on integrated SHE management capability
in other industries.

5.2. Limitations and Recommendation for Further Studies

The research has limitations which are highlighted in this section. The study was
based on professional views of SHE management experts and other practitioners within the
Ghanaian construction industry; therefore, findings may be peculiar to SHE management
in the Ghanaian construction industry. Further studies could be conducted among SHE
management experts and practitioners in the construction industry of other countries to
enable an appropriate comparison to be done. Another limitation identified lies in the fact
that the development of the integrated SHEM-CMM focused on the construction industry
alone. This may tamper with its immediate applicability to other industrial sectors. Future
studies could be conducted to develop a similar model for other industries other than the
construction industry. This can improve the SHEM of such industries as well.

Furthermore, another potential limitation relates to the sample size used to validate
the maturity model. Available guidance for testing CMM using an expert evaluation
approach [70] does not specify the minimum number of experts. Nonetheless, for expert
group techniques, the recommended number of experts range from 8–12 (e.g., Delphi
Technique [66]). This is because in an expert group technique, the focus tends to be on
the depth of knowledge of the experts rather than the breadth of participation, i.e., the
number of experts [66]. Therefore, in this study, the number of experts that were involved
in the CMM can be deemed to be adequate. Notwithstanding, future studies could adopt
alternative methods, e.g., large cross-sectional surveys to test the capability model.
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Abstract: There has been a recent proliferation of social procurement policies in Australia that target
the construction industry. This is mirrored in many other countries, and the nascent research in this
area shows that these policies are being implemented by an emerging group of largely undefined
professionals who are often forced to create their own roles in institutional vacuums with little
organisational legitimacy and support. By mobilising theories of how organisational champions
diffuse innovations in other fields of practice, this paper contributes new insights into the evolving
nature of these newly emerging roles and the motivations which drive these professionals to overcome
the institutional inertia they invariably face. The results of semi-structured interviews, with fifteen
social procurement champions working in the Australian construction industry, indicate that social
procurement champions come from a wide range of professional backgrounds and bring diverse
social capital to their roles. Linked by a shared sense of social consciousness, these champions
challenge traditional institutional norms, practices, supply chain relationships, and traditional
narratives about the concepts of value in construction. We conclude that, until normative standards
develop around social procurement in the construction industry, its successful implementation will
depend on external institutional pressures and the practical demonstration of what is possible in
practice within the performative constraints of traditional project objectives.

Keywords: construction industry; champions; innovation; social innovation; social procurement;
social value

1. Introduction

Social procurement involves the deliberate creation of social value by purchasing
goods and services [1]. While this idea is not new [2], McNeill [3] conceptualised social
procurement as a social innovation because it strategically repositions the procurement
function as a tool for addressing an organisation’s social objectives through the creation of
new hybrid assemblages between organisations in the public, private and third sectors.

In contrast to the broader body of research on public procurement, sustainable procure-
ment and green procurement, which has increased markedly since 2017, social procurement
research is relatively new, especially in the field of construction [4,5]. The nascent body of
social procurement research in the field of construction indicates that the implementation
of social procurement in construction is challenging. For example, Murphy and Eadie [6]
argue that social procurement is challenging to implement in the Irish construction industry
because it requires the adaption of performance targets and accounting models to measure
social value, and the creation of new linkages between disparate organisational functions
such as procurement, sustainability and human resources. Loosemore et al. [7] showed
that subcontractors in the Australian construction industries perceive social procurement

Buildings 2021, 11, 641. https://doi.org/10.3390/buildings11120641 https://www.mdpi.com/journal/buildings268
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as a risk to safety, productivity, cost and quality. In Sweden, Troje and Andersson [8]
argue that social procurement pushes the construction sector into a state of ‘institutional
instability.’ This is because it disturbs incumbent institutional logics, relationships and
practices. Troje and Kadefors [9], and Troje and Gluch [10,11], portray an uncertain and
emerging institutional field in Sweden, which is being shaped by lone organisational actors
(called Employment Requirement Professionals) who are engaging in ongoing ‘institutional
work’ to create and legitimise social procurement in their organisations. While they did
not use the term champion, the roles, activities and attributes that Troje and Gluch [10,11]
describe, closely reflect the definitions of organisational champions in wider organisational
studies research. In making this observation, we draw on organisational studies research
which defines organisational champions as informal role holders who, through insightful,
diplomatic, and skilled organisational lobbying, sell new ideas to others and protect them
from inertia and attack by visibly, emotionally, and materially supporting the development
process and enlisting the political support of other influential decision-makers [12–14].

Although many construction researchers have recognised the vital role of champions
in driving construction innovation, this research has been largely confined to the imple-
mentation of economic, technological, and environmental innovations [15–19]. While both
Barraket et al. [1] and McNeill [3] recognise the critical role of organisational champions
in driving social procurement, they do not elaborate on the functions of such roles. Aside
from the work of Troje and Gluch [10,11] and Troje and Andersson [8], there has been little
research into the role of social innovation champions in implementing social innovations,
such as social procurement, in the construction industry or in other industry contexts.

The aim of this paper is to contribute to this gap in the research by mobilising the
organisational champion theory as a new conceptual lens to explore what these important
actors do to promote social procurement in the construction industry. More specifically,
two key research questions are addressed:

1. What motivates people to become champions of social procurement in the construc-
tion industry?

2. What is the nature of these evolving roles in the construction industry?

The objective of this paper is to advance, both empirically and conceptually, the
emergence of social procurement as a distinct field of practice [1]. This research is important
because, as Troje and Gluch [10] note, social procurement professionals are important
carriers of social sustainability practices within the construction industry. Therefore, a
better understanding the nature of these practices, how they promote that agenda in the
face of significant institutional resistance and what motivates them to do so, is important for
selecting the appropriate people for these critical roles and facilitating inter-organisational
learning to advance sectoral practices in this area.

This article proceeds with an examination of organisational champion research to
explore the strategies that champions employ to bring about change, highlighting the
deficit concerning its application to social procurement in construction. Next, the research
approach is outlined, and findings are distilled and discussed to address the above research
questions.

2. Social Procurement Champions in Construction: Motivations and Roles

In exploring the two research questions posed above, laterally relevant research into
the motivations and roles of organisational champions’ areas of social enterprise, social
innovation, and environmental sustainability can offer potentially helpful insights.

Concerning research question one, Loosemore and Higgon [20] argued that social
intrapreneurs are motivationally distinguishable from their economic counterparts by a
unique sense of accountability for what they do; a powerful sense of right and wrong; a
strong sense of empathy towards those who are less fortunate; a sense of profound responsi-
bility to their environment and communities; and a sense of moral outrage against injustice
and inequity in society. Lewis and Cassells [21] found that sustainability champions in
construction were motivated by a strong sense of responsibility to the community; commer-
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cial opportunities for cost reduction/financial benefits from implementing sustainability
initiatives; and compliance with sustainability legislation. Wood et al. [22] identified three
types of sustainability champions: saviours; nurturers; and strugglers. Saviours believe that
they are solving or resolving pressing environmental issues and use objective, positivist
evidence to build their arguments. Nurturers focus on nurturing, growth and building
empathetic relationships with colleagues to advocate and pursue organisational change.
Strugglers are champions whose experiences are characterised by vulnerability, and thus
they struggle to persuade others to their cause. More recently, Troje and Gluch [10] classified
social procurement actors into three groups (idealists, problem-solvers and pragmatists),
classifying their work as operational, co-creating and educational in nature. Idealists are
altruistic and caring society builders who feel compelled to help others. Problem-solvers
are driven by the intellectual challenge of finding a recipe that makes social procurement
commercially viable. Pragmatists are driven by performative goals and compliance with
political decisions, formal policies and completing a task with little sentiment.

Concerning research question two, research has traditionally depicted organisational
champions as heroic, charismatic, and transformational leaders prepared to adopt and fight
for a new idea by modifying and fitting it into a relevant organisational context [23–27].
Hargreaves [28] used social practice theory to conceptualise sustainability champions as
‘carriers’ of new ideas across organisations and functions, allowing them to co-design
and refine hybrid practices over time, through trial-and-error and experimentation with
new ideas. Reflecting this collaborative theme, Crosby and Bryson [29] describe social
innovation champions as “monomaniacs with a vision” (p. 167) who persistently and
creatively connect stakeholders and resourcing pools with opportunities to create social
change. Later work by Crosby and Bryson [30] describes champions as strategic builders
of cross-sector and multi-level relationships through self-sustaining ‘mutual gain regimes’.
Huxham and Vangen [31] describe champions as politically savvy, tireless organisers
and promoters of change who are multilingual translators across different organisational
and practice cultures, as well as factions. Similarly, Woolcott et al. [32] describe social
innovation champions as ‘value-adding connectors’, and Molloy et al. [13] employ the
concept of bricolage to show how social innovation champions ’make-do’ with the limited
resources at hand by mixing, recombining and reusing them in new ways to support an
idea. According to Molloy et al. [13], social innovation champions engage in ‘sensemaking’
to persuade others to support their ideas. They also argue that the instability of prevailing
organisational logics orientates champion sensemaking efforts in specific directions. For
example, when opposing institutional logics are strong and stable as they are in construc-
tion [8], champions must direct their efforts externally to exert outside pressure to change
organisations. In construction, this may involve lobbying construction clients to implement
and enforce social procurement policies in projects. Molloy et al. [13] argue that hybrid
solutions are more likely in this context, supporting recent references to the importance of
cross-sector collaboration in implementing social procurement in construction [33]. Most
recently, Troje and Andersson [8] argued that social procurement actors engaged in ‘in-
stitution building work’ at both operational and strategic levels. At the operational level,
this work relies on references to hard facts and figures, doing the right thing, laws and
regulations and the social impact of social procurement. With strategic-level arguments,
work involves leveraging legitimate power to emphasise social procurement’s commercial
and socio-economic benefits. Earlier work by Troje [34] found that in the face of unsym-
pathetic institutional norms, social procurement actors had to rely heavily on rhetorical
strategies (ethos, pathos and logos) and market-based logic underpinned by a commercial,
sales-related discourse, to persuade industry incumbents to implement social procurement.
Building on this research, Troje and Gluch [10] found that social procurement champions
in construction lacked a distinct “domain of practice” and relied on “self-made adjustable
roles” (p. 67), which in turn relied on operational, educational and collaborative work and
an organisational identity based on personal engagement rather than a formally defined
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role. Troje and Gluch [10] described their role as “gardeners and teachers” (p. 66), planting
seeds of change and growing other people into champions of social procurement.

Table 1 summarises the core literature in the field regarding the two research questions.
The contribution of Table 1 is twofold. First, it synthesises the fragmented and limited
research on organisational champions in the research questions. Second, in a more immedi-
ate contribution, it provides a framework to guide our methodological design, which is
described in the following section.

Table 1. Analytical framework: drivers, roles and attributes of social procurement champions.

Research Question Factors
Key
References

1. What motivates people
to become champions of
social procurement in
construction companies?

Altruism.
Opportunities for addressing social problems in a new and more efficient way.
Responsibility to the community.
Making change for the better.
Idealism.

[10,21]

Inspiration from others.
Personal experience of disadvantage and injustice.
Social networks/encouragement from others.

[35]

Personality (determined to bring about change).
Cognition (deep understanding of social problems and causes, as well as potential solutions).
Feasibility (a realistic opportunity to bring about change).
Desirability (need for change to happen and confidence that others support change).
Skills available (confidence can bring about change).
Personal experience/confidence in bringing about change successfully (having seen injustice).
Social networks (social circles for encouragement).
Conducive environment (social, economic, political).

[36]

Creating new positions, roles, influences, organisational freedoms, and power bases aligning with
personal goals, interests, and values. [37]

Career opportunities and rewards. [38]

Spiritual leadership (vision, altruism, compassion, social responsibility). [39]

Relationships between social procurement field actors which motivate and enable the sharing of
information and practices.
Resources that provide finance, support, and the best practice guidance to enable
inter-organisational learning.

[1]

Create change at a systems level.
Moral outrage against injustice.
Opportunity to create community benefit/social value.

[20]

2: What is the nature of
these evolving roles in
construction companies?

Sell and protect ideas.
Provide emotional and material support.
Channel resources to a project.
Enlisting and securing support.
Motivating others to come onboard.
Supply ideas, energy and determination.
Different levels of champions working together.

[12,13,40]

Form supporting intra- and inter-organisational cross-sector collaborations/relationships. [41]

Encourage, promote, and facilitate open discussion.
Protect ideas from threat. [19]

Engage in extracurricular tasks (outside normal job description).
Self-made adjustable roles which rely on operational, education and collaborative work.
Engage in institutional work (to change existing norms and practices and legitimise new social
procurement roles, relationships and authority in existing structures).
Adopt rhetorical strategies to bring about change.

[8,10,11,34,42]

Value-adding connector—adding social value along the interaction chain. [32]

Mesh people, processes technologies, cultures and systems.
Leadership (visionary, political, ethical). [30]

Research—collect and present evidence to back-up arguments/case.
Working outside existing rules and procedures, defined roles and lines of responsibility. [31]

Educate stakeholders. [41]
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Table 1. Cont.

Research Question Factors
Key
References

2: What is the nature of
these evolving roles in
construction companies?

Sensemaking, sense giving and sense breaking.
Connecting actors in new ways.
Influencing others through combinations of rhetorical, evidence-based and rational strategies.
Unlearning (breaking existing logics and institutions).
Bricolage (making do, combining existing resources and redefining roles in new ways).

[13]

Creating new proto-institutions. [8]

Praxis (drive change through developing new practices, trial and error and experimentation,
working in different, careers, fields and business units). [28]

Role changes over phases of the innovation process:
Design for change; develop business case; internalise change; implement change; evaluate change.
Knowledge stage; persuasion stage; decision-making; implementation; confirmation.

[43,44]

Create and leverage new cross-sector partnerships between private, public and third sector
organisations. [33]

3. Methodology

Ontologically, given the collaborative, multi-field and relational underpinnings of
organisational champion motivations and roles, this research was guided by a social
constructivist lens and an interpretivist epistemology. Informed by reflective practitioner
theory and the Aristotelian concept of praxis [23], it employed qualitative data collection
and analyses to produce in-depth accounts of the day-to-day emerging roles, practices and
experiences of social procurement champions working in the construction industry.

3.1. Data Collection

Data were collected using semi-structured interviews with social procurement champi-
ons from major contracting firms in the Australian construction industry. Semi-structured
interviews allowed the research team to make sense of social procurement champions’ mul-
tidimensional and evolving roles. As Blackstone [45] notes, in such contexts, data validity
can be undermined by using methods such as surveys or highly structured interviews.
This is because the standardised manner in which questions are posed in surveys makes
it difficult for respondents to articulate the uncertainties and evolving experiences and
lessons surrounding them. Furthermore, given the uncertain nature of the roles we were
exploring, semi-structured interviews allowed respondents the freedom to express their
views on their own terms and for researchers to engage in a two-way dialogue, following
unexpected leads not anticipated in the original interview questions [46]. By allowing
the co-production of narratives between interviewer and participants, semi-structured
interviews provided the research team with deeply reflective stories about our champions’
experiences in advocating for social procurement in their organisations.

Semi-structured interviews were also well-suited to the lack of clarity in many con-
struction organisations regarding what social procurement is and who is responsible for
it [11,46]. Using a survey approach to identify champions in this environment is also
unreliable and problematic due to the high risk of a survey being sent to the wrong per-
son or misunderstood [47]. Furthermore, since there are relatively few recognised social
procurement champions in the Australian construction industry, the sample size for a
survey would be too small for reliable statistical analysis. Finally, and crucially, given the
potential for social desirability bias in this area [48], semi-structured interviews allowed the
researchers to probe respondents if they suspected they were saying what they perceived
to be the ‘right thing’.

Our sampling approach was purposeful and involved approaching tier-one contract-
ing and consulting organisations in the Australian construction industry to nominate a
champion of social procurement in their organisation. Tier-one firms are organisations
that work on the largest construction projects (typically valued at over AUD 500 million)
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and were chosen because social procurement is currently restricted to major public sector
projects in Australia, which these firms tend to work on [33].

Following Molloy et al. [13], our sampling criteria were based on a literature-based
description of a champion (as defined above) to help organisations nominate appropriate
respondents irrespective of hierarchical level. Before any interview, each respondent was
also asked to confirm their role as a champion of social procurement in their organisation.
Additionally, following Molloy et al. [13], potential attributional bias was minimised by
using neutral terminology (e.g., non-heroic) and ensuring the anonymity of all respondents
in the analysis and research reporting process. Snowball sampling was employed to access
an undefined and emerging community of social procurement practitioners by asking
respondents to nominate who they considered champions in other qualifying tier-one
organisations.

Interviews were conducted remotely over a two-month period (March–May 2020)
using Zoom due to the face-to-face restrictions imposed by the COVID-19 pandemic. The
semi-structured interview questions were deliberately open-ended to enable the respon-
dents to describe their roles on their own terms without any preconceived answers from
the researchers [49]. Interview questions included:

1. What is driving SP outside and within the business?
2. What is your main motivation in doing this job?
3. Can you describe your job in terms of SP and what you actually do?
4. How important are relationships to your job, and how much time do you spend

nurturing and building them?
5. Is your SP role formally established and recognised within the business; where does

it sit in the organisational structure and how has it evolved over time?
6. How do you persuade people to get onboard? What methods do you use to build

support for SP in the business?
7. Who are the most important people to get onboard; why and how do you do that?
8. How do you build a community of support within the organisation and across

organisations?

Employing the concept of ‘theoretical saturation’ [49], we continued interviewing
respondents until the data collection process no longer offered any new or relevant insights
in relation to the research questions and core analytical categories in Table 1. This rolling
approach meant that data analysis and data collection had to occur in parallel. This
process resulted in a total of fifteen interviews with champions from ten different tier-one
contracting and consulting companies (Table 2), which typically lasted between one and
two hours. To minimise researcher bias and maximise reflexivity [50], these interviews were
conducted by two researchers (an ‘insider’ with experience of the construction industry
and an ‘outsider’ without any experience of construction but an expert in social policy and
public management). After each interview, the researchers met to debrief and compare
notes around their interpretation of how respondents answered each question. These
analytical memos became an important part of the data, and were analysed following the
process described below.

3.2. Analysis

All interviews were audio recorded, transcribed verbatim and analysed using thematic
analysis in five stages following the protocols of Guest et al. [51] and Gioia et al. [52].

Our research questions were our analytic starting point, and the first step involved
researchers repeatedly reading the interview transcripts to obtain a high level of familiarity
with the data. Second, researchers conducted open (inductive) and directed (deductive)
interviews, coding, organising, and generating an initial list of items/codes (first-order
coding) from the dataset that had a reoccurring pattern. The analytical framework in Table 1
was used for deductive coding. Third, researchers searched for recurring patterns, linkages,
categories, and subcategories within the first-order codes relating to each research question.
Fourth, researchers examined how codes combined to form over-reaching themes relating
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to the research questions. In the fifth and final stage, emergent themes were further refined
by continued searches for data that supported or refuted the initial themes, allowing for
further expansion and connections between overlapping themes. This process continued
in parallel with data collection until theoretical saturation occurred and no further themes
emerged. Any instances of disagreement were resolved through discussion, a process
which continued until 100% inter-rater agreement was achieved, providing a high level of
‘fit’ with the data and a confidence in the theoretical validity of the emergent themes.

This process was applied to all the interview transcripts and tabulated in Table 3,
which shows some selected examples of interview quotations relating to each research
question for illustrative purposes.

Table 2. Sample structure.

Respondent Position Gender Organization Description

R1 Social Procurement Manager Female Major international construction and infrastructure
contractor. Revenue: AUD 4.2 billion

R2 Social Inclusion Manager Male Major international construction and infrastructure
contractor. Revenue: AUD 4.2 billion

R3 General Manager Female
Major international building construction, infrastructure,
investment and development company. Revenue USD
5.19 billion

R4 Head of Sustainability Male
Major international building construction, infrastructure,
investment and development company. Revenue USD
5.19 billion

R5 Technical Director Social Outcomes Female
Major project management, engineering and consulting
services firm operating in 150 countries. Revenue AUD
2.72 billion

R6 Social Programme Manager Female An international construction contractor which specialises
in commercial high-rise buildings. AUD 3.78 billion

R7 Employee Relations Manager Male
An international construction contractor which specialises
in commercial high-rise buildings. Revenue AUD 3.78
billion

R8 Director, Communication and
Stakeholder Engagement Female

An engineering, management, design, planning, project
management, consulting and advisory company Revenue
AUD 1.06 billion

R9 Senior Project Manager Male Project management consultancy, project manages major
projects, 22 employees operate across Australia

R10 Stakeholder Engagement Manager
and Training Project Officer Female Multinational and publically listed construction, property

and infrastructure company. Revenue AUD 11.1 billion

R11 Social Diversity Supply Chain
Manager Male Multinational and publically listed construction, property

and infrastructure company. Revenue AUD 11.1 billion

R12 People and Engagement Director Male International construction, tunnelling, rail, building and
services provider Revenue: AUD 4.2 billion

R13 Workforce Development and
Industry Participation Manager Female

An international construction contractor which specialises
in commercial high-rise buildings. Revenue AUD 3.78
billion

R14 Development and Services Manager Female
Construction contractor specialising in Metro, Freight and
Heavy Haul and Light Rail infrastructure. Revenue AUD
55.1 million

R15 Managing Director Male Major subcontractor specialising in electrical contracting
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Table 3. Coding and thematic analysis process (examples).

Evidence Codes Analytic Categories Emergent Themes

RQ1: What motivates people to become champions of social procurement?

The demand is just simply going
to outstrip the supply. So we’ve
spent the last couple of years
trying to– . . . we’ll teach you
how to do it, we’ll teach you how
to be cost comparative and how to
actually stand on your own two
feet’. (R14)
It’s sometimes just the basic
ability to facilitate linkages into
socially primed or mission based
businesses or community
organizations in a way that’s
respectful and mutually
beneficial. (R5)

Supply outstripping demand
Teaching and supporting
suppliers
Ability to facilitate linkages
Mutually beneficial
Respectful

Third-sector capacity building
[43]
Social capital (bonding capital,
bridging capital, linking
capital) [53]

Third-sector capacity building

RQ2: What is the nature of these evolving roles in the construction industry?
Is it the language we are using, is
it the culturally appropriate
practice that is informing our
processes. (R5)
The language of a project director,
of a site engineer, of a cost
planner, how they price services
and products. (R11)

Language
Culture
Profession
Supportive
Appropriate

Field of collaborative practices
and the enabling role of micro
process such as language [54]

Developing culturally
appropriate workforces,
narratives, languages and
practices

Following good qualitative research practice, and to minimise any researcher bias,
the above process was undertaken by a team of researchers from social sciences, public
administration, and construction backgrounds to provide different perspectives on the
data. This insider/outsider approach is widely used in psychology and social sciences
research to provide different perspectives on data [50]. Comparing and cross-checking
codes, categories, and themes between the research team further helped our positionality
and reflexivity and minimised any potential disciplinary bias in our results.

Following Hennink [55], results are presented below in simultaneous analysis and
interpretation to facilitate deeper reflection on the research findings and help manage
researcher positionality to minimise potential subjectivity in the interpretation of results.
In line with the traditions of thematic research, the results are supported by selected
quotes that, through the coding process, were related to the emergent themes under each
research question. Given the limits of the literature on innovation champions, especially in
a construction social procurement context, the results below draw on ‘laterally relevant’
literature from other relevant fields to develop the discussion introducing new avenues of
multidisciplinary research and theory, which can be used to enrich the nascent, empirical
and theoretical foundations of social procurement in the field of construction.

4. Results and Discussion

4.1. Research Question One: What Motivates People to Become Champions of Social Procurement
in Construction Companies?

When asked about their main motivation in championing social procurement within
their organisations, our data yielded four main themes which could be broadly clustered
under the following headings: opportunity to make a difference; opportunity to leverage
the power of business to make change; supporting third sector capacity building in the
sector, and political motives. Each of these categories is explored below.
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4.1.1. Opportunity to Make a Difference

In responding to this question, all respondents articulated a strong desire to ‘make a
difference’ to the community and change negative stereotypes regarding the disadvantaged
people that social procurement policies were designed to help. This finding supports Lewis
and Cassell’s [21] references to altruism in Table 1 and provides further empirical evidence
to support the benevolent attributes and ‘idealist norms’ that Loosemore and Higgon [20]
and Troje and Gluch [34] attribute to social procurement actors that they interviewed in the
construction industry:

I don’t think the fame and the fortune are necessarily going to come. But I do think being
able to play some role in making a difference to the lives of a lot of people who find it a
little bit hard that’s probably the most important thing (R7)

I am fortunate enough to now be in a position that I can challenge people’s preconceived
ideas of what somebody who needs a handout looks like. It’s a personal thing (R14).

Adding to Table 1 and reflecting insights from wider cognitive career theory that
highlights the importance of ‘calling’ and ‘self-efficacy’ in career choice decisions [29], our
findings indicated that this sense of altruism was often based on personal exposure to
disadvantages and involvement in social activism in their previous lives [17].

I come from a bit of a working-class background and have been exposed to a few things
growing up that sort of motivates me personally. (R2)

I’ve always had a strong appetite and active participation in social justice issues. (R5)

4.1.2. Opportunity to Leverage the Power of Business to Cause Change

The findings also contribute new insights into career pathways into social procure-
ment. The data showed that respondents achieved their roles through a diverse range of
pathways that were mostly not associated with construction. These backgrounds included
involvement in social enterprises, not-for-profits, government, charities, social purpose
intermediaries or unions. Reflecting the references in Table 1, which refer to opportunities
to bring about change and develop new career opportunities by leveraging their unique
relationships to offer new solutions [1,36], most respondents recounted their frustrations of
lacking the influence and resources to affect systemic change in their previous professional
lives. All were attracted to social procurement by the opportunity to leverage the power of
business to solve social problems in new and innovative ways:

Mission-based businesses were still not at the main table, here there’s the right resourcing,
there’s the right opportunity for market share. (R5)

Improving the system. I mean part and parcel of that delivery is actually coming up with
a better way to do things (R7)

Notably, in contrast to Loosemore and Higgon [20], as shown in Table 1, only one
respondent aspired to create change at a wider systems level, based on an in-depth analysis
of the systemic causes of social problems such as unemployment. Therefore, while some
champions recognised that the industry needed to change, most champions were quite
conservative in their ambitions and were mostly limited to bringing about change at an
organisational level.

However, adding to Table 1, our findings also support Troje and Gluch’s [10] and
Allen’s [56] insights into the ‘pragmatic problem-solving’ aspects of social procurement
roles. While respondents all aspired to see social procurement given the same legitimacy
as other key project roles, they were also realistic about the challenges they faced in
normalising their practices. Interestingly, many considered that their non-construction
backgrounds compromised their ability to bring about change because they were often
seen as an ‘outsider’ to the industry. Highlighting the importance of ‘social identity’ to the
acting-out of social procurement roles, these findings support Phua’s [57] proposition that
individuals define their self-concepts through the organisations with which they identify,
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and that these identity-based forces are the basis for the development of co-operative
behaviour.

Respondents expressed various frustrations in ‘normalising social procurement’ espe-
cially at a project level. These included: the relative lack of priority given to social issues in
construction [58]; the need to resolve competing institutional logics and goals [8,59]; and
the difficulties in measuring and reporting the impact of their work in a relevant way [46].
Reflecting Grob and Benn’s [60] early institutional analysis of how sustainability became
imbedded into other industries, all respondents noted the importance of external regulatory
and contractual requirements as a coercive force to normalise social procurement in their
organisations and supply chains. Therefore, this history may offer relevant insights into
how social procurement could be normalised in the construction industry:

It’s hard for people to think about social value when they have to deliver projects under
incredibly demanding time and cost constraints social value is just another distraction.
(R7)

The findings also added an interesting, gendered dimension to Kruse et al’s [36]
notion of conducive environments for social change in Table 1. Several female respondents
agreed that gender equality advances the industry and offers new opportunities to make a
difference through these new social procurement roles:

I took a step out of construction because I just got really disillusioned about the industry,
that it was just rough, it was brutal, and lots of men and just the same. I saw that there
was some change happening in this space. (R2)

4.1.3. Supporting Third-Sector Capacity Buildings in the Third Sector

Adding to the literature in Table 1, many respondents were motivated by the prospect
of supporting third-sector capacity buildings in this area. Reflecting the immaturity of
the third construction sector [43], most respondents raised concerns about the inability
of social enterprises and indigenous businesses (the primary focus of social procurement
in Australia) to grasp the opportunities afforded by these new policies. Once again,
raising the insider/outsider argument respondents described the misunderstanding of
these organisations in the industry and the negative perceptions of their ability to compete
for work against industry incumbents. Given the centrality of these organisations to social
procurement goals [46], these findings raise critical questions for researchers, policy makers
and practitioners regarding how the industry best supports third-sector capacity building
to ensure the sustainability of social procurement requirements:

The demand is just simply going to outstrip the supply. So we’ve spent the last couple
of years trying to build capacity in social enterprises and Indigenous businesses. We’ll
teach you how to do it, we’ll teach you how to be cost comparative and how to actually
stand on your own two feet. (R14)

The findings also indicate that social procurement champions retain strong relational
ties and loyalties in their previous professional lives. Although this is referenced in
Table 1 [1], it was also found that their ability to coordinate these background relationships
strategically shaped the approach each respondent took to implementing social procure-
ment in their organisations. The link between a respondent’s professional background,
their coordinating potential and the approach they take to social procurement provide
new insights into the drivers of social innovation in this area. This also adds new insights
to the nature of cross-sector collaboration [54,61] which underpins social procurement in
construction by suggesting that this is likely to be driven from a particular perspective
linked to a champion’s professional background. In particular, drawing on the recent
work of Kyne and Aldrich [53], the roles of bonding capital (the relationships a person
has with friends); bridging capital (the ability to connect people); and linking capital (the
relationship between a person and formal leaders) appear to be especially important. Our
findings, therefore, indicate that, if social procurement continues to become an increasing
source of competitive advantage in construction, as Raiden et al. [46] predict, the choice of
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social procurement champion will be critical in a firms’ differentiation strategy and should
be considered very carefully:

It’s sometimes just the basic ability to facilitate linkages into socially primed or mission
based businesses or community organizations in a way that’s respectful and mutually
beneficial. (R5)

In its simplest sense, social procurement is a form of organizing. (R7)

4.1.4. Political Motives

Prior research has highlighted the political underpinnings of social procurement [2]
and questioned its political neutrality [62]. However, adding to the literature in Table 1, only
one respondent identified their politics as a motive for implementing social procurement.
Instead, reflecting Troje and Gluch’s [10] references to pragmatism in social procurement
roles, social procurement was generally portrayed as a politically sterile, uncritical, and
instrumental mechanism to bring about social change:

I was going to say my motivation is not political, but it is political, I suppose. Yeah if you
come to the nub of it my motivation really is quite political, part of my motivation is to
respond to the fragmentation that I know is being created deliberately. (R7)

Indeed, the politicisation of social procurement was portrayed by most respondents
as risky and potentially counterproductive to their goals. This reflects De Pieri and Teas-
dale’s [62] recent findings regarding people’s tendency to ignore the underlying political
motives, which inevitably underpin social policy innovations such as social procurement. It
also perhaps partially explains the lack of wider ambition to bring about wider systematic
change outside the confines of their organisations. As Loosemore and Phua [63] note,
the construction industry’s relationship with corporate social responsibility is complex,
multidimensional and characterised by conflicting institutional logics. To those at project
level, the politics of social procurement are largely irrelevant in delivering a project within
tight budget and time constraints:

The minute we’re seen as the expert or the lefty or the social justice person we don’t have
clout in the business anymore (R5).

4.2. Research Question Two: What Is the Nature of These Evolving Roles in Construction
Companies?

When asked to describe their job in terms of social procurement, our data yielded
eight main themes, which can be broadly clustered under the following headings: inspir-
ing people; cross-functional working and linking to communities; developing culturally
appropriate workforces, narratives, languages, and practices; challenging institutions and
existing incumbent relationships; changing perceptions of value; managing risk; learning,
educating, experimenting and innovating; and building trusting relationships. Each of
these is explored below.

4.2.1. Inspiring People

Reflecting Schon’s [14] portrayal of champions as heroic, inspirational and transfor-
mational leaders, most respondents agreed that, in the absence of clearly defined roles,
organisational legitimacy and formal power, as well as in the face of significant institutional
resistance, there was a large motivational and inspirational element to their job. Adding to
Table 1 and Troje’s [34] references to ‘emotional work’ (pathos-based strategies), respon-
dents relied heavily on their personal commitment, determination and passion for change,
as well as the power of stories to emotionally engage others in the need for change. How-
ever, reflecting the enterprise culture of construction [64] Troje and Gluch’s [11] references
to pragmatism, respondents universally agreed that this must be coupled with concrete
examples and a practical demonstration of what was achievable in practice:

It’s about inspiring people a lot of inspirational thought leadership, giving some really
fun examples. (R5)
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We engaged the hearts of these crusty hardnosed commercially driven supervisors and
engineers, that whilst they might not be getting the cheapest subcontract out of a social
enterprise they were transforming lives. (R2)

4.2.2. Cross-Functional Working and Linking to Communities

Adding to Woolcott et al.’s [32] notion of value-adding connectors, respondents
also articulated the importance of working across organisational boundaries within their
organisations at operational, tactical, and strategic levels. Project management, human
resources, corporate social responsibility, sustainability, procurement and bidding were
generally identified as key internal stakeholders in promoting social procurement. The
results indicate that social procurement is not just about external inter-organisational
cross-sector collaboration [1,33] but also requires internal intra-organisational collaboration.
As Murphy and Eddie [6] noted, social procurement is challenging because it creates
new connections between organisational functions in construction organisations that are
traditionally disconnected:

I worked with our HR and our diversity inclusion team to come up with some innovative
responses that could meet the government requirements (R8).

How you can get sometimes quick tactical wins, but also how do you embed strategic
planning into supply chain for long term enduring outcomes with community, it’s
informing our bids or proposals. (R5)

4.2.3. Developing Culturally Appropriate Workforces, Narratives, Languages and Practices
Research in the field of collaborative practice highlights the important enabling role of

language in allowing collaboration to occur and be sustained [42]. Reflecting this, several
respondents noted that their roles also involved developing appropriate “narratives” and
“culturally appropriate practices”, which could connect them to the various stakeholders
that they worked with. Once again, findings indicated that organisational story-telling
played an especially powerful role in developing these narratives:

So if you can create a narrative where you are slowly but surely educating those people
around you and providing opportunities for them to actually engage in that narrative,
you’re creating other champions (R5).

Sharing stories is critical (R2)

4.2.4. Challenging Institutions and Existing Incumbent Relationships

Reflecting upon Table 1, and particularly the work of Troje [42], respondents described
a very traditional industry with strong institutional norms, practices, and notions of value
that needed to be challenged. Adding a new industrial relations dimension to this research,
surprisingly, construction unions were widely described as a major institutional barrier
to implementation. Although we did not interview unions to explore this finding further,
respondents argued that unions opposed these policies because the people targeted were
typically non-union members and employed on contracts outside of union-negotiated
enterprise agreements. Our findings therefore are not in alignment with research which
argues that unions help ‘all’ workers [65] and raise questions for union leaders about their
apparent representation of marginalised and disadvantaged groups in society:

It’s a high risk environment, they don’t want to do anything that’s going to potentially
pose risks, particularly with unions. (R2)

4.2.5. Changing Perceptions of Value

Adding to emerging debates regarding the need to widen traditional concepts of ‘value’
in construction [66] and institutional logics and norms in construction [8,59], respondents
widely articulated the need to challenge deeply rooted norms around concepts of value and
to widen narrow, professionally bounded perceptions of the construction industry’s raison
d’être. For the respondents, bringing about change involved moving other organisational
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actors beyond the measurable economic benefits of social procurement to understanding
and participating in improving the lives of others through their decision-making agency
and personal experience of contributing to the change:

Engineers and builders see construction as a technical exercise and rarely if ever ask what
buildings are for social procurement is about recognising that buildings are ultimately
tools for social change. This is huge change in thinking for procurement professionals
who generally are taught to think in one dimension and seek the lowest price. (R3)

Processes around redefining what value is they won’t compromise you also need to be
realistic around what that cost is, be articulate in telling someone like [company name]
this is the cost and this is why it costs, and the outcomes. (R11)

4.2.6. Managing Risk

Risk management was a recurring theme in the data, although it is largely missing
from the extant literature in Table 1. This supports Loosemore et al’s [33] research, which
shows that social procurement is perceived to be a significant risk to budgets, programs,
quality and safety in the construction industry. The risk of delivering social procurement
targets was routinely transferred down the contractual chain to subcontractors, raising new
questions about their willingness and capacity to deliver. As Loosemore et al. [33] note, it
is also where the most significant resistance to change exists:

In my head it’s all around risk mitigation. So if I have an engineer saying we don’t need
to procure from Aboriginal businesses or we don’t need that person onsite, I’m already
thinking about what are their perceived risks, and how can I sell it to them in a way that
I’m already solving their problem so that’s giving them an opportunity. (R14)

Cost, cost is super important, there needs to be acceptance, endorsement, and a level of
confidence and comfort that the team that they’re going to be introducing on this project
is going to execute it and design and deliver. (R4)

4.2.7. Learning, Educating, Experimenting and Innovating

All respondents highlighted a significant cognitive and educational component to
their roles (in both their organisations and supply chains). This reflects Molloy et al.’s [13]
references to ‘sensemaking’ and Troje and Gluch’s [10] references to ‘educational work’
(Table 1). However, adding to this, respondents concurred that any education needed to
be experiential rather than abstract. In line with Kolb’s [67] experiential learning model,
which shows that this requires both ‘concrete experience’ and ‘abstract conceptualization’,
respondents noted the critical role of demonstration projects to illustrate the practical
feasibility and value of implementing social procurement in their organisations:

It’s about education, it’s about us–without wanting to sound arrogant, it’s about us
educating our subcontractors as to the potential. (R7)

It’s about constantly educating those around you and providing opportunity for those
around you to learn and experience. Because I think this is very experiential if never
actually experienced it it’s very hard to understand or walk in somebody else’s shoes. (R6)

4.2.8. Building Trust and Relationships

Relationship and trust building for mutual gain were universally described as critical
to social procurement implementation and the importance of Woolcott et al’s [32] concept
of ‘value-adding connectors’ referenced in Table 1 was evident in our results:

To make sure that we have infrastructure and the connections that enable us to–I suppose
ultimately to outperform. I mean if you spend a lot of time joining the dots, you start to
understand just what benefits can be derived by putting people in touch with each other.
(R7)

While the use of demonstration projects was central to building trust through credibil-
ity in delivering on project targets, respondents described the challenges of building trust
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in a project-based context where both internal and external stakeholders are constantly
changing. This required large amounts of time to be invested in building and then re-
building relationships, often outside formal work hours. Interestingly, while this raises new
questions about the work–life balance of social procurement champions, most saw their
roles as a cause rather than a job and considered it a worthwhile investment in developing
this new field of practice:

You take time, you take a lot of time, you can’t build a relationship in a minute, it does take
time, and it gets back to all of those things about being genuine, about your transparency,
about those levels of trust. (R6)

I mean my phone’s always on, I never turn my phone off and there are drawbacks to that
I know. (R7).

5. Conclusions

This research was set within the emerging context of social procurement in construc-
tion. In addressing the general lack of theory and empirical research in this area, the
aim was to contribute to the nascent research on the organisational professional who are
shaping this new field of practice. Specifically, by mobilising the long tradition of research
into organisational champions in the broader field of organisation studies, the motives
driving these professionals and the nature of their evolving roles were explored. Mobilizing
the theoretical perspectives offered by organisational champion research in Table 1 has
helped to contribute numerous new conceptual and practical insights into the function
of social procurement champions in the Australian construction industry for researchers,
policy makers and practitioners working in this emerging field.

Concerning research question one, our findings indicate that the champions on which
the success of social procurement depends come from a wide range of professional back-
grounds and bring a variety of new social capital to the construction industry which can
enhance the social value it creates. Strategically, as companies innovate to gain a com-
petitive advantage in this increasingly important area of construction performance, these
relationships are critical in differentiating an organisation’s approach to social procurement.
It is found that these people are linked by a shared sense of altruism often rooted in per-
sonal exposure to disadvantages and social activism. Typically frustrated by their previous
experiences of working in the third-sector to bring about meaningful social change, these
champions put aside political judgements and ideologies and see the potential power of
leveraging construction procurement to make a difference to the communities in which the
industry builds. This is not easy and they achieve this by challenging institutional norms,
practices and supply chains relationships, and traditional discourses around value and
competitiveness in an increasingly socially conscious business environment.

For research question two, the results highlight a significant inspirational, emotive
and educational element to these new roles. However, in the long-term, the results indicate
that sustainable changes in industry norms and practices will depend on evidence-based
demonstrations of what is possible at a project level within the constraints of other project
objectives. This involves de-risking social procurement and changing deeply protected and
entrenched procurement and recruitment practices, supply chain relationships and biases
and stereotypes about the ‘ideal’ type of person and supplier working in the construction
industry. This requires a strong focus on experiential learning, educating, experimenting,
innovating and developing new cross-disciplinary narratives (and language) around the
importance of social value. The findings show that this requires enormous investments of
time and energy, often outside formal day-to-day roles. It also depends on the development
of new relational and collaborative capital, knowledge and competencies to build the
trusting inter-organisational and intra-organisational relationships, on which the successful
implementation of social procurement depends.

The implications for practice point to the importance of providing champions with the
freedom and flexibility to build their evolving social procurement roles. It also highlights
the need for organisations to support their social procurement champions in challeng-

281



Buildings 2021, 11, 641

ing deeply embedded institutional norms and practices, which currently portray social
procurement as a threat to effective project delivery. Education and training are key to
changing these norms and practices, as is the use of demonstration projects to illustrate
the impact that these policies can have. It is clear that incremental, rather than radical,
innovation is most likely to succeed, and that organisations must support their champions
by adequately resourcing and legitimizing their roles with a clear identity and position
within an organisational structure. Developing methodologies to measure social impact to
provide an evidential basis for change is also crucial.

While these results provide important, new, conceptual and practical insights to inform
social procurement research, as well as practice and policy in construction, the limitation
of the findings reported is the Australian-centric, exploratory and qualitative nature of
the research. Although the sample size is well within the norms of qualitative research
and was determined by the concepts of theoretical saturation in analysis, more research
is needed to cross-validate our results. In particular, given that the sample was mainly
focused on head-office-type roles and external consultants, more research is needed into
how social procurement champions operate at a project level and in client organisations
(public and private). This is important because the literature indicates that a variety of
types of champions are needed to implement innovations into organisations. It is important
to understand the different types of champions that are needed to implement these poli-
cies. Further research is also required in different international social procurement policy
contexts. As noted above, social procurement policies are emerging in many countries and
will inevitably differ in the scope, focus and degree to which they mandate social value out-
puts. The extent to which this influences the practices of social procurement champions in
advancing this field of practice needs to be explored. Other important avenues of research
which emerge from these findings include: the role of gender in influencing change in such
a highly masculinised industry; the emotional dimensions of social procurement roles; and
the role of social capital, linking capital and relational capital in facilitating cross-sector
collaboration. The findings also highlight the potential value of theories of social capital,
social networks, new institutionalism and cross-sector collaboration as new conceptual
lenses to understand these issues. In particular, the use of social network analysis offers
the potential for new quantitative insights into the types of social structures and social
capital (bonding, bridging, linking), which best facilitate the inter and intra-organisational
collaborations which appear to be so central to champion roles.
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Abstract: Accessibility to buildings’ envelope depends on efficient inspection and other maintenance
actions of their components. When access to these components is not planned, special means of access
are required to carry out the maintenance work. Means of access, besides having a fundamental role
on the quality of maintenance works of building envelope components, also represents a considerable
part of the maintenance costs. Thus, to optimize costs and resources in maintenance plans, assessment
of the impact of the means of access on maintenance costs is crucial. For works in height, there are
several alternative means of access. The choice of the most adequate solution is strongly linked to
the characteristics (e.g., architecture, height) and constraints (e.g., users, surrounding space) of each
building, the maintenance needs of the envelope, and the time and funds available for the intervention.
Therefore, in this study, a sensitivity analysis to understand how the cost of means of access can
influence the maintenance costs is carried out. Moreover, the optimisation of maintenance activities in
façade claddings is also analysed. This study intends to assess whether it is advantageous to consider
permanent means of access during the design phase or opt for temporary means of access. In a first
stage, the impact of six temporary means of access (supported and suspended scaffolds; articulated
booms; telescopic booms; scissor lifts; and rope access) on the maintenance plans developed for
the six types of claddings (ceramic tiling systems—CTS, natural stone claddings—NSC, rendered
façades—RF, painted surfaces—PS, external thermal insulation composite systems—ETICS, and
architectural concrete façades—ACF) is examined. The impact is estimated through a stochastic
maintenance model based on Petri nets. After that, a sensitivity analysis and a multi-criteria decision
analysis are performed. Based on the results, general recommendations are presented concerning
the maintenance strategies to adopt in the cladding solutions analysed. The results reveal that
planning the means of access during the design stage can be economically beneficial for all buildings’
envelope components.

Keywords: degradation; maintenance; façade claddings; means of access

1. Introduction

In the building management field, an adequate degradation condition can be easily
achieved but maintaining this degradation condition over time is another matter. Regular
inspections and maintenance interventions are fundamental to preserve the degradation
state of the building components, whatever their size, complexity, or function [1]. Ac-
cessibility is one of the main barriers to maintenance. While there are building envelope
components that are easily accessible (e.g., windows frames or even roofs), external façades
usually require special means of access to carry out the maintenance works [2]. Further-
more, these are not commonly designed to provide safe access to maintenance workers. In
the construction sector, works in height are probably the activities that more frequently
require special means of access [3].

Buildings 2021, 11, 601. https://doi.org/10.3390/buildings11120601 https://www.mdpi.com/journal/buildings286
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In buildings, accessibility to all components, for maintenance activities, should be a
concern of stakeholders at the design phase [4]. For example, the external façades of build-
ings should be designed by considering safe and easy access of the maintenance staff. The
shape of the surface and number of features influence how the façade can be accessed [1].
Not planning assets with adequate means of access (permanent and/or temporary) is
usually translated into higher maintenance costs, since temporary means of access need
to be used to overcome this limitation and are not usually predicted in maintenance costs’
planning [5]. In the literature, there are no research studies that quantify the economic
impact of temporary means of access during the service life of building components. More-
over, globally, the number of studies in the literature that deal with maintenance costs [6],
the cost of the different types of inspections/maintenance of buildings [7], or the difference
between what is planned and what is spent [8] is quite low. Concerning accessibility, the
studies only suggest that this impact is real and significant to put into practice maintenance
strategies during the life cycle. For example, according to the Construction Industry Insti-
tute (CII), temporary facilities for access are one of the main categories that influence the
indirect construction costs [9]. El-Haram and Horner [10], in a study about the factors that
affect maintenance costs, refer that, to reduce the maintenance costs, the number and/or
the duration of the maintenance activities must be reduced. The authors also assert that
the duration of the maintenance activities can be reduced by increasing the accessibility
and planning maintenance resources. Moreover, Ferreira et al. [11] suggest that the fixed
costs, namely the means of access, have a considerable influence on maintenance costs
and, consequently, on the choice of maintenance strategies. In terms of safety, from a study
about the implementation of design solutions to improve safety on the construction site
during the construction stage in roofs, it is understood that permanent solutions are more
expensive than temporary solutions [12]. However, in this study, the exploration stage is
not considered. Still, from the findings of Rajendran and Gambatese [12], it is assumed
that, when maintenance is really implemented in buildings during the life cycle, there are
advantages in choosing the permanent solutions. The high initial costs of these solutions
can be amortized over the years because there are no expenses with the non-predicted
temporary means of access.

Methodology

In this study, a sensitivity analysis to understand how the cost of the means of access
can influence the maintenance costs is carried out. The optimisation of maintenance
activities in façade claddings is also analysed. This research intends to assess whether it is
advantageous to consider permanent means of access during the design phase or to opt for
predicted temporary means of access. To do that, in a first step, a stochastic maintenance
model based on Petri nets is used to assess the impact of different temporary means of
access in the maintenance plans developed for different types of claddings is examined.
Six temporary means of access (supported and suspended scaffolds, articulated booms,
telescopic booms, scissor lifts, and rope access) and six façade claddings (ceramic tiling
systems—CTS, natural stone claddings—NSC, rendered façades—RF, painted surfaces—
PS, external thermal insulation composite systems—ETICS, and architectural concrete
façades—ACF) are analysed. These equipment types are chosen because they are the most
common in Portugal. In a second phase, a sensitivity analysis is performed to analyse
how the different façade claddings’ maintenance strategy costs are influenced by the cost
of the means of access, and a multi-criteria decision analysis is carried out to analyse
the more beneficial alternatives. Furthermore, based on the results obtained in the multi-
criteria analysis, general recommendations are presented for the maintenance strategies. In
this study, only the cumulative average costs of maintenance plans are considered. As a
simplification, it is assumed that both the impact of the different maintenance activities on
the degradation state and the time intervals between inspections are not influenced by the
means of access selected.
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2. Means of Access

Means of access are assemblies/structures or equipment used to provide support to
people and material during the construction and/or maintenance of the building elements,
at heights above the ground, allowing activities to be carried out under safe conditions [13].
According to its nature, the means of access are classified in two types [14]: permanent
and temporary. Although permanent access systems can be implemented during the
operational stage of the buildings, these systems are usually planned during the design
stage and implemented at the construction stage [14]. Since the main purpose of these
systems is aiding the periodic maintenance of building, they should be designed to facilitate
access of the maintenance personnel to the building envelope, as well as to cover the
largest possible area of the façade without causing damage to it, when the system is
being used [15]. These systems are generally applied in buildings where maintenance
requirements are high (for example, glass façade). There are several solutions for permanent
access systems [14], depending on the buildings’ characteristics (architecture, height, among
others) and constraints of each building (users, surrounding space, among others), the
maintenance needs of the façade, and the time and funds available for the intervention [16].

On the other hand, temporary access systems are only installed before inspections or
maintenance interventions take place and are removed after completion of the actions. This
type of access system is used in two situations: when buildings do not have permanent
means of access or when have permanent means of access, but these means are not able
to cover all the singular points that need maintenance. As for permanent access systems,
there are a variety of solutions for temporary access systems and its choice must take
into account the characteristics and constraints of each building [16]. Among them are
supported and suspended scaffolds, aerial work platforms (articulated booms, telescopic
booms, and scissors lifts), and rope access (Figure 1). The temporary access systems
represented in Figure 1 illustrate the means of access most often used in maintenance
activities in current buildings.

2.1. Supported Scaffolds

Supported scaffolds are considered the means of access most used in building main-
tenance [5], as seen in Figure 1a. Scaffolding consists of a set of horizontal platforms,
at different levels, linked by ladders and shoring props. In terms of disadvantages, to
guarantee the safety, the temporary structure needs anchorage points. If the façade does
not contemplate these points, the surface can be damaged. In addition, supported scaffolds
require space and suitable ground to be installed [5]. Finally, the assembly and disassembly
have a considered impact on the labour cost and construction schedule [9].

2.2. Suspended Scaffolds

Suspended scaffolds, as seen in Figure 1b, consist of a platform, rigging to suspend the
platform, a hoist to move it up and down, and an anchor for the suspension ropes [17,18].
This equipment is provisionally suspended from the roof, and it is normally used in
maintenance operations in high-rise buildings [18]. The choice of this equipment must
consider the weather conditions (namely the action of the wind) and the characteristics of
the roof. By comparison with the supported scaffolds, the assembly and disassembly times
are shorter, it has a good carrying capacity for people and materials, and it allows access to
façades with restrictions at the soil level [19], but it has limitations in complex features and
protrusions from the façade [2].
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(a) (b) (c) 

   
(d) (e) (f) 

Figure 1. Illustrative examples of the different temporary means of access: (a) supported scaffolds; (b) suspended scaffolds;
(c) rope access; (d) articulated booms; (e) telescopic booms; (f) scissor lifts.

2.3. Rope Access

Compared to other means of access [5,20], rope access (Figure 1c) provides easy
access to all areas of the façade, ensures quick installation, and requires little equipment.
Furthermore, the visual impact on the building is reduced and it does not need to damage
the cladding to work on the façade [20]. On the other hand, the workers need specific
training [20], and it is uncomfortable for long-term works [2,16]. The application of rope
access ensures that the building meets adequate conditions for the installation of anchorage
points. Moreover, good weather conditions should be assured during the intervention on
the façade. The use of this technique can also jeopardize the quality of the maintenance
work, thus this technique is mainly used for light maintenance actions and surveying [5,21].

2.4. Aerial Work Platforms

In terms of aerial work platforms, articulated booms (Figure 1d), telescopic booms
(Figure 1e), and scissor lifts (Figure 1f) are the most common. Aerial work platforms are
motorised vehicles and have reduced installation times. However, the weather conditions
can also influence the performance and safety of this means of access, particularly the
incidence of wind. Moreover, the ground surrounding the façade should have sufficient
strength to support the equipment [14]. The work platform of the articulated and telescopic
booms extends (vertical and horizontal) beyond the wheelbase of the supporting structure
while scissor lifts are elevating platforms (only with vertical movement) [22]. These means
of access are normally used in occasional and short-term maintenance operations in low-to-
medium-height buildings. The reach of these equipment types is reduced when compared
with the other means of access (approximately 20 m to articulated and telescopic booms,
and 10 m to scissor lifts) [17,22].
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3. Materials and Methods

To understand the influence of the means of access on the maintenance costs of
building envelope elements, six temporary access systems are analysed: (i) supported
scaffolds; (ii) suspended scaffolds; (iii) articulated booms; (iv) telescopic booms; (v) scissor
lifts; and (vi) rope access.

3.1. Costs of Means of Access to Maintain the Building Envelope

Table 1 presents the costs of the different means of access analysed. These are average
costs in Portugal, which were obtained through consultation with companies in this area
of expertise from May to July 2020. As a case study, it was assumed that the equipment
would be needed to intervene a 250 m2 façade cladding.

Table 1. Unit cost, at year 0, for the different means of access.

Means of Access
Supported
Scaffolds

Aerial Work Platform Suspended
Scaffolds

Rope Access
Articulated Boom Telescopic Booms Scissor Lifts

Costs (€/m2) 10.20 8.13 11.84 10.58 4.68 2.12

Rope access is the means of access with the lowest cost (2.12 €/m2). This means of
access is suitable for cleaning operations on façades and possibly for more occasional minor
interventions, considering the type of coating to be intervened. For example, this technique
has been used in total replacement of the coating in painted surfaces. After rope access,
suspended scaffolds are the most economical means of access, with an estimated value of
around 4.68 €/m2. Compared to rope access, this equipment has a larger working area
as well as greater load capacity. Regarding aerial work platforms, articulated booms are
the most economical, with an average cost of 8.13 €/m2, which is lower than supported
scaffolds (10.20 €/m2). Based on that and considering the constraints of supported scaffolds,
such as the times of assembly and disassembly, visual impact on the façade, among others,
articulated booms can be a good alternative, particularly in minor interventions.

3.2. Maintenance Model

This analysis is supported by a stochastic maintenance model based on Petri nets.
This model was previously developed by the authors [23], as a useful tool to analyse the
trade-off between different alternatives. The maintenance model developed is a condition-
based model that, in addition to the degradation process, also includes the inspection and
maintenance processes.

The classification system implemented is composed of five degradation conditions,
varying between A (no visual degradation) and E (generalized degradation). The degrada-
tion condition is defined based on the severity of degradation index, Sw-Equation (1).

Sw =
∑ (An × kn × ka,n)

A × ∑ k
, (1)

where Sw, the severity of degradation (in %), is the ratio between the area affected by the
anomalies observed in the building component, weighted according to their severity, and a
reference area is equivalent to the total area with the highest possible degradation level.
An—the area affected by anomaly n (in m2); kn—the multiplication factor for the anomaly
n; ka,n—the weighting coefficient according to the relative weight of the anomaly n; A—the
total area of the constructive solution (in m2); and k—the multiplying factor corresponding
to the highest degradation condition of the area A. These parameters vary according to the
constructive solution (for CTS, see [24]; for NSC, see [25]; for RF, see [26]; for PS, see [27];
for ETICS, see [28]; and, for ACF, see [29]).

In the maintenance model, interventions are divided in four levels: (i) inspections; (ii)
cleaning operations; (iii) minor interventions; and (iv) total replacement. In the inspection,
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a visual assessment of the building component is carried out. In the cleaning operation, the
removal of the visual anomalies (soiling, stains, and other deposits) is proceeded. In the
minor intervention, in addition of the cleaning operations, localized repair and/or partial
replacement are also considered. Finally, in the total replacement, the complete replacement
of the building component is carried out. Since the maintenance model is condition-based,
a decision of maintenance activities is taken based on the inspection diagnosis. In this
case study, it is assumed that, if the degradation condition of the building component is A,
no maintenance is carried out; if it is B, a cleaning operation is needed; if it is C, a minor
intervention is required; and, finally, if it is D or E, total replacement must be carried out.
The outputs of the maintenance model (service life, life-cycle costs, efficiency index, and
number of interventions) are used to assess the different alternatives.

4. Sensitivity Analysis

To analyse how the different façade claddings’ maintenance strategy costs are influ-
enced by the cost of the means of access, a sensitivity analysis is carried out. This analysis
has only impact on the maintenance costs. The impact of different maintenance activities
on the degradation condition of claddings as well as the time intervals between inspections
are the same regardless of the means of access selected. Furthermore, in the composition of
the price of maintenance activities (cleaning operations, minor interventions, and total re-
placement), there is only a change in the cost of the means of access. The costs of materials,
equipment, and labour remain the same. Results regarding the service life, efficiency index,
and number of interventions can be consulted in Ferreira et al. [30]. In this study, there are
six façade claddings (CTS, NSC, RF, PS, ETICS, and ACF), and four maintenance strategies,
which are analysed below.

• Maintenance strategy 1 (MS1): includes only the total replacement of the façade. This
maintenance strategy is used to characterize the strategy most adopted by the owners
or managers of the buildings. The façade is only intervened when the end of their
service life is reached. MS1 is applied to the six claddings.

• Maintenance strategy 2 (MS2): combination of total replacement and minor interven-
tions. The minor intervention is added to delay or mitigate the degradation process,
showing that localized repairs or replacements can be carried out to increase the
service life of the claddings and, consequently, to prevent unnecessary interruptions
without compromising important characteristics of the claddings. MS2 is not applied
to PS due to its short service life.

• Maintenance strategy 3 (MS3): combination of total replacement, minor interventions,
and cleaning operations. The introduction of cleaning operations represents the
maintenance activity most applied (easier and more economical) in claddings. MS3 is
not applied to PS.

• Maintenance strategy 4 (MS4): combination of total replacement and cleaning oper-
ations. It is a simplification of MS3. Since PS are not subject to minor interventions,
MS4 is only applied to them.

The maintenance costs over time (C) include the costs of inspection (Cinspection) and
other maintenance activities (Cmaintenance) (cleaning operations, minor interventions, and
total replacement) (Equation (2)).

C = Cinspection + Cmaintenance, (2)

To consider future investments in this analysis, the net present value of the inspection
and maintenance activities is computed through Equations (3) and (4) [31].

Cinspection = ∑th
t=0

Cinspection,0

(1 + υ)t , (3)
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Cmaintenance = ∑th
t=0

Cmaintenance,0

(1 + υ)t , (4)

where Cinspection,0 and Cmaintenance,0 are the inspection and other maintenance costs at year 0
(Tables 1 and 2), respectively; υ is the real discount rate; and th is the time horizon. In this
study, a private sector environment is considered. Therefore, a real discount rate of 6% is
adopted [32,33]. Finally, a time horizon of 150 years is considered as the period of study.
A long-term horizon is used to guarantee that a considerable percentage of the Monte
Carlo simulation samples reach the end of the service life, in the more durable constructive
solutions, allowing decreasing uncertainty in the analysis.

Table 2. Unit costs, at year 0, for the different maintenance activities without the means of access costs.

CTS NSC RF PS ETICS ACF

Inspection (€/m2) 1.03
Cleaning operations (€/m2) 17.28 21.17 16.68 16.68 16.68 16.98
Minor interventions (€/m2) 55.57 58.60 24.48 - 47.93 74.55

Total replacement (€/m2) 58.65 139.31 26.48 20.18 85.78 96.28

The costs of the different maintenance activities (Table 2) are adapted from the liter-
ature [34]. Since the cost of the maintenance activities varies according to the materials
applied, the following assumptions are adopted: (i) CTS-sandstone tiles; (ii) NSC-Alpinina
stone; (iii) RF-current cementitious-based render; (iv) PS-paint based on acrylic polymers;
(v) ETICS-expanded polystyrene boards as thermal insulation material and acrylic-based
coat as finishing material; and (vi) ACF-façade cast in situ with a thickness of 25 cm and a
smooth texture without paint. Only visual inspections are considered in this study.

According to the remarks presented in Section 3, for the six façade claddings, the
following means of access are analysed: supported scaffold (the most commonly used
means of access), suspended scaffolds, aerial work platforms (articulated booms, telescopic
booms, and scissors lifts), and rope access. Finally, the situation in which maintenance
activities can be carried out safely without the need of additional means of access is also
analysed. The comparison of this situation with the different means of access helps to
assess the influence of the means of access on the maintenance costs.

Regarding the maintenance strategies, for CTS, NSC, RF, ETICS, and ACF, four main-
tenance strategies are analysed: MS1, MS2, MS3, and MS3*. The main difference between
MS3 and MS3* is the means of access used to perform the cleaning operations. Since for
these five façade claddings the rope access is only suitable for cleaning operations; in
MS3, the three maintenance activities (cleaning operations, minor interventions, and total
replacement) are carried out using the same type of means of access. In MS3*, it is assumed
that cleaning operations are always carried out by rope access and, because of that, for the
remaining maintenance activities, the type of means of access used varies. On the other
hand, for PS, rope access is also suitable for total replacement of the cladding. Therefore,
only two maintenance strategies are analysed for PS: MS1 and MS4.

In Figures 2–7, maintenance costs (including inspection costs), at year 0, obtained
for the different maintenance strategies and means of access, for the six façade claddings,
are compared.

For a 150-year time horizon and a real discount rate of 6%, the inspection costs are
8.33 €/m2 (time interval between inspection of 2 years) for PS, 5.39 €/m2 (interval of
3 years) for RF and ETICS, 3.92 €/m2 (interval of 4 years) for CTS and ACT, and 3.04 €/m2

(interval of 5 years) for NSC.

292



Buildings 2021, 11, 601

Figure 2. Sensitivity analysis of the different means of access in CTS maintenance strategy costs for a
time horizon of 150 years.

Figure 3. Sensitivity analysis of the different means of access in NSC maintenance strategy costs for a
time horizon of 150 years.

Figure 4. Sensitivity analysis of the different means of access in RF maintenance strategy costs for a
time horizon of 150 years.
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Figure 5. Sensitivity analysis of the different means of access in PS maintenance strategy costs for a
time horizon of 150 years.

Figure 6. Sensitivity analysis of the different means of access in ETICS maintenance strategy costs for
a time horizon of 150 years.

Figure 7. Sensitivity analysis of the different means of access in ACF maintenance strategy costs for a
time horizon of 150 years.
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Generally, the results obtained in the sensitivity analysis are in line with what would
be expected. Firstly, as maintenance strategies become more complete (higher number
of different types of interventions), there is an increase in maintenance costs. Secondly,
the maintenance costs and the unit cost of the means of access (Table 1) have a direct
relationship. Maintenance strategies combined with the most economical means of access
correspond to the most economical options. However, the usefulness of this analysis is
to quantify the savings, over the time horizon, when specific access equipment is not
needed. Comparing with the different means of access and claddings, maintenance costs
present an average reduction between 10% (for NSC) and 26% (for PS). When crossing this
information with the service life and number of intervention values [30], the results reveal
that the reduction on maintenance costs is greater for claddings and maintenance strategies
subjected to a higher number of interventions during the time horizon.

For example, the impact on maintenance costs on MS3 is higher than on MS2 or MS1
(the number of interventions increases with the complexity of the maintenance strategy).
In addition, for RF and PS (claddings with reduced service life and, consequently, higher
number of interventions during the time horizon), the impact on maintenance costs is
higher than for the remaining claddings (CTS, NSC, ETICS, and ACF). For RF/MS3 and
PS/MS4, the costs of the means of access can represent a third of the maintenance costs.
Furthermore, it is also found that the use of rope access to carry out cleaning operations
has a significant impact on maintenance costs. For the 150-year time horizon, there is an
average reduction of 20% in maintenance costs for CTS, NSC, and ACF, and 15% for RF
and ETICS.

5. Multi-Criteria Analysis

In the same way as choosing the materials to be implemented in the façades, the
types of maintenance strategies to be adopted, as well as the level of interventions and
the time interval between inspections, the owners or managers always have the last word
when it comes to deciding on the means of access to be used. Although the decision
process is subjective, this decision must include different parameters, such as budget
limitations, aesthetic appearance, target performance level, local constraints, the social
and economic context of the building, among other criteria. Multi-criteria analysis is a
useful tool to aid decision makers to coherently manage the available information. It
can be used to identify a single option, to select a shortlist of options for future detailed
appraisal, or to differentiate between acceptable and unacceptable possibilities [35]. The
multi-criteria analysis allows ranking the different alternatives according to the criteria
defined. In this study, an additive aggregation approach with compensatory rationality is
implemented [36], as seen in Equation (5).

Xi = ∑m
j=1 λj × xij, with ∑m

j=1 λj = 1, (5)

where Xi is the global ranking of the alternative i, λj is the weight of the criterion j, and
xij is the standardized classification of alternative i according to criterion j. The different
scales in the different criteria are standardized by Equation (6) for an increased order of
preference and by Equation (7) for a decreased order of preference [37].

xij =
Xij − minXij

maxXij − minXij
, (6)

xij =
maxXij − Xij

maxXij − minXij
, (7)

where Xij is the classification of alternative i according to criterion j, and min Xij and max
Xij are the minimum and maximum value of criterion j, respectively.

From the individual analysis and comparison of criteria, it is difficult to identify
the most and least advantageous alternative from all points of view. The strengths and
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weaknesses differ according to the criterion analysed. In this sense, for the different
façade claddings, the different maintenance strategies and means of access (options) are
globally classified in terms of durability (service life), performance (efficiency index), and
maintenance costs. Consequently, four scenarios, considering three criteria (efficiency
index, maintenance costs, and total replacements), are analysed. The four scenarios are:
(1) the same importance is given to the three criteria; (2) a higher emphasis is given to
the efficiency index; (3) a higher emphasis is given to the maintenance costs; and (4) a
higher emphasis is given to the number of total replacements over the time horizon. Data
referring to the efficiency index and total number of replacements can be consulted in
Ferreira et al. [30]. In Tables 3 and 4, the results obtained in the multi-criteria analysis
are presented.

Table 3. Multi-criteria analysis.

Façade Claddings CTS NSC RF PS ETICS ACF CTS NSC RF PS ETICS ACF

Scenario 1 2
Criteria Weight, λi

Efficiency index 33.3% 50.0%
Maintenance costs 33.3% 25.0%
Total replacements 33.3% 25.0%

MS Means of access Standardized global rating, xi

M
S1

SS 0.00 0.00 0.01 0.01 0.01 0.00 0.00 0.00 0.01 0.01 0.01 0.00
AB 0.00 0.00 0.02 0.03 0.02 0.00 0.00 0.00 0.01 0.02 0.01 0.00
TB 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
SL 0.00 0.00 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.00

SpS 0.01 0.00 0.04 0.06 0.04 0.01 0.00 0.00 0.02 0.04 0.02 0.01
RA - - - 0.08 - - - - - 0.05 - -

NMA 0.01 0.00 0.06 0.10 0.06 0.01 0.01 0.00 0.04 0.06 0.04 0.01

M
S2

SS 0.75 0.99 0.71 - 0.59 0.97 0.69 0.92 0.69 - 0.58 0.93
AB 0.76 0.99 0.74 - 0.61 0.98 0.69 0.92 0.70 - 0.60 0.93
TB 0.74 0.98 0.69 - 0.57 0.97 0.68 0.92 0.67 - 0.57 0.92
SL 0.75 0.98 0.71 - 0.58 0.97 0.69 0.92 0.68 - 0.58 0.92

SpS 0.77 0.99 0.78 - 0.65 0.99 0.70 0.92 0.73 - 0.62 0.93
RA - - - - - - - - - - - -

NMA 0.80 1.00 0.84 - 0.71 1.00 0.72 0.93 0.77 - 0.66 0.94

M
S3

SS 0.77 0.71 0.75 - 0.71 0.72 0.87 0.87 0.85 - 0.82 0.85
AB 0.82 0.76 0.80 - 0.77 0.77 0.89 0.89 0.88 - 0.86 0.88
TB 0.73 0.68 0.71 - 0.67 0.68 0.84 0.85 0.82 - 0.79 0.83
SL 0.76 0.71 0.74 - 0.70 0.71 0.86 0.86 0.84 - 0.81 0.85

SpS 0.89 0.83 0.88 - 0.87 0.85 0.94 0.94 0.93 - 0.92 0.93
RA - - - - - - - - - - - -

NMA 1.00 0.93 1.00 - 1.00 0.96 1.00 1.00 1.00 - 1.00 1.00

M
S3

*

SS 0.93 0.88 0.86 - 0.88 0.89 0.96 0.97 0.92 - 0.93 0.96
AB 0.93 0.88 0.89 - 0.90 0.90 0.96 0.97 0.93 - 0.93 0.96
TB 0.92 0.87 0.85 - 0.87 0.89 0.96 0.97 0.91 - 0.92 0.96
SL 0.93 0.88 0.86 - 0.88 0.89 0.96 0.97 0.92 - 0.92 0.96

SpS 0.94 0.88 0.92 - 0.92 0.90 0.97 0.97 0.95 - 0.95 0.97
RA - - - - - - - - - - - -

NMA 1.00 0.93 1.00 - 1.00 0.96 1.00 1.00 1.00 - 1.00 1.00

M
S4

SS - - - 0.73 - - - - - 0.83 - -
AB - - - 0.79 - - - - - 0.87 - -
TB - - - 0.69 - - - - - 0.81 - -
SL - - - 0.72 - - - - - 0.83 - -

SpS - - - 0.88 - - - - - 0.92 - -
RA - - - 0.94 - - - - - 0.97 - -

NMA - - - 1.00 - - - - - 1.00 - -
Legend: SS—supported scaffolds; AR—articulated booms; TB—telescopic booms; SL—scissor lifts; SpS—suspended scaffolds; RA—rope
access; NMA—no means of access.
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Table 4. Multi-criteria analysis continuation.

Façade Claddings CTS NSC RF PS ETICS ACF CTS NSC RF PS ETICS ACF

Scenario 3 4
Criteria Weight, λi

Efficiency index 25.0% 25.0%
Maintenance costs 50.0% 25.0%
Total replacements 25.0% 50.0%

MS Means of access Standardized global rating, xi

M
S1

SS 0.01 0.00 0.02 0.03 0.02 0.00 0.00 0.00 0.01 0.01 0.01 0.00
AB 0.01 0.00 0.05 0.08 0.05 0.01 0.00 0.00 0.01 0.02 0.01 0.00
TB 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
SL 0.00 0.00 0.02 0.03 0.02 0.00 0.00 0.00 0.00 0.01 0.00 0.00

SpS 0.02 0.00 0.11 0.15 0.10 0.02 0.00 0.00 0.02 0.04 0.02 0.01
RA - - 0.20 - - - - - 0.05 - -

NMA 0.04 0.01 0.17 0.25 0.16 0.03 0.01 0.00 0.04 0.06 0.04 0.01

M
S2

SS 0.83 0.97 0.64 - 0.46 0.94 0.76 0.96 0.76 - 0.65 0.94
AB 0.87 0.98 0.72 - 0.53 0.95 0.77 0.96 0.77 - 0.67 0.94
TB 0.81 0.96 0.59 - 0.42 0.93 0.76 0.96 0.74 - 0.64 0.94
SL 0.83 0.97 0.63 - 0.45 0.94 0.76 0.96 0.75 - 0.65 0.94

SpS 0.92 0.99 0.84 - 0.63 0.97 0.78 0.97 0.80 - 0.70 0.95
RA - - - - - - - - - - - -

NMA 1.00 1.00 1.00 - 0.77 1.00 0.79 0.97 0.84 - 0.73 0.96

M
S3

SS 0.16 0.08 0.29 - 0.28 0.11 0.87 0.87 0.85 - 0.82 0.85
AB 0.32 0.17 0.43 - 0.43 0.22 0.89 0.89 0.88 - 0.86 0.88
TB 0.04 0.01 0.17 - 0.16 0.03 0.84 0.85 0.82 - 0.79 0.83
SL 0.13 0.06 0.26 - 0.25 0.09 0.86 0.86 0.84 - 0.81 0.85

SpS 0.59 0.32 0.66 - 0.67 0.40 0.94 0.94 0.93 - 0.92 0.93
RA - - - - - - - - - - - -

NMA 0.95 0.52 0.97 - 1.00 0.64 1.00 1.00 1.00 - 1.00 1.00

M
S3

*

SS 0.70 0.42 0.60 - 0.70 0.50 0.96 0.97 0.92 - 0.93 0.96
AB 0.72 0.42 0.66 - 0.74 0.51 0.96 0.97 0.93 - 0.93 0.96
TB 0.69 0.41 0.56 - 0.67 0.49 0.96 0.97 0.91 - 0.92 0.96
SL 0.70 0.42 0.59 - 0.69 0.50 0.96 0.97 0.92 - 0.92 0.96

SpS 0.76 0.43 0.76 - 0.80 0.52 0.97 0.97 0.95 - 0.95 0.97
RA - - - - - - - - - - - -

NMA 0.95 0.52 0.97 - 1.00 0.64 1.00 1.00 1.00 - 1.00 1.00

M
S4

SS - - - 0.35 - - - - - 0.83 - -
AB - - - 0.48 - - - - - 0.87 - -
TB - - - 0.25 - - - - - 0.81 - -
SL - - - 0.33 - - - - - 0.83 - -

SpS - - - 0.70 - - - - - 0.92 - -
RA - - - 0.86 - - - - - 0.97 - -

NMA - - - 1.00 - - - - - 1.00 - -
Legend: SS—supported scaffolds; AR—articulated booms; TB—telescopic booms; SL—scissor lifts; SpS—suspended scaffolds; RA—rope
access; NMA—no means of access.

In a first analysis, the results reveal, for all façade claddings, that the alternatives
where there is no need for means of access are the most advantageous. Therefore, the results
confirm that the planning of accessibility to the different building envelope elements, in
the design stage, can have a significant influence on maintenance costs over time. On the
other hand, if the use of temporary means of access is indispensable (it should be predicted
at design stage also in terms of costs), the results suggest that selecting rope access (for
cleaning operations and total replacement of the painted surface, only in maintenance
works where technical quality is guaranteed) and/or suspended scaffolds (for other types
of interventions) are the most advantageous alternatives.
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Concerning the least advantageous alternatives, the results show that MS1 using
telescopic booms is the worst option. However, the results reveal that the correct choice
of means of access depends on several factors, such as building envelope, safety, interfer-
ence with users, proximity to road traffic, structural limitations of the building, weather
conditions, load capacity, and/or building volume/shape.

On the other hand, the results also show that it is advantageous to opt for more
complete maintenance strategies (MS2, MS3, and/or MS4), while MS1 is the least beneficial
one. For example, for CTS and RF, in three of the four scenarios analysed, MS3 is the most
advantageous alternative. This position only changes to MS2 if more emphasis is placed
on maintenance costs (scenario 3). For NSC and ACF, in scenarios 1 and 3, MS2 is the most
advantageous alternative, while MS3 is the most beneficial in scenarios 2 and 4. For ETICS,
MS3 is the most advantageous alternative for the four scenarios. Finally, for PS, MS4 is the
most advantageous alternative for the four scenarios.

Finally, the weights in Tables 3 and 4 are indicative. The weight can be influenced
by several factors, such as location, economic context, and owner’s requirements, among
others. However, subjectivity can be reduced through expert judgements or through other
multi-criteria decision methodologies, such as the analytic hierarchy process (AHP), which
can help to define priorities through a process of pair-wise comparisons [38,39].

6. Discussion/General Recommendations

From the results, some guidelines can be provided, which can help decision makers
to make more rational and informed choices, based on objective criteria. However, the
decision process is always influenced by subjective criteria, which depend on the experience
and individual perceptions of decision makers. These criteria are practically impossible to
model. However, on the other hand, objective criteria can be evaluated depending on the
requirements of decision makers. Furthermore, it should be mentioned that all alternatives
considered in this study are technically and economically valid. Thus, they can all be
successfully applied to building envelope elements.

In a global analysis, the adoption of preventive maintenance activities (such as clean-
ing operations, local repairs, and local replacements) is beneficial. These actions allow
increasing the durability of the façade claddings and reducing their physical degradation.
Moreover, the risk to users and owners is reduced and, consequently, users’ satisfaction
and the aesthetic perception of cities are improved. In Table 5, general recommendations of
the most viable maintenance strategies to be implemented in the different façade claddings
are presented. There, together with the identification of the most advantageous mainte-
nance strategy and means of access for each façade cladding, the values of the essential
parameters to be considered in this analysis are presented. These parameters are:

• The service life: the end of the service life of the façade claddings is reached when the
element reaches the degradation condition D;

• The efficiency index: this value ranges between 0 and 1. The higher the EI value, the
longer the element remains in the best degradation conditions (A, B, and C) during
the time horizon (period of study);

• The annualized maintenance cost: corresponds to the division between the life-cycle
cost (includes inspection and maintenance costs) of the maintenance strategy of the
element in year 0, by the time horizon;

• The total number of replacements: corresponds to the average number of total replace-
ments to which element is subject during the time horizon.
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Table 5. Unit costs, at year 0, for the different maintenance activities without the means of access costs.

Façade
Cladding

Maintenance
Strategy/Means of Access

Service Life
(Years)

Efficiency
Index

Annualized
Maintenance

Costs (€/m2/Year)

Total Number of
Replacements

CTS
MS3*

CO: Rope access
MI/TR: Suspended scaffolds

108 0.95 0.63 0.9

NSC
MS2

CO: Rope access
MI/TR: Suspended scaffolds

148 0.94 0.97 0.5

RF
MS3*

CO: Rope access
MI/TR: Suspended scaffolds

33 0.96 0.69 3.9

PS MS4
CO/TR: Rope access 17 0.93 0.54 7.9

ETICS
MS3*

CO: Rope access
MI/TR: Suspended scaffolds

44 0.92 1.14 2.9

ACF
MS2

CO: Rope access
MI/TR: Suspended scaffolds

120 0.94 0.81 0.9

The service life, efficiency index, and total number of total replacements can be
consulted in Ferreira et al. [30]. Based on that, it is suggested that MS3 is adopted to
ceramic tiling systems (CTS), rendered façades (RF), and ETICS; MS2 is adopted to natural
stone claddings (NSC) and architectural concrete façades (ACF); and MS4 is adopted to
painted surfaces (PS). Regarding the means of access, the situation where there is no need
for means of access is the most advantageous option. This result shows the relevance
of having a maintenance plan and considering permanent means of access during the
design stage or at least predict temporary means in the maintenance costs. If the building
configuration requires the use of means of access, the results suggest opting for rope access
in the case of carrying out cleaning operations (when technical viable) and replacing the
painted surface and suspended scaffolds for the other types of maintenance activities
(minor interventions and total replacement).

7. Conclusions

In this study, a sensitivity analysis of the impact of the means of access costs on the
maintenance plans developed for building façade claddings is carried out. Based on this
analysis, general recommendations for maintenance strategies are provided. The means
of access costs vary between 2.12 €/m2 (rope access) and 11.84 €/m2 (telescopic boom).
From the analysis, the results and trends on the viability of maintenance strategies, initially
identified for supported scaffolds, are maintained for the other types of means of access. In
other words, for any means of access, the maintenance costs increase with the complexity
of the maintenance strategy. Furthermore, as expected, the lowest maintenance costs occur
for the most economical means of access. The situation in which there is no need for means
of access (i.e., when the means of access are considered during design stage) is the most
economical, leading to an average maintenance cost reduction of 10% to 26% compared to
other means of access.

For the situation in which the use of means of access is indispensable, the results
suggest opting for rope access in the case of carrying out cleaning operations and replacing
the painted surface and suspended scaffolds for the other types of maintenance activities
(minor interventions and total replacement). The use of rope access to perform cleaning
operations has a considerable impact on the maintenance costs. For a time horizon of 150
years, an average reduction between 15% and 20% is obtained. For the remaining means of
access, in comparison with supported scaffolds, suspended scaffolds lead to an average
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reduction of 5% to 21%; the articulated boom leads to an average reduction of 2% to 6%;
the telescopic boom leads to an average increase of 2% to 5%; and the scissor lifts lead to
an average increase of 1%.

Based on these results, it is understood that the design of permanent means of access
during the design stage may not be economically beneficial for all types of façade claddings.
For instance, for a time horizon of 150 years, the average maintenance cost reduction for
NSC is 10%. Possibly, the design of the permanent means of access, their construction,
and their maintenance over the same horizon may represent a greater burden for the
owner/manager than the use of planning temporary means of access when necessary. In
addition, façades with nobler coatings may be more difficult to incorporate permanent
means of access into the architecture without considerably affecting the aesthetics. How-
ever, for façade claddings, such as rendered façades and painted surfaces, the percentage
of the means of access in the maintenance costs is already considerable (on average 26%).
In these cases, considering permanent means of access can be a more economical solution.

The results of the multi-criteria analysis confirm that there are advantages in selecting
more complete maintenance strategies when several criteria are weighed, in addition to
costs. When the criteria are assessed individually, the optimal maintenance plan changes
according to the assessed criterion. For example, if the main purpose is to increase the
service life of the element, more complete maintenance plans considering cleaning op-
erations and minor interventions are preferable. On the other hand, if the purpose is to
reduce maintenance costs, simpler maintenance strategies (without preventive mainte-
nance activities) are the most indicated, even though they lead to the elements having
higher rates of degradation (or worse degradation conditions) throughout their life cycle
and, consequently, higher risks. The multi-criteria analysis helps to evaluate the criteria in
a multidimensional way and, therefore, establish a hierarchical scale of preference. The
recommendations presented in this paper correspond to the analysis of the results obtained
in the different multi-criteria analysis carried out. The results reveal that, when the criteria
are evaluated globally, there is a preference for opting for more complete maintenance
strategies, while MS1 represents the least beneficial option.

Finally, it should be mentioned that this methodology should be seen as a general
guideline for evaluating the impact of the means of access in the maintenance plans of
the building envelope elements. Each situation should be evaluated individually, since
other criteria, scenarios and weights can be considered, depending on the decision makers’
requirements. The choice of materials to be implemented in buildings, maintenance
strategies, intervention levels, time intervals between inspections, and means of access
always depends on the owners or managers and the results that they want to obtain based
on all the available parameters (objective and/or subjective).
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Abstract: Blockchain can be introduced to use cases in the built environment where reliability of
transaction records is paramount. Blockchain facilitates decentralised, cryptographically secure,
trustworthy, and immutable recordkeeping of transactions. However, more research is urgently re-
quired to understand the process and complications in implementing blockchain solutions in the built
environment. This paper demonstrates a methodology for developing a blockchain system starting
from problem analysis, selection of blockchain platform, system modelling, prototype development,
and evaluation. The evolutionary prototyping model was selected as the software development
methodology for the use case of property transactions. A systematic process protocol involving the
multi-criteria decision-making method, Simple Multi Attribute Rating Technique (SMART), was
used to select Hyperledger Fabric as the most suitable blockchain platform for the prototype. The
system architecture facilitates a simplified, lean property transaction process implemented through
chaincode (smart contract) algorithms and graphical user interfaces. System evaluation through
test cases allowed iterative improvements, leading to an incubation-ready software prototype. The
contribution to knowledge of this paper is in the demonstration of the process to follow to implement
a blockchain solution for a specific domain. The findings provide the foundation for developing
proofs of concept for other potential applications of blockchain in the built environment.

Keywords: blockchain; built environment; trust; proof of concept; property transactions; Hyper-
ledger Fabric

1. Introduction

In the built environment, with respect to property transactions, where businesses de-
pend on reliability of transaction records, blockchain has been proposed to enable trust and
ensure ownership [1–3]. Blockchain technology is suitable for storing and handling thou-
sands of copies of transaction records to enable transaction authentication [1,4–7]. Whilst
traditionally the transaction records for built environment are housed in central servers
controlled by a single administration point, in blockchain technology, these transaction
records are replicated across the network of computers [2,5,8].

Blockchain is considered to be a disruptive technology that has a significant impact
in numerous industries in terms of information and trust [2,9–13]. Blockchain is a dis-
tributed ledger technology, where data stored in the network is non-centralised, supports
peer-to-peer interactions, and creates a cryptographically secured, immutable chain of
records [14–17]. As each peer (node) in the blockchain network maintains a copy of the
ledger, and the records cannot be modified without detection, blockchain provides a
method of ensuring trust in a trustless environment [18], and produces an audit trail of all
transactions in the ledger [19].

Maintaining trusted records on a blockchain would enable benefits such as tracking
the history of assets, providing trustworthy proof of ownership, reducing transaction times
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and costs, and minimising fraudulent behaviour [19,20]. However, it is noted that only
a few papers have discussed the demonstration of blockchain solutions in the property
sector, and more so in the built environment [1,12,21]. The Institution of Civil Engineers
(ICE) [14], Centre of Digital Built Britain [22], and ARUP reports regarding the future
of smart built environment [23,24] have highlighted that trust is a valuable asset for the
construction industry, but that the current system is still facing difficulties to ensure trust.
It is recommended to introduce a new system that could aid in reliably sharing information
amongst stakeholders [25–28]. The blockchain real estate industry report for the year 2021
by the Foundation for International Blockchain and Real Estate Expertise (FIBREE) pointed
out that the property sector is still partly digitalised and mostly paper-based, and the use
of blockchain as an innovative solution is still at an early trigger stage [29].

This paper demonstrates a methodology for developing a blockchain system starting
from problem analysis, selection of blockchain platform, system modelling, prototype
development, and evaluation. It presents the development of an incubation-ready software
prototype using blockchain for property transactions as a use case to illustrate the potential
of blockchain in the built environment. This is achieved by establishing three objectives.
Firstly, to understand the potential applications of blockchain in the built environment,
and critically review the need for blockchain in enabling trusted transactions. Secondly, to
understand the mechanism of Hyperledger Fabric as a blockchain platform in developing
the software prototype. Finally, to design, develop, and evaluate a blockchain-based soft-
ware prototype for a simplified, lean property transaction process implemented through
chaincode (smart contracts) and graphical user interfaces. The findings provide the foun-
dation for developing proofs of concept for other potential applications of blockchain in
the built environment.

The rest of this paper is structured as follows: Section 2 presents the literature review
including the potential applications of blockchain in the built environment. It also presents
a critical review of previous studies on blockchain applications for property transactions,
and discusses the suitability of Hyperledger Fabric as a blockchain platform. Section
3 describes the research method to develop the blockchain-based software prototype.
Section 4 elaborates the proof of concept, including the business scenario, system overview,
architecture, implementation, and system evaluation. Section 5 presents the discussion,
and the conclusions are presented in Section 6.

2. Literature Review

In the built environment, with respect to property transactions, where businesses
depend on reliability of transaction records, blockchain has been introduced to enable trust
and ensure ownership [1–3]. Blockchain technology is suitable for storing and handling
thousands of copies of transaction records to enable transaction authentication [1,4–7,30].
Whilst traditionally, the transaction records for built environment are housed in central
servers controlled by a single administration point, in blockchain technology, these transac-
tion records are replicated across the network of computers [2,5,8]. The structure of the
distributed ledger technology effectively means that all participants in a blockchain network
have the same transaction records, and the ability to read and write to the ledger [2,5,14].
Figure 1 shows the differences between centralised databases, traditional decentralised
databases, and distributed ledger technology for blockchain.
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Figure 1. The differences between centralised databases, traditional decentralised databases, and distributed ledger
technology (adapted from [2]).

In the built environment and the property sector, still more research is urgently
required to exploit the full potential of blockchain as a solution [12,31], such as in title
transfer of real estate assets, construction supply chains, and even the integration of
Building Information Modelling (BIM) and blockchain.

2.1. The Potential Application of Blockchain in the Built Environment

This section explores some of the main applications of blockchain in the built envi-
ronment. In theory, one blockchain platform might be implemented to span the entire
life cycle of a real estate asset, from materials supply to management of the built asset. It
briefly explores real estate title transfer, construction supply chains, and the aspects of BIM
and blockchain integration. The applications listed are non-exhaustive but indicate the
potential areas involved across the sector.

2.1.1. Title Transfer of Real Estate Assets

Blockchain will ensure the authenticity of land registry title records that could poten-
tially link a real estate asset to the pertinent data relating to a wide range of its stakeholders,
thereby streamlining business processes [5]. The data might include information such
as digital planning, architecture, certification and verification, specifications, and war-
ranty [3,32] that relate to a given real estate asset. Traditionally, these data have been
stored in silos [33,34]. It is still common to have thousands of documents from hundreds of
parties [32] where information is disparate, disconnected, and hard to access. Making com-
mitment and collaboration of such information to the blockchain a mechanism for value
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transfer [11,35] will ensure the integrity of the data for the real estate asset [31]. Blockchain
will enable the adoption of a smart contract to optimise contract formulation and negoti-
ation, while transaction ordering through a consensus service will ensure immutability
mechanisms for the transfer or creation of value, and transaction validation through a
membership service will create trust in trustless environments to enhance auditability
and its accountability while automating the execution of the contract [36–39]. This will
be discussed in detail in Section 2.2. Given this, a potential adoption of blockchain-based
solutions are being conceptualised with an expectation to help smart city developers adopt
blockchain as the embodiment of trust to own, trade, and exchange assets, without central
servers controlled by a single administration point, enabling a token economy [40–42].

2.1.2. Construction Supply Chains

Traditionally, construction projects are considered unique, but Construction Supply
Chain (CSC) processes are often predictable and repeatable. The CSC has an element
of value transfer beyond the monetary value within a low-trust environment, where
stakeholders have adversarial relationships and interests and mostly work through an
intermediary [2,5,7,8,34,43]. This is where the blockchain’s key strength could enable a
single source of data integrity, by ensuring the immutability of the record and compliance
checking for CSC [2,44]. Another pain point in the CSC that blockchain could overcome
is traceability as it provides a full audit pathway for the data by creating an immutable
record for the CSC activities [44,45]. Blockchain will pave the way to automate the CSC
payments through smart contracts, by ensuring that contracted obligations are satisfied
along a supply chain by various stakeholders [5,46,47].

2.1.3. Building Information Modelling (BIM)

BIM has played a key role in the digital transformation of the built environment [23,48].
However, the BIM process for supply chain still bears several shortcomings [49] in the
absence of a legal context describing the BIM data ownership and no trusted record of
the model changes during construction and operation stages [39]. Ready access to the
history of project documentation can be an invaluable information source in all phases
of the life cycle of the project [50]. There is a value in an immutable record of the BIM
model transactions to agree on using it as a single source of truth (SSoT), by enabling
BIM data integrity, reliability, and traceability [5,44]. However, the integration is still in its
infancy [12,13].

2.2. Need for Blockchain in Enabling Trusted Property Transactions in the Built Environment

A critical review of previous studies on the application of blockchain technology
for land registration was conducted to understand the main research focus, issues in
maintaining records for property transactions, proposed software prototypes, type of
blockchain platform recommended, and challenges and limitations. The Scopus and Web
of Science databases were used to search the application of blockchain technology for
land registration. Figure 2 shows the search strategy including keywords, inclusion, and
exclusion criteria for shortlisting papers.
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Figure 2. The search strategy.

Most of the previous studies, as illustrated in Table 1, on the application of blockchain
for land registration and property transactions are still at a conceptual and/or exploration
level, with very few proofs of concept available. This indicates a knowledge gap that
needs addressing to examine and validate the usability and challenges in adoption of
this technology [1,31,51,52]. However, the previous studies pointed out that the rationale
for proposing a blockchain in maintaining records for land registration and property
transactions is the capability of this technology to overcome the transparency issue and
ensure ownership [1,31,51–55]. In addition, it is argued that adopting blockchain will
enable data integrity by assuring the accountability and consistency of data over its entire
life cycle, including storing, processing, or retrieving data, while the current system is
fragmented with a bureaucratic structure, which leads to ownership conflicts, complexity,
and land records documentation issues [31]. There is evidence of corruption in the current
system of maintaining records for property transactions in many countries. Adopting
blockchain technology will create and maintain a clear audit trail of actions that will help
to minimise the possibility of the records being tampered with, by facilitating the litigation
proceedings as they arise [1,53,54].
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Blockchain is still a relatively new technology at an early trigger stage, where the
majority of implementations are either in initial or development stage [3,54]. As illustrated
in Table 1, most studies use hypothetical cases with a significant gap of a deductive use case,
and/or a detailed software prototype to support those hypotheses for land registration
and property transactions. Only a few papers have even recommended a specific type of
blockchain.

Ethereum was mentioned as the first public blockchain platform supporting smart
contracts for mass consumption, such as the financial sector [39,53,55]. However, it is
argued that Ethereum is not suitable for the specificity of business, such as the property
sector where confidentiality and performance are critical [6,39]. Ethereum as a public (non-
permissioned) blockchain platform has a privacy and accountability issue, as it is open to
anyone who wishes to participate, and performance and scalability become a challenge
as each node has to process each transaction [6,39,54]. Hyperledger Fabric was strongly
recommended as a permissioned blockchain platform to satisfy the requirements of privacy,
trust, and traceability desirable for a broad range of industry use cases, including property
transactions in the built environment [6,39,53]. Hyperledger Fabric offers a number of
Software Development Kits (SDKs) based on modular and pluggable components [39] to
support various applications, enabling buy-in from participants [53].

Hyperledger Fabric is an open-source blockchain platform hosted by the Linux Foun-
dation that can be used to create permissioned blockchains and develop distributed ap-
plications [37]. It is being actively developed by the International Business Machines
Corporation (IBM) [56], and has received contributions from Intel and SAP Ariba [37]. The
Hyperledger Fabric architecture delivers high degrees of flexibility and confidentiality in
its design and implementation, which makes it useful in many of the built environment
applications, including property transactions [6,39,56,57]. It helps in achieving privacy, as it
requires permission to read and write [6,56]. It also enables auditability by separating trans-
action processing into three phases; (a) distributed logic processing through Chaincode
Services to create a smart contract, which is the business logic code of a transaction in the
Hyperledger Fabric platform; (b) transaction ordering through Consensus Services to create
blocks of transactions and facilitate trust in the network; and (c) transaction validation
through Membership Services to identify the network members and generate a root of trust
by satisfying the endorsement policy that defines which peers can run chaincode to execute
transaction proposals to be committed to the ledger [36–39]. The use of Hyperledger Fabric
as a blockchain platform to enable trusted property transactions is demonstrated in the
subsequent sections.

Exploring the use of Hyperledger in the property sector is now increasing: from 6% in
2019 [58] to 14.7% in 2020, according to the FIBREE industry report 2020 for blockchain
in the property sector [3]. With only two countries in 2019 using Hyperledger, more than
seven countries, including Australia, China, India, the United Kingdom, and the USA,
are currently using it. The following section describes the methodology adopted in this
paper to provide a use case of blockchain-based trusted property transactions in the built
environment.

3. Research Method, Design and Tools

The prototyping model of evolutionary prototyping [59] was selected as the software
development methodology for the proposed system. In this method, an initial prototype
is constructed, which is then evaluated. Successive prototypes were developed, with
additional functionality based on received feedback. The prototyping model was selected
due to its advantage of reducing the development time and providing a rapid solution
to the identified problem scenario [60]. The steps of the research method followed in this
paper are illustrated in Figure 3, and described below.
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Figure 3. Research method to develop the blockchain-based software prototype.

The scope of the business scenario covers real estate property transactions in New
South Wales (NSW), Australia. In a blockchain solution development for an application
domain, full modelling of the domain requirements and issues should be undertaken. This
may involve data flow modelling, process modelling, and entity-relationship modelling,
among others [60]. However, this paper discusses a simplified analysis of the problem
domain as presented in Section 4.1, since the focus is on the demonstration of the develop-
ment of a blockchain system. The system requirements were identified through literature
and by reviewing relevant documentation available on NSW government websites. These
system requirements are elaborated in Section 4.2.

A systematic process protocol presented in Nanayakkara et al. [61] was followed
to identify the most suitable blockchain platform for the prototype. This involved the
application of the multi-criteria decision-making method, Simple Multi Attribute Rating
Technique (SMART). The SMART method was selected due to the relative simplicity of
application to assist accurate decision-making [62]. Blockchain platforms that would suit
the system requirements were identified and evaluated based on their salient features. A
major initial decision was to choose between permissioned and permissionless blockchain
networks. Permissionless networks allow users to freely join the blockchain network and
pseudonymously engage in transactions. In contrast, permissioned networks require the
participants to be known and authorised to join and transact in the network [6,15]. It was
decided that permissioned networks are the most suitable type of blockchain for property
transactions, as participants should be known and held accountable for their transactions.
Furthermore, permissioned networks will ensure privacy of users’ sensitive data. The list of
candidate permissioned blockchain platforms included Corda R3, Elements, Hyperledger
Fabric, IBM Blockchain, and New Economy Movement (NEM). Subsequent criteria such
as cost, level of support, ease of use, performance, and security [61], were considered,
and provided weights based on the importance to the system development process. Next,
weights for each selection criterion were determined for each of the blockchain platforms
based on a two-stage evaluation by the authors, individually and collectively. The finalised
platform weights were multiplied by the criterion weights, and finally added together
to obtain the total value. Table 2 lists the selection criteria, weights for each criterion,
the criteria weights for each platform, calculated values, and total values for the top four
blockchain platforms that emerged from the evaluation. The Hyperledger Fabric blockchain
platform was selected as the most suitable match for the identified requirements through
this method, due to its features and benefits described in Section 2.2.

Next, the tools, libraries and programming languages related to the platform were
selected based on the system requirements, following the process protocol of Nanayakkara
et al. [61]. The tools, libraries, and programming languages are discussed in Sections 4.3
and 4.4. The system architecture was designed to fulfil the requirements, and is presented
in Section 4.3. The blockchain prototype, including chaincode (smart contract) algorithms,
was developed, and a graphical user interface was created to facilitate the system operation.
Details of the system implementation are provided in Section 4.4. Finally, the functionality
of the blockchain prototype was evaluated through test cases. The prototype was iteratively
improved based on the evaluation, as discussed in Section 4.5.
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Table 2. Top four blockchain platforms suitable for the system requirements based on SMART evaluation (adapted from [61]).

Criteria A B C D E F G H I
Total Rank

Weight for Criterion 10 8 8 4 10 5 6 7 6

Hyperledger
Fabric

Weight 8 10 8 9 9 9 9 7 9
1Calculated Value 80 80 64 36 90 45 54 49 54 552

Corda
Weight 7 4 7 10 10 6 10 5 10

2Calculated Value 70 32 56 40 100 30 60 35 60 483

NEM
Weight 4 5 9 8 8 3 8 9 7

3Calculated Value 40 40 72 32 80 15 48 63 42 432

IBM
Blockchain

Weight 6 3 8 7 8 8 9 6 5
4Calculated Value 60 24 64 28 80 40 54 42 30 422

A—Community availability/learning material/level of support, B—Cost, C—Language and ease of use, D—Performance, E—Permissioned
network, F—History and reputation in the industry, G—Security, H—Supports API, I—Updates or release of versions.

4. The Proof of Concept

4.1. The Business Scenario

In NSW, buyers and sellers transfer property ownership digitally by employing the
services of real estate agents and registered lawyers or conveyancers [63]. Property titles
are stored by the NSW Land Registry Services (NSW LRS) in a centralised land registry.
Searches on title and street address, land value, historical data, and so on, are freely
available through the NSW LRS online portal. Authorised information brokers provide
detailed information related to land and property for a fee [64].

The typical process of property transactions in NSW is detailed as follows, and is
illustrated in Figure 4. A person who wishes to sell property (“seller”) will contact a real
estate agent (“agent”), who will list the property to find prospective buyers [5,65]. The
seller will also engage a lawyer to handle the property transaction process. A property
buyer will search for properties that match their requirements, and inspect properties on
sale. When the buyer identifies a suitable property, the buyer should pay the agent a fee
to reserve the property. The buyer will then engage a lawyer to carry out the property
transaction. The buyer also has to arrange finances with their bank. The buyer’s bank
will assign an assessor to verify the market value of the property. A title search will be
conducted by the buyer’s lawyer through an information broker to ensure that the land
being sold is legitimately owned by the seller. Information such as council and water
rate adjustments, land type, sewerage line clearance, flood zone, and bushfire prone area,
are also queried through the relevant government authorities [64]. Once all the checks
have taken place, the buyer pays a deposit to the agent. The seller’s lawyer prepares the
contract, which is checked by the buyer’s lawyer, and the buyer and seller sign the contract.
When the mortgage is approved by the buyer’s bank, a pre-settlement inspection will be
conducted by the buyer or the buyer’s lawyer. The final payment is made to the seller’s
lawyer, who will prepare the documentation to transfer the property title to the buyer, and
register the title with the land registry [66,67]. The buyer’s lawyer arranges the payment of
transfer (stamp) duty to the revenue department, if applicable [68]. The buyer’s lawyer
will claim all expenses incurred from the buyer. The seller’s lawyer will pay the agent,
make other deductions, and transfer the payment to the seller.

312



Buildings 2021, 11, 560

Figure 4. Current process for property transactions.

As seen in Figure 4, this existing process for property transactions is complex, time-
consuming, and costly, since many intermediaries are involved. Furthermore, issues such
as lack of transparency and data fragmentation are also present. To overcome these issues,
a blockchain system architecture that facilitates a simplified, lean property transaction pro-
cess through Hyperledger Fabric chaincode (smart contracts) and graphical user interfaces
is introduced in the following sub-sections.

4.2. System Overview

Registered users of the blockchain system can view details of all properties that they
own, advertise their own property to be sold on the land market, search for properties
advertised on the market, perform a title search of properties on sale, view the transaction
history of their own property or any property on sale, initiate a sale after negotiating with
a buyer, and purchase the property once the sale has been initiated by the seller. Clearance
information related to the property, such as council and water rates, sewerage line clearance,
flood risk and so on, is proposed to be retrieved through chaincode (smart contracts) that
will connect to the databases of relevant authorities that provide such information. It is
also proposed that property transactions within the system can be performed through
exchanging a fiat-collateralised stable cryptocurrency. The detailed operation of the land
registry has not been modelled in this prototype, but is indicated here as a requirement
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to showcase the possibility of the involvement of multiple agencies and stakeholders.
The system features are summarised within the use case diagram in Figure 5. When
compared to Figure 4, it is apparent that there are significantly less types of participants in
the transaction process. The blockchain system will play the role of intermediaries such
as real estate agents, lawyers, and information brokers, and automate the transactions as
described in the next section.

Figure 5. Use case diagram for property transactions.

4.3. System Architecture

This section presents an overview of the system architecture, which is illustrated in
Figure 6. The system processes are described using Hyperledger Fabric terminology, and
the function of the key terms are summarised in Table 3. The prototype has three main com-
ponents, namely, the web application for property transactions, the blockchain network,
and external chaincodes. The web application (client) provides the graphical user interface
for all authorised users to interact with the blockchain network. The blockchain network
connects the peers that hold a copy of the ledger and internal chaincode, and the ordering
service. The external chaincodes represent processing within external organisations, such
as city councils and banks. The client application and the blockchain system are connected
through the Hyperledger Fabric Software Development Kit (HLF SDK) Application Pro-
gramming Interface (API). Authorised users of the system can perform search queries or
carry out transactions through the client application, as described in Section 4.2. The client
application will connect to the blockchain network and invoke the internal chaincode,
which contains the application logic for property transactions, to read or write data from
the ledger. The numbers in the following description correspond to the numbering in
Figure 6. (1) The command to invoke the chaincode is known as a transaction proposal,
which is sent by the client application to the endorsing peers on the blockchain network.
(2) The endorsing peers verify the transaction proposal and execute it by invoking the
chaincode. (3) This system proposes the use of external chaincodes to obtain relevant data
from government authorities, which are called by the internal chaincode when required.
(4) The external chaincodes run the application logic and send the responses back to the
internal chaincode. (5) The endorsing peers create a proposal response including the
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transaction results and peer’s signature and send it to the client application. (6) The client
application verifies the peer signatures and compares the responses. If the transaction
proposal was only a query, the process ends by displaying the result to the user. (7) If a
ledger update is required, the client application packages the transaction proposal and
endorsed responses into a transaction, and broadcasts it to the ordering service. (8) The
ordering service receives transactions from the entire network, orders the transactions, and
creates a block of transactions. (9) The ordering service transmits the block to the leading
peer, (10) which then distributes the block to all the other peers. (11) The peers validate the
transactions within the block and tag the transactions as valid or invalid. If the transaction
is valid, then the world state is updated, whereas all valid and invalid transactions are
added to the blockchain, which ensures auditability. (12) Finally, the peers emit an event to
notify the client about the transaction being valid or invalid, and that it has been added to
the blockchain, and the result is displayed to the user [69].

Figure 6. System architecture for the blockchain prototype.
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Table 3. The function of Hyperledger Fabric within the prototype.

Term Description

Ledger An immutable and sequenced record of all transactions within the prototype. The ledger
consists of a blockchain and world state [70].

Blockchain
Consists of blocks, with a sequence of transactions, that are cryptographically linked
together [70]. The blockchain will be stored in the file system of each peer connected to
the prototype.

World state

Represents the latest values for all keys in the transaction log of the blockchain. A state
database is used to store world state data, such as LevelDB and CouchDB. LevelDB is
the default state database which stores chaincode data as key-value pairs. Chaincode
data is modelled as JSON (JavaScript Object Notation) in CouchDB [70]. This prototype
implementation used CouchDB as it allows rich queries of the JSON content.

Chaincode (Smart contract)

Program code installed on peers that implements the application logic, which is invoked
by external client applications [70]. The prototype includes internal chaincode for
property transactions and external chaincodes to simulate the functionality of
connecting to external databases.

Client
An application external to the blockchain network that connects to the network to
perform business transactions [70]. All authorised users of the prototype will access the
blockchain through the graphical user interfaces in the client application.

Peer

An entity on the blockchain network that maintains the ledger. A subset of peers called
endorsing peers run chaincode to execute transaction proposals. A leading peer
communicates with the ordering service and distributes blocks to peers when blocks are
received from the ordering service [70]. All peers in the prototype have been defined as
endorsing peers.

Ordering service (Orderer)
Performs ordering of transactions into a block and distributes the blocks to connected
leading peers. Orderers do not execute or validate transactions [70]. The prototype
contains a single ordering service node.

4.4. System Implementation

The process sequence for a successful property transaction within the blockchain
prototype, starting from the point a seller advertises a property to the completion of the
fund transfer and the consequent update of the blockchain regarding the land title transfer,
is illustrated in Figure 7. The interactions between the web application and HLF SDK
were omitted from the figure for simplicity; these processes would take place between
the internal chaincode and the buyer/seller. Unsuccessful queries and updates are also
handled by the prototype, although these processes have not been depicted in the figure
for the sake of readability.

The internal chaincode contains all the application logic related to property transac-
tions that were presented in Section 4.2. The external chaincodes would be installed at
the government authorities, such as local councils and water authorities, which would
be queried through the system to check property title clearance information. Connecting
these authorities to the system would reduce the number of intermediaries involved, and
decrease the time taken to perform the clearance checks for a given property title, com-
pared to the current process. The study also proposes the use of a fiat-collateralised stable
cryptocurrency (“C-AUD”) backed by the Reserve Bank of Australia to pay for property
transactions. This cryptocurrency will be equal to the Australian Dollar, and there is no
price volatility against fiat currency. The bank chaincode contains the logic of checking the
cryptocurrency balance of a buyer, and transferring funds from the buyer’s account to the
seller’s account and the transfer duty to the NSW revenue department.

The blockchain prototype uses the Go programming language for the chaincode,
Node.js for the web application, and the HLF SDK for Node.js to create the link between
the web application and the blockchain network. Go files are written for each chaincode in
the system, and contain the instructions to run the blockchain query and update functions.
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Figure 7. Process sequence for a successful property transaction through the blockchain prototype.

The Hyperledger Explorer tool was configured to be used with the prototype so that
the blockchain network administrator can view the blocks, transactions, chaincodes, and
other relevant information within the blockchain network. Figure 8 presents a view of the
details of a transaction within a particular block using Hyperledger Explorer.

 

Figure 8. Viewing transaction details in a block through the Hyperledger Explorer tool.
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The prototype allows authorised land registry administration to search for land titles,
and view land ownership details and transaction history of land titles (Figure 9). Members
of the general public will have to register their identity on the blockchain platform using a
recognised identification document in order to use the system. Once logged into the system,
they can view the details of all properties they own. A prospective seller can advertise
their property on the market by listing its selling price, and a prospective buyer can search
for properties that are on sale by providing the address, or the name of the street or city,
or view all properties on sale (Figure 10). A prospective buyer can perform a title search
of the property on sale in order to verify the legitimacy of the sale, and view all clearance
information. If satisfied with the land details, the prospective buyer will contact the seller
and negotiate the sale of land. When the negotiation is complete, the seller can initiate the
sale through the system, and the buyer can purchase the property. The buyers and sellers
can view the status of the transactions at any time during the process, which also includes
the block details (Figure 11).

 

Figure 9. Output of title search blockchain query function available for land registry administration.
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Figure 10. Viewing property on sale in the marketplace.

 
Figure 11. Transaction status view for a property buyer.

4.5. System Evaluation

The blockchain prototype was comprehensively evaluated by the authors to ensure
methodological reliability and the accurate execution of smart contracts. The evaluation
was conducted using test cases for each of the identified system requirements presented in
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Figure 5. A test case scenario for property search in the marketplace using advanced search
criteria, such as specifying the property type, number of bedrooms, and so on, is provided
in Table 4 as an example. In this scenario, only a blockchain query will be performed, and
the blockchain will not be updated. A blockchain update is performed in instances such as
confirming the sale of the property. Then, the test cases would also check whether a new
block is added, and its details are displayed on the sidebar, and if the number of blocks
and transactions are updated on the sidebar. Improvements to the prototype were added
iteratively until there were no failures of test cases. The final prototype fulfils all the system
requirements, and provides an incubation-ready proof of concept for blockchain-based
trusted property transactions. An external validation of the system would be required if
the prototype is developed into a minimum viable product that is industry-ready.

Table 4. Example test case scenario.

Test Scenario ID Property Search–3 Test Case ID Property Search–3A

Test Case Description
User searches for property on sale with

advanced search criteria Test Priority High

Pre-Requisite Successful login to the user portal Post-Requisite N/A

Test Execution Steps:

S. No Action Inputs Expected Output Actual Output Test Result

1 Go to Marketplace
page

http://landblocks.
online/marketplace Marketplace page Marketplace page Pass

2

Input advanced
search criteria and

click the Search
button

City: Penrith
Property Type:

Townhouse
Number of

bedrooms: 2
Parking capacity: 2

Display all properties
on sale in Penrith

with type
Townhouse, 2
bedrooms, and

parking capacity of 2.

Display all properties
on sale in Penrith

with type
Townhouse, 2
bedrooms, and

parking capacity of 2.

Pass

5. Discussion

Blockchain has been proposed as a solution for many transaction-oriented domains.
However, its implementation is novel and challenging. Unlike traditional software solu-
tions, it requires a solution based on a full ecosystem. Therefore, development of blockchain
solutions for application domains are complicated, and require further research. This re-
search attempted to demonstrate the process of development of a blockchain prototype,
taking property transactions as the use case. Maintaining property transaction records on a
blockchain will potentially accelerate a shift in the work environment to a transparent and
cooperative chain of transactions by assuring the accountability and consistency of data
over the entire life cycle, including storing, processing, and retrieving data, leading to data
integrity [31,39,71]. The Ethereum platform is still being considered in most use cases in
the property sector [3]. However, Hyperledger Fabric was strongly recommended, as it
will address the privacy issue of Ethereum, ensure accountability of network participants,
and support various applications, as it has modular and pluggable components to satisfy a
broad range of industry use cases [6,39,53].

The developed prototype provides a tangible proof of concept for the application of
blockchain for property transactions, providing the benefits of blockchain including in-
creased data integrity, transparency of transactions, and increased trust related to property
transactions. The proposed connecting of relevant government authorities to the blockchain
system through external chaincodes is expected to reduce the number of intermediaries
involved, and the time taken for clearance checking. This prototype also differs from
other existing and proof of concept property transaction systems through the proposed
integration of a fiat-collateralised stable cryptocurrency. This is expected to help ensure
trust in the system in its initial stages, rather than by enabling transactions through volatile
cryptocurrencies. Future iterations of the system may provide the capability of transacting
through alternative payment media mutually agreed upon by buyers and sellers. Currently,
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these two features require further development due to the limitations discussed below.
Furthermore, connecting these external organisations would require integrating disparate
systems and ensuring proper data transfer among the systems.

The operation of the blockchain was tested by entering test data for multiple test
cases through the graphical user interface. The graphical user interface was created to
shield the complexity of the blockchain from a general user of the system; all the blockchain
operations occur in the backend of the system, and are not visible to a typical user. However,
the Hyperledger Explorer tool within the prototype enables a system administrator to
graphically view the operation of the blockchain, and verify blocks, data, and transactions
within the blockchain.

The intention of this software prototype is to showcase the potential of a blockchain
solution for property transactions in the built environment. Therefore, the prototype
has a few limitations, as follows. If users wish to use the blockchain system, they will
have to register their identity on the blockchain platform and be provided with login
credentials. The user registration process is not covered within the current scope of
this prototype. Linking users’ bank details to the system would also be part of the user
registration process, and is not handled currently. Therefore, user details are represented
within the prototype by manually inserting sample data. The prototype demonstrates
the capability of connecting the system to external government organisations in order to
query required information, by calling external chaincodes through the main chaincode.
However, developing the actual data processing code for these external organisations is
not within the scope of the prototype, and is only simulated through sample functions
within the external chaincode. Furthermore, the property title details would need to be
integrated with existing governmental systems in order to ensure proper regulation. The
subsequent property transactions could be facilitated by developing the system as an
enterprise blockchain system with an appropriate financial model for it to be commercially
viable. The proposed system has eliminated most of the intermediaries involved in the
property transaction process. However, it is acknowledged that the involvement of lawyers
may be required to maintain the legality of transactions.

Apart from the limitations of the proposed software prototype in this research, adop-
tion of blockchain is going beyond just a new technology solution to a digital transformation
of the current business model [31], and that will require involvement of all relevant stake-
holders as part of this solution, such as legal professionals [52,55], to set a new regulatory
standard and define new liability rules, which are not easy to establish. It would also
entail transferring the vast amount of existing property title data to the new system, which
would involve high costs in terms of time and effort. Given this, the challenges also include
buy-in from the participants, as it is hard to conceive complete protection of consumers in a
business-to-consumer relationship that bypasses intermediaries [55,72], a lack of specialised
expertise required for this adoption [1], and the cost of this adoption [1,51].

6. Conclusions

This paper illustrates the potential of blockchain in the built environment. It uses
property transactions as a use case in demonstrating the development of a blockchain
system in a step-by-step, systematic approach. Adopting blockchain technology will create
and maintain a clear audit trail of actions that will help to minimise the possibility of
the records being tampered with by facilitating the litigation proceedings as they arise.
Trustworthy and immutable records are essential for establishing ownership of property
titles in the built environment. Blockchain will enable the adoption of a smart contract
to optimise contract formulation and negotiation, while transaction ordering through
a consensus service will ensure immutability mechanisms for the transfer or creation
of value, and transaction validation through a membership service will create trust in
trustless environments to enhance auditability and its accountability, while automating the
execution of the contract.
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The prototyping model of evolutionary prototyping was selected as the software
development methodology for the proposed system. The SMART method was used due to
the relative simplicity of application to assist accurate decision-making to identify the most
suitable blockchain platform for the prototype. Hyperledger Fabric, through the develop-
ment of a prototype, was strongly recommended as a permissioned blockchain platform to
satisfy the requirements of privacy of sensitive data, trust, and traceability, which can be
desirable for a broad range of industry use cases, including property transactions in the
built environment. This study has achieved its aim by understanding the mechanism of
the Hyperledger Fabric blockchain platform, and developing a prototype proof of concept
that enables trusted property transactions. The blockchain prototype was comprehensively
evaluated by the authors to ensure methodological reliability and the accurate execution
of smart contracts. The prototype includes functionality for land registry administrators
and users of the general public who wish to buy and sell properties. It facilitates execution
of smart contracts for property transactions through chaincodes. It also enhances trust in
the network by identifying authorised users, and ensuring transactions are validated and
propagated through the blockchain network. The proposed system will eliminate the need
for many intermediary service providers by connecting users directly with relevant infor-
mation sources, thereby reducing the time taken for property transactions. This system has
been included as a use case for land and property management in the official Hyperledger
wiki [73]. Future research development requires a comprehensive analysis of the problem
domain that involves the whole property transaction ecosystem. Modelling of the relevant
domain is an essential precursor to the development of any blockchain system. The authors
envision that the business case for the adoption must remain the focus while technology
overcomes the temporary barriers of reliability, traceability, and interoperability. Finally,
the findings provide the foundation for developing proofs of concept for other potential
applications of blockchain in the built environment.
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Abstract: For the majority of the contractual arrangements used in construction projects, the owner
is not responsible for the cost deviations due to the variability of labor productivity or material price,
amongst many other aspects. Consequently, the cost performance of a project may be entirely distinct
for the owner and the contractor. Since the majority of quantitative research on cost estimation and
deviation found in the literature adopts the owners’ perspective, this research provides a contribution
towards modeling costs and cost deviation from a contractor’s perspective. From an initial sample of
13 residential buildings and 10 office building projects, it was possible to develop models for cost
estimation at the early stage of development, including both endogenous and exogenous variables.
Although the sample is relatively small, the authors were able to fully analyze all the cost data, using
no secondary sources of data (which is very frequent in cost modeling studies). The statistically
significant variables in the cost estimation models were the areas above and below ground and the
years following the 2008 financial crisis, including the international bailout (2011–2014) period. For
estimating the unit cost, a nonlinear model was obtained with the number of underground and total
floor, the floor ratio, and the years following the 2008 financial crisis, including the international
bailout (2011–2014) period as predictors. For the office buildings, a statistically significant correlation
was also found between the cost deviation and number of underground floors.

Keywords: cost estimation; cost deviation; financial crisis; promotor-contractor; statistical modeling

1. Introduction

The complexity of construction projects is increasing, both on their “hard” (or tangible)
and “soft” (or intangible) dimensions. From new materials to new construction technolo-
gies, a multitude of technical solutions have emerged over the last few decades, widening
the range of alternative options available for the “hard” dimension of construction projects.
Concurrently, the range of aspects to manage in construction project has also increased. The
“soft” dimension of construction projects includes the need for satisfying an increasingly
broader and stringent social (e.g., health and safety), environmental (e.g., construction and
demolition waste management), and economic (e.g., use of life-cycle cost as awarding crite-
ria on public projects in the European Union) requirements. Consequently, construction
managers are now facing additional challenges in their projects. To aid them in their tasks,
several standards and regulations have been published (e.g., ISO 21,500 family of stan-
dards) and new tools are becoming available (e.g., BIM—Building Information Modeling).
These provide holistic and consistent guidelines and technological support to tackle the
complexity of managing construction projects within this new context.

Despite all these evolutions, the financial control of construction projects is still a
dominant dimension in a project’s governance. In this regard, cost estimation in the
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early stages dictates the investment decisions, although, at the early stages, there is a
significant risk surrounding the estimation, given the technical uncertainty. Therefore,
more accurate cost forecasting in the early stages of the project’s development and better
quantification/understanding of cost deviations are amongst the key concerns of any
construction project manager [1].

Within this research, the contractor perspective is adopted by analyzing the financial
performance of 23 building projects of a large industrial group in Portugal (13 residential
buildings and 10 office building projects). Among the companies in the group, there is real
estate and a contractor that develop, amongst other types of projects, residential and office
buildings in collaboration. Although the dataset is relatively small, it is homogenous, in the
sense that the contractor was the same company, and the cost analysis used no secondary
data. The real estate assumes all the licensing, design, marketing, and commercialization
and the contractor executes the projects. The contractor also develops projects for exter-
nal clients, both private and public, of various types (e.g., commercial, healthcare, and
educational buildings; water, transportation, and energy infrastructures).

The paper is organized as follows. After the introduction, Section 2 presents the
literature review, Section 3 explains the data used and the methods, Section 4 presents the
results, and, finally, Section 5 provides the main conclusions.

2. Literature Review

Historically, there have been several tools for cost estimating at early stages of a
project’s development. The simplest models are based on parametric estimation of costs,
built upon expert judgments (see for instance, [2]). The traditional multiple regression
analysis (RA) has been the tool most used by researchers (e.g., [3,4]). Artificial neural
networks (ANN) have gained some expression for data modeling in various engineer-
ing problems, including cost estimation (e.g., [1,5,6]), and case-based reasoning (CBR)
is also being used in various tasks related to construction management (e.g., resource
estimation—[7]; duration estimation—[8]). A review on CBR use for construction man-
agement can be found in [9] and its use for cost estimation can be found in [10–12]. A
comparison between the three methods was done by [13], with the new tools achieving
better results than regression models. More recently, [14] developed cost estimation models
using support vector machines, along with ANN combined with an unsupervised deep
Boltzmann machine, and included exogenous variables (e.g., consumer price index, interest
rate for loan, population of the city) in combination with endogenous variables (e.g., total
area). Some authors have also developed models to estimate the cost of portions of the
projects (e.g., structure—[15,16]).

Table 1 summarizes the main research on the topic, along with the methods and
explanatory variables used in each study. It should be noted that some models were
developed to estimate the total cost (when the area is included in the model) whereas
others were developed to estimate the unit cost (when the area is not included in the model).
Some variables listed in Table 1 should be interpreted as a category of variables rather than
a single variable, in some cases simply because they are measured differently depending on
the author. For instance, the construction area may be gross, usable, or other; the number
of stories may also be total, above ground, and underground; or the height may be of the
building or of the floor. Others are naturally a category of variables, such as the structural
characteristics that may include the type of structure or foundation (e.g., [17]). A few are
even impossible to quantify adequately at the early stages of the project development,
namely the duration. In fact, it is far more common to use cost as an independent variable
to estimate the construction duration (e.g., see [18–20]) for examples of time-relationships),
because a cost estimate tends to be done by the designer before the contractor develops the
construction schedule.
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Table 1. Early-stage cost estimation models for buildings.

Reference [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33]

Method

Regression Analysis X X X X X X X X X

Artificial Neural Network X X X X

Case-Based Reasoning X

Other X

Variables

Project related

Building type X X X X

Area X X X X X X X X

Number of stories X X X X X

Number of households X

Height X X X X X

Duration X X X X X

Location X X

Above ground external
envelope characteristics X X X

Underground external
envelope characteristics X X

Number of lifts X X X

Number of piloti floors X

Structural characteristics X

Other X X X X X X

Management related

Type of contract X X X

Procurement strategy X X X X

Other X X

Other

Type of client X X

Construction year X X

Designer characteristics X

Contractor characteristics X

Site characteristics X

Sample

Size 15 30 288 36 50 93 - 30 290 42,340
18,469 75 91 232

Type R S R - O R
O R R

R—Residential buildings. O—Office buildings. S—School buildings.

There are also authors attempting to use BIM for conceptual cost estimation (e.g., [34]).
However, this approach requires a quantities takeoff, which implies a degree of project
development that is incompatible with the early stages of development in this research
(definition of general characteristics of the project, such as area and number of floors, and a
preliminary sketch). In fact, even some models reported in the literature review presented
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herein use variables that may be unavailable at this stage of the project development
(e.g., proportion of walls and windows in the external envelope). There is a clear trade-off
between model adjustment, i.e., estimation accuracy and the availability of information
in the early stages of the project. The review presented focused on cost estimation for
building projects and is not intended to be exhaustive, but rather illustrates that different
tools, sample sizes, and variables have been used. There is also an extensive literature on
other types of projects (e.g., transportation infrastructure projects—[35–39]).

The topic of cost deviations is closely related to cost estimation, since a more accurate
cost estimation should reduce cost deviations. There is an extensive literature on the
magnitude (e.g., [40–46]) and causes (e.g., [47–51]) of cost deviations. The former tends to
be quantitative, based on the analysis of the performance of past project, while the latter is
mostly qualitative, resorting to questionnaires or interviews with experts.

The research relating the magnitude with the causes of cost deviation is less extensive
and the causes are limited to macro variables of the projects, such as: (i) The size of the
project ([52,53]); (ii) the nature of ownership/promotor (public or private—e.g., [41,54]);
(iii) the type of intervention (new build or refurbishment/rehabilitation—[40]); (iv) the
type of project (residential, infrastructure, commercial, and other—e.g., [55]); (v) the pro-
curement model (design-bid-build, design and build, project management—e.g., [52,56]);
or (vi) the tender method (open, selection, negotiated tendering—e.g., [57]).

Most research on cost modeling in general (cost estimation and cost deviations) tends
to focus on variables endogenous to the projects. Table 1 provides a clear illustration of this
claim, with the variables used by the various authors being exclusively related to the project
or its management. There is a smaller body of literature on the influence of exogenous
variables on the financial performance of construction projects. For instance, Refs. [58–60]
demonstrated the relation between political and economic cycles and the cost deviation in
public projects.

The quantitative research available in the literature, both in terms of cost estimation
and quantitative analysis of cost variations, tends to reflect the construction projects’ finan-
cial performance from the owners’ perspective. The records used by most of the authors
were obtained from the owners (or from the contractors) and represent the payments made
to the contractors and not the expenses of the contractors. However, the amounts payed
by the owners do not match perfectly the amounts spent by the contractors to execute the
projects after deducting the profit margin. Regarding the cost estimation, the owners’ per-
spective is affected by the commercial strategy adopted by the contractors in each moment,
frequently represented by the margin defined in their bids. In highly competitive contexts,
the margins tend to decrease, whereas in low competitive contexts the margins tend to
increase. Concerning cost deviations, the variability of materials prices, labor productivity,
or site overheads, amongst other potential causes of cost deviation (e.g., accidents, equip-
ment breakdown, or failure) are not measured when analyzing historical construction cost
data from the owner’s perspective. From the owner’s perspective, change orders and
errors/omissions (if the design is provided by the owner) are the most relevant causes of
cost deviations.

The literature has provided recently an active discussion whether cost deviations
are motivated by more technical aspects (e.g., cost escalation, scope changes, unforeseen
events/conditions) of the projects ([43,44]) or by estimator bias ([61,62]). However, this
discussion is outside of the scope of the present research. This discussion focuses on
the cost deviations between the first estimate and final cost, and in the context of major
infrastructure projects more applicable to public projects. This includes references to the
benefits of the projects for society. Herein, the scope is restricted to private projects and
cost deviations between the detailed design and final cost. Furthermore, the cost-benefit
ratio is simply the cost of the project versus the income generated by its commercialization.
Thus, fundamentally the technical aspects will drive the cost deviations and the potential
estimator bias will be more on the expected market valuation of the project.

329



Buildings 2021, 11, 529

3. Data and Methods

As referred above, the data used was obtained from a large industrial group in
Portugal that include a real estate and a contractor in their portfolio of companies. All
projects were developed in collaboration between these two companies of the group
and, despite the formal split between them, they end up working as a single entity with
complementary expertise.

The 23 building projects were developed mostly in Portugal, with only 2 being abroad
(Angola and Mozambique). The projects in Portugal are concentrated in the Lisbon and
Porto metropolitan areas (the two major cities in Portugal) and can be classified as premium.
The projects in Africa are located in the capital cities of the respective countries (Luanda, in
Angola, and Maputo, in Mozambique). Naturally, there are differences between the Por-
tuguese and African contexts at various levels, but the projects are all new developments in
consolidated urban areas. Focusing on the Portuguese projects, infrastructures (e.g., roads,
water, electricity, communications) and support facilities (e.g., subcontractors, suppliers)
are good and can be regarded equivalent in both Lisbon and Porto regions. Furthermore,
since the projects are all from the same group, the management approach and skills can be
considered identical and, in many cases, the designers were also the same. The projects in
Portugal also resorted to the same subcontractor and suppliers in many instances.

Information on the projects includes the: (i) Proportion of the cost by major category
of works (structure, architecture, technical installations, and site overheads); (ii) estimated
cost; (iii) profit margin; (iv) estimated price; (v) final price; (vi) total area, above ground,
and underground gross-built area; and (vii) total floors, above ground, and underground
number of floors. There is also information on the start year and duration of the projects.
Both the cost and prices of the projects were update to 2019 values using the formulas
for price adjustment applicable to public residential and office buildings in Portugal. In
Portugal, the reimbursements to contractors in public construction projects are corrected
to account for inflation. Since this is mandatory, there are formulas defined by law for
estimating the increase (or decrease) in the payments to the contractor for 23 different types
of projects (Law-Decree n◦ 6/2004). These formulas represent the average weight of labor,
materials (a selection from 51 different materials), and equipment on the total price of the
projects. The price indexes of the labor, materials, and equipment are published monthly
by the government based on the official inflation data. The estimated and final unit prices
and the cost deviations were calculated from the available data. It was not possible to
retrieve all the fields for all the projects, particularly the final price that was available for
only 16 projects.

In addition to the endogenous variables, the influence of the 2008 financial crisis
and subsequent international bailout that Portugal had between 2011 and 2014 was also
included. This exogenous variable was modeled with a categorical predictor assuming the
value of 1 between 2008 and 2014 and 0 in the remaining years. A lag of 1 year was also
considered at the start and end of the crisis to evaluate if there was a delay between these
events and the impact on the cost of the projects.

Due to confidentiality issues regarding some of the data (revealing the cost without
the profit margin of the contractor for an external client), indexes were computed dividing
the value of each project by the average of all the projects in the sample. This was done
particularly for the projects profit margin, total and unit cost, as well as total, unit initial, and
final prices. Area and floor ratios were also computed dividing the values above ground by
the values underground since there is typically a relation both due to parking requirements.

A statistical approach was used to analyze the data, comprising of two steps: (i) A
preliminary data analysis and (ii) data modeling. The preliminary data analysis in-
cluded calculation of descriptive statistics, assumptions testing, and unidimensional
statistical analysis. The normality and homogeneity of variance were tested using the
Shapiro–Wilk and Levene’s tests, respectively, and the unidimensional analysis was done
using either parametric or non-parametric distribution comparison (t-test/ANOVA or
Mann–Whitney/Kruskal–Wallis), for categorical variables, and correlation (Pearson or
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Spearman), for continuous variables. The data modeling was based on the traditional least
squares multiple linear regression. Non-linear regression was also used, when necessary,
but given the sample size, the use of artificial intelligence tools (e.g., artificial neural net-
works, support vector machines, random forests) was not considered. Given the small
sample size, bootstrapping (1000 simulations with simple sampling and 95% confidence
interval based on percentile) was used to strengthen the confidence in the results.

The restriction of the context (projects from a single company), scope (all buildings
are classified as premium in terms of quality), and location (the spatial variability of the
locations is small) limits the generalization of the results. However, it excludes these
variables from the cost estimation and deviations of the projects and enables the possibility
of capturing the cost estimation and deviations drivers that are specific to the projects.
This is an important difference from most past research effort, which in most cases use
data samples with projects that may be very different, developed by distinct contractors,
designed by different teams, and, in some cases, promoted by various owners in many
locations. This broader scope allows capturing an overall average cost performance of the
projects, but it is impossible to assess if it was due to the contractor competence, design
quality, owner experience, nature of the project, local factors, or other aspects that are
controlled for in the analysis. Consequently, using large mixed samples of data may fail in
terms of applicability to a specific project.

4. Results and Discussion

4.1. Preliminary Data Analysis

As defined in Section 3, a preliminary data analysis was carried out comprising an
overall statistical characterization of the projects in the sample, followed by the statisti-
cal analysis of the distribution of costs by major categories of works (structural works,
architectural works, technical installation works, and site overheads). The latter provides
information, not only on the typical distribution of costs by category, but assesses if there
statistically significant differences depending on the type of building.

The projects totalize a cost of over 155 million euros, with the residential buildings
contributing 57% and the office buildings accounting for 43%. The initial price (cost plus
typical margin used by the contractor for external clients) of each individual project ranged
from 1.5 to 20 million euros. The average initial unit price is 560 €/m2 for office buildings,
and 785 €/m2 for residential buildings. This difference is, however, strongly influenced by
the two residential buildings outside Portugal (one in Angola and another in Mozambique)
that had an average initial unit price of 1408 €/m2. Table 2 presents some descriptive
statistics characterizing the dataset.

Figure 1 illustrates the distribution of the cost and price indexes and the weight of
each cost category for the residential and office buildings. The number of projects with
information regarding the cost and initial price is roughly the same, but there are fewer
projects with information regarding the final price. Consequently, analyzing the evolution
from cost to final price is not possible (Figure 1 bottom). Considering the substantial price
difference of the projects outside Portugal, one of them clearly an outlier identified in
Figure 1, they were excluded from the analysis from this point forward.

Comparing the weight of the cost categories between a residential and office building,
it is visible a difference in all cost categories except for the site overheads. These differences
were found to be statistically significant (Table 3), and the site overheads would also be
considered statistically significant for a significance level of 0.10 instead of the typical 0.05.
The parametric t-test was used since the data was found to be normally distributed for
both residential and office buildings subsets according with the Shapiro–Wilk test.
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Figure 1. Projects distribution of the weight by cost category (top) and cost and prices indexes (bottom).

Office buildings present a lower weight of architecture costs, which may be explained
by the tendency for open spaces. These savings are partially compensated by more expen-
sive structures and technical installations, since the unit cost difference is only statistically
significant for a 10% significance level. Assuming that the open spaces imply wider spans,
this may contribute to explain the higher weight of the structures in office buildings. Con-
sidering, the demand for heating, ventilation, air conditioning, the requirements regarding
electric and telecommunication facilities tend to be higher for office buildings than for
residential buildings, which may explain the results. These results were further confirmed
by bootstrapping (not presented herein the full table of results), with the significance of
the t-test result increasing to 0.045, 0.003, and 0.002, for the structure, architecture, and
technical installations, respectively.
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Table 3. Means comparison between residential and office buildings’ cost categories weights and unit cost and prices.

Variables

Levene’s Test t-Test Difference

F Sig. t Df
Sig.

(2-Tailed) Mean Std. Error
95% Confidence Interval

Lower Upper

Structure
EVA

0.018 0.894
2.176 19 0.042 4.557 2.094 0.174 8.940

EVNA 2.177 18.834 0.042 4.557 2.093 0.173 8.941

Architecture
EVA

0.007 0.935
−5.043 19 0.000 −11.906 2.361 −16.848 −6.965

EVNA −5.043 18.801 0.000 −11.906 2.361 −16.852 −6.961

Technical
Installations

EVA
1.459 0.242

4.970 19 0.000 9.801 1.972 5.673 13.929

EVNA 5.070 17.367 0.000 9.801 1.933 5.729 13.873

Site Overheads
EVA

3.285 0.086
−1.802 19 0.087 −1.725 0.957 −3.727 0.278

EVNA −1.866 13.814 0.083 −1.725 0.924 −3.710 0.261

Unit Cost
EVA

0.941 0.346
−2.042 17 0.057 −86.404 42.314 −175.679 2.871

EVNA −2.174 16.949 0.044 −86.404 39.749 −170.286 −2.522

Initial Unit Price
EVA

0.174 0.681
−2.222 18 0.039 −100.576 45.273 −195.692 −5.460

EVNA −2.222 17.920 0.039 −100.576 45.273 −195.722 −5.430

Final Unit Price
EVA

0.054 0.821
−1.412 12 0.183 −106.575 75.453 −270.974 57.823

EVNA −1.443 11.650 0.175 −106.575 73.854 −268.029 54.878

EVA—Equal variances assumed. EVNA—Equal variances not assumed. Italics—result significance at a 0.10 level. Bold—result significance
at a 0.05 level.

The unit cost and initial price are also statistically different between residential and
office buildings, if a 10% threshold is considered for the unit cost. The same is not verified
for the final cost, but this can be attributed to the combination of the cost deviations and,
mostly, to the smaller sample of project with final price data available. The bootstrapping
results (not presented herein the full table of results) confirms the results obtained for
the parameters (unit cost, initial, or final price), with the unit cost difference closer to be
statistically significant at a 5% significance level (p-value = 0.055).

It is interesting to notice that the total cost and prices (initial and final) of office
buildings are slightly higher than for residential buildings, but the unit cost and prices are
slightly lower. This implies that the office buildings in the sample are larger, in average,
than the residential buildings, but that the lower expenses on architecture are only partially
compensated by the more expensive structure and technical installations.

Table 4 reveals the statistical significance of the influence of the 2008 economic crisis
and the international bailout that followed until 2014 on the unit cost and prices of office
building projects. Within the residential buildings in Portugal, only 2 were executed
between 2008 and 2015 (in 2014 and 2015). As such, it is impossible to assess the influence
of this exogenous variable on the financial performance of the residential building projects
separately. Considering all projects, the unit cost difference during the crisis is no longer
statistically significant and the final cost is only significant for a 10% significance level.
However, this may result from the masking effect of mixing residential and office building
projects and differences in the sample size for cost and initial and final price. In general,
the significance level with bootstrapping decreased for all the projects analyzed together
and increased for the office buildings (not presented herein the full table of results). This
made the unit cost difference become statistically significant for a 10% significance level
(p-value = 0.096). Regarding the office buildings, this made the site overheads and the unit
cost difference of office buildings lose their statistical significance.
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Table 4. Means comparison between the projects developed during the economic crisis years and during the other years.

Variables

Levene’s Test t-Test Difference

F Sig. t Df
Sig.

(2-Tailed) Mean Std. Error
95% Confidence Interval

Lower Upper

All buildings

Structure
EVA

2.616 0.122
−0.653 19 0.521 −1.924 2.944 −8.085 4.238

EVNA −0.445 3 0.683 −1.924 4.325 −14.782 10.935

Architecture
EVA

0.026 0.874
1.349 19 0.193 5.919 4.387 −3.262 15.100

EVNA 1.187 4 0.301 5.919 4.988 −7.919 19.757

Technical
Installations

EVA
3.737 0.068

−1.141 19 0.268 −4.199 3.680 −11.901 3.504

EVNA −2.048 17 0.056 −4.199 2.050 −8.523 0.126

Site Overheads
EVA

1.252 0.277
−0.203 19 0.841 −0.268 1.316 −3.021 2.486

EVNA −0.322 11 0.753 −0.268 0.832 −2.090 1.554

Unit Cost
EVA

0.055 0.818
1.566 17 0.136 83.700 53.461 −29.092 196.492

EVNA 1.610 5 0.169 83.700 51.981 −50.578 217.979

Initial Unit Price
EVA

0.290 0.597
2.396 18 0.028 133.254 55.626 16.388 250.119

EVNA 2.392 5 0.066 133.254 55.701 −13.522 280.029

Final Unit Price
EVA

0.938 0.352
1.959 12 0.074 152.192 77.701 −17.105 321.488

EVNA 2.284 8 0.052 152.192 66.628 −1.443 305.826

Office Buildings

Structure
EVA

1.605 0.241
−1.536 8 0.163 −4.719 3.072 −11.802 2.364

EVNA −2.222 8 0.058 −4.719 2.124 −9.633 0.195

Architecture
EVA

3.441 0.101
1.216 8 0.259 4.424 3.638 −3.966 12.813

EVNA 1.703 8 0.127 4.424 2.597 −1.566 10.414

Technical
Installations

EVA
3.395 0.103

0.829 8 0.431 2.014 2.431 −3.592 7.620

EVNA 0.980 6 0.366 2.014 2.055 −3.049 7.078

Site Overheads
EVA

4.993 0.056
−2.723 8 0.026 −1.719 0.631 −3.175 −0.263

EVNA −2.075 2 0.148 −1.719 0.828 −4.695 1.257

Unit Cost
EVA

6.878 0.039
2.612 6 0.040 98.267 37.628 6.195 190.340

EVNA 3.385 5 0.022 98.267 29.034 21.891 174.643

Initial Unit Price
EVA

10.343 0.012
3.140 8 0.014 150.429 47.907 39.956 260.901

EVNA 4.614 8 0.002 150.429 32.605 74.662 226.195

Final Unit Price
EVA

2.021 0.228
2.465 4 0.069 181.754 73.733 −22.961 386.469

EVNA 2.465 3 0.088 181.754 73.733 −49.712 413.220

EVA—Equal variances assumed. EVNA—Equal variances not assumed. Italics—result significance at a 0.10 level. Bold—result significance
at a 0.05 level.

The economic crisis impacted more severely on labor cost (there was a high unem-
ployment and salary cuts) than on materials and equipment (a portion are imported and
subject to less devaluation). This is consistent with the statistical significance of the site
overheads on the office building projects, considering that a large portion of the cost in this
category is due to the management team.

Since the majority of the data was found to be normally distributed based on the
Shapiro–Wilk test (the non-normally distributed variables were the site overheads, margin,
and the underground and above ground floors), the Pearson correlation was used. The
results (Table 5) reveal the expected correlation between the cost and prices with the areas
and between the areas and the weight of the structure. Some less obvious results include
the negative correlation between the unit cost and prices and the underground area, total
area, and area ratio. However, this is logical since the underground areas tend to be for
parking spaces, with lower demands for architecture (and technical installations works)
that justify a lower unit cost and prices compared to the areas above ground. The negative
relation between the unit cost and price and the total may indicate the existence of a scale
effect. The bootstrap results confirm the correlations (not presented herein the full table of
results). For instance, the 95% confidence interval of the correlation between the total cost
and the above ground area is estimated to be between 0.705 and 0.980.
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For the variables that are not normally distributed, the non-parametric Spearman
correlation was also used (not presented herein), leading to similar results. The exception
was a positive statistically significant correlation between the number of floors above
ground and the weight of the architecture costs.

4.2. Data Modeling

The previous unidimensional statistical analysis provides some insight on the data, but
fails to account for the potential interaction between the variables. In fact, a comparison of
mean assumes that all the projects in each category are identical regarding all other variables
and the same applies for the correlation between two variables. Since all projects are distinct
amongst them, modeling the data with multiple linear regression allows identifying the
independent variables that are statistically significant to explain the dependent variable,
while controlling for the influence of the other independent variables variability. This
approach has its own limitations, namely the fact that a linear relation and specific relation
(sum) of the variables is assumed.

The cost and prices, both total and unit, were selected as independent variables,
along with the cost deviation. All other variables were considered as potential predictors.
A hybrid approach was used to select the predictors to include in the models, combining
expert judgment and the best subsets tool with the Akaike Information Criterion. The
option for this hybrid approach resulted from an experimental stage using only statistical
tools to select the predictors (stepwise and best subsets using the Akaike Information
Criterion, Ajusted R2 and Overfit Prevention Criterion) that produced models with a very
high fit, but were not robust from an engineering point of view. Furthermore, the models
for predicting total cost and price were developed without intercept to ensure that the value
tends to zero when the project size decreases. There were no signs of heteroscedasticity
(White and Breusch–Pagan tests), non-normal distribution of the residuals (Shapiro–Wilk
test), or influential observations (Cook’s distance) in all hybrid models. Still, robust
standard errors were used in all models. There is also no evidence of specification problems
(linktest), and the functional forms seem appropriate (Ramsey test).

The regression models for the initial and final price model are presented in Table 6.
The R2 of the models is 0.92. Given the high R2 obtained, the models with the predictors
selected with statistical tools alone produced similar results in terms of fit to the data. For
instance, using the best subsets with the adjusted R2 as the criterion to select variables, it
was possible to obtain a model for the initial price with an R2 of 0.95 using the following
variables: (i) Area above ground; (ii) area x type; (iii) floors above ground; (iv) total floors;
and (v) area ratio. However, this comes with a cost in terms of outliers (3 cases were
identified as outliers using the Cook’s distance) and represents a potential overfit (a model
with 5 variables for a dataset with 18 cases). Due to the reduced size of the sample available
(8 residential and 6 office buildings) for developing the final price model, the result should
be looked with due care.

Due to confidentiality, the model for the total cost cannot be disclosed. The variables
in the models were the same of the initial price models, which is logical since the difference
between both is the margin set by the contractor. However, the results of the model are
depicted in Figure 2, corresponding to an R2 of 0.94.

Both total and unit cost or prices are connected, but the high correlation between the
total cost or price and the construction area may mask the influence of other variables.
Considering the confidentiality issues and the limitations of sample size, only the initial unit
price was modeled. The first model obtained attained an R2 of 0.505 using as predictors the
variables: (i) Floors above ground; (ii) total floors; (iii) floor ratio; and (iv) economic crisis.

However, since a clear non-linear pattern was visible when plotting observed versus
predicted initial unit prices, a non-linear multiple regression model was developed. The
non-linearity was accounted for by including power coefficients in the scale predictors.
The best model resulted in a power of 1.011 for the floors above ground and 1.608 for the
total floors, increasing the R2 to 0.720 (Table 7).
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Table 6. Regression models for the initial and final price.

Parameter B Robust Std. Error a t Sig.
95% Confidence Interval

Lower Bound Upper Bound

Initial Price

Above Ground Area (AGA) 735.860 138.565 5.311 0.000 443.512 1028.207

Underground Area (UGA) 462.428 121.467 3.807 0.001 206.155 718.701

Area X Crisis −102.426 36.276 −2.824 0.012 −178.961 −25.890

Final Price

Above Ground Area 1393.707 399.891 3.485 0.005 513.554 2273.860

Underground Area 232.331 127.608 1.821 0.096 −48.531 513.194

Area X Type −181.507 118.842 −1.527 0.155 −443.077 80.062
a—HC3 method.

Table 7. Regression models for the initial unit price.

Parameter B Robust Std. Error a t Sig.
95% Confidence Interval

Lower Bound Upper Bound

Intercept 503.309 36.238 13.889 0.000 425.022 581.596

Above Ground Floors 1.011 −160.284 30.403 −5.272 0.000 −225.966 −94.602

Total Floors 1.608 17.286 3.129 5.524 0.000 10.525 24.046

Floor Ratio 117.935 25.915 4.551 0.001 61.949 173.920

Economic Crisis = 0 211.752 36.914 5.736 0.000 132.005 291.499

Economic Crisis = 1 0.000
a—HC3 method.

There is the influence of the economic crisis, but the proportion of underground and
above ground floors became statistically significant with the removal of the area from
the model. The difference between the linear and non-linear models can be observed in
Figure 3, evidencing the fit increase in the latter.

The apparently lower fit of the models for the unit price is misleading. In fact,
multiplying the area by the initial unit prices estimated with the non-linear model to
determine that the total initial price achieves an R2 of 0.97 (Figure 4). This fit difference
between the models for the total and unit prices results from the correlation between the
total area and the number of floors. This correlation produces multicollinearity between
the variables, resulting in the exclusion of the number of floors from any model in which
the area is also used. Removing the influence of the area by modeling the unit price
allows for the influence of the number of floors to be accounted for, which explains the
accuracy increase.

Bootstrapping was also used in the development of the regression models and confirm
the statistical significance of the regression coefficients for a 95% confidence interval.
Generally, the significance of the regression coefficients decreased, but the p-value remained
lower than 0.05 in all cases except for the final price model. For this model, the regression
coefficients of the Underground Area and Area X Type already exceeded the 5% significance
threshold even without bootstrapping, which can be attributed to the small number of
projects for which the final price was available.
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Figure 2. Observed versus estimated total cost and initial and final price.
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Figure 3. Observed versus estimated initial unit price (left: Linear model; right: Non-linear model).

Figure 4. Observed versus estimated initial price using the non-linear initial unit price model.

The three cost estimation models developed for which the mathematical formulation
can be disclosed as follows:

Initial Price (€) = 735.86·AGA + 462.428·UGA − 102.426·TA·C

Final Price (€) = 1393.707·AGA + 232.331·UGA − 181.507·TA·T

Initial unit price
(

€
m2

)
= 503.309 − 160.284·AGF1.011 + 17.286·TF1.608 + 117.935·AGF

UGF
+ 211.752·(1 − C)

where AGA is the above ground area (m2); UGA is the underground area (m2); A is the total
area (m2); C represents the economic crisis (takes the value of 1 if in crisis and 0 otherwise);
T represents the type of building (takes the value of 1 if residential and 2 if office); AGF is
the number of floors above ground; UGF is the number of underground floors; and TF is
the total number of floors.

With the purpose of testing and validating the models developed in this research,
the model for the initial price was applied to a project currently under development by
the organization. Considering that the project used for validation was estimated in over
45 million euros, significantly higher than the projects in the dataset, and that the difference
to the price estimated by the organization was less than 5%, there was positive feedback
from the organization regarding the accuracy and extrapolation capability of the model.

In the sample of 13 projects (6 office and 7 residential) for which initial and final prices
were available, an average cost deviation of 3.5% was obtained. Only 3 projects had a
final price lower than the initial estimate (average of −6.5%). The projects with positive
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cost deviations were, on average, 6.5% costlier and there was no project without a cost
deviation. Comparing with the literature available, which generally adopts the owner
perspective, the magnitude of the cost deviation is clearly smaller than usually reported
and it becomes evident that the contractor always experiences some cost deviation, even if
that is not reflected on the bill of the owner.

Either due to the limitations of the dataset, the fact that the projects are limited
in type, the spatial context and stakeholders involved, or a combination of these and
other factors, the cost deviation depends on specific aspects of each project that are not
captured by the general information used herein and it was not possible to model them.
The only statistically significant result obtained was the high Person correlation (0.814)
between the number of underground floors and the cost deviation of office buildings. The
corresponding regression model indicates that the average cost deviation in office buildings
increase 0.65% per the underground floor, but this was obtained from a sample of only
6 projects and its validity is questionable.

5. Conclusions

This research revisits the topic of cost estimation and deviation of construction projects,
but adopts the innovative perspective of a contractor, which seems uncommon in the
literature review carried out. Furthermore, to the best of our knowledge, this is one of the
few efforts linking endogenous and exogenous variables in cost estimation functions.

Contrarily to most research available, only similar projects (premium residential and
office buildings) from a single promotor-contractor are used. This compromises the size
of the database available, but eliminates the variability of cost estimates and deviations
due to: (i) Factors related to the contractor or the designer (e.g., experience; competen-
cies; dimension; management models); (ii) characteristics of the projects (e.g., premium
buildings, social buildings, public buildings); (iii) relation between owner and contractor
(e.g., type of owner—public, private; type of contract—design-bid-build, design-build;
payment method—lump sum, unit prices); and (iv) aspects associated with the location
(e.g., weather conditions; laws and regulations). Since the projects are promoted by the real
estate company of the same group, the commercial strategy issues related to the degree of
competition of the market has less effect on the cost of the projects. The contract does not
have to adjust its margin to win the contract and so the influence of the level of competition
in the market is only limited to the portion of the project that is executed by subcontractors.
By doing so, the results presented herein grasp the “real” cost estimation and deviations
driven by project-related factors. The high accuracy of the cost estimation may be par-
tially due to the reduced sample size, but it must be taken into account that the variables
that have been reported to influence cost performance are strongly restricted. The results
obtained with these restrictions support the importance of the technical expertise of the
involved parties in the cost estimation and deviations reported in the literature. Comparing
the average and range of the cost deviations in this study with other authors, it is licit
to assume that, at least, a portion of the difference is due to the experience of the teams
involved and not only due to project (e.g., construction technology) or context (e.g., weather
conditions) specificities. Another factor possibly underlying the differences in terms of the
magnitude of the cost deviations is the collaborative effort of promoter and contractor in
this case, reducing the conflicts that are not rare in the traditional design-bid-build contracts
where the promoter has limited expertise/resources regarding the execution stage of the
construction project.

Despite the reduced sample size when compared to other studies, it is noticeable that
the cost deviations in this context are smaller than what is typically reported when adopting
the owner, either public or private, perspective. The generalization of the results may be
limited, but they do provide a source for other contractors benchmark their performance
and the methodology proposed sets a basis for developing similar studies both in research
or practical contexts. In fact, the linear and non-linear regression models developed are
of easy interpretation and assessment from an expert, which was done with good results,
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whereas artificial intelligence models are black-boxes impossible or very difficult to be vali-
dated by experts. The practical expert validation carried out, along with the bootstrapping
results, reinforce the applicability of the models for the specific context in which it was
developed and corroborates the applicability of the methodology in other contexts.

The models developed for estimating costs have a very high fit to the data and
highlight the influence of the economic crisis and international bailout on the construction
costs. In Portugal, the price of construction projects in open competition also suffered a
strong reduction during this period due to the lack of both private and public construction
projects. However, since the price is driven not only by the cost but also by the market
conditions (e.g., relation between demand and supply), the variation is not necessarily
identical, and this research is able to capture the pattern of the cost.

The cost deviations seem to depend more in particular aspects of each project than
overall characteristics, despite the positive statistically significant relation between the
number of underground floors and the cost deviations in office buildings found.
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Abstract: Selecting the appropriate project delivery method (PDM) is a very significant managerial
decision that impacts the success of construction projects. This paper provides a critical review
of related literature on the evolution of project delivery methods, selection methods and selection
criteria over the years and their suitability in the construction industry of today’s world. The literature
review analysis has concluded that project delivery methods evolve at a slower rate compared to the
evolution of the construction industry. The paper also suggests features of an evolved project delivery
method that is digitally integrated, people-centered, and sustainability-focused. Moreover, the paper
highlights the latest selection criteria such as risk, health and wellbeing, sustainability goals and
technological innovations. Furthermore, the paper concluded that advanced artificial intelligence
techniques are yet to be exploited to develop a smart decision support model that will assist clients
in selecting the most appropriate delivery method for successful project completion. Additionally,
the paper presents a framework that illustrates the relationship between the different PDM variables
needed to harmonize with the construction industry. Last, but not least, the paper fills a gap in the
literature as it covers a different perspective in the field of project delivery methods. The paper also
provides recommendations and future research ideas.

Keywords: project delivery methods; construction; PDM selection criteria; PDM selection methods

1. Introduction

The construction industry is a major contributor to any country’s economy. The impact
of this contribution largely depends on the successful and efficient delivery of construction
projects. One of the critical success factors in any construction project is the managerial
decision of the project delivery method [1]. This is due to the fact that it has a direct effect on
key performance indicators such as cost, schedule, quality, project execution and safety [2].

The term delivery method refers to the assignment of responsibilities to the different
parties involved in a project in order to establish a framework of the entire design, pro-
curement and construction process [1]. There are various delivery methods available in
the construction industry, from the traditional design-bid-build (DBB) to other alternative
methods such as design-build (DB) and construction manager at risk (CMR). Using DBB,
the owner issues two separate contracts, one with the consultant for the design phase of
the project and the other with a construction professional for project execution [3]. On
the other hand, in DB, a single legal entity is given the sole responsibility to hire both the
consultant and the contractor under one contract representing a single commitment [4].
Furthermore, CMR is a delivery method in which the construction manager is recruited
during the design phase of the project, giving him the responsibilities of both a project
coordinator and a general contractor [5]. Additionally, collaborative delivery methods
such as integrated project delivery, alliancing and partnering represent emerging forms
of delivery methods that emphasize features such as collaboration, trust, commitment, as
well as co-learning [6].

When it comes to choosing the project delivery method, many owners rely on a
list of predefined selection criteria and selection methods to assist them in the decision

Buildings 2021, 11, 11. https://dx.doi.org/10.3390/buildings11010011 https://www.mdpi.com/journal/buildings345



Buildings 2021, 11, 11

process. These methods and criteria are not comprehensive and may not be applicable
enough in today’s modern construction industry as conventional project management
practices are not being updated at an appropriate rate to embrace changes that have already
transformed the construction industry, such as technological advancements and greening
practices [7,8]. Referred to as “construction 4.0” is a term that was conceived from the
concept of industry 4.0, which is viewed as the fourth industrial revolution that originated
from Germany [9]. Construction 4.0 is a digital transformation of the industry through the
use of sophisticated gadgets such as laser scanning, drones, and 3D printing in order to
enhance the management of construction projects throughout the different phases, which
will enable the establishment of smarter and sustainable buildings [10].

Apart from the digital transformation in construction project management, there are
other changes that further differentiate the construction industry today from the past.
The construction context is very different today with the introduction of sustainable and
green construction. As the industry changes and with the increasing global awareness
about the negative impacts brought upon the environment through construction activities,
project managers are under extreme pressure to steer their construction projects towards
sustainable development by implementing green measures [11]. Additionally, the con-
struction environment itself is not the same; it was some sixty years ago with growing
populations and changing lifestyles worldwide. This will ultimately have an impact on
altering customer expectations. Since customers are often regarded as the ultimate stake-
holder, it is essential that project managers always update themselves in terms of customer
expectations [12]. Consequently, with this in mind, the evolution of the project delivery
methods, selection criteria and models have become more critical to be able to satisfy the
demands of the modern construction industry.

Therefore, the aim of this paper is to conduct a systematic literature review on the
project delivery methods available in the construction industry, the selection criteria that
are identified in the literature, as well as the selection models and decision support tools
used by owners to choose the appropriate project delivery method. This research answers
critical empirical questions by highlighting the new selection criteria for project delivery
methods in today’s construction industry. Additionally, this research classifies the project
delivery selection models according to the progression of rigor by academics. Moreover,
the results of this literature review will contribute to the body of research knowledge as
it will provide a detailed review of the evolution of project delivery over the past sixty
years. Furthermore, new selection criteria will be highlighted, and new features of project
delivery methods will be identified. The study addresses the following three research
questions:

1. What research has been carried out on delivery methods, selection criteria and selec-
tion methods of delivery methods?

2. What are the new selection criteria for project delivery methods highlighted post
literature analysis?

3. What are the features of the project delivery method that future research should focus
on to fill the gaps in the literature?

2. Theoretical Background

2.1. Project Delivery Methods

Selecting the appropriate project delivery method is one of the most important man-
agerial decisions as it has a direct impact on the success of the project since it affects key
performance indicators such as cost, quality, schedule and safety. Indeed, project delivery
methods have evolved over the years, and there have been many variations and alternatives
introduced in the construction industry to meet various consumer demands.

To begin with, up until 1990, the traditional delivery system, design-bid-build (DBB),
was considered the dominant method where professionals were endorsing and standard-
izing its features throughout almost all construction projects [13]. DBB, also known as
the conventional method, where the owner issues two separate contracts, one with the
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consultant for the design phase and the second contract is with a construction professional
for the execution of the project. This disconnection, however, has led to several disputes
and resulted in an increase in the number of claims and change orders, which ultimately
lead to cost and time overruns [14]. In fact, this delivery method is usually associated with
the single fixed-price or the lump sum contract strategy where the contractor performs a
specified for a specific amount of money. Such a contract removes the risk of any changes
to the final cost for the owner [15].

As the demand for heavy engineering projects increased, it became difficult to precisely
quantify the required work, making the lump sum contract incapable of achieving the
project’s objective. Therefore, a unit price contract strategy was developed, where the
owner divides the work into bid items with an estimated quantity of work for each item.
After this, the contractor bids the direct cost of each item and must account for overhead,
profit and other project expenses [16]. Moreover, as the 20th-century progressed, and
with the increase in the complexity of buildings, the need for more coordination between
stakeholders emerged, which urged the need for alternative delivery systems. This is
when the design build (DB) started gaining popularity in the construction industry, in
which the project delivery culture was significantly transformed as the project owner’s
contracts for both design and construction from a single entity called DB. Indeed, the
shift was challenging, and owners were reluctant in the beginning as they feared that they
would no longer have contractual advocacy and the quality of construction projects would
be compromised [17]. However, as the process evolved, these fears vanished as DB has
proved to provide benefits such as collaborative construction effort since the designer and
contractor work as one entity. Moreover, DB also allows fast track alternative where some
portion of construction can be started while the design is still ongoing; therefore, this can
result in cost and time savings [18].

Over the years, there have been other variations to design build, including bridging,
novation DB, package deals, direct DB, develop and construct, turnkey method and build
operate transfer. Each one of these variations is designed to meet diverse scenarios of
construction settings [19,20]. Another delivery system that emerged around the same
time as DB was construction management (CM), where the owner hires both a design
firm and a construction project firm early in the preconstruction phase of the project.
The construction manager would then advise the owner in matters regarding design and
managing construction activities. Although it is true that this method leads to a high level of
collaboration between project participants, it also requires high owner involvement, which
dictates the need for a sophisticated owner [21]. A derivative of construction management
is the construction management at risk (CMR) approach. This is where the role of the
construction manager shifts from being an advisor to a vendor, where they will act as both
a project coordinator and general contractor to execute the construction activities. This
method is associated with a guaranteed maximum price contract, which is an advantage to
the owners [5]. It also leads to decreased change order and increased cost certainty as well
as superiority in product and service quality levels when compared to the traditional DBB
delivery method [22,23].

Nonetheless, it can be seen that these delivery methods were developed to target
specific objectives with a restricted focus, which leads to fragmented approaches as the
improvement of the overall delivery system is yet to be achieved in the construction indus-
try [24]. Researchers argue that the recent development of integrated project delivery (IPD)
systems is the solution to this problem [25]. IPD is defined as a “method that integrates peo-
ple, systems, business structures and practices into a process that collaboratively harnesses
the talents and insights of all participants to reduce waste and optimize efficiency through
all phases of design, fabrication and construction” [26]. Moreover, Azhar et al. [27] listed six
features that characterize IPD. These include early involvement of key participants, shared
risk and reward, multiparty contract, collaborative decision-making and control, liability
waivers among participants as well as jointly developed project goals. Furthermore, a need
for more integration in delivering construction projects is critical to cover the limitations
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of the traditional DBB method, which leads to the development of various cultures that
results in severe inefficiency and high costs of inadequate interoperability as well as high
levels of data and team fragmentation that even CM and CMR methods were not able to
overcome [28–31]. Indeed, these traditional delivery approaches have historically resulted
in a profound number of claims, high risks, delayed schedules and over-priced projects [32].
It is about time that integration is taken to another level in these delivery methods where
project members are engaged in a much faster way that allows for real-time monitoring
through intuitive interfaces with the help of the technological innovations that transformed
the construction industry [33–36]. In fact, Demetracopoulou et al. [37] confirmed that
there is a strong positive correlation between the characteristics that lead to innovation
opportunities and the level of integration between designer and contractor.

Among other efforts to increase collaboration in project delivery methods is the
introduction of lean delivery methods. Lean delivery consists of four phases. The first
phase is the project definition phase, which deals with determining the needs and value of
the client. In contrast, the second phase is the lean design phase, where decisions regarding
product and process are made simultaneously to create a conceptual design. Furthermore,
the third phase is the lean supply phase, which consists of transforming the conceptual
design to detailed engineering documents such as components fabrication and logistics of
deliveries. The last phase is the lean assembly phase, which begins with the delivery of
materials, tools, labor or other components to the project is finished and handed over to
the client [38]. Under the umbrella of collaborative delivery methods also comes alliances
and partnering in which project alliancing is a delivery method that allows the owner
and other participants to work together as an integrated and collaborative team with
faith and trust to manage risks jointly and share the project outcome in the end. While
partnering is a method used by two organizations who share mutual goals to reach specific
business objectives. It constitutes an agreed-upon method to solve conflicts with the aim of
continuous improvement [39].

2.2. Selection Criteria for Project Delivery Methods

Owners are presented with various options for their project delivery process from
traditional DBB to DB or CMR. Ideally, project delivery selection would be based on which
success factors offer the greatest likelihood of achieving the desired success criteria of a
project. Over the years, there have been many changes in the construction industry that
have caused frequent updates to the list of success factors either by adding more factors or
prioritizing some factors over the others.

To begin with, up until the 1970s and 1980s, the delivery method was selected mainly
on a cost-oriented basis. However, beyond the 1980s, the customers’ demands have
evolved where they were looking for more integration and mutual cooperation between
project members [40]. As the interaction increased, the owners realized that this decreased
disputes and change orders, which ultimately reduced delay in schedules and a rise in
costs. Hence this caused factors such as communication, cost and schedule growth to be
included in the selection criteria list as they lead to the more efficient selection of project
delivery [41]. Furthermore, around this period, the construction industry witnessed the
age of information technology, which brought advances in engineering software. For
instance, the application of Building Information Modelling (BIM) technology in each
of the different delivery systems to integrate various disciplines during the design and
construction phases [42]. This technological boom that the construction industry-endorsed
has further emphasized the significance of the communication selection criteria.

Moreover, around the year 1987, the concept of sustainability invaded the construction
industry. Although the literature does represent some papers that discuss the effect of
sustainability on project delivery, such as Korkmaz et al. [43], who presented evaluation
metrics for sustainable project delivery, the research in this field still does not suffice.
Indeed, this area of study is still in its embryonic stage, and more digging is required
about the inclusion of sustainability goals in the selection criteria list for the various project
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delivery methods selection. Unfortunately, this shows that even though the construction
industry witnessed the move towards sustainability a long time ago, project management is
still struggling to incorporate sustainability in the selection criteria list for project delivery
selection. This proves that there is a lag between the rate of evolution of the construction
industry and the rate at which the selection criteria list is being updated, indicating that
there is still much room for improvement.

At the start of the 21st-century, more criteria were included in the selection set. Among
those criteria was quality as customers have started paying more attention to the quality of
the delivered project rather than just economic and transaction-specific measures [44,45].
Moreover, analysis of literature has revealed that more papers in the 21st-century were
directed towards studying risk as a selection factor upon which the project delivery method
would be selected [46–49]. Furthermore, Gransberg et al. [50] claimed that even though
all of these selection criteria are relevant, the owner’s characteristics and his experience
on how to handle disputes as well as his willingness to take risk affects all other factors
and, therefore, should play a major role in selecting the most appropriate project delivery
method. Additionally, the health and wellbeing of the workers in the construction industry
is another selection criterion that has been the center of attention in recent papers [51,52].
Not only this but, around the year 2011, there has been a huge digital transformation
in the construction industry where drones, laser technologies and artificial intelligence
started being used in the construction process [9]. However, there is very little research
on the contribution of these technological advances to the list of criteria used to select the
most appropriate delivery method, which creates a gap that needs to be bridged in future
research.

2.3. Selection Methods of Project Delivery Methods

Selecting the most suitable project delivery method is a complex and lengthy process
that demands a comprehensive analysis of various success factors and criteria, and it does
not follow a one size fits all approach [53]. Traditionally, project managers relied on their
gut feelings and the delivery methods they are most familiar with to help them choose.
However, with the increasing complexity and evolution of the construction projects, project
managers realized that there was a need for a structured mechanism or tool to assist them
in choosing the most suitable delivery method for a specific construction project [54].

It began with a simplified version of a scoring and decision chart where each project
delivery method was assigned a score using a numerical scale that measured its ability
to fulfill a specific criterion. After this, the evaluation criteria were weighed to identify
the relative significance of each of the selected criteria. The overall score of each project
delivery was then calculated by adding up all the scores from each criterion, and then
finally, the project delivery with the highest score was identified as the most appropriate
alternative [55]. However, Like the age of information technology arrived by the year
1975, the decision-making tools grew more sophisticated with the introduction of multi-
attribute utility theory (MAUT) and analytical hierarchy process (AHP) to help improve
the objectivity of the selection process and make it less subjective.

In MAUT, the project manager initially identifies a utility function for each criterion.
These functions are later used to compute the utility score of each project delivery method
with regard to different criteria. Similar to the weighted sum approach, weights are
assigned to each criterion individually to indicate their relative significance. After this, the
utility scores for all the various criteria are weighted and summed to calculate a global
utility score for a specific delivery method. Finally, the project delivery method with the
highest global utility score is selected [56]. While in AHP, the first step in the process
is identifying the different project delivery methods and developing a hierarchy of the
selected criteria. The main step in the process is the conduction of the pair-wise comparison
of project delivery methods where project managers are to compare all methods with
reference to the evaluation criteria, respectively. Ratio scales are then used to measure the
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manager’s comparative preferences and integrated to compute an overall weight for each
project delivery method [57].

After introducing AHP in the early 1980s, Saaty [58] introduced the analytic network
process (ANP) around 1996, which was considered as the general form of AHP. It was used
in order to overcome the limitations underlying the assumption of independence between
criteria in which the ANP model allowed for complicated interrelations between various
criteria elements. Furthermore, with the introduction of selection criteria such as quality,
flexibility and speed by the beginning of the 21st-century, it was challenging to measure
them using numerical values. This was when the method referred to as the fuzzy logic
approach was introduced in the construction industry to select the project delivery method.
Ng et al. [59] explained the fuzzy approach where the integral function in this method
was the membership function. These functions were used to assign a criterion in a fuzzy
set to either 0 or 1, where 1 indicated a member and 0 indicated otherwise. This helped
in the conversion of linguistic terms such as low, medium or high into numerical values.
However, there is no evidence in the literature that the current methods are fit to quantify
other selection criteria that have been added due to the evolution of the construction
industry, such as the parameters of sustainability, for instance. This, in turn, creates a gap
that the selection methods that have not evolved or matured enough to catch up with the
pace of the construction industry’s evolution.

In addition to new embellishments in the criteria elements list, the digital transforma-
tion that invaded the construction industry has also brought along with it some changes in
the selection methods used to choose the project delivery method. For instance, the devel-
opment of the Monte Carlo simulation algorithm, which is a technique used to randomly
generate input variables from statistical distributions to model a stochastic process [60].
The outputs of the simulation then result from conducting a large number of iterations to
account for risk and uncertainty. Some project managers also opt to use a mix of methods
to help them in the decision-making process of selecting the most appropriate delivery
method, such as combining both ANP and Monte Carlo simulation to reach optimum
results. Furthermore, over the years, there have been several advances in decision-making
tools such as tools that formally separate project characteristics from project goals to assist
decision-makers in selecting an optimum delivery method based on their institutional
needs and requirements [61]. Although there has been much sophistication in the selec-
tion methods over the years, there are still some limitations that need to be covered. For
instance, the development of selection models that take into account the interdependencies
between different projects basically defines the construction industry of today, where all
projects are interconnected in one way or the other. Another limitation that needs to be
fulfilled is the development of an optimization model that considers different scenarios
of time and cost tradeoffs in order to satisfy the new selection criteria presented in the
previous section [62].

3. Research Methodology

3.1. Research Design

This paper follows a systematic literature review that was conducted as per the
guidelines of preferred reporting items for systematic reviews and meta-analyses (PRISMA),
which is an evidence-based set of 4 stages to report a wide array of systematic reviews
as illustrated in Figure 1. The first stage is the identification of the review characteristics,
which includes scope definition, databases as well as search criteria. The second stage
is a screening of the relevant scientific contributions. While the third stage is eligibility
evaluation, and the last stage is data analysis and synthesis.

1. Identification of review characteristics: The scope of the review focuses on the evo-
lution of project delivery methods, selection criteria and selection models over the
years. The database used to conduct this search was mainly Scopus, as it incorporates
relevant sources of peer-reviewed studies.
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2. Screening: The research included only journal articles and books (conference papers
were excluded) that were published in the English language with no specific time
period to provide a comprehensive overview of the evolution of the construction
industry and project delivery methods over the years. The search string used was
“TITLE-ABS-KEY” using the keywords “project delivery methods” or “project delivery
systems” and “construction”.

3. Eligibility analysis: The first step is abstract analysis to evaluate if the paper fits the
scope of the research, and if it does not fit, then it automatically gets excluded. After
this, full-text analysis is done to select eligible documents.

4. Data analysis and synthesis: The selected papers were first classified according to
the publication date in order to determine whether they belong to the past or present
or future stages of project delivery methods evolution. After this, the papers were
categorized, whether they are empirical or conceptual studies. The selected studies
were further analyzed to develop a list of 3 research targets: evolution of project
delivery methods, evolution of project delivery selection criteria, evolution of project
delivery selection models/methods.

Figure 1. Preferred reporting items for systematic reviews and meta-analyses (PRISMA) checklist.

3.2. Data Collection

Using the keywords “project delivery methods” or “project delivery systems” and
“construction” on Scopus with the limitation of only English language and the exclusion
of conference papers, a total of 328 papers were collected. These selected papers were
further filtered manually to eliminate the studies that fall outside the scope of the research.
As a result of this filtration process, a total of 103 studies were eliminated, and only
225 references were included in the end. Simple statistical analysis was done on these
225 references to show the number of publications per year (Figure 2) and the number of
publications per country as well (Figure 3). The results show that there is no clear trend for
the number of publications per year, but rather it presents a cyclic timeline with peaks at
certain time periods. While Figure 3 illustrates that the United States is the leading country
in this field of research with the highest number of publications in this area of study.
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3.3. Analysis

The project delivery methods were divided into four categories based on the major
changes in the contractual relationships among the key contracting parties and the rough
timeframe for the emergence of these delivery methods as reported in the literature. The
first category, referred to in this paper as PDM 1.0, refers to the pre-1850s era and includes
the master-builder method. During that era, construction was mainly labor-intensive,
and arrangements such as master builder were the most dominant ones [63]. The second
category, referred to in this paper as PDM 2.0, includes the design–bid–build (DBB) method,
which emerged in the 1850s in response to the emergence of specialized disciplines and
the separation of design and construction as professional disciplines. The contractual
relationships have changed, and clients now have two contracts: one with the designer
and one with the contractor. Most literature sources refer to this method (DBB) as the
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traditional project delivery method. PDM 3.0 represents the emergence of alternative
delivery methods, such as design-build and construction management. A review of related
literature showed that as time passed, the construction industry became more complex, and
clients became aware of the many problems associated with the traditional DBB method.
Literature analysis has shown that the contractual arrangements have changed, and clients
looked for arrangements such as construction management to act as their representative
and coordinate/manage the construction project. In addition, some clients looked for
arrangements that integrate design and construction, such as using design-build. Later, the
literature showed that clients started to use CMR, where one entity will handle construction
management and general contracting services. According to reviewed literature, this era
started in the late 1950s and early 1960s. The methods included in PDM 3.0 are often
referred to in the literature as alternative project delivery methods as in alternatives to the
traditional DBB method. PDM 4.0 represents the collaborative delivery methods, which
include IPD, alliancing, partnering and relationship-based contracting, which have only
started gaining significant attention in the literature in the past 10–12 years. This category
includes methods that promote collaboration and a team atmosphere as a solution to
the many problems in the construction industry. In other words, PDM 4.0 represents
features of a project delivery method that answer the demands of the modern construction
industry. This version constitutes of digitally integrated, people-centered innovation and
sustainability-focused delivery methods [64,65].

Similarly, the evolution of selection criteria for project delivery methods was divided
into four stages: selection criteria 1.0, selection criteria 2.0, selection criteria 3.0 and selection
criteria 4.0. This division was based on the changes in clients’ expectations, as reported in
the literature, and the evolution of project delivery methods that required different selection
criteria. Mostly, this categorization goes along with the PDM categorization. As time passes
and the expectations of customers in the construction industry change, the selection criteria
list gets updated accordingly to match these demands. From an observational point of
view, clients historically relied only on their gut feelings to select the project delivery
method with no specific criteria. This is referred to as selection criteria 1.0. Furthermore,
literature analysis shows that earlier studies, conducted before the 2000s, emphasized the
importance of cost and economic measures to achieve customer satisfaction [66]. Based
on this, the paper categorized selection criteria 2.0 as the time when the cost was the most
dominant criterion in the selection of project delivery methods. However, the onset of the
21st century shifted the expectations of stakeholders, where they demanded other criteria
besides transaction-focused ones such as quality, cooperation, the interaction between
the different project parties, shared risks [67,68]. Moreover, literature analysis has shown
that almost all of the studies done in the 2000s related to the field of project delivery
methods included a multi-attribute selection criteria list that includes quality, time, cost,
cost growth, schedule growth, risk, communication, owner characteristics, project type
and complexity, market competitiveness and contractor’s abilities. Therefore, the paper
categorized this stage as selection criteria 3.0. Additionally, as time passed, clients became
more aware of sustainability issues and technological advancements in construction and
started demanding new dimensions such as management of environmental and related
know-how on site, management of work safety, cleanliness and order on-site, as well as
an innovation [69]. In fact, analysis of literature also has shown that new selection criteria
such as sustainability and technological innovations have been only getting more attention
in research since 2006 onwards, where only 12 papers were reported from the literature
regarding these selection criteria items in this study. That is why this paper categorized
this phase as selection criteria 4.0 to highlight the new selection criteria that need to be
investigated further in literature and added to the multi-attribute criteria list of selection 3.0,
such as sustainability, health and wellbeing as well as advanced technological innovations.

The evolution of the selection methods of the project delivery methods was analyzed
in a similar way, and four categories were identified: selection methods 1.0, selection
methods 2.0, selection methods 3.0 and selection methods 4.0. This division was based on
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the fact that as time passes and more technological advancements invade the construction
industry, more advancement and sophistication is also witnessed in the field of selection
methods development. In this paper, selection methods 1.0 represents the period when
there was no structured decision-making tool, and it was solely based on gut feelings.
While selection methods 2.0 is used to represent the emergence of simple scoring charts
and basic weighted sum approaches to choose the project delivery method. Over time,
more complicated and sophisticated selection methods were introduced into literature
such as AHP, ANP, MUAT and web-based methods, as well as knowledge-based and
risk-based approaches. This paper uses the term selection methods 3.0 to define this
stage. Moreover, the increase in digital transformation in the construction industry has
led to exploring more artificial intelligence techniques to develop selection models such as
Analytical Neural Network (ANN) and fuzzy logic approaches [9]. This paper categorizes
this stage as selection methods 4.0.

4. Results

4.1. PDM 4.0

Table 1 below shows the synthesized literature collected for the two stages of PDM 3.0
and PDM 4.0. Where PDM 3.0 consists of DB, CM and CMR, PDM 4.0 includes integrated
project delivery (IPD), alliances, partnerships and lean project delivery.

Table 1. Overview of people-centered innovations and mass production (PDM 3.0) and PDM 4.0.

Stage PDM Research Type Sources

PDM 3.0

Design build Conceptual [13,70–95]
empirical [3,34,96–144]

CMR
Conceptual [70–72,74,76,79,93,145–147]
empirical [22,23,30,34,97,109,110,113,117–119,122,127,148–152]

CM
Conceptual [28,73,77,111,153,154]
empirical [48,96,99,101,108,111,112,115,119,123–125,133,138,139,155–158]

PDM 4.0

IPD
Conceptual [6,39,70,146,159–161]
empirical [27,30,31,34,35,102,111,119,150,162–173]

Alliancing Conceptual [6,39,174,175]
empirical [176–181]

Partnerships Conceptual [6,39,175,182–185]
empirical [107,117,186–189]

Lean project delivery Conceptual [190–194]
empirical [38,157,162,195–200]

Figures 4 and 5 below illustrate the evolution of project delivery methods and features
of PDM 4.0, respectively. PDM 1.0 represents the period pre-1850s, where the master builder
was the most dominant delivery method as there were no specialized disciplines [63].
Moreover, the PDM 2.0 stage is highlighted mainly by design–bid–build. Furthermore,
PDM 3.0 represents alternative delivery methods, such as DB and CM. The last phase, PDM
4.0, represents collaborative project delivery methods. Last, but not least, the main features
of PDM 4.0 include mass-production, digital integration, collaboration and integrated
delivery methods, as well as a focus on sustainability.
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Figure 4. Evolution of project delivery methods.

Figure 5. Features of PDM 4.0.

4.2. Selection Criteria 4.0

Post completion of the critical review analysis of the evolution of project delivery
methods’ selection criteria, they were categorized into 4 phases. The first phase is referred
to as selection criteria 1.0, where managers selected the delivery method based on their gut
feelings with no specified factors. The second stage is called selection criteria 2.0, where
cost was the most dominant success factor. Followed by selection criteria 3.0, where a
multi-attribute criteria list was developed that included quality, time, cost, cost growth,
schedule growth, risk, communication, owner characteristics, project type and complexity,
market competitiveness and contractor’s abilities. The last phase, selection criteria 4.0,
includes the multi-attribute criteria list from selection criteria 3.0 with the addition of new
selection criteria such as sustainability, advanced technological innovations as well as
health and wellbeing. The evolution of selection criteria is illustrated in Figure 6 below.
Table 2 shows an overview of a selection of criteria for project delivery methods synthesized
from literature analysis.
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Figure 6. Evolution of selection criteria.

Table 2. Overview of selection criteria.

Criteria Sources # of Citations

Quality [41,46,55,143,178,201–207] 12
Owner involvement [46,57,157,202,206,208–210] 8
Time/delivery speed [40,55,207,210,211] 5

Project cost [55,203,206,210,212–214] 7
Cost growth [1,46,57,203,206,215,216] 7
Project type [40,41,80,89,124,207,210] 7

Project manager’s characteristics [41,46,59,124,125,217–221] 10
Schedule growth [1,40,46,54,57,59,124,157,203,206,207,216] 12

Market competitiveness [59,204,205,209,222–224] 7
Contractor’s abilities [46,204,206,225–227] 6
Sustainability goals [70,167,202,206,228–230] 7

Technological innovations [223,224,231–233] 5
Risk [1,46,57,112,202–204,206,210,234–238] 14

Complexity [46,57,73,202,204,206,207,209,224] 9
Communication [163,239] 2

4.3. Selection Methods 4.0

Post completion of the literature review analysis, the evolution of the selection meth-
ods can be categorized into four stages. The first stage, referred to as selection methods 1.0,
represents no structured method where the delivery method was selected based on gut
feelings. While selection methods 2.0 include simple scoring charts and a basic weighted
sum approach. Moreover, selection methods 3.0 represent multi-attribute approaches
such as AHP, ANP, MAUT and knowledge as well as risk-based approaches. The last
stage, which is selection methods 4.0, represents AI approaches such as ANN, fuzzy logic
and smart decision models. Figure 7 illustrates the evolution of project delivery selection
methods. Table 3 represents an overview of project delivery selection methods.

 
Figure 7. Evolution of project delivery selection methods.
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Table 3. Overview of project delivery selection methods.

No Method Source Total

1 Weighted sum approach [55,240,241] 3
2 AHP [41,46,54,57,197,201,217] 7
3 ANP [60,157,242,243] 4
4 Multi-attribute decision models [1,54,56,205,219,240,244,245] 8
5 Fuzzy approach [197,232,233,246–253] 11
6 Simulation decision models [224,254–256] 4
7 ANN [257–260] 4
8 Web-based approach [61,202,261] 3
9 Case-based reasoning [218,231,232,262–264] 6
10 Risk-based approach [265,266] 2

5. Discussion

The construction industry has witnessed many changes over the past years that have
led to the formation of the modern construction industry. The main features of this modern
form include the digital transformation where the use of drones, laser technologies, 3D
printing and artificial intelligence have overwhelmed the construction processes [9,267].
Furthermore, the use of the Internet of things (IoT) and radio frequency identification
(RFID) has created a smart construction site where effective tracking of equipment and
tools has been enabled through automation of the construction process [268]. Additionally,
the simulation of the complex nature of construction project works has been made possible
through BIM along with virtual reality and 3D printing [269]. Moreover, prefabrication
is another process change that has had a huge impact on the transformation of the con-
struction industry and led to an efficient implementation of waste reduction management
strategies [28,270]. Not only this but, apart from digital transformation, sustainability also
has been another major change that transformed the construction industry. With the use of
green building technologies and green procurement to integrate environmental aspects
into the whole building supply chain, the enhanced environmental performance of the
building industry has been made possible [271]. Yet, with all this sophistication in the
construction industry, professionals are still not utilizing these capabilities to their full
potential. This could be attributed to the fact that most clients are still using traditional
methods, and construction professionals are not efficiently updating the conventional
project management practices at an appropriate rate in order to embrace the changes that
these technological advancements and greening practices have brought into the sector [7,8].

This paper analyzed the evolution of project delivery methods and divided them into
four stages: PDM 1.0, which is the phase of master builder with no specialized designs,
PDM 2.0, which is DBB, PDM 3.0, which represents the alternative delivery methods such
as DB and CMR and PDM 4.0 which represents collaborative delivery methods such as
alliances, partnerships, lean and IPD. Although the delivery methods have evolved over
the years to keep up with the changes in the construction industry, there is still a lag
between the rate at which the construction industry is changing, and the rate at which
project management practices are being updated as features such as sustainability, digital
integration and mass production that have already changed the construction industry
are yet to be incorporated in project delivery methods. Furthermore, the paper listed the
features of PDM 4.0 that would match the demands of the modern construction industry.
These features include mass production, digital integration, people-centered innovation
and integrated project delivery methods with a focus on sustainability.

Similarly, the paper analyzed the evolution of the selection criteria of the project deliv-
ery methods in relation to how the customer expectations and demands in the construction
industry have changed over time. The results presented four stages of selection criteria.
Selection criteria 1.0 represent the stage where there were no specific criteria, and delivery
methods were chosen based on gut feelings. The second stage, which is selection 2.0, repre-
sents the stage where customer’s demands were mainly transaction-focused [66]. While the
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third stage, which is selection criteria 3.0, represents the addition of multi-attribute criteria
to the original list that only contained economic measures as customers started demanding
more criteria such as quality, cooperation, interaction and shared risks [67,68]. The last
stage, which is selection criteria 4.0, includes both the multi-attribute criteria from selection
criteria 3.0 and the addition of other criteria such as sustainability, health and wellbeing as
well as technological innovations in order to match the demands of the customers in the
modern construction industry of today [69]

Last, but not least, the paper analyzed the evolution of selection methods and pre-
sented selection methods 4.0, which deals with more exploration of AI techniques. In fact,
a potential smart decision model that may deem feasible is the use of the Markov decision
process (MDP). MDP is an optimization decision-making tool where the output depends
on the input provided by the user. This decision method has been applied to construction
site management in Cameroon and has proven to be very successful [272]. It, therefore,
has the feasibility potential to be applied as a decision support tool for project delivery
selection that may enable time cost tradeoffs or account for project interdependencies.

All in all, a framework was developed in order to illustrate the relationship between
the PDM variables. The framework shows that selection methods 4.0 that represent Artifi-
cial Intelligence (AI) approaches and smart decision models will incorporate the selection
criteria 4.0, which includes the multi-attribute criteria from selection criteria 3.0 and the
new selection criteria such as sustainability, health and wellbeing as well as advanced
technological innovations. These will then be used to choose an optimal delivery method
that will consist of features such as sustainability focus, digital integration, people-centered
innovations and mass production (PDM 4.0). Figure 8 below illustrates the framework.

Figure 8. Framework of the relationship between PDM variables.

6. Concluding Remarks and Recommendations

6.1. Concluding Remarks

Research in the area of construction project delivery methods is very rich, as shown
in the high number of references cited below. This paper represents a comprehensive
literature review related to the evolution of project delivery methods, selection criteria
and selection models in the construction industry. The paper discussed and evaluated
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the different project delivery methods available in construction. Furthermore, the paper
also highlighted new selection criteria for the selection of project delivery methods. This
covers an important literature gap and offers new directions of research that focuses on the
transition required in traditional project delivery methods, selection criteria and selection
models to meet the demands of the modern construction industry. Based on the reviewed
literature, the main conclusion are as follows:

• Despite the major changes in the selection criteria and models of project delivery
methods over the years, there is still a profound lag between the rate of the evolution
of the construction industry and the rate at which project delivery methods, selection
criteria and selection models are being updated which creates a critical gap that needs
to be bridged;

• PDM 4.0 represents features of a project delivery method which is characterized by
digitally integrated and sustainably focused project delivery methods to meet the
demands of the construction industry;

• Selection criteria 4.0 consists of new success factors such as sustainability goals, ad-
vanced technological innovations, health and wellbeing to be added to the success
factors list in order to satisfy the needs of the construction industry;

• Selection methods 4.0 features smart decision models that exploit different and ad-
vanced aspects of artificial intelligence to fulfill the requirements of the digitally
transformed construction industry and meet limitations such as projects interdepen-
dencies and time–cost tradeoffs.

The construction industry is definitely approaching an evolutionary era where tradi-
tional project delivery methods, selection criteria and methods will no longer be able to
compete in the modern industry of today. Several changes need to be updated in these
management practices to guarantee the success of future construction projects. Indeed,
with the use of PDM 4.0, selection criteria 4.0 and selection methods 4.0, the delivery of
construction projects is bound to improve and will harmonize with the characteristics of
the construction industry.

6.2. Recommendations and Future Research

The effort to update project delivery management practices to deal with the ever-
changing construction industry is growing. However, the rate at which this is happening is
very slow compared to the rate at which the industry is evolving. The biggest changes that
the construction industry has been facing are by far related to sustainability and digital
transformation. Most of the research done in these two areas regarding project delivery
methods is still in its infancy stage and still has a long way to reach its mature stage. To
overcome some of the challenges brought upon by the evolution of the construction indus-
try, more research is needed to measure the effectiveness of different delivery methods in
achieving sustainability goals. Another direction is to investigate the role of technologi-
cal innovations in developing more sophisticated delivery methods, which are digitally
integrated and sustainability-focused.

Some of the project success challenges in the construction industry could be overcome
by frequently updating and revising the list of selection criteria used to choose the most
appropriate delivery method. For example, including sustainability goals, health and well-
being as well as advanced technological innovations. In fact, Governmental entities and
professional organizations should establish codes and regulations to ensure that project
delivery methods are selected based on the new selection criteria added to the traditional
list. Furthermore, construction professionals play a crucial role in the implementation of
safety management protocols as well as sustainable measures when selecting their project
delivery method.

Apart from the selection criteria list, there is a need for construction and project
management innovations to update the decision support models that owners use to select
the delivery method. A potential research idea would be the exploitation of different and
advanced artificial intelligence techniques to establish smart decision models that will
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assist project managers in choosing the most appropriate delivery method. Indeed, major
stakeholders need to work together to study the challenges, integration aspects and training
skills required to be able to utilize such technology. If deemed feasible, this can open the
gate to a major new level of effectiveness in the project delivery selection process.
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Abstract: Claims and disputes occur frequently in the construction industry between different
contracting parties, mainly the owner, the designer and the contractor. Consequently, valuable time
and a significant amount of money are lost. The United Arab Emirates (UAE) construction industry,
one of the most vibrant sectors globally, is experiencing a high level of construction disputes and
claims. This paper aims to identify and assess the major causes of disputes in the UAE and weigh
the effectiveness of the methods used for their avoidance and resolution. The sources of disputes,
and their avoidance/resolution methods, were identified through a comprehensive literature review.
A survey was then developed and sent to 150 construction professionals. Fifty-four responses were
received and analyzed. The results show that the top five sources of disputes in the UAE are variations
initiated by the owner, obtaining permit/approval from the municipality and other governmental
authorities, material change and approval during the construction phase, the slowness of the owner
in decision-making, and the short time available during the design phase. As for the avoidance and
the resolution method, the most effective method was found to be negotiation.

Keywords: disputes; claims; dispute resolution methods; construction industry; UAE

1. Introduction

Disputes are common in the construction industry. Disputes arise due to disagreements between
any of the contracting parties. Disputes have a devastating effect on construction projects, as they
may result in cost overruns, delays, and loss of productivity. It is vital to understand the causes of
disputes to complete a construction project within cost and time [1]. Construction disputes impact
project objectives and strain relationships between contracting parties [2]. A dispute in construction
projects is considered to be an impediment to the path of successful project completion [3]. Disputes are
resource consuming, unpleasant, and expensive [4]. Conflicts disrupt the flow of work, resulting in
additional costs, delays, and other negative impacts [5]. These problems might lead to construction
claims and disputes. Arditi and Pattanakitchamroon [6] discussed various reasons for such problems,
including incorrect design/specifications, unusually severe weather condition, change orders and
extra work. Disputes mainly arise from claims resulting from differing site conditions, delays, design
errors or changes, acceleration or suspension of work, construction failures, and additional or deleted
work [7]. Mitropoulos and Howell [8] suggested that the main factors that influence disputes are
project uncertainty, opportunistic behavior, and contractual problems.

Disputes, if not addressed and resolved properly, can create significant losses in the project and
for the company [9]. Artan and Bakioglu [10] argued that risk is a major factor leading to disputes.
Cheung and Pang [11] divided construction disputes into two types based on the sources: contractual
and speculative. The main causes of both types of construction disputes are ambiguity, deficiency,
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inconsistency, and defectiveness, which are grouped under the “contract incompleteness” [11].
They further identified factors such as risk, uncertainty and conflicts as other causes of contractual
disputes. On the other hand, human perception factors such as ambiguity of contractual clauses that
may cause interpretational difficulties, opportunistic behavior and conflicts could be other causes of
disputes [11].

The problem of disputes and claims plagues the construction industry. The leading causes
need to be identified in specific regions, since each region has a unique setting due to their differing
legal, political and cultural aspects. The identification of causes will lead to appropriate resolution
methods being chosen depending on the specific case. In this paper, the country investigated is the
United Arab Emirates, which has a very vibrant economy due to growing tourism and business
activities. As a consequence, there is a continuous growth in the construction industry in the United
Arab Emirates (UAE), which attracts international contractors and investors to its large and unique
projects. Construction disputes have increased in recent years due to the increase in the size and
complexity of construction projects. Awwad et al. [5] found that, in the Middle East, the UAE is the
second highest country in terms of the value of construction disputes after the Kingdom of Saudi
Arabia (KSA). Moreover, the Middle East has the longest average duration of dispute settlement,
which is 14.6 months [5]. The UAE construction industry is experiencing fast growth with many
ongoing projects, investment into green open spaces and strong government support. The construction
industry contributes more than 10% to the United Arab Emirates’ (UAE) gross domestic production
(GDP). The UAE construction industry is growing consistently and expected to grow more in the near
future to accommodate the UAE’s strategic goals, which include significant spending in infrastructure
construction. The construction activity is projected to continue rising as a percentage of real GDP in
the UAE; from 10.3% in 2011 to 11.5% in 2021 [12]. The growth of the construction industry in the
UAE is accompanied by an increase in claims and disputes, which, as a result, leads to delays, and
additional cost to the project.

The two most common ways to mitigate disputes are avoidance and resolution. Resolution methods
are further divided into early and late categories. Negotiation, risk allocation, early non-binding
neutral evaluation, and partnering are included under avoidance methods. Early resolution methods
included negotiation, conciliation, and mini-trial/executive tribunal. Late resolution methods included,
negotiation, arbitration, mediation, adjudication, dispute review boards, and litigation.

Studies show that the most frequently used methods to resolve disputes are negotiation, arbitration,
and litigation. Alternative Dispute Resolution (ADR) methods proved to be more efficient in settling
disputes, with less cost and time compared to those most used in the Middle East [5]. The Hong Kong
International Arbitration Center (HKIAC) stated that increasingly complicated construction projects
over the last two decades have resulted in a growing number of projects adopting Alternative Dispute
Resolution (ADR) [9]. The construction industry has called for alternatives owing to the high cost,
in terms of time and money, of taking things to a court or organizing for arbitration [9]. Martin and
Thompson [13] discussed the various methods of dispute resolution and provided tools that parties
can use to manage the selected process of dispute resolution. Martin and Thompson [13] identified five
basic forms of construction dispute resolutions, which are collaborating, Dispute Review Board (DRB),
mediation, arbitration, and litigation. According to Yates [7], there are different traditional resolution
techniques such as arbitration, litigation, and negotiation. The problem with litigation and arbitration
is that both of them are adversarial processes, in other words, one side wins and the other side lose [7].
Using adversarial methods could weaken relationships between the two sides involved [7]. Cheung
et al. [14] found that negotiation between the disputants takes first place in resolving any problem.
Cheung et al. [14] stated that the styles of negotiation depend on the personality of the disputants,
situation volume and type. Negotiation helps to prevent members of different construction firms from
using undesirable methods such as arbitration or litigation; in addition, it saves time, money and
the reputation of the firm [7]. Mitropoulos and Howell [4] showed that the prevention of high-cost,
complicated disputes mainly depends on the problem-solving ability and planning of the project
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organization. The main methods used to resolve the claims in the UAE are negotiation, meditation,
arbitration, and litigation [15]. Ho and Liu [16] stated that claims and disputes are integrated and
interrelated. Ho and Liu [16] developed a Model based on the “Game Theory” or “Nash-Equilibrium”
that helps the owner to avoid the presence of construction claims due to opportunistic bidding. Haugen
and Singh [9] identified three relevant impacting factors in deciding the ADR method: The market
position of the individual parties, the relationship between parties, and the source of dispute.

The main objectives of the paper are twofold. First, to identify and present the major causes
and sources of disputes and claims in the UAE construction industry. Second, to outline the effective
methods of avoidance and resolution. The major causes and leading methods of mitigation are
identified from the available literature and publications. These findings provided the basis of a survey
instrument conducted among the construction industry professionals in UAE. The method used is
described in the next section.

2. Materials and Methods

In order to accomplish the objectives of this research study, the first step undertaken was a
thorough review of the existing literature on the subject. This helped researchers to identify the
main sources of construction disputes and their avoidance and resolution methods. Twenty-seven
causes of disputes were identified. They are grouped in five categories: Design-related, owner-related,
contractor-related, contractual, and ‘other’ disputes. The literature review was the basis of a survey
instrument that was developed to be distributed to the UAE construction professionals.

The survey included three sections. The first section obtained basic information about the profile of
the respondents. This included questions about the company type, the company’s years of experience,
industry sector (type), the company type, and the size of the projects undertaken by the company.
The second section identified the major causes of disputes based on their frequency of occurrence.
Respondents were asked to use the Likert Scale with the ratings: very high, high, moderate, low, and
very low. The third section measured the effectiveness of dispute resolution and avoidance methods as
practiced in the UAE by using the ratings extremely effective, effective, neutral, not effective, extremely
not effective and not applicable. The survey was sent to 150 construction professionals. Fifty-four
responses were received, corresponding to a 36% response rate. Out of the 54 responses, 28 were local
companies and 26 were international companies. Table 1 shows the respondents’ profile.

Table 1. Respondents’ Profile.

Category
Respondents (54)

Number %

Years of experience

>20 years 9 16.7%
11–20 years 16 29.6%
5–10 years 20 37.0%
<5 years 9 16.7%

Role

Owner 4 7.4%
Consultant 16 29.6%
Contractor 29 53.7%

Management Consultant 5 09.3%

Average Project Size 1

<50 (Million AED) 8 14.8%
50–200 (Million AED) 15 27.8%

200–500 (Million AED) 8 14.8%
>500 (Million AED) 23 42.6%

1 1 USD = 3.67 AED (2020 Currency).

The survey results are analyzed to identify the frequently occurring disputes in the UAE.
The weighted average is calculated for each of the disputes and resolution/avoidance method.

372



Buildings 2020, 10, 171

The weight is assigned for each dispute source, based on frequency of occurrence, as 5, 4, 3, 2, and 1
for very high, high, moderate, low and very low, respectively. Likewise, the weight assigned for the
effectiveness of each resolution/avoidance method is 5, 4, 3, 2, 1, and 0 for extremely effective, effective,
neutral, not effective, extremely not effective and not applicable, respectively. The Weighted Average
(WA) is calculated using Equation (1)

Weighted Average, WA =

∑5
i=1 Wi × Xi
∑5

i=1 Xi
(1)

where:
Wi =Weight assigned to ith response; Wi = 1, 2, 3, 4 and 5 for i = 1, 2, 3, 4 and 5, respectively;
Xi = Frequency of the ith response;
i=Response category index= 1, 2, 3, 4 and 5 for very low, low, moderate, high and very high, respectively.

Equation (1) is also used for the effectiveness of the dispute resolution methods, but the response
category index (i) was assigned 5, 4, 3, 2, 1, and 0 for extremely effective, effective, neutral, not effective,
extremely not effective and not applicable, respectively. The causes of disputes are ranked based on
their weighted average scores. The cause with the highest average is ranked 1, and so on. The same
process is used to rank the dispute resolution methods; however, the ranking is within each group only.
For comparison purposes and to study the strength of relationship between two sets of ranking, the
Spearman rank correlation coefficient (RHO) was determined using the IBM SPSS 26 software (IBM
corporation, Armonk, NY, USA). A higher value of RHO (approaching 1) indicates a strong correlation.

3. Sources of Construction Disputes

Twenty-seven sources of disputes were identified through the literature review and divided into
five groups: designer, owner, contractor, contractual and other. Table 2 lists the sources of disputes
along with the references.

Table 2. Sources of Disputes suggested by the literature.

Sources of disputes Literature Source

Designer-related

Time limitation in the design phase [17–22]
Poor design [23]

Inadequate or incomplete technical plans/specification [5]
Poor preparation and approval of drawings [15,17,24–32]

Material change and approval during the construction phase [15,17–19,22,24,33,34]

Owner-related

Slowness of the owner’s decision-making process [17,24]
Inadequate early planning of the project [17,24]

Failure to make interim awards on extensions of time and compensating by the
owner [5]

Variations initiated by the owner (additive/deductive) [5]
Poor Financing by the owner [15,24,29,32]

Contractor-related

low Financing by the contractor during construction [15,24,29,32]
Shortage and unproductive workers [24]

Inadequate site investigation [15,25–27,32]
Poorly defined scope of work [17,21,22,24,34–36]

Poor supervision and site management [17,24]
Unsuitable leadership style of construction/project manager [17–19,24,37–39]

Underestimation and incompetence of contractors [5]

Contractual

Poorly written contracts [9,15,17–22,24,25,29,31,34,37,40]
Differing Site Conditions [23]
Contract Amendments [5,41]

Contradictory and inaccurate information in the contract documents [5]

Other

Obtaining Permit/Approval from the municipality/different government authority [15,17–19,24,37,40,42,43]
Modifying legislation and regulations [5]

Inappropriate weather conditions [44]
Impact on locality in terms of noise, traffic, and pollution/contamination [45]

Lack of communication and coordination between parties during construction [17–19,21,24,33,34,40]
impact of local cultures and social values in the settlement of conflicts [5]
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3.1. Designer-Related Disputes

Time limitation in the design phase occurs as clients typically allow a very limited time to complete
and submit the designs. If the design time is very limited, the design may lack specific details and
accuracy. Poor design occurs when the design is nonfunctional, has missing elements and does not meet
the owner’s requirements. Inadequate or incomplete technical plans and specifications can cause delays
during construction. Changes in material specifications and the subsequent approval process may take time,
and cause disputes regarding the additional costs of the new materials and delays due to shipping and the
difficulty procuring the material. All these cost the owner and designer, which, in turn, causes disputes [46].

3.2. Owner-Related Disputes

One of the most common causes of disputes is the slowness of the owner’s decision-making
process, in which the owner takes a long time making decisions, which delays the construction process.
Inadequate early planning of the project creates disputes and causes additional cost to the owner [32].
Therefore, detailed early planning is required to avoid conflicts and extra costs. Failure to make interim
awards on extensions of time and compensation by the owner is a common practice amongst owners.
This may cause even more difficult-to-resolve disputes towards the end of the project. Waiting until the
end of the project to deal with disputes makes them harder and costlier to resolve [47]. Owners may
request variations such as adding or deducting from the previously agreed scope, which cause disputes
since some variations may result in additional time and cost. If the owner cannot finance the project on
time, construction will be delayed and the project might stop for a certain period until the owner is
ready to finance the project, which creates disputes [8].

3.3. Contractor-Related Disputes

Inadequate financing by the contractor during construction leads to delays, work interruption,
and poor quality of subcontractors’ work. If the contractor has a shortage of workers, a delay
in the building process occurs and this can create disputes. Disputes can be created due to low
productivity [10]. Inadequate site investigation can create multiple disputes. A poorly defined scope
of work is a type of contractor dispute. Poor supervision and site management by the contractor can
cause accidents and delay the construction process. Site management is a major factor of construction
disputes led by the contractor. Likewise, an unsuitable leadership style from the construction/project
manager takes place when there is an incompetent person lacking appropriate qualifications in a
position of construction/project manager, which results in them making the wrong decisions during
construction [13]. Contractors can be asked to stop the construction process if the contracting company
is not capable to continue to make progress in the project [48].

3.4. Contractual Disputes

A poorly written contract leads to different interpretations of the same issue, and that leads to an
argument, which later on develops into a dispute. In addition, differing site condition is also considered a
contractual dispute. This is when the contractor encounters unknown physical conditions of an unusual
nature that differ materially from those that are ordinarily encountered and generally recognized as
inherent in the work at the project’s location [8]. Differing site conditions is the top reason for claims [6].
Contract amendments are used when the parties want to modify the terms of an existing legal agreement.
Contradictory and inaccurate information in the contract document is when the contract needs to be very
accurate and needs to be revised before an agreement between the parties is made. The statements in the
contract should not contradict the scope of work and should be clarified properly between the parties.

3.5. Other Disputes

A source of other disputes is obtaining permits and/or approvals from the municipality/different
government authority. Delays in getting approvals and permissions from official governmental offices
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might lead to disputes. Modifying legislation and regulations can cause disputes. Each country has
its own law and rules that are subject to change. These changes might cause disputes during the
construction process. Similarly, inappropriate weather conditions can cause delays and cost overruns,
which consequently result in disputes. Some construction projects might result in traffic jams due to road
closure or noise, especially in areas that have schools or hospitals, for example, neighbors’ complaints [5].
The lack of communication and coordination between parties during construction causes confusion and
misunderstanding of the scope of work, and this causes social disputes between the parties.

4. Dispute Avoidance and Resolution Methods in Construction

Table 3 shows the dispute avoidance and resolution methods along with their literature sources.

Table 3. Summary of dispute avoidance and resolution methods.

S/N Method Literature Source

Dispute Avoidance Methods
1 Negotiation [5,9,23,45,49,50]
2 Risk Allocation [5]

3 Early Non-Binding Neutral
Evaluation [5,51]

4 Partnering [5,9]
Early Resolution Methods
5 Negotiation [5,9,23,45,49,50]
6 Conciliation [9,23,49,50,52]
7 Mini-Trial/Executive Tribunal [23,52]
Late Resolution Methods
8 Negotiation [5,9,23,45,49,50]
9 Arbitration [23]; [49–51,53]
10 Mediation [5,9,13,23,49–51,54]
11 Adjudication [23,49,50,52]
12 Dispute Review Boards [5,23,51,52]
13 Litigation [5,9,13,51,52]

4.1. Dispute Avoidance Methods

Dispute avoidance methods are used to prevent disputes from occurring. At the beginning of any
claim, usually, all parties would choose the resolution methods that eliminate the dispute at its root [55].
Dispute avoidance methods include negotiation, risk allocation, early non-binding neutral evaluation and
partnering. Negotiation is always the best resolution method to prevent disputes from happening, as it is
requiring less time and saves cost down the road. Risk allocation promotes balanced risk distribution
among the contracting parties. Steen [47] stated that allocating fair contract risk is one of the main ways
to prevent litigation and solve construction disputes. An unfair shifting of risk later causes the parties
to spend more time and effort finding ways to stay afloat in business [47]. Early non-binding neutral
evaluation could be an alternative. The neutral entity is chosen by the parties to resolve the dispute with
no intention to be biased [16]. This requires preselecting an interdependent “neutral” entity to serve the
parties as an observer, fact-finder and dispute-resolver for as long as the construction is in process [47].
Some clients choose partnering to be their resolution method. Steen [47] recommended building teams as
a key to prevent disputes. Building teams helps improve cooperation and coordination among different
parties and helps to establish a better understanding between the parties [47].

4.2. Early Resolution Methods

Early resolution methods attempt to reach a satisfactory and acceptable solution to both parties,
in which they seek to minimize the disputed amount (usually $ volume) or prevent moving to a more
expensive and time-consuming method [15]. Once a dispute occurs, companies have various choices
in picking an early resolution method according to their preference. Usually, disputants settle their
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issues in the early stages by conciliation. This arises out of a clause in a construction contract whereby
the parties agree to attempt to resolve their disputes through pacification and appeasement. The clause
requires a conciliator, appointed by an agreement between the parties or by a specific institution.
In addition, mini-trail or executive tribunal could be an alternative [9]. This process involves a panel,
which consists of senior management representatives from each party as well as a neutral third party,
or mediator who has been selected by the members of the organizations involved in the dispute.

4.3. Late Resolution Methods

Late resolution methods are used in the last stages of the dispute occurrence. These approaches are
used in case of the failure of both avoidance and early resolution methods. While these methods can be
very effective and efficient in settling the disputes, they are very expensive and consume considerable
time and effort. In large and international companies, usually, the disputants use dispute review boards
(DRB) instead of arbitration to provide an efficient and cost-effective means of dispute resolution [23].
On the other hand, local and small companies usually refer to mediation as an alternative solution.
This method is a voluntary non-binding process in which a mediator assists the parties to retain full
control over resolving the dispute [23]. Adjudication is another voluntary nonbinding process in which
a mediator assists the parties in achieving a negotiated settlement [23]. Arbitration and adjudication
can take place in all companies as the contract can identify everyone’s rights without referring to the
court. However, if all these methods are not applicable, the parties have no choice but litigation in the
court of law. Usually, disputants try to avoid litigation, as this stage of dispute settlement is very costly
and time-consuming to all parties involved.

5. Results

5.1. Assessment of the Sources of Construction Disputes in the UAE

Table 4 shows the sources of construction disputes, ranked in terms of their weighted average
score based on the survey results.

Table 4. Main construction disputes in the United Arab Emirates (UAE).

Sources of Disputes Weight Rank

Variations initiated by the owner (additive/deductive) 4.06 1
Obtaining permit/approval from the municipality/different government authority 3.87 2
Material change and approval during the construction phase 3.83 3
Slowness of the owner’s decision-making process 3.81 4
Time limitation in the design phase 3.72 5
Lack of communication and coordination between parties during construction 3.7 6
Poor financing by the owner 3.69 7
Inadequate early planning of the project 3.67 8
Poor preparation and approval of drawings 3.65 9
Underestimation and incompetence of contractors 3.63 10
Low financing by the contractor during construction 3.59 11
Unsuitable leadership style of construction/project manager 3.54 12
Failure to make interim awards on extensions of time and compensating by the owner 3.52 13
Shortage and unproductive manpower 3.48 14
Modifying legislation and regulations 3.46 15
Poor supervision and site management 3.44 16
Inadequate or incomplete technical plans/specification 3.43 17
Poorly written contracts 3.35 18
Contradictory and inaccurate information in the contract documents 3.26 19
Poor design 3.17 20
Contract amendments 3.17 21
Differing site conditions 3.13 22
Inadequate site investigation 3.11 23
Poorly defined scope of work 3.11 24
Inappropriate weather conditions 2.8 25
Impact on locality in terms of noise, traffic, and pollution/contamination 2.76 26
Impact of local cultures and social values in the settlement of conflicts 2.72 27
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The highest ranked dispute is “variations initiated by the owner”, with a weighted average
of 4.06. Most owners have limited or very little knowledge about planning, engineering and
management of construction projects. This lack of knowledge frequently leads to multiple variations
throughout the construction process. Another reason could be the typical rush through design and
construction to complete the project. The second ranked dispute is “obtaining permit/approval from the
municipality/different government authority”, with a weighted average of 3.87. Obtaining approvals
consume a lot of time and leads to delays in project completion. Due to the construction volume in
the UAE, obtaining approval may take longer than expected. These delays usually result in disputes.
The third ranked dispute is “material change and approval during the construction phase”, with
a weighted average of 3.83. The owners and the consultants typically initiate changes in material
specifications during construction, causing delays in additional negotiation and approval. These kinds
of delays give rise to disputes.

The fourth highest ranked dispute is “slowness of the owner’s decision-making process”, with a
weighted average of 3.81. Such actions halt the contractor’s production process and result in disputes.
The fifth highest ranked dispute is “time limitation in the design phase”, with a weighted average
of 3.72. If the designer is limited by time, the quality of design will be adversely affected. This lack
of quality contributes to disputes. The weighted average of the top five disputes range from 4.06 to
3.72, which is not very wide, indicating a consensus among the respondents. In addition, the range
indicates how these causes of disputes occur in the UAE with a high frequency.

Figure 1 shows the weighted average of each of the five dispute categories. The numbers represent
the average of all causes of disputes within the category. The highest is the ‘owner’, followed by the
designer, contractor, contractual and other categories.

 

Figure 1. Weighted average of dispute categories in the UAE construction industry.

5.2. Assessment of the Dispute Avoidance and Resolution Methods

Based on the survey results, the effectiveness of each dispute avoidance and resolution method is
determined as a weighted average of the responses. The results are summarized in Table 5.

Negotiation is found to be the most effective method in dispute avoidance, followed by risk
allocation, early non-binding neutral evaluation and, finally, partnering. Negotiation is an effective
avoidance method because of its ease of application. Construction organizations usually meet before
the occurrence of potential disputes or issues to negotiate possible actions that can be taken before
they happen. In addition, the negotiation method did not receive ‘not applicable’ response in the
survey, meaning that it should be considered as an applicable method according to the respondents.
Risk Allocation, Early Non-Binding Neutral Evaluation and Partnering methods received ‘not applicable’
responses by from some respondents. Partnering is the least effective method, due to the fact that not
all parties are prepared to collaborate to resolve a dispute that has not occurred.
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Table 5. Assessment of dispute avoidance and resolution methods.

Method Weighted Average

Dispute Avoidance Methods

Negotiation 4.15
Risk Allocation 3.5
Early Non-Binding Neutral Evaluation 3.3
Partnering 3.09

Early Resolution Methods

Negotiation 4
Conciliation 3.59
Mini-Trial/Executive Tribunal 2.94

Late Resolution Methods

Negotiation 3.72
Arbitration 3.31
Mediation 3.28
Litigation 3.28
Adjudication 2.87
Dispute Review Board 2.70

Negotiation was also found to be the most effective method as an early resolution method due
to its ease and flexibility in reaching a resolution to the dispute at hand. (Normally, these kinds
of negotiations are formal. Informal negotiations usually precede formal ones, to facilitate them.)
Conciliation came in second place. Consulting with a neutral third party is favored because a neutral
opinion on the matter of dispute is valued by the disputants. Finally, the ‘Mini-trial’ came in last
because of reluctance to involve the court system and lawyers to solve the disputes. The involvement
of lawyers and the court is always the last resort and the least preferred option to solve a dispute.
However, if necessary, it is used.

As for the late resolution methods, the following methods are ranked from the most effective to
the least effective, respectively, as Negotiation, Arbitration, Litigation Mediation, Adjudication, and
Dispute Review Boards. Negotiation was shown to be an extremely effective method to avoid and
resolve disputes, due to its ease of use, lack of complications, lack of involvement of other parties, and
quickness. However, sometimes it is inapplicable depending on the severity of the issues causing the
disputes. The second most effective method found is Arbitration, a method to solve disputes without
the involvement of the court by consulting one or more arbitrators to determine what to do with the
dispute at hand. This method helps to reach a solution faster than involving the court. The third most
effective method is Litigation, in which is the court is involved to resolve the disputes according to the
laws and regulations of the country. This method can be costly and time-consuming.

5.3. Comparative Analysis

The data were analyzed based on the different respondents’ perspectives. The Spearman
Rank Correlation Coefficient (RHO) was used to compare the resulting rankings. Table 6 shows
the comparative results of the different categories. All the results are significant at the 0.01 level
(two-tailed), with the exception of the contractor vs. consultant (in terms of resolution methods), which
was significant at the 0.05 level (2-tailed). The Spearman Rank Correlation Coefficient (RHO) values
were all positive and show strong agreement on the rankings of the causes of disputes and the dispute
resolution methods.
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Table 6. Comparative analysis.

Categories
Spearman Rank

RHO Pval Significance

Causes of Disputes

Contractors vs. Consultants 0.723 0.000 Significant at the 0.01 level (2-tailed)
Years of Experience (0–10 vs. >10 years) 0.757 0.000 Significant at the 0.01 level (2-tailed)
Size (0–200M vs. >200M AED) 0.72 0.000 Significant at the 0.01 level (2-tailed)
Local vs. International 0.754 0.000 Significant at the 0.01 level (2-tailed)

Resolution Methods

Contractors vs. Consultants 0.681 0.011 Significant at the 0.05 level (2-tailed)
Years of Experience (0–10 vs. >10 years) 0.871 0.000 Significant at the 0.01 level (2-tailed)
Size (0–200M vs. >200M AED) 0.83 0.000 Significant at the 0.01 level (2-tailed)
Local vs. International 0.691 0.009 Significant at the 0.01 level (2-tailed)

Table 7 summarizes the results from the contractor and consultant perspectives.

Table 7. Sources of disputes—comparative results (contractors vs. consultants).

Sources of Disputes
Contractor Consultant

Average Rank Average Rank

Time limitation in the design phase 3.72 6 3.72 8
Poor design 3.21 20 3.12 23
Inadequate or incomplete technical plans/specification 3.34 17 3.52 13
Poor preparation and approval of drawings 3.83 4 3.44 14
Material change and approval during the construction phase 3.9 1 3.76 6
Slowness of the owner’s decision-making process 3.79 5 3.84 2
Inadequate early planning of the project 3.66 8 3.68 10
Failure to make interim awards on extensions of time and compensating by the owner 3.62 10 3.4 15
Variations initiated by the owner (additive/deductive) 3.9 2 4.24 1
Poor financing by the owner 3.55 13 3.84 3
low financing by the contractor during construction 3.48 14 3.72 9
Shortage and unproductive workers 3.59 12 3.36 16
Inadequate site investigation 3.07 23 3.16 21
Poorly defined scope of work 2.97 24 3.28 17
Poor supervision and site management 3.31 18 3.6 11
Unsuitable leadership style of construction/project manager 3.48 15 3.6 12
Underestimation and incompetence of contractors 3.48 16 3.8 5
Poorly written contracts 3.62 11 3.04 24
Differing site conditions 3.1 22 3.16 22
Contract amendments 3.14 21 3.2 19
Contradictory and inaccurate information in the contract documents 3.28 19 3.24 18
Obtaining permit/approval from the municipality/different government authority 3.9 3 3.84 4
Modifying legislation and regulations 3.69 7 3.2 20
Inappropriate weather conditions 2.97 25 2.6 27
Impact on locality in terms of noise, traffic, and pollution/contamination 2.83 26 2.68 25
Lack of communication and coordination between parties during construction 3.66 9 3.76 7
Impact of local cultures and social values in the settlement of conflicts 2.76 27 2.67 26

6. Discussion

Construction is a complex process. There are several factors contributing to this complexity.
One of the major factors is the interaction between different entities, such as the owner (client),
the designers (architect/engineer) and the constructors (contractor/subcontractors) with conflicting
objectives. Identification of the causes of disputes and mitigation (avoidance and resolutions) methods
in the context of UAE is the subject of this paper. It is not too difficult to appreciate the fact that
disputes in construction, where money is involved in great amounts, is inevitable. It is also not difficult
to come up with a list of the main causes of disputes. In this paper, however, the causes of disputes
and methods of mitigation were identified and ranked in order of their frequency, as perceived by the
construction professionals in UAE. Professionals were drawn from the main entities, owners, designers
and constructors, and a survey was conducted. The results of the survey, as presented and discussed
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here, are the main contributions of this paper and are expected to enrich the body of knowledge on
this subject.

As for the owners-related disputes, the highest weighted average is 4.06 for “variations initiated
by the owner”. As for designer-related disputes, the highest weighted average was 3.83 for “Material
change and approval during the construction phase”. The change in material occurs frequently, which
can be initiated by any of the three main parties. Contractors can sometimes change materials in order
to reduce cost; the owner, on the other hand, can do the same for decorative or aesthetic reasons or cost
reduction. Sometimes, the specified material may not be available, or the market price of a specific
material may become inhibitive and a replacement may become necessary. As for contractor-related
disputes, the highest weighted average is 3.63 for “underestimation and incompetence of contractors”.
This cause of dispute is a consequence of contractors underestimating the scope and requirement of the
job. It may even be due to the inability and lack of competency of the contractor to do the job. On the
other hand, the lowest weighted average obtained was 3.11 for both “inadequate site investigation”
and “poorly defined scope of work”.

As for contractual-related disputes, the highest ranked source of dispute is “poorly written
contract” by a weighted average of 3.35 and the “differing site condition” is ranked lowest, with 3.13.
A contract is written between the parties, and details the rules and conditions for the construction
project. A poorly written contract causes disputes between the parties, as the project is based on a weak
agreement, leading to miscommunication between the parties. As for ‘other’ disputes, the highest rank
is 3.87, for “obtaining permit/approval from municipality”. The government regulations in obtaining
approval vary in complexity and time requirement depending on jurisdictions. Often, the government
regulations follow bureaucratic procedures for authorization of the approval required to proceed, thus
causing unpredictable delays.

According to the survey results, the negotiation method is most recommended, whether it is
during the avoidance, the early resolution or the late resolution phases. This is consistent with other
studies [7]. A total of 90 to 95% of the construction claims are solved by the method of negotiation
in the construction industry [7]. Negotiation is the number one process that is usually used when
contractors try to deal with construction claims. If negotiation were not applicable, then it would be
preferable to go with the risk allocation method during the avoidance phase, and the Conciliation
method would be recommended during the early resolution phase. Regarding the late resolution
phase, either the arbitration or mediation method, as these two methods both obtained the second
highest responses.

The findings of this paper are expected to increase awareness in the UAE construction industry
about the roles each major entity, the owners, the designers and the contractors, play in a construction
project in relation to disputes and the methods of their mitigation. Their improved understanding
of the causes of disputes is expected to have a positive impact by reducing the effects of disputes
in construction.

7. Conclusions

At present, the UAE is one of the most vibrant countries as far as the construction sector is
concerned. As a result, it is confronted with multiple issues including a significant number of
construction disputes. This paper identifies the main causes of disputes in the UAE in terms of their
frequency of occurrence. In addition, the paper identifies the main dispute avoidance and resolution
methods and presents a comparative analysis of their effectiveness. The disputes are categorized in
five different groups based on their sources. These are design, owner, contractor, contractual, and
other. Owner-related causes are found to be the most predominant, as changes and modifications in
the scope of the project and time taken by them to make decisions usually become grounds for dispute.

Mitigation techniques are investigated in three different phases of a construction project based
on their appropriateness and effectiveness. They are avoidance, early resolution and late resolution.
Negotiation is found to be the most effective at all three stages. As far as the resolution methods are

380



Buildings 2020, 10, 171

considered, conciliation, arbitration, mini-trial, and the use of Dispute Review Boards are found to
be applied at various degrees. Litigation or settlement in a court is found to be the least desired by
all entities.
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