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Preface to “Environmental Impact Assessment of

Buildings”

Buildings are the key components of society as a complex system. According to UNEP

(2016), the energy consumption in buildings and for building construction represents more than

30% of global final energy consumption and contributes to nearly 25% of greenhouse gases (GHG)

emissions worldwide. There are other indirect environmental consequences associated with an

increased demand for construction materials in the building sector, including land use changes,

loss of biodiversity, resource scarcity, ozone depletion potential, human toxicity, acidification, and

eutrophication. The designers, builders, developers, and engineers are thus required to adopt

an environmentally responsible approach to their design solutions and specification choices of

construction materials. Some of the ways to reduce these environmental impacts involve considering

the use of byproducts, recycled materials, and clean energy sources in building design. The material

choice, building orientation, climatic conditions, building management systems, construction systems

(e.g., wood frame, thermal insulating brick, sandwich wall, and concrete block with a peripheral

insulation), and construction practices are key areas to consider for enhancing durability and building

efficiency. Life cycle assessment has potentially been considered as an environmental management

tool to estimate the environmental impacts of the resources applied in the building envelope, floor

slabs, and interior walls for green building design as well as to estimate the amount of environmental

impact that can potentially be mitigated through innovative engineering practices, designs, and

solutions. This Special Issue comprises eight chapters that cover the aforementioned strategies for

addressing environmental impacts of the fastest-growing building sector.

Wahidul Biswas

Special Issue Editor
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Abstract: This paper presents mechanical and durability properties of green star concretes. Four series
of concretes are considered. The first series is control concrete containing 100% ordinary Portland
cement, 100% natural aggregates and fresh water. The other three series of concretes are green star
concretes according to Green Building Council Australia (GBCA), which contain blast furnace slag,
recycled coarse aggregates and concrete wash water. In all above concretes compressive strength,
indirect tensile strength, elastic modulus, water absorption, sorptivity and chloride permeability are
measured at 7 and 28 days. Results show that mechanical properties of green star concretes are lower
than the control concrete at both ages with significant improvement at 28 days. Similar results are also
observed in water absorption, sorptivity and chloride permeability where all measured durability
properties are lower in green star concretes compared to control concrete except the higher water
absorption in some green star concretes.

Keywords: green star concrete; slag; recycled aggregate; wash water; sustainability

1. Introduction

Concrete is the most widely used construction materials in the world. Ordinary Portland cement
(OPC) and aggregates are the important ingredients for concrete, where the former when mixed
with water forms matrix which bind the aggregates and the latter contributes to the volume of the
concrete. Ordinary concrete is not environmental friendly due to energy intensive manufacturing of
OPC. It is reported that manufacturing of OPC contributes between 5 and 7% of global CO2 emission
and about one ton of CO2 is released to produce the equal amount of OPC [1–3]. On the other hand,
the aggregates which are sourced from various natural sources (e.g., river beds, rocks, sand dunes,
etc.) also affects the natural eco-system. As a result, significant efforts are being directed to reduce the
amount of OPC and natural aggregates in concrete to reduce the adverse impact on the environment.
Significant research are also conducted to reduce the carbon footprint of concrete by partially replacing
OPC and natural aggregates using various supplementary cementitious materials (SCMs) and recycled
aggregates, respectively [4–9]. Among various SCMs fly ash, slag and silica fume, which are industrial
by-products, are most widely used in concrete as partial replacement OPC. Recycled aggregates are
sourced from crushed demolished concrete structures and are used as partial replacement of natural
aggregates in concrete. A very good level of understanding exists on various properties of concretes
containing SCMs and recycled aggregates either individually or combined through significant amount
of research [10–16].

On the other hand, huge amount of tap water is used for washing activities in ready mix concrete
plants. It is reported that about 500–1500 litres of tap water is used to wash one concrete mixer truck
in the ready mix concrete plant [17]. Therefore, huge amount of clean water is being used in the
concrete mixing plants. The reusing of this wash water in concrete mixing is the most sustainable
way of reducing the use of clean tap water in concrete mixing facilities. Generally, the wash water

Buildings 2018, 8, 111; doi:10.3390/buildings8080111 www.mdpi.com/journal/buildings1
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from concrete mixing plants contains mostly cementitious fines and few chemicals from the use of
superplasticizers, which are not different from the ingredients of concrete [17]. In a number of studies
the effect of wash water and recycled water on the properties of concretes are studied and all are on
concrete containing natural aggregates and OPC as the main binder [17–19].

Energy efficiency of buildings is another important requirement for asset owners, builders as
well as the building regulators in many countries. Generally, the reduction of heating and cooling
energy of buildings are the main objective in the design of energy efficient building. In one estimate it
is found that built environment is world’s single largest contributor of greenhouse gas and consumes
about a third of water and generates 40% of wastes (Green Building Council Australia (GBCA)).
To promote the environmental efficiency of buildings “green star” rating is introduced in many
countries including in Australia, which is an internationally-recognized sustainability rating system for
buildings. Among various green star points, up to three points are allocated for concrete. According to
green building council of Australia [20] up to “two green star” points can be awarded to the concrete
containing 40% SCMs as partial replacement of OPC, while up to “three green star” points can be
awarded to concrete containing 40% SCMs as partial replacement of OPC, 40% recycled materials
as partial replacement of natural aggregates and 50% reclaimed water as partial replacement of
tap/drinking water. The above incentive encourages the promotion of environmentally friendly
concrete in the construction of buildings.

Significant research has been devoted to study the properties of concrete containing partial
replacement of OPC using various SCMs of various quantities and partial replacement of natural
aggregates using various amounts of recycled concrete aggregates separately as well as their combined
used. No study so far reported the properties of green star concretes where industrial by-products,
recycled materials and reclaimed wash water are used together. This research presents the first study of
this kind where mechanical and durability properties of green star concretes are studied and compared
with control concrete containing 100% OPC, natural aggregates and fresh water.

2. Materials and Methods

In this study four series of mixes were considered. The first series was control concrete consisting
of 100% OPC, 100% natural aggregates and 100% tap water. The second series was “two green star
concrete” contained 40% slag (a by-product of steel industry) as partial replacement of OPC, while the
rest of the materials were similar to the first series. The third series was similar to the second series
except where 40% natural coarse aggregate (NCA) was replaced by recycled coarse aggregates (RCA)
that were sourced from construction and demolition wastes. The fourth series was “three green star
concrete” which was similar to the third series except where 50% fresh water was replaced by reclaimed
wash water collected from the concrete laboratory. The fourth series was between two and three green
star concrete and was considered to study the effect of 50% reclaimed wash water on the properties of
three green star concrete. The mix proportions of all concretes are shown in Table 1. The percentage
replacements of NCA by RCA and OPC by slag were on the basis of weight. The water/binder ratio
was kept constant at 0.45 in all mixes. In all three types of green star concretes as well as control
concrete mechanical properties in terms of compressive strength, elastic modulus and indirect tensile
strength and durability properties in terms of sorptivity, water absorption and chloride permeability
were measured at 7 and 28 days.

2.1. Materials

Ordinary Portland cement (OPC) was used in all concrete mixes. The blast furnace slag used
in this study was obtained from a local supplier. The properties and chemical compositions of OPC
and slag are shown in Table 2. The recycled coarse aggregate was obtained from a local construction
and demolition (C&D) waste recycling plant in Perth, Western Australia. Figure 1 shows the analysis
of 5 kg sample of the C&D waste used as RCA in this study. The percentages are based on mass.
It can be seen that approximately 69% are from concrete and the rest consisted of limestone, masonry,
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etc. Table 3 shows the properties of recycled and natural aggregates. Sieve analysis of RCA is also
conducted and about 23% were 20 mm size and 75% were 10 mm size. The natural coarse aggregates
(NCA) used in this study were mixture of 10 mm and 20 mm sizes coarse aggregates at a ratio of 1:2.
The NCA and RCA used in this study were in saturated and surface dry condition before used in the
mixing. Chemical analysis of tap water and reclaimed wash water in concrete laboratory is shown
in Table 4. It can be seen that the pH level of wash water is higher than that of tap water, while the
turbidity of the wash water is much higher than the recommended limit for drinking water (5 NTU
(Nephelometric Turbidity Unit)) by World health organization [21]. The higher turbidity in wash water
can be attributed to various cementitious materials, superplasticizers and alkali chemicals used in the
laboratory for the production of concrete and other cementitious materials.

Table 1. Mix proportion of concretes.

Series

Mix Proportions in Kg/m3

OPC Slag
Fine

Aggregate
Natural Coarse

Aggregate
Recycled Coarse

Aggregate
Tap

Water
Wash
Water

Mix 1 (Control) 413 - 512 1254 - 190 -
Mix 2 (2 Green star) 248 165 512 1254 - 190 -
Mix 3 248 165 512 752 502 190 -
Mix 4 (3 Green star) 248 165 512 752 502 95 95

Figure 1. Analysis of construction and demolition wastes used as recycled coarse aggregates in
this study.

Table 2. Chemical and physical properties of Ordinary Portland cement (OPC) and slag.

Chemical Analysis OPC (wt %) Slag (wt %)

SiO2 21.1 32.45
Al2O3 5.24 13.56
Fe2O3 3.1 0.82
CaO 64.39 41.22
MgO 1.1 5.1
K2O 0.57 0.35

Na2O 0.23 0.27
SO3 2.52 3.2
LOI 1.22 1.11

Specific gravity 3.17 3.00
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Table 3. Properties of natural coarse aggregate (NCA) and recycled coarse aggregate (RCA).

Properties NCA RCA NFA

Un-compacted bulk density (kg/m3) 1547 1301 1498
Water absorption (%) 1.6 7.1 1.16

Table 4. Chemical analysis of tap water and wash water.

Chemical Properties Tap Water Wash Water

pH value 8.95 12.26
Chloride content (mg/L) 60 61

Turbidity (NTU) - 41

2.2. Methods

The compressive strength, indirect tensile strength, elastic modulus, water absorption, water
sorptivity and chloride ion permeability were measured at 7 and 28 days for all mixes. At least three
specimens were cast and tested in each series for each property measured in this study. All specimens
were water cured until the day before the test date. The compressive strength and elastic modulus
tests were carried out on 100ø × 200 mm cylinders and the indirect tensile strength was determined on
150ø × 300 mm cylinders. The water absorption, water sorptivity and chloride ion permeability tests
were conducted on 100ø × 50 mm thick specimens, which were made by cutting the standard 100ø
× 200 mm cylinders. The compressive strength, indirect tensile strength and elastic modulus were
measured according to the Australian standards AS1012.9 [22], AS1012.10 [23] and AS1012.17 [24],
respectively. The concrete cylinders for the compressive strength and modulus of elasticity were
sulphur capped to ensure a smooth surface. A MCC8 3000kN capacity machine was used to test the
compressive strength and indirect tensile strength of all concrete samples. In the determination of
modulus of elasticity a DMG/Rubicon 2500kN Universal Testing Machine was used to apply a constant
load rate up to 40% of the ultimate load of respective concrete mix, while two linear variable differential
transducers (LVDT) were used as shown in Figure 2 to measure the axial deformation of the cylinder.
The slope of the recorded stress vs strain curve yielded the elastic modulus of the concrete.

Figure 2. Test setup to measure the elastic modulus of concrete cylinder.
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The rate of water absorption (sorptivity) of concrete samples was measured according to ASTM
C1585 [25]. The principle of the method is that a specimen had one surface in free contact with water
(no more than 5 mm above the base of the specimen) while the other sides were sealed. This test
determined the rate of absorption of water by hydraulic cement concrete by measuring the increase
in the mass of a specimen resulting from absorption of water as a function of time. In this study
the mass of the concrete specimen was measured regularly to determine the initial absorption from
1 min to the first 6 hours. The absorption I was the change in mass divided by the product of the
cross-sectional area of the test specimen and the density of water. The initial rate of water absorption
value (mm/sec1/2) was calculated as the slope of the line that is the best fit to I plotted against the
square root of time (sec1/2). The chloride ion penetration resistance of concrete, popularly called the
rapid chloride permeability test (RCPT), was conducted according to ASTM C1202 [26], details of
which can be found in the standard. Water absorption of all concretes were measured according to the
Australian standard AS1012.21 [27].

3. Results and Discussion

The workability of green star concretes in terms of measured slump values are shown in Figure 3
and is bench marked with respect to control concrete. It can be seen that the slump value of two green
star concrete is higher than that of control concrete and can be attributed to the use of 40% slag as partial
replacement of OPC. The relatively lower specific gravity of slag than that of cement increases the
paste volume in concrete containing 40% slag, which cause the improvement in workability. The slump
of mix 2 is decreased from 175 mm to 160 mm when 40% RCA is used as partial replacement of NCA in
mix 3. This reduction can be attributed to the presence of 40% RCA whose water absorption is higher
than NCA and contain more 10 mm size aggregates than the NCA. The workability is slightly affected
in three green star concrete (mix 4) due to addition of 50% reclaimed wash water as partial replacement
of tap water. High turbidity and pH of wash water are attributed to this slight reduction in workability.
Nevertheless the workability of all green star concretes is better than the control concrete.

Figure 3. Measured slump values of green star concretes and control concrete.
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The measured compressive strength of all concretes at 7 and 28 days are shown in Figure 4. It can
be seen that the compressive strength of green star concretes is lower than the control concrete at
both ages especially at 7 days. The partial replacement of OPC by 40% slag in two green star concrete
exhibited about 31% and 12% reduction, respectively at 7 and 28 days compared to control concrete.
The slow pozzalonic reaction of slag is the reason for higher compressive strength loss at 7 days in
this concrete than at 28 days. However, when 40% RCA is used as partial replacement of NCA in
mix 3 a slight reduction in both 7 and 28 days compressive strength is observed compared to mix 2.
A slight reduction in both 7 and 28 days compressive strength is also observed in three green star
concrete (Mix 4) when 50% wash water is used as partial replacement of tap water compared to Mix 3.
The presence of weak interfacial transition zone between old mortar of RCA with new matrix and the
higher turbidity of wash water could be the reason of the observed slight reduction in compressive
strength in mixes 3 and 4 than mix 2. Nevertheless the three green star concrete containing 40% less
OPC, 40% less NCA and 50% less fresh water exhibited a 28 days compressive strength of 38 MPa,
which is 18% lower than the control concrete but still adequate enough for structural application.
Similar reduction trend in indirect tensile strength and elastic modulus is also observed in all green star
concretes compared to control concrete. It can be seen in Figures 5 and 6 that the reduction of indirect
tensile strength of all green star concretes is slightly lower than that of compressive strength at both
ages, however, in the case of elastic modulus the reduction was higher than the compressive strength.
It is also interesting to observe that indirect tensile strength and elastic modulus of three green star
concrete at both ages are similar and slightly higher, respectively than those of mix 3 concrete.

Figure 4. Measured compressive strength of green star concretes and control concrete.
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Figure 5. Measured indirect tensile strength of green star concretes and control concrete.

Figure 6. Measured elastic modulus of green star concretes and control concrete.

The measured durability properties of green star concretes are shown in Figures 7–10. Figure 7
shows the water absorption of green star concretes. No changes in water absorption of two green star
concrete compared to control concrete after 7 days of wet curing can be seen, however, about 15%
reduction is observed after 28 days curing. This can be attributed to the pozzolaanic reaction of SiO2

and Al2O3 of slag with Ca(OH)2 of hydration reaction which densified the matrix through formation of
additional hydration products and pore filling by the slag particles. The three green star concrete and
mix 3, as expected, showed much higher water absorption than control and two green star concretes
due to the presence of 40% RCA, whose water absorption capacity is much higher than NCA as shown
in Table 3. The effect of wash water however is not affected the water absorption of three green star
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concrete than of mix 3 concrete. Unlike water absorption, the rate of water absorption of all green
star concretes is lower than that of control concrete at both ages. Among green star concretes, the two
green star concrete containing 40% slag as partial replacement of OPC exhibited the lowest rate of
water absorption at both ages and is believed to be due to the pore refinement of its matrix due to
additional hydration product formed through pozzolanic reaction and pore filling. After 28 days of
curing this rate further reduced. A summary of water sorptivity, which is the slope of the rate of
water absorption lines in Figure 8, is shown in Figure 9. It can be seen that the sorptivity of mix 3
and mix 4 concretes is very similar, where no adverse effect of wash water on sorptivity is observed
in three green star concrete. Similar result is also observed in chloride ion penetration in green star
concretes in RCPT test. It can be seen in Figure 10 that the chloride permeability in two green star
concrete is significantly reduced by 62% after 28 days of wet curing. This can be contributed by the
pore refinement of matrix in two green star concrete due to pozzolanic reaction of slag and pore filling.
However, after 7 days of curing the reduction in chloride permeability is much lower than that at
28 days due to slow pozzolanic reaction of slag. The addition of 40% RCA in mix 3 concrete, however,
increased the chloride permeability possibly due to higher porosity of RCA than NCA and the presence
of more interfacial transition zone with matrix and RCA than with matrix and NCA. Interestingly,
the three green star concrete shows lower chloride permeability than the other two green concrete
mixes, which is not observed in water absorption and sorptivity tests, where a slight increase in water
absorption and sorptivity is observed in three green star concrete than mix 3. While all three measured
durability properties are affected by the pores in the concrete, the water absorption and sorptivity are
mostly depend on overall porosity of the concrete as the specimens in those tests are kept in water
or in contact with water for long time. However, in RCPT test Cl− is forced to pass from one side of
the concrete specimen to other side. Therefore, the observed lower chloride ion penetration in three
green star concrete than other two green star concretes indicate that the pores in that concrete are not
interconnected rather disperse.

Figure 7. Measured water absorption of green star concretes and control concrete.
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Figure 8. Rate of water absorption of green star concretes and control concrete at (a) 7 days and (b)
28 days.
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Figure 9. Summary of sorptivity of green star concretes and control concrete.

Figure 10. Measured chloride ion prenetration of green star concretes and control concrete.

4. Conclusions

This study evaluated mechanical and durability properties of green star concretes according to
the definition of green building council Australia and bench marked with control concrete. Within
limited studies the following conclusions can be drawn:

• Green star concretes exhibited reduction in compressive strength, indirect tensile strength and
elastic modulus at both 7 and 28 days compared to control concrete. However, the reduction at
7 days of green star concrete is much higher than at 28 days. Formation of additional hydration
products and particle packing due to pozzolianic reaction and small particle size of slag are
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contributed to the increase in above mechanical properties at 28 days. Three green star concrete
exhibited about 18%, 10% and 12% reduction in compressive strength, indirect tensile strength
and elastic modulus, respectively at 28 days compared to control concrete while containing 40%
less OPC, 40% less NCA and 50% less fresh water.

• The two green star concrete containing 40% slag exhibited lower water absorption, sorptivity
and chloride permeability than control concrete at both ages, while three green star concrete
containing 40% slag, 40% RCA and 50% concrete wash water exhibited better durability properties
at both ages except the water absorption which is about 25% higher than two green star concrete
at 28 days. The presence of 40% RCA, whose water absorption capacity is much higher than the
NCA, is the reason for such increase in water absorption.

• Both two and three green star concretes exhibited 28 days compressive strength of about 40 MPa
and much lower chloride permeability than control concrete. Therefore, these green concretes can
be used in structural application with good resistance against reinforcement corrosion.

While only slag and concrete wash water are used to partially replace the OPC and tap water,
respectively in the green star concretes in this study, other SCMs. E.g., fly ash, silica fume, combination
of fly ash/slag/silica fume and recycled water from other sources can be used in green star concretes
and studied their properties to establish their use.

Funding: This research received no external funding.
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Abstract: Engineering of effective photocatalytically active structures is of great importance as it
introduces a solution for some existing air pollution problems. This can be practically achieved
through the bonding of particulate photocatalysts to the surface of construction materials, such as
aggregates, with a suitable stable binding agent. However, the accessibility of the photocatalytically
active materials to both the air pollutants and sunlight is an essential issue which must be carefully
considered when engineering such structures. Herein, different amounts of commercial TiO2 were
supported on the surface of quartz sand, as an example of aggregates, with a layer of silica gel
acting as a binder between the photocatalyst and the support. The thus prepared photocatalytically
active aggregates were then supported on the surface of mortars to measure their performance
for NOx removal. The obtained materials were characterized by electron microscopy (SEM
and TEM), Fourier Transform Infrared Spectroscopy (FTIR), X-ray Diffraction (XRD), and UV-vis
Absorption Spectroscopy. Very good coverage of the support’s surface with the photocatalyst was
successfully achieved as the electron microscopic images showed. FTIR spectroscopy confirmed
the chemical bonding, i.e., interfacial Ti–O–Si bonds, between the photocatalyst and the silica layer.
The photocatalytic activities of the obtained composites were tested for photocatalytic removal of
nitrogen oxides, according to the ISO standard method (ISO 22197-1). The obtained aggregate-exposed
mortars have shown up to ca. four times higher photocatalytic performance towards NO removal
compared to the sample in which the photocatalyst is mixed with cement, however, the nitrate
selectivity can be affected by Ti–O–Si bonding.

Keywords: environmental remediation; air pollution; photocatalytic construction materials; nitric
oxides; functionalized aggregate

1. Introduction

Air pollution is a serious problem which directly affects everyone who lives in populated cities
around the world [1]. Incontrovertibly, fossil fuel combustion for energy production and in the
transportation sector, together with metallurgical industries, i.e., cementitious and construction
industries, are the major sources of most anthropogenically produced pollutants [2]. Common air
pollutants that pose risks to human health include nitrogen oxides (NOx; mainly NO and NO2),
carbon monoxide (CO), sulfur oxides (SOx), ozone (O3), volatile organic compounds (VOCs), and
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particulate matter (PM) [3]. Among them, NOx gases have attracted a lot of concern since they cause
or worsen serious health hazards for humans, including diseases such as emphysema and bronchitis,
and aggravate existing heart disorders. Moreover, NOx gases are responsible for acid rains and smog
and contribute to greenhouse warming [4].

Under solar irradiation, some photocatalysts such as TiO2 have the potential to reduce ambient
concentrations of NOx from areas in which the concentrations of these pollutants exceed national
exposure level guidelines [5]. The light-induced oxidation reactions occur on the surface of irradiated
TiO2 in the presence of molecular oxygen and convert the toxic NO gas into nitrate through subsequent
oxidation steps, with the intermediate formation of nitrogen dioxide: NO → NO2 → NO3

− [6–9].
The thus formed nitrate (NO3

−) on the TiO2 surface can be rinsed and the catalyst can be recovered for
further photocatalytic cycles.

Because of their high surface area and their direct contact with urban atmospheres, construction
materials are excellent carriers to which photocatalytic materials can be applied for air purification.
Recently, photocatalytically active surfaces have established an important commercial as well as
technological position in modern construction technologies [10]. Some trials on the application of TiO2

photocatalysts in several concrete applications have already been conducted. Richard Meier’s Dives
in Misericordia Church project in Rome [11], the New Road Construction Concepts (NR2C), the Air
Quality Innovation Programme (IPL) in the Netherlands, and Photocatalytic Innovative Coverings
Applications for Depollution (PICADA) are examples of such trials and projects [5]. These approaches
have typically focused on the addition of the photocatalytic materials to the binder phase, where their
performance can be strongly influenced by poor dispersibility or occlusion of the added photocatalytic
powder [12–14]. Moreover, some reported studies address the impact of photocatalyst additions
on the practical characteristics of concrete, e.g., workability and durability [15]. Despite our level
of understanding of these mechanisms, there have been few innovative solutions to maintain the
cement-free photocatalyst performance level over time.

Therefore, engineering photocatalytically active structures in a way that ensures high performance
in air purification is of great importance from both environmental and economical perspectives [16–18].
The approach suggested in this work is supportive of TiO2-based photocatalysts on aggregate materials
such that the photocatalyst is positioned above the surface of the concrete. Placement of such aggregates
on the surface of the concrete structure during construction ensures that the photocatalyst will have
free access to atmospheric pollutants (particularly NOx), rainwater and illuminating radiation, and be
free of agglomeration issues. However, although this approach has been previously reported, efficient
binding of photocatalytic material to the support surface is still a challenging issue.

2. Materials and Methods

2.1. Synthesis of TiO2–SiO2–Quartz Composites

Standard quartz sand (Q) was first sieved to obtain a sample with the desired particle size
distribution (1–3 mm) before it was washed with deionized water several times and dried at 95 ◦C.
A commercial photocatalyst (CristalACTiV™ PC105, Cristal, Stallingborough, UK) was supported
on the obtained Q using a silica-based binder prepared from the precursor tetraethyl orthosilicate
(TEOS, Sigma-Aldrich, Schnelldorf, Germany). A TEOS mother solution was prepared by adding
the exact amount of TEOS into an ethanol:water:HCl mixture at a TEOS:ethanol:water:HCl molar
ratio of 1:3:4:4 × 10−3, which was stirred for 10 days at room temperature in a sealed vessel [19].
Then the required volumes of the obtained solution were added to 200 mL of ethanol, in which the
required amounts of TiO2 were suspended, to get 0.5, 1, 2.5, 5, and 10 wt % TiO2:Quartz in the final
product. These values were chosen because many reports identified the efficacy of TiO2 photocatalysts
conventionally mixed into cementitious materials (with TiO2 loadings from 1 to 10 wt % as a fraction
of the cement content) [20–22]. The molar ratio of TiO2:TEOS was always kept at 1:1. The suspension
was then kept gently stirring at room temperature overnight. It was then added dropwise to 40 g of Q
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with continuous stirring at 80 ◦C under reduced pressure. The obtained materials were dried at 90 ◦C
overnight followed by heat treatment at 200 ◦C for 4 h. The thus obtained modified Q samples were
then cooled in air, washed with deionized water, dried at 90 ◦C, and sieved again to collect particles
larger than 1 mm in order to separate modified quartz from loosely or non-connected TiO2-binder.
The resulting composite samples are denoted QTx where x represents expected TiO2 content. In order
to simplify the characterisation, fine powdered Quartz (particles sizes in the range 20–50 μm obtained
by ball milling of commercial quartz (Aldrich) and sieving) was also modified with 10 wt % TiO2

following a similar procedure; the obtained sample is denoted FQT.

2.2. Characterization

X-ray diffraction (XRD) patterns were obtained using a PANalytical diffractometer (X’Pert3

Powder, Malvern Panalytical, UK) equipped with a CuKa1 1.54 Å X-ray source. FTIR spectra were
recorded using a PerkinElmer Spectrum Two equipped with UATR (Single Reflection Diamond,
PerkinElmer, Inc, City, State, USA). UV-vis diffuse reflectance spectra of the samples were recorded
using a Cary 60 UV-vis spectrophotometer (Agilent Technology, City, State, USA) equipped with a fibre
optic coupler. Barium sulphate was used as a reference in the range of 250 to 600 nm. The resulting
reflectance spectra were transformed into apparent absorption spectra by using the Kubelka−Munk
function F(R∞) = (1 − R∞)2/2R∞. The amount of TiO2 loaded on the surface of Q was analyzed by
X-ray fluorescence spectroscopy (XRF) using Rigaku NexQC. For this purpose, a calibration series
of TiO2–SiO2 was prepared by mixing the required amount of TiO2 (PC105) and SiO2 (ball milled
commercial quartz) to get a series from 0.1 to 20 wt % TiO2. Morphologies of samples were observed
using a scanning electron microscope (SEM, Zeiss EVO MA10, Zeiss, City, State, USA) equipped with
an energy dispersive X-ray spectrometer (EDS, Oxford INCA) for elemental composition analyses.
The transmission electron microscopy (TEM) was performed on a JEOL-JEM-2000EX microscope
operated with an accelerating voltage of 200 kV; images were captured with a Gatan Erlangshen
ES500W camera.

2.3. Photocatalytic Performance Test

The removal of nitrogen oxides (NOx), as examples of air pollutants, using the obtained quartz
sand modified with the photocatalyst was tested to check their efficiency in purification of the polluted
air [23]. Figure 1 illustrates the air-purification test set-up which was established for this purpose.
The set-up consists of the following (see Figure 1): gas suppliers; i.e., synthetic air and NO in nitrogen
(BOC, Guildford, UK), gas flow controllers (Bronkhorst, Newmarket Suffolk, UK) (1), a humidity
supplier unit (2), a photocatalytic reactor according to ISO standard design (ISO 22197-1) (3), a UV(A)
irradiation source (4), and a NOx analyzer (5). The gas supplies were NO (100 ppm) in N2 and
synthetic air (BOC, UK). The required concentration (1000 ppbv), flow rates (5 × 10−5 m3·s−1), and
humidity (ca. 40%, confirmed by a Rotronic hygropalm) were achieved by controlling the flow of
each gas by the gas flow controllers (1). The photoreactor was constructed from PMMA (Poly(methyl
methacrylate)), covered with borosilicate glass, and was positioned below the output from an SS0.5 kW,
500 W fully reflective solar simulator equipped with a 1.5 AM filter (Sciencetech, London, Ontario,
Canada). The irradiation was adjusted to ensure that the test sample (6) received a light intensity of
10 Wm−2 at λ < 420 nm. The light intensity was measured using a broadband thermopile detector
(Gentec-EO-XLP12-3S-H2-D0) located exactly where the test sample should be placed. A Thermo
Scientific Model 42i-HL High Level NO-NO2-NOx Analyzer (Air Monitors Ltd., Gloucestershire, UK)
was used to monitor the concentrations of NO, NO2, and total NOx in the outlet gas flow. Aggregate
exposed mortars were prepared by supporting 10 g of bare or TiO2-modified quartz sand on the top of
mortars (with top surface area of 64 cm2 and thickness of 15 mm) in order to examine their efficiencies
in NOx removal. For comparison, a reference sample was prepared according to the conventional
mixing method (CMM) in which TiO2 was first mixed with cement at a 10 wt % ratio. Once prepared,
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a 2 mm thick layer of the mortar mixture was applied to the top of the pre-made mortar similar to
those used to prepare the aggregate exposed mortars.

Figure 1. The photocatalytic testing apparatus: (1) mass flow controllers, (2) humidity supplier, (3)
photocatalytic reactor, (4) UV(A) irradiation source, (5) NOx analyzer, (6) test sample, (7) and (8) valves,
and (9) gas stream outlet.

3. Results and Discussion

XRD patterns of uncoated quartz sand (Q) and the prepared TiO2–SiO2–Quartz composite (FQT)
are shown in Figure 2. The appearance of a clear XRD pattern for anatase TiO2 in FQT sample confirms
the successful support of TiO2 on the quartz in FQT.

Figure 2. XRD patterns of bare quartz and TiO2–SiO2–Quartz composite (FQT), Q and A refer to quartz
and anatase patterns, respectively.

Evidence for the formation of a chemical bond between the TiO2 and SiO2 binding layers
can clearly be observed from the FTIR spectrum in the range between 900–960 cm−1 (Figure 3),
the absorption being assigned to the stretching vibrational mode of the Ti–O–Si bond. No similar
absorption peak due to this mode was observed for SiO2 in the bare Q sample.
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Figure 3. FTIR spectra of bare quartz (Q) and the TiO2–SiO2–Quartz composite (FQT).

Figure 4 shows the diffuse reflectance UV-vis absorption spectra of free TiO2 and FQT composite
samples. Considering TiO2 as an indirect semiconductor, the modified Kubelka–Munk function
[F(R∞)hν]1/2 was plotted as a function of the incident photon energy which allowed the determination
of the photocatalyst’s band gap. The spectra are additional evidence for the presence of TiO2 in the
FQT sample and show that the loading of TiO2, via the herein employed method, on the surface of
quartz through a SiO2 binding layer has negligible effect on its band gap.

Figure 4. UV-vis absorption spectra presented as the modified Kubelka–Munk function of free TiO2

and TiO2–SiO2–Quartz composite (FQT).

The amounts of TiO2 loaded on the surface of Q, as recorded by XRF analyses, are summarized in
Table 1. As can be seen from this table, the actual amount of TiO2 loaded is lower than the calculated
values for all the prepared samples, meaning that some loss of TiO2 occurred during the preparation
procedure. However, the lower the loaded amount the lower the TiO2 loss. This indicates a limitation
of the modifying layer thickness over which all the extra added amount of TiO2-binder is lost.

Table 1. Calculated and analyzed loaded amount of TiO2 on quartz via silica gel binder.

Sample ID
TiO2 (wt %)

TiO2 Loss (%)
Calculated Analyzed

QT0.5 0.5 0.35 30
QT1 1.0 0.63 37

QT2.5 2.4 0.72 70
QT5 4.7 2.9 38
QT10 9.1 2.67 71
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The level of coverage of the support (Q) with TiO2 was examined using the SEM-EDS technique.
Figure 5 compares the SEM-EDS of bare quartz coated with a silicate layer derived from TEOS in which
commercial TiO2 (PC105) is dispersed. The effectiveness of a silicate-based layer on quartz (FQT) for
the efficient support of TiO2 can be clearly seen from these SEM images. Very good coverage of TiO2

over the sample is achieved as a result of coating a silicate-based film over the quartz substrate.

Figure 5. SEM images for (a) uncoated quartz and (b) TiO2 (commercial PC105) immobilized on quartz
via a SiO2 binder formed from tetraethyl orthosilicate (TEOS). EDS of these samples are presented in
(c,d), and the TEM image for the same samples in (e).

Although a few areas might be clear of silicate coating, Figure 5 shows that the silicate layer
has generally been immobilized nicely on the grains. Consequently, in this case, TiO2, associated
with the silicate-based gel phase, is also similarly distributed and is not bonded directly to the quartz
surface. This is consistent with the TEM image in Figure 5e. Comparing the EDS analyses (Figure 5c,d)
indicates the spreading of TiO2 with the silicate layer.

In order to examine the effectiveness of the obtained modified quartz sand samples for the
removal of nitrogen oxides from polluted air, aggregate exposed mortars (with top surface areas of
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64 cm2) were prepared, on top of which 10 g of bare or TiO2-modified quartz sand were supported.
An image of the obtained mortars is presented in Figure 6 which shows a clear change in the color of
the quartz sand to a whiter one by increasing the amounts of loaded TiO2.

 

Figure 6. Images of the prepared aggregate exposed mortars. On the top of each sample, 10 g of bare
(Q) or TiO2-modified quartz sand (QTx) were supported.

Figure 7 shows an example of the changes in the concentrations of nitrogen oxides, i.e., NO,
NOx, and NO2, in the gas stream flows over the QT10 sample in the dark and under irradiation. The
concentration of NO is constant at ca. 1000 ppb as long as the light is off. When the light is switched
on, the initial NO concentration drops with a simultaneous increase in NO2 concentration, as NO2 is
one of the NO oxidation products. Consequently, the concentration of NOx, which reflects the total
oxidation of NO to HNO3, is reduced during the illumination time.

Figure 7. Changes in the concentrations of nitrogen oxides, i.e., NO, NO2, and NOx, as a function of
time in the presence of the QT10 sample.

The activities of the obtained samples for De-NOx remediation were determined by measuring the
photonic efficiencies (ξ), which is defined as the ratio of the reaction rate (NO and NOx removal as well
as NO2 formation) and the incident photon flux [24]. Equation (1) was used to calculate ξ [25], where
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.
V is the volumetric flow rate, cd the concentration of each of the nitrogen oxide gases recorded under
dark conditions, ci the concentration of the same gases recorded under illumination, p the pressure,
NA the Avogadro constant, h the Plank constant, c the speed of light, I the incident irradiation intensity,
λ the employed wavelength assuming monochromatic light (365 nm), A the irradiated area, R the gas
constant, and T the absolute temperature. The obtained results are illustrated in Figure 8a. The results
of nitrate selectivity, which was calculated according to Equation (2) employing the obtained ξ NO
and ξ NO2, both measured on the same sample, are shown in Figure 8b.

ξ =

.
V(cd − ci) pNAhc

IλART
(1)

S =
ξNOx

ξNO
(2)

(a) (b) 

Figure 8. Photonic efficiencies of the aggregate exposed mortars prepared from bare quartz or
TiO2-modified quartz for NO and NOx removal and for NO2 formation (a), and nitrate selectivity
recorded for the same samples (b).

As can be seen from Figure 8a, the De-NOx performance (0.14–0.23% ξ NO) is clearly enhanced
by supporting the photocatalyst on quartz sand when compared to its performance (0.06% ξ NO)
when mixed with cement (CMM). This means that supporting TiO2 on the quartz surface via a silica
gel binder ensures a much higher effective surface area which is translated into higher photocatalytic
efficiency. It is worth noting that the herein recorded photonic efficiency for NO oxidation measured
for TiO2 supported on quartz (the QT5 sample for example) is about 58% of that reported in literature
for the highly active bare anatase TiO2 (Hombikat UV100) [25]. Bearing in mind that QT5 had only 2.9%
of the TiO2 loaded, a significantly efficient utilization of the valuable photocatalyst is consequently
achieved by supported systems. It is also worth mentioning that although the De-NOx performance
improves by increasing the amount of photocatalyst loaded from QT1 to QT5, QT1 might be preferred
from an economical viewpoint as this sample showed a ξ NO of more than 80% of that measured for
QT5 although QT1 had ca. five times less TiO2 compared to QT5. On the other hand, nitrate selectivity
(Figure 8b) was also enhanced by increasing the amount of photocatalyst loaded but did not exceed
that of CMM. The high selectivity is surely a valuable opportunity and improved by a higher loading
amount. This observation can be explained by the fact that the porous silica gel coating presents a
support for TiO2 both as TiO2 bonded to the silica gel pore walls (which usually negatively affects the
selectivity) but also as TiO2 trapped in the pores. This non-bonded TiO2 offers increased activity and
selectivity. Factors which control nitrate selectivity appear to be complex. Relevant variables include
TiO2 polymorphism, defect state, availability of water, etc., but the role of substrate binding must also
be considered.
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4. Conclusions

TiO2 has been successfully loaded on the surface of aggregate, with quartz used as an example,
utilizing a silicate-based binder. Aggregate exposed mortars with these photocatalytically active
aggregates on the surface have shown an excellent performance at the photocatalytic removal of NO
from polluted air. The herein developed aggregate exposed mortars have shown up to ca. four times
higher efficiency for NO removal compared with the sample prepared according to the conventional
mixing method (CMM). Thus, the herein prepared supported TiO2 aggregates offer much greater
utilization efficiency for the valuable photocatalyst and thus correspond to a considerably lower cost
of use in photocatalytic concrete.
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Abstract: Worldwide, an increasing number of new buildings have photovoltaics (PV) integrated
in the building envelope. In Switzerland, the use of coloured PV façades has become popular
due to improved visual acceptance. At the same time, life cycle assessment of buildings becomes
increasingly important. While a life cycle inventory for conventional glass-film PV laminates is
available, this is not the case for glass-glass laminates, and in particular, coloured front glasses.
Only conventional glass-film PV laminates are considered in databases, some of which are partly
outdated. Our paper addresses this disparity, by presenting life cycle inventory data gathered from
industries producing coloured front glass by digital ceramic printing and manufacturing glass-glass
PV laminates. In addition, we applied this data to a hypothetical façade made of multi-coloured
glass-glass laminates and its electricity generation in terms of Swiss eco-points, global warming
potential, and cumulative energy demand as impact indicators. The results of the latter show
that the effect of the digital ceramic printing is negligible (increase of 0.1%), but the additional glass
(4% increase) and reduction of electricity yield (20%) are significant in eco-points. The energy pay-back
time for a multi-coloured PV façade is 8.1 years, which decreases by 35% to 5.3 years when replacing
the glass rain cladding in an existing façade, leaving 25 years for surplus electricity generation.

Keywords: coloured glass; life cycle assessment; building integrated photovoltaic; rain cladding;
LCA; LCI; BIPV

1. Introduction

1.1. Building Integrated Photovoltaics

Photovoltaics (PV) offer great opportunities in densely populated regions such as Switzerland,
particularly when installed on the surfaces of buildings. This is primarily due to their ability to
generate electricity without noise emissions, and deployment in a large range of sizes and forms.
Ground mounted photovoltaics are impractical due to the scarcity and consequently high cost of
land in Switzerland. However, the Swiss energy strategy 2050 aims to increase the national electricity
supply from PVs from about 2% in 2016 [1] up to 20% by 2050. Global warming (climate change) is a
critical issue drawing wordwide attention, and Switzerland should reduce green house gas emission
by 20% in comparison to their 1990 level by 2020 according to Swiss law (the CO2 Act). In addition,
nuclear power, which is CO2-free and generates about 40% of Swiss electricity, will phase out [2].

Building integrated photovoltaics (BIPV) contribute to achieving this goal by fully utilising
building surfaces, such as the roof or façade, to maximise electricity generation. This goal is difficult
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to achieve with monochromatic BIPV, as they compromise the architectural aesthetic of the building,
leading to low visual acceptance on behalf of the architect or the building’s owner. Various types of
technologies for aesthetically appealing PV systems in buildings have recently been developed, such as
thin films or special foils [3]. Such systems are referred to as architecturally integrated. However, the
conservative nature of the construction sector, as well as vague or even conflicting building regulations
regarding façade elements have thus far delayed the application of these technologies [4].

Multi-coloured glass-glass (MCGG) and crystalline silicon cell (c-Si) PV laminates are an approach
to overcome some of these aforementioned issues and achieve aesthetically pleasing, yet technically
and economically viable building integrated PV systems, by utilising market-proven technologies
which also retain high market potential in the future. This solution combines translucent digital
ceramic print technology [5–7] with existing mainstream technologies, notably crystalline silicon cells
and glass-glass sheets (see Figure 1).

Figure 1. Layers comprising a multi-coloured glass-glass photovoltaic laminate. A translucent
multi-coloured motif (layer 2) is printed on the inner surface of the front glass sheet [3].

C-Si is the mainstream technology in commercial PV markets accounting for 94% of the market
share, while thin film accounts for 6% [8]. Despite the emergence of many new technologies, the former
is most likely to remain dominant for next decade, driving substantial market growth by ongoing cost
reduction and improvement in efficiency [9].

The most common configuration of PV laminates for grid connected systems comprises 60 cells,
which are typically arranged as a 6 by 10 matrix, occupying an area of approximately 1.00 × 1.615 m2.
The cells are wired in series, thus metallic tab wires attached to a front side of a cell are connected
to the backside of a neighbouring cell. This interconnecting wiring technology is subject to ongoing
improvements in cell efficiency, with a triple busbar arrangement currently dominating the market [10].
Deployed without a frame, this system is referred to as a photovoltaic laminate, while an additional
surrounding frame designates it as a photovoltaic panel. A junction box and two ca. 1m cables are
attached to the laminate or the panel for connection to adjacent units.

Interconnected cells are brittle and easily corroded by moisture. To protect against impact and
moisture from hail and rain in outdoor environments, the solar cell strings are encapsulated by two
sheets of polymer foils (e.g., Ethylene-vinyl acetate, or EVA), which are in turn encapsulated by two
sheets of glass. Finally, these layers are laminated under heat and pressure in a vacuum to form a
PV laminate. For a non-BIPV solution, a Tedlar R© polymer film is also commonly used instead of a
glass back-sheet. However, a BIPV laminate should resist fire hazards and wind loads to comply with
architectural regulations on a building façade. Glass sheets are a typical solution to achieve this, as
glass is a commonly used façade component under the established building codes. Moreover, even for
a non-BIPV solution, glass back-sheets are increasingly popular as they prevent moisture intrusion.

MCGG PV laminates can readily replace façade panels in a rainscreen wall. A rainscreen wall
system [11] prevents penetration of rainwater into a building wall and is widely used since the 1970s
(see Figure 2). It consists of a rainscreen cladding, ventilated and drained air cavity, and an air barrier
system from the outermost layer of a building. Common materials for rainscreen cladding include
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fibre cement, metal, and timber, which are selected based on various criteria. Glass is frequently chosen
when an aesthetically pleasing façade finish is preferred. The multi-coloured glass-glass PV laminates
have the potential to satisfy this aesthetic criterion and be accepted as rainscreen cladding, making
them economically and environmentally beneficial as the existing rainscreen mounting system can
accommodate the PV (see Figure 2b).

(a) (b)
Figure 2. Rainscreen wall system: Glass cladding installed on the outside of a building (a) and a
rainscreen cladding sub-construction (b) [12].

1.2. Life Cycle Assessment

Environmental Life cycle Assessment (LCA) is a methodology to assess all the environmental
impacts of a product or a service during the whole life cycle from the raw material extraction to
final disposal [13]. Alternative products have different eco-profiles over their lifetime; one product’s
environmental impact contributes mainly to its production phase, while another’s dominates during
its use or operating phase. A classical example are disposable diapers, which create 90 times more
solid waste than reusable cloth diapers. The latter, however, produce tenfold water pollution due
to detergents etc., and consume triple the energy [14]. LCA does not provide a simple answer, but
it enables rational judgements with trade offs. For this reason, LCA is becoming an increasingly
important and popular tool in policy and industry [13].

The International Organisation for Standardisation (ISO) standardised an LCA methodological
framework and terminology (ISO 14040:2006) [15] and provided general guidelines and requirements
(ISO 14044:2006) [16]. According to ISO, the LCA procedure consists of the following steps:

1. Goal and scope: Definition of the System boundary & functional unit.
2. Life Cycle Inventory (LCI): Elaboration of a mass balance for a process with all inputs and outputs.
3. Life Cycle Impact Assessment (LCIA): Assessment of environmental consequences of the LCI

such as climate change, natural resource depletion, ozone depletion, ecotoxicity etc. with specific
indicators. A sensitivity analysis considers the individual effects of the choices made, i.e., flows
and indicators.

4. Interpretation: Identification of processes and flows with main environmental impact and
recommendation of measures for improvement.

BIPV affects the heating and cooling load in buildings, as it generates heat as well as electricity
and replaces building elements which may have a different thermal resistance [17]. The current reviews
covering the state-of-the-art of LCA on BIPV assess the influence of BIPV on the energy performance of
buildings [18,19]. Adaptive BIPV deployed on windows provides shading and admits daylight, while
also reducing the energy consumption for lighting, heating, and cooling [20]. These energy reduction
factors can be considered in two ways:
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1. Place the factors into a system boundary. For example, Jayathissa [20] estimated the energy load
(heating, cooling, and lighting energy) in an office with windows fitted with dynamic BIPV, static
shading, and no shading at all. The study compares the environmental impact of the German
grid electricity to that generated by different BIPV technologies (thin film and crystalline), and
the resulting reduction in energy loads. These results are further discussed in the context of this
study in Section 3.5.

2. Alternatively, these factors can be excluded from a system boundary along with building materials
serving a similar purpose, (e.g., when replaced by BIPV in a façade). For example, Ng [21]
estimated the lifetime performance of semi-transparent BIPV glazing when it replaces double
glazing windows, which similarly impacts building energy performance.

In this study, the latter approach was adopted by replacing the rainscreen cladding in a façade
with BIPV. This better caters to the focus on electricity generation within the scope of the study, the
purpose of which is explained in the following section.

1.3. Purpose of the Study

Glass is a commonly used material in both photovoltaic and building industries, and its
proportional weight in a glass-glass PV laminate is over 90%. Moreover, glass-glass c-Si PV laminates
are the de facto standard for a building integrated solution. However, its environmental impact
assessment (LCA) is not available, thus the resulting approximated environmental impact based on
life cycle inventory databases may not reflect reality.

To realistically assess the environmental impact of the entire life cycle of a MCGG c-Si PV laminate,
this study presents up-to-date data on c-Si production gathered from literature, as well as material and
energy flow data from a solar glass and PV laminate supplier. Moreover, a façade case study considers
a realistic BIPV use case, in which the PV laminate replaces the rainscreen cladding.

Unlike ground mounted photovoltaics, building integrated photovoltaic systems need to satisfy
multiple goals, i.e., aesthetic appeal, fail-safe installation and operation, and electricity generation
with lower environmental impact than that of the existing Swiss low-voltage grid. As a consequence,
multiple parties contribute towards achieving these goals, including the glass and photovoltaic
manufacturer, architect, building owner, planner, and installer. These goals need to be achieved
collectively as each party has only a limited scope of influence, thus the relevant information must be
consolidated. However, existing PV life cycle inventory data and assessment results are aggregated
and averaged, thus individual data relevant to the building context cannot be often identified.

The purpose of this study is therefore to provide life cycle perspectives of BIPV in general,
and glass-glass crystalline silicon cell photovoltaics in particular, by presenting life cycle inventory
data and the assessment results in an itemised and organised manner, such that they are relevant
and comprehensible to the involved parties. Furthermore, the influence of façade components on the
environmental impact of BIPV are analysed, as well as the additional benefits of BIPV for a building.
In the long term, these results support the parties in making future decisions in their respective areas
of influence.

The rest of the paper is organised as follows: In Section 2, we elaborate our LCA methodology
of a PV façade, and the impact indicators used; Section 3 presents results obtained from the LCA of
the façade components, and the electricity generated in terms of energy pay-back time; in Section 4,
we draw our conclusions. A glossary of abbreviated terminology used in this paper can be found in
Table 1.
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Table 1. Abbreviations and terminology used in this paper.

Term Definition

AC Alternate current
BIPV Building integrated photovoltaics
BOS Balance of system
CED Cumulative energy demand
c-Si Crystalline silicon cell

EPBT Energy pay-back time
EVA Ethylene-vinyl acetate
GWP Global warming potential
ISO International Organization for Standardisation

IPCC Intergovernmental Panel of Climate Change
LCA Life cycle assessment
LCI Life cycle inventory

MCGG Multi coloured glass-glass
m-Si Multi crystalline silicon cell
PV Photovoltaics
s-Si Single crystalline silicon cell

2. Methodology

The following section specifies the PV laminate and façade installation used in this study.
In accordance with the sequence of the four LCA phases in Section 1.2, the goal and scope definition,
inventory analysis, and impact indicators used in this study are presented. The impact assessment and
interpretations is presented as results in Section 3.

2.1. PV Laminate Specifications for Life Cycle Assessment

Table 2 lists detailed specifications of a PV laminate used in this study, which is representative of
one of the most common configurations in the market. The basic configuration of a laminate consists
of multi-crystalline silicone (m-Si) cells and a multi-coloured front glass sheet. Common variants on
the market replace the multi-coloured front glass sheet with a clear glass sheet, and m-Si by s-Si.

Table 2. Typical specifications of a photovoltaic laminate considered in this study.

Parameter Basic Configuration Variants

Dimension of PV laminate 1.00 m × 1.615 m
Weight of PV laminate 35.47 kg

Glass thickness 4 mm × 2 = 8 mm
Glass weight 16.15 kg × 2 = 32.3 kg

Glass type multi-coloured (80% performance) clear glass
Type of cells 60 m-Si cells (220 Wp) 60 s-Si cells (250 Wp)

Thickness of cell 0.2 mm
Wiring technology for cells 3 busbar tap wirings 36 active(smart) wirings [10]

To consider the entire life cycle of a photovoltaic laminate, the study considers a hypothetical
façade installation consisting of 140 laminates (see Table 3). The system capacity using the m-Si
clear glass PV laminates (250 Wp) is 30.8 kWp. When using multi-coloured glass sheets, electricity
production decreases by 20%, reducing the capacity to 24.6 kWp. The system with clear glass s-Si
PV laminates has 35 kWp capacity. The annual electricity yield expressed in kWh/kWp for each
orientation is measured in Dübendorf, Switzerland, after the inverter and before being fed into the
grid; this takes into account losses due to AC conversion, while transmission losses in the grid are
disregarded. The calculation of electricity production assumes a projected PV lifetime of 30 years.
To consider various degradation modes such as discolouration and corrosion [22], the annual yield is
linearly derated by 0.69% as recommended by IEA PVPS [23].
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Table 3. Façade installation considered in this study as use case for photovoltaic (PV) laminates.

Parameter Basic Configuration Variants

PV type
m-Si (15% efficiency)
multi-coloured s-Si (17% efficiency)

Laminate capacity
(System capacity) 176 Wp (24.6 kWp)

m-Si clear glass: 220 Wp (30.8 kWP)
s-Si clear glass 250 Wp (35 kWp)
s-Si coloured glass 200 Wp (28 kWP)

Number of laminates 140

Laminates used over lifetime
144.23 (1% rejected in construction
of façade, 2% replaced due to early
end of life)

Façade dimension 21 m × 12 m = 252 m2

Projected lifetime 30 years

Annual yield/kWp installed
before degradation according
to façade orientation

Facing south: 700 kWh/kWp
Facing east/west: 530 kWh/kWp
Facing north: 200 kWh/kWp

Degradation of PV
0.69 % per year from the first year,
total 20 % for 30 years

Lifetime yield according to
façade orientation

Facing south: 582 MWh
Facing east/west: 440 MWh
Facing north:166 MWh

2.2. Goal and Scope of Life Cycle Assessment

In accordance with the purpose of the study stated in Section 1.3, the scope of the LCA covers:

• up-to-date crystalline silicon cell production
• clear and multi-coloured glass production by a specific manufacturer
• glass-glass laminate production with various configurations by a specific manufacturer
• a hypothetical but realistic PV façade installation
• electricity generated from the façade facing south, east/west, and north
• and a comparison of the generated electricity to that of the Swiss low voltage electricity grid.

Figure 3 presents functional units of each product along the supply chain of the BIPV system,
leading to the generated electricity as final product. The laminate is assessed by applying the “cradle
to gate” approach. The system boundary includes the material and energy flows of the upstream
processes for the laminate. Nevertheless take back and recycling of a laminate is already included.
The electricity is assessed by applying the “cradle to cradle” approach. The system boundary includes
all processes for laminate production, including production of the Balance of System (BOS) [24], such as
mounting system, cabling, and an inverter. Furthermore, this considers the transportation, installation,
cleaning, and maintenance of the PV installation, and its end of life. To obtain the environmental
impact per 1kWh electricity generated using the model in this study, the total environmental impact of
the façade (including water and waste water from cleaning) is simply divided by the total electricity
generated during its lifetime.
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Figure 3. Configuration of an architecturally integrated 24.6 kWp photovoltaic (PV) façade facing south
consisting of 140 multi coloured glass-glass (MCGG) laminates generating 466 MWh over 30 years.
While a 30 kWp inverter is installed, its data is derived from that of a 20 kWp inverter scaled by a factor
of 1.5. Product systems with grey background were specified from industrial data, while those with
white background were derived from literature values and estimates.

2.3. Life Cycle Inventory

A main challenge in LCA is the collection of data for the Life Cycle Inventory (LCI). This can
be mitigated by using the Ecoinvent database [25], which contains basic data on materials, energy,
waste, transportation, and other factors. This data is collected from averages of material and energy
flows provided by industrial sectors, expert estimates, and literature values. This study uses the
APOS [26] data set, which is one of the three sets of data available in Ecoinvent 3.4. The calculations
were performed in software mainly using Simapro 6.4, supplemented by MS Excel.

Ecoinvent data is updated frequently, but a literature review has shown that updated LCI data
on the requisite photovoltaic components for this study are not yet integrated in the latest Ecoinvent
version 3.4. Thus, this study carried out an LCI for system components based on recent literature and
current industry data, which are stated in the sections below.

2.3.1. LCI of Crystalline Silicon Cells

The LCI for m-Si and s-Si cells in Ecoinvent 3.4 were updated with an LCA of photovoltaics dated
2011 [27] (Part 1: Data Collection, Table 37). A main difference compared to the LCI in Ecoinvent 3.4
is the an increase in electricity consumption for the m-Si wafer process from 4.7 kWh to 20.8 kWh.
For further differences, see the cited reference.

2.3.2. LCI of Solar Glass

Solar glass is made from float glass, i.e., floated on molten tin to obtain a flat and polished
surface [28]. The LCI for float glass in Ecoinvent 3.4 was itemised with material flow data from two
European float glass manufacturers [29,30].

The energy consumption for the final solar glass production was obtained from the Swiss
manufacturer (personal communication P. Schaad, Glas Trösch AG, 25.05.2018). The resulting material
and energy flows for the processes to produce 1.615 m2 of clear and multi-coloured solar glass sheets
are shown in Figure 4 and Table S1 (supplementary material). The company produces multiple glass
types of different sizes, which run through different process steps. Consequently, the production is not
optimised for solar glass. This implies higher energy stand-by losses in continuous production flows
as well as material losses. Energy flows (electricity and compressed air) are expressed in kWh, while
those for the material are expressed in kg. The thickness of an arrow corresponds to the quantity of
material flow.

The production of clear solar glass requires four main processes: Cutting the raw material
(i.e., float glass) to the desired size; bevelling (grinding the edges); washing off grinding sludge and
drying; and finally tempering to increase the strength of the solar glass. Losses and breakages from
the raw glass at cutting are about 20%. The cullet is recycled directly in float glass production, which
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reduces the quantity of the primary raw material. Breakages at tempering and quenching of the solar
glass are about 5%. To produce 32.30 kg of two final glass sheets, 43.24 kg of raw float glass are
consumed. Coloured solar glass needs two additional passes before tempering: A second washing and
drying step immediately following the first (on the same washing machine), and digital printing with
ceramic ink on the clear glass, followed by tempering. The total electricity consumption in production
adds up to 19 kWh.

Figure 4. Material (kg) and energy (kWh) flows to produce 1.615 m2 of a multi-coloured and a clear
solar glass sheet with 4 mm thickness at a Swiss glass supplier. Arrowheads labelled I denote import
flow, indicating an input material or energy, while those labelled E denote export flow, indicating a
product, waste, or loss. The data was derived from the material and energy balance as well as the
measured electricity consumption of the production steps and support processes. These were obtained
from the Swiss glass manufacturer (courtesy of Glas Trösch AG, 2017).

2.3.3. LCI of PV Laminate

The front and back glass are transported from the Swiss glass manufacturer to a PV laminate
manufacturer in Germany. The production the glass-glass PV laminate (Figure 5) requires four main
processes: Cleaning the glasses in a washing machine (closed water cycle); cutting the EVA foil; brazing
crystalline silicon cell strings (by an external supplier) and connecting tap wires; laminating under
pressure and heat; cutting EVA leftovers; and final mounting and test.
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Figure 5. Material (kg) and energy (kWh) flows to produce 1.615 m2 of a multi-coloured glass-glass PV
laminate with 60 crystalline silicon cells, a junction box, and connecting cable. Arrowheads labelled
I denote and import flow, indicating an input material or energy, while those labelled E denote an
export flow, indicating a waste or loss. Data was derived from literature [27] and updated with material
balance data and measured electricity consumption of the production steps and supporting processes
provided by a German PV module manufacturer (courtesy of GES Gebäude- und Energiesysteme
GmbH, 2018).

The total electricity consumption in production adds up to 6.05 kWh. When using crystalline
silicone cells with active wires instead of 3 busbars, the total amount of copper in the PV laminate
increases from 219 g to 229 g by 4%.

2.3.4. LCI of Further Processes and Components

The data sources for the LCI of other processes and components considered in the LCA are listed
in Table 4.

Table 4. Data sources for the elaboration of the life cycle inventory (LCI) for other processes and
components.

Processes and Components Remark, Source/Reference

30 kWp inverter LCA of low power solar inverters (2.5 to 20 kW) [31]

Mounting and electric system Ecoinvent 3.4 [25]

Installation Transportation and electricity for mounting, Ecoinvent 3.4

Cleaning and maintenance Water consumption and waste water treatment, Ecoinvent 3.4

Take-back & recycling of laminate
with one glass sheet

Energy consumption for shredding was adapted to the higher glass
quantity in a glass-glass laminate. It is assumed the quality of the
glass cullet is too low for recycling in float glass production [32].

2.4. Life Cycle Impact Indicators Selected for This Study

Impact categories and indicators commonly used in LCA of photovoltaic system are presented
in [23] (Table 3.2). For this study, the five indicators in Table 5 were selected.
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Table 5. Indicators selected for the life cycle impact assessment (LCIA) in this study.

Name Unit Remark

Global warming potential
(GWP) Grams CO2-equivalents [g CO2 eq]

Contains Intergovernmental Panel of Climate
Change (IPCC) climate change factors for a
timespan of 100 years [33]

Cumulative energy demand
(CED) MJ-equivalents [MJ eq]

Contains the energy content of renewable and
non-renewable primary energy [23]. In this study,
only non-renewable primary energy is considered.

Ecological Scarcity 2013 Eco-points [EP]
Eco-points reflect both the actual emission situation
and the national or international emission targets
pursued by Switzerland [34].

Energy Payback Time
(EBPT) Years

Time required to generated enough electricity, so
that Non-renewable CED/kWh becomes the same
as one of the reference electricity [23]. Refers to
the efficiency of the Swiss low voltage electricity
grid at the consumer end (9.43 MJ/kWh acc. to
Ecoinvent 3.4)

In this study, the LCIA of solar glass, photovoltaic laminate, and façade system mainly use the
ecological scarcity as indicator (expressed in eco-points), while the electricity generated by the PV
façade is assessed with CED and EPBT, which are commonly used indicators to compare energy
generation systems, along with GWP.

3. Results

This chapter presents the results of the Life Cycle Impact Assessment (LCIA) according to the
sequence of the supply chain described in Figure 3. First, the environmental impact of the production
of the front and back glass for a PV laminate is presented in terms of eco-points. Subsequently, the
eco-points of the production of PV cells and laminates and of an architecturally integrated PV façade
installation are detailed. Finally, the EBPT of the system will be presented along with the eco-points
and GWP of 1 kWh of generated electricity at different façade orientations compared to the current
impact of the Swiss low voltage electricity grid.

3.1. Production of Multi-Coloured and Clear Glass

Figure 6 shows the eco-points of a multi-coloured front glass sheet (1.615 m2) by components and
processes, which adds up to a total of 34.2 kPt. The eco-point of an unprinted back sheet adds up to
33.2 kPt. Consequently, the total eco-points (Figures S1 and S2) for the front and back glass of a PV
laminate is 67.4 kPt. The eco-points for the clear solar glass (33.2 kPt) in this study are 47% higher
than those from Ecoinvent (22.6 kPt). This is because the reference data for float glass used in this
study [29] has different input materials from that of Ecoinvent. As mentioned in Section 2.3.2, this is
further attributed to the high glass losses and breakages in cutting and tempering.

32



Buildings 2019, 9, 8

Figure 6. Per-process and component breakdown of eco-points for 1.615 m2 of multi-coloured glass for
a PV laminate modelled in this study. The total (34.2 kPt) is 51% higher than that of tempered solar
glass (22.6 kPt) in Ecoinvent. The printing step to obtain the multi-coloured glass only contributes 3%
to the total impact.

The raw float glass input incurs a major contribution (79%) to the total eco-points of the
multi-coloured glass sheet production. This is attributed to the energy and CO2 intensive, which
has a strong weighing in eco-points, float glass production process and the losses and breakages
in the solar glass production. The electricity and digital printing account for only 12% and 3%,
respectively. The European electricity mix contributes to not just GWP and eco-points but also the
category nuclear waste.

3.2. Production of Crystalline Silicon Cells

The LCIA results for the production of the 60 m-Si and s-Si cells for a PV-laminate (1.615 m2)
using the latest published data (see Section 2.3.1) that deviate from those in Ecoinvent 3.4 for the same
cell types. The eco-points for the m-Si cells increase by 22% from 311 to 380 kPt, while those for s-Si
cells are reduced by 5% from 524 to 496 kPt.

3.3. Production of PV Laminate

The front and back glass from the Swiss glass manufacturer are transported by road to the
German PV laminate manufacturer. The crystalline silicon cells, EVA foil for lamination and the electric
components (bus wire, tap wires, junction box and the connecting cable), as well as packaging material,
are purchased on the international market. When smart wires [10] are used instead of triple busbars as
wiring technology for the c-Si cells, the total amount of copper in the PV laminate increases by 4%,
which has a negligible effect on its total eco-points.

Figure 7 shows the eco-points for three different types of PV laminate. In the production of an
MCGG m-Si PV laminate (Figure S3), the multi-coloured front and clear back glass accounts only 15%
of the total eco-points (460 kPt). For s-Si MCGG PV, the glass contributes 10% to the total eco-points
(673 kPt). The impact of printing is negligible. By contrast, the impact of the PV cells is significant; PV
glass laminates using s-Si cells have a 46% higher impact in eco-points compared to laminates with
m-Si cells, while the electric components contribute 7% and 10%, respectively. The impact of these
components stems from the copper. The reference (m-Si glass-foil PV laminate) has lower eco-points
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than an m-Si glass-glass PV laminate due to the lower contribution from the backsheet foil compared
to the glass sheet. The proportion of eco-points for take-back and recycling at the PV laminate’s end of
life is 3% and included in the Others category.

Figure 7. Eco-points for the production for various glass-glass PV laminate configurations.
The reference data is for a 1.615 m2 glass-foil.

3.4. Installation of an Architecturally Integrated Photovoltaic Façade

For the installation of the façade in Switzerland, 140 modules are delivered by road. The BOS
(inverter, mounting system, electric components) are purchased from the international market.
The LCIA of the installation of the architecturally integrated photovoltaics façade considers these
system components: The transportation, 1% of rejected PV laminates at the construction site,
replacement of 2% of PV laminates due to early end of life during operation, a one-time replacement
of the inverter during the operating lifespan, and furthermore the electric energy for mounting.

The eco-points for the façade with s-Si cells and clear glass is 141,000 kPt. For m-Si cells, it is
22% lower (110,000 kPt). The solar glass and the mounting system can be excluded from the system
boundary and allocated to the building, e.g., if an existing rain cladding glass façade approaches the
end of its useful life and needs to be replaced, or the multi-coloured solar glass assumes a function of
the building. In this case, the eco-points decrease by 25% to 83,000 kPt for the m-Si configuration, and
by 19% to 114,500 kPt for the s-Si configuration.

Figure 8 shows the breakdown of the eco-points for façade configurations consisting of 24.6 kWp
m-Si and 28 kWp s-Si MCGG PV laminates, and 30.8 kWp conventional clear glass-foil PV laminates,
containing 140 modules of each component in ratio. The major contributors are the wafers in all three
façades, making up 41% (glass-glass) and 42% (glass-foil) for m-Si, and 54% for s-Si. Front and back
glass contributes 9% (m-Si) and 7% (s-Si) for the glass-glass PV façade. By contrast, the foil-glass façade
contributes only 5% for the front glass, and 1% for the foil. Lastly, the mounting system contributes
13% resp. 10%, while the inverter contributes 12% resp. 9% for the glass-glass PV façade.
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(a) (b) (c)
Figure 8. Percentile breakdown of eco-points for various façade configurations consisting of 140 PV
modules: 24.6 kWp m-Si (a) and 28 kWp s-Si (b) multi-coloured glass-glass, and 30.8 kWp traditional
foil-glass (c).

3.5. Electricity Generation Based on Façade Orientation

All environmental impact of the façades are allocated to electricity generated, so the percentage
of eco-points contributions of the façades (Figure 8) also can be applied to 1 kWh electricity.
A recommended functional unit for the LCA of the electricity generating system is 1 kWh, facilitating
comparisons irrespective of size and capacity. The environmental impact of 1 kWh electricity can be
decreased if that of any contributors are decrease. For example, to decrease the impact by 10%, the
following options are viable:

• Increase electricity production by 3% (for example, by improving c-Si cell efficiency)
• Reduce impact during façade installation by 3% (for example, mounting system with lower eco-points)
• Reduce impact during lamination processes by 4% (0.04 × 0.6 = 2.4%, since 140 laminates

contribute 60% of the total eco-points) (for example, reducing electricity consumption)
• Decrease solar glass impact by 20% (0.2 × 0.09 = 1.8%, since glass contributes 9% to the total)

(for example, reducing loss and breakage)

In the same way, magnitude of the uncertainty of data in each contributor affecting to 1 kWh of
electricity also calculated. For example, 20% of uncertainty of solar glass data affects 1.8% of impact
(eco-points) of 1 kWh electricity. The float glass contributes 79% of the solar glass, so 20% of float glass
reduction reduces the total impact of electricity by 1.4%.

Depending on the façade orientation, the amount of electricity generated by a PV system varies,
along with its environmental impact per kWh. Therefore its orientation is considered when comparing
the façade to the Swiss low voltage electricity grid as reference. The reference electricity has an impact
of 0.273 kPt per kWh. In this study, this is derated by 6% to 0.257 kPt to account for the grid loss
of electricity generated by the façade. Thus, the environmental impact of the reference electricity is
decreased instead of reducing the amount of electricity generated by the façade.

The GWP and eco-points per kWh generated according to façade orientation are shown in Figure 9.
In terms of eco-points, all configurations facing south are superior to the reference. In the façade facing
east/west, only the m-Si configurations are viable. In general, GWP indicates less favourable results
than eco-points compared to the Swiss low voltage electricity grid. Consequently, the discussion that
follows focuses on the former indicator.

The Swiss grid electricity mix (GWP of 0.13 kg CO2 eq), used as reference in this study, has
a lower share of carbon-based electricity, but a higher share of nuclear and hydro power than the
European electricity mix. This contrasts with the German grid electricity mix (GWP of 0.61 kg CO2 eq)
used as reference in [20], which is dominated by high-impact coal sources. Almost all the façade

35



Buildings 2019, 9, 8

configurations in Figure 9, except s-Si multi-coloured facing north, outperform the German electricity
mix. Furthermore, the figure reveals that:

(a) (b)
Figure 9. Environmental impact of 1 kWh of electricity generated from each configuration and
orientation of the PV façade in terms of global warming potential (GWP) (a) and eco-points (b).

• The north facing façade has the 2–5-fold GWP of the reference, and is unsuitable in any
configuration. The worst-case GWP is infact comparable to that of coal power plants. The best-case
GWP is, on the other hand, comparable to that of gas power plants.

• S-Si cells (with an efficiency of 17% in this study) are unsuitable under all conditions. They produce
13% more electricity than m-Si, but their GWP is also 54% higher. (see Table A1).

• Multi-coloured PV systems are superior to the Swiss low voltage electricity grid only when the
laminates replace part of an existing rain cladding system. In this case, the GWP decreases by
36%: Solar glass (13%); the mounting system (19%); glass take-back and transportation (4%); and
printing (0.4%).

• Clear glass m-Si photovoltaic on south facing façade is superior to the reference even when all the
environmental impact is allocated to it.

Jayathissa [20] estimated GWPs of 0.144 to 0.331 kg CO2 eq per kWh of electricity generated
by a façade installation in Germany using different BIPV technologies (thin film and crystalline),
disregarding the energy load of the building. In contrast, the GWP of all BIPV façade components
in Table A1 of this study lies between 0.114 and 0.194 kg CO2 eq per kWh, which reduces to
0.072–0.148 kg CO2 eq per kWh when replacing the rain cladding. However, in relating these results,
we note the following constraints, which only permit an indirect comparison:

• Different datasets (Ecoinvent 3.1 vs. 3.4)
• Lifespans of 20 years instead of 30 in this work.
• Annual yield of 855 kWh/m2 (irradiation) × 0.11 (efficiency) ≈ 94 kWh/m2 vs. annual yield of

700 kWh (facing south) × 24.6 kWp/252 m2 ≈ 68 kWh/m2.

Figure 10 shows the non-renewable CED per kWh of electricity generated by the façade.
It decreases over time from its initial value of ca. 900 GJ prior to electricity production, which is
the total CED of the m-Si façade. After a projected 30-year lifespan, this is reduced to 1.92 MJ/kWh.
The EPBT of the south-facing multi-coloured PV system is 8 years, but when replacing a part of a
rainscreen wall system, this drops to just 5.3 years. Other EPBT results are summarised below.
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Figure 10. Cumulative energy demand (CED) non-renewable of an MCCG, m-Si PV façade over time,
and energy pay-back time (EPBT) compared to Swiss low voltage electricity grid as reference.

• EPBT m-Si: The EBPT of a PV façade facing south with clear and coloured glass is 6 and 8 years,
respectively. Facing east/west, this increases to 8 and 11 years, respectively, while facing north,
the EBPT exceeds 20 years.

• EPBT s-Si: The EBPT of a PV façade facing south with clear and coloured glass is 8.4 and
10.6 years, respectively. Facing east/west, this increases to 11.2 and 14 years, respectively, while
facing north, the invested energy does not pay off at all.

4. Conclusions

To achieve the goal of the Swiss energy strategy, namely to increase contribution of PVs to the
national electricity supply by up to 20% by 2050, BIPVs need to be aesthetically appealing for visual
integration while generating electricity with a lower environmental impact than that of the existing
Swiss low-voltage grid. These results compare favourably with those of a similar study using the
German grid electricity as reference [20].

The primary aim of this study was to support the BIPV industry by providing previously
unavailable and updated LCI data and LCA results of a glass-glass PV laminate as a reference.
This reference can be used in the future to assess the environmental impact of novel BIPV laminates.
The secondary aim of this study was to provide a holistic view of the entire life cycle and supply chain
of BIPV and relevant information to each involved party, by presenting the LCA results and LCI data
in an organised manner suitable for upstream building industries.

The LCA was carried out based on the latest published data of crystalline silicon cell production
(currently omitted in LCI databases), the actual material and energy flow data from the glass and PV
laminate suppliers, and lastly a realistic façade use case suitable for practical installation planning to
identify a viable application as electricity generation system.

The most obvious findings to emerge from the LCA is that printing on glass is negligible as it
accounts for less than 0.2% of the total impact (in eco-points) of a PV façade and 1 kWh of electricity
generated. By contrast, the impacts of the PV cells are significant, making up 41% for m-Si and 54%
for s-Si. Single crystalline cells are not suitable in general cases as s-Si types contribute 68% higher
eco-points than m-Si, while their efficiency is only 13% higher. Moreover, a north-facing PV façade
generates far too little electricity to justify its environmental impact compared other façade orientations,
as well as the Swiss low voltage electricity grid as reference.

The itemised LCA results revealed enormous optimisation potential in future glass production
processes, for instance by reducing the idle time and losses, ideally due to increased demand and
production volume. The dominant contributor to the impact of solar glass production in terms of
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eco-points is the float glass input with 79%. Lesser contributors are cutting and breakage losses with
25% of the input, while electricity consumption contributes 12% to the total eco-points.

Overall, the results support the notion that an itemised LCA can contribute to the building
industry by presenting a holistic view to identify aggregated optimisation potential in the context of
an individual BIPV product or a process in terms of its location and influence. However, to achieve
progressive optimisation requires an iterative approach to LCA. The fragmented nature of the building
industry hinders the gathering and arranging of data towards a collective effort. This therefore
necessitates a systematic, inter-organisational approach to LCA.

The biggest limitation of the study may lie in the uncertainties inherent in LCA. Their quantitative
effect is indicated by the exemplary options to reduce the environmental impact of the façade presented
in Section 3.5: A relatively large deviation of 20% in solar glass production, for example, only affects
1.8% of the total. These interactions need to be further investigated in a systematic analysis. However,
such an analysis is hampered by the lack of directly comparable data to confirm its veracity, which
further emphasises the importance of a systematic LCA for the building industry.

Supplementary Materials: The following are available online at http://www.mdpi.com/2075-5309/9/1/8/s1,
Figure S1: Environmental impact (eco-points) of multi-coloured solar glass production, Figure S2: Figure S1
with impact of glass suppressed to highlight that of other flows, Figure S3: Eco-points (kPt) to produce a
multi-coloured glass-glass PV laminate, Table S1: Itemised energy and material flows for the production of a clear
and multi-coloured solar glass.
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Appendix A. BIPV Façade Results

Table A1. Lifetime electricity production and environmental impact by system configuration
and orientation. If a configuration outperforms the reference (the Swiss grid electricity mix), it is
marked in red.

m-Si m-Si s-Si s-Si

Clear Glass Multi-Coloured Clear Glass Multi-Coloured

Capacity [kWp]
Laminate 0.22 0.176 0.25 0.2
System 30.8 24.64 35 28

Lifetime electricity generation [kWh]
South (700 kWh/kWp) 582,054 465,643 661,425 529,140
East/West (530 kWh/kWp) 440,698 352,559 500,793 400,635
North (200 kWh/kWp) 166,301 133,041 188,979 151,138

Environmental Impact of all system components
GWP [kg CO2 eq] 66,503 66,620 102,758 102,876
UBP [kPt] 110,062 110,202 140,926 141,065
CED [MJ] 899,456 901,865 1,353,856 1,356,286
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Table A1. Cont.

m-Si m-Si s-Si s-Si

Clear Glass Multi-Coloured Clear Glass Multi-Coloured

Environmental impact for rain cladding replacement (without glass, mounting system and transport)
GWP [kg CO2 eq] 41,965 41,965 78,221 78,221
UBP [kPt] 83,634 83,634 114,497 114,497
CED [MJ] 599,128 599,128 1,053,533 1,053,533

GWP [kg CO2 eq/kWh (%)] for all components vs. reference (0.123 kg CO2 eq)
South 0.114 (−7.1%) 0.143 (16%) 0.155 (26%) 0.194 (58%)
East/West 0.151 (23%) 0.189 (54%) 0.205 (67%) 0.257 (109%)
North 0.399 (225%) 0.501 (307%) 0.544 (342%) 0.681 (453%)

Eco-points [kPt/kWh (%)] for all components vs. reference (0.256 kPt)
South 0.189 (−26%) 0.237 (−7.7%) 0.213 (−17%) 0.267 (4.0%)
East/West 0.250 (−2.6%) 0.313 (22%) 0.281 (9.8%) 0.352 (37%)
North 0.662 (158%) 0.828 (223%) 0.746 (191%) 0.933 (264%)

GWP [kg CO2 eq/kWh (%)] for rain cladding replacement vs. reference
South 0.072 (−41%) 0.090 (−27%) 0.134 (9.3%) 0.148 (20%)
East/West 0.095 (−23%) 0.119 (−3.2%) 0.178 (44%) 0.195 (59%)
North 0.252 (105%) 0.315 (157%) 0.470 (283%) 0.517 (321%)

Eco-points [kPt/kWh (%)] for rain cladding replacement vs. reference
South 0.144 (−44%) 0.180 (−30%) 0.197 (−23%) 0.216 (−16%)
East/West 0.190 (−26%) 0.237 (−7.4%) 0.260 (1.4%) 0.286 (12%)
North 0.503 (96%) 0.629 (145%) 0.689 (169%) 0.758 (196%)
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Abstract: This paper critically evaluates indoor overheating of multilevel office buildings in
Colombo—a tropical warm humid city. The work questions the building morphological characteristics
on thermal performance and indoor climate, thus the levels of Building Energy Indices (BEI) of air
conditioned buildings. Pattern of heat stress on buildings due to building characteristics and its
relationship to the BEI were identified. A study of 87 multilevel office buildings contributed to
identify two critical cases in shallow plan form with similar morphological characteristics such
as wall-to-window ratio, aspect ratio, orientation, occupant and equipment density, and façade
architecture. A comprehensive thermal performance investigation on these two critical cases
quantified the heat stress patterns on their facades and thus indoor thermal environments. Indoor air
temperature during office hours in 3 m × 3 m multizones across the depths and lengths in these two
buildings showed deviations up to 10.5 ◦C above the set point temperature level (24 ◦C). Findings
highlight the severity of heat stress on air conditioned indoor environments and the need to address
this issue for energy sustainability of urban office buildings in the tropics.

Keywords: Multilevel buildings; indoor overheating; operational energy; shallow plan forms

1. Introduction

The IPCC’s Fifth Assessment Report notes that continued GHG emissions due to human-induced
contribution at or above current rates would cause further warming and induce many adverse changes
in the global climate system [1]. Studies that have quantified the effects of global warming and
projections of ambient temperature increases [1] indicate that more warm days are expected in most
parts of subtropics and tropics [2]. Warming climates increase internal temperatures of buildings
and studies have shown that this relationship is linear [3]. Increase of extreme air temperatures may
considerably impact the electricity demand for cooling [4] and thus emissions [5]. With the warming
of cities [6], both free running and air conditioned office buildings designed for existing climatic
conditions are increasingly prone to indoor overheating in future. With the projected increase in
energy use and the demand for more comfortable indoor environments in office buildings, there is a
growing concern for high energy consumption and its likely adverse impacts on the environment [7].
Further, overheating cannot be avoided completely under expected warming climate scenarios [8].
These behaviors would obstruct the efforts of emission reduction strategies and targets for the building
sector [9] and require the understanding of thermal behavior patterns of buildings in warming climates
if strategies need to be identified to control unnecessary indoor overheating [10].

A linear correlation between the increase of average external air temperature and the increase of
building cooling load, and thus the total energy use, is established for air conditioned buildings [11,12].
The average energy consumption in most countries varies between 100 and 500 kWh/m2/a due
to many reasons including climate type, climate change factor, building characteristics, HVAC and
lighting systems, office equipment, and operational schedules [13]. Further, urban environments are
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faced with the challenge of population inflation resulting in urban heat island (UHI) effects [14]. Hence,
buildings, infrastructure and open spaces must be adequately “climate change proofed” to counter
long term effects of urbanization and climate change effects [15]. Colombo, the commercial capital of
Sri Lanka is no exception to high temperatures resulting from global warming and surface urban heat
island (SUHI) effects due to the increase of building density, population and anthropogenic heat from
traffic congestion, etc. [16].

Electricity use in the commercial building sector of Sri Lanka contributes 24% to the total
consumption [17]. The annual energy consumption in office buildings in Colombo, which is known
as a typical warm humid city in Asia, is ~250 kWh/m2/a [17]. Studies that do exist for Sri Lanka
highlights that demand side management of operational energy use by buildings are primarily focused
on highly sophisticated end use equipment which may be commercially available but not financially
viable due to negative cost options. Further, it is also highlighted that apart from limited hydropower
capacity, other available technologies such as wind and dendro power impose a cost penalty on GHG
mitigation [18].

1.1. Climate Response for Energy Sustainability: An Adaptation and Mitigation Option

Adaptation [19] and mitigation are complementary approaches for reducing global warming
impacts on buildings and thereby emissions [1,20]. Improving energy sustainability of building
operations through climate responsive building design is definitely the most significant and cost
effective action the commercial office-building sector can take in its direction to reduce dependency
on non-renewable energy resources and GHG emissions. Energy in buildings is consumed mainly
for cooling, heating, and lighting [21] while a portion is used for equipment. Integration of energy
conservation interventions involves both technological and nontechnological aspects of building
design and operation.

Many believe that a well implemented mix of regulatory instruments such as mandatory codes,
carbon energy tax policies and tradable permits, and voluntary instruments such as unilateral and
negotiated agreements and voluntary programs are effective nontechnological aspects for achieving
energy efficiency which could incur lower implementation costs as well [8].

Bioclimatic design [22,23] is seen as an appropriate basis for technological aspects of climate
responsive design which involves the way buildings filter the climate for occupants’ comforts
involving four equally important interlocking variables—climate, biology, technology, and architecture.
Bioclimatic design involves the conscious decision to operate buildings in the “selective mode”, where
the external environment impinges on the building and indoor environments are achieved from
building–climate interplay. The “exclusive mode”, which seeks to barricade the indoor environment
from climate influence, effectively excludes benefits such as passive cooling and passive heating [24].

The building envelope, cross-section, and form are main bioclimatic drivers that foster
interventions to reduce negative impacts of outdoor air temperature, summer heat gain, winter
heat loss, optimization of daylight, and appropriate solar control. Morphological characteristics of
buildings in terms of plan form, sectional form, envelope, orientation, and fenestration details and their
effects on energy consumption are known [25]. Of them, plan form is a major contributor that controls
the level of “building–climate interplay” [26] and thus the indoor air temperature levels in buildings.

Consideration of a building’s geometry as an application of “air fluid composition” based on
“plan form” consists of several design drivers such as structure, space planning, number of floor plates,
disposition of open plan cellular spaces, the number of stacks, and style of atriums and light wells; this
seemingly offers benefits for operational energy saving, indoor air quality improvement and, likely,
tolerance to climate change effects in buildings [27].

In multilevel buildings, height and lesser roof area in relation to external facade area means
that the heat transfer between indoor environment and outdoor climate is significant through
the façade and fenestration. Three ways of heat gain due to environmental and internal load
transfer are known—conduction through opaque surfaces, conduction through glazed areas, and
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radiation through glazed areas [28]. The bioclimatic approach in heat gain control offers an excellent
opportunity to enhance a modified indoor environment as well by improving quality of daylight
without heat gain, reducing conductive environmental heat gain through envelope, and better control
of indoor temperature.

Heat gain due to internal loads from equipment and higher occupancy rates can be greater in
office buildings in certain climates with daytime ambient temperatures ranging within the comfort
zone. Gaun’s [6,24] simulation study predicts more indoor overheating potentials primarily due to
internal loads in commercial office buildings in moderate climates, where summer air temperatures
move closer to the comfort zone. In these climates, a reduction in summertime air conditioning use
could be dominated by the use of internal thermal mass [29]. On the other hand, in tropical zones with
severe warm humid conditions, controlling sun penetration offers better opportunities for delivering
improved energy efficiency in conditioned buildings. The bottom line is that we should be in a
position to make a deliberate and positive impact on improving energy efficiency through building
facades [30–32] and plan depths [33]. Acquiring the most effective plan depth and envelope has value
for climate responsiveness and thus advanced energy performance, increased human thermal comfort
and climate sensitive role of buildings [34].

1.2. Heat Stress through Building Façades in Tropics

Heat stress [35] on building occupants is usually measured in terms of Wet Bulb Globe
Temperature (WBGT) that combines air temperature, humidity, radiation, and air flow into a single
value. Studies have quantified that in warm humid climates, levels of heat stress for occupants in free
running buildings are mostly higher than the preferred comfort level of WBGT in the whole year [36].
This suggests the criticality of the climate in tropics and the need for careful integration of appropriate
design interventions to avoid environmental heat stress through building facades.

Patterns of environmental heat gain through building facades due to direct radiation on different
types of plan forms are known [37,38]. Shallow and linear plan forms with narrower facades along
east–west axis promote least direct exposure to direct solar heat gain in equatorial climates. However,
with high levels of cloud cover in tropics, presence of diffused radiation is a major challenge in making
a building resistant to heat stress.

Percentage of glazing area of a wall know as window-to-wall ratio (WWR) of a façade can
have a significant impact on heat gain potential and thus energy consumption levels in terms of
cooling and heating in buildings [39]. Aspect ratio of a plan form is another key geometric parameter
that defines the building surface area by which heat is transferred between the interior and exterior
environment [40] and the amount of façade area that is subject to solar gain. The extent to which this
can be beneficial or detrimental depends on the climate type. Heat transfer through opaque materials
in the façade is another concern to be addressed.

In Sri Lanka, building heat stress remains a largely less investigated area. The few studies that
do exist are focussed on energy efficiency measures of orientation, building envelope and lighting
on free running indoors. Particularly, heat stress through facades has been least investigated for air
conditioned buildings of any form. Reducing the risk of heat gain into air conditioned buildings
is an essential phenomenon to study. When a building is air conditioned, the excessive heat gains
through facades may not be perceptive to the occupants due to the conditioned environment inside, but
nevertheless contribute to the increase of air conditioning energy load, thus exacerbating the emissions
and global warming problem [41–43]. An in-depth understanding of performance improvement for
building design for air conditioned indoors in tropics is yet to be achieved.

2. Climate in Colombo

Warm humid tropical climates are found in the region extending 15◦ North and South of the
equator (Figure 1). Colombo (latitude 5◦55′ to 9◦49′ N and longitude 79◦51′ and 81◦51′ E) is an example
of this climate and is characterised by lack of seasonal variations in temperature. The mean monthly
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temperatures range from 27 ◦C in November to 30 ◦C in April and relative humidity varies from 70%
to 80% during a typical year. The daily maximum temperatures are high as 25 ◦C to 38 ◦C and the daily
pattern in the dry season (September to November and March to May) has diurnal temperature range
of 7 to 8 ◦C. Air temperature in these climates does not vary substantially over the daily typical cycle,
thus limiting the opportunity for thermal mass for passive cooling. While solar effects are consistent,
seasonal rain patterns affect temperature level (perceptions), but rainfall is increasingly unpredictable.

Figure 1. (a) Sri Lanka in the world map. It is situated between 9◦49’N and 5◦55’N of Equator.
(b) Sri Lanka.

KŐppen Geiger climate classification demonstrates that nearly 60% of the geographical area of
Sri Lanka represents type “Af”—an equatorial fully humid climate. Of the 8760 hourly data points of
dry bulb temperature in the psychrometric chart developed for this study using Climate Consultant
5.5 software, nearly 60% and 40 % of data points represent air temperatures in the range of 27–38 ◦C
and 21–27 ◦C respectively (Figure 2). Annual monthly mean, maximum temperature, and relative
humidity in Colombo vary within the ranges of 26.2 to 28.8 ◦C, 29.2 to 31.4 ◦C, and 73.8 to 83.6, and
90.2 to 97.9%, respectively.

Figure 2. Psychrometric chart for Colombo developed from Climate Consultant 5.5 during the study.
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The main characteristic of the warm humid climate in Colombo, from the human comfort and
building design viewpoint, is a combination of high temperature and high humidity which in turn
reduces the dissipation of body’s surplus heat. Irradiation in Colombo ranges from 400 to 6000 W/m2

throughout the year. Olgyays [22] criterion of ‘’optimum shape”—taking into account solar radiation,
temperature, and other climatic conditions—calls for buildings freely elongated in the east–west
direction. This provides shelter from the Sun for north–south facades and, in addition, facilitates the air
movement entering from the south–west of buildings. Moreover, the directional effects of airflow inlets
and building orientation can help to ameliorate the indoor airflow situation [38]. The presence of solar
radiation relates to the temperature increase in the ambient air. Thus, prior to incoming air travelling
through the indoor spaces, its sol-air temperature should always be reduced at the source by shading.
The most efficient way of protecting a building is to shade the windows and other openings to improve
immediate microclimate [44,45]. Shading against solar radiation reduces the effective temperature
experienced by an occupant by up to 8 ◦C and could reduce the environmental heat transfer as well.

2.1. The Urban Climate and Building Stock in Colombo

World’s urban population is expected to increase to 68% by 2050 and projections show that
70% of global urbanization will concentrate in countries of Asia and Africa by the year 2050 [46].
Urbanization in tropics accounts for a significant proportion in Global GHG emissions [47]. Colombo
Metropolitan Region (CMR) is no exception to this, and indicates Surface Urban Heat Island (SUHI)
effects intensifying from 2007 to 2017 due to rapid urbanization [16]. In 2005 the extent of UHI was
42% of the total land area of CMR. This UHI is growing and predicted for an annual increase of 1.75%.
Moreover, an increasing trend is apparent in the extent of built-up area, which increased from 74% in
the year 2005 to 97.3% in the year 2013 [48]. Scientific disclosure of the influence of UHI on increasing
energy demand is well established.

Building stocks in many developed countries have been evaluated for the relationship between
energy consumption and built characteristics [26,49,50]. They have been further investigated to identify
the effect of building morphology such as shape, composition, orientation, and fenestration details
for assessment of building performance and the end user energy demand [51–53]. However, similar
studies on building stocks in Sri Lanka are less prioritized. The available few studies on energy
consumption of buildings have focused on energy efficiency measures of lighting and simulations
to assess indoor environmental quality of residential buildings [54,55]. Furthermore these studies
are based on secondary data, which evidences the lack of a comprehensive national database that
integrates the characteristics of the building stock and the energy utility intensities.

CMR, which has the highest office building density in Sri Lanka, was selected to explore the
national urban building stock in respect to thermal performance and end-user energy demand.

3. Method of Study

The study was conducted in 3 phases involving 87 commercial multilevel office buildings covering
an approximate floor area of 73,000 m2. Phase I consisted of a walk through survey of all buildings and
an onsite thermal performance investigation of selected buildings to evaluate the impact of building
morphology on Building Energy Index (BEI), for which office buildings of each division is presented
as the mean BEI. It was defined as the ratio of total annual energy used in kWh per Meter Square per
annum. A walkthrough field investigation was performed in 35 Grama Niladhari (GN) divisions in
the CMR (GN division is the smallest administrative division in Sri Lanka). Data collection protocol
was structured with the use of geographical information system (GIS) data and activity zone maps of
the CMR. The identified office building stock excluded mixed administrative buildings but included
buildings exclusively used for administrative activities of private and government organizations
including banks and other financial offices. Building morphology data was focused on building design
parameters such as orientation, plan shape, construction materials, and fenestration characteristics
such as WWR and aspect ratio (façade length/depth). Technical and operational characteristics were
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recorded as working hours, space conditioning systems, and usage of office equipment. Occupied
hours, occupancy profiles, air conditioning systems, and type and number of equipment used were
observed as nearly similar in these buildings. Thermal variables of indoor air and surface temperatures
were recorded using HOBO UX100-003 data loggers, and monitored continuously for a week in
randomly selected samples from the 87 buildings during one of the hottest months of March 2017.
Climatic data of Meteorological Department of Sri Lanka shows that March and April as the hottest
months in a typical year. A statistical analysis of the entire building stock in respect to BEI and
morphological characteristics was conducted at the end of Phase I, developing a classification of the
building stock in terms of BEI in an integrated framework of orientation, plan shape, WWR and
Aspect Ratio.

Phase II of the research project involved a comprehensive thermal performance investigation of
two critical case buildings identified from the statistical analysis of Phase I. The two buildings were
identified as having two extreme levels of BEIs despite having similar morphological characteristics,
occupant and equipment densities with shallow plan forms with perfect orientations along the
east–west axis. Indoor air temperature variations across the depths of their shallow plan forms
from perimeter to perimeter were quantified in air conditioned mode using 22 HOBO UX 100-003
meters from 6 am to 6 pm over a week in April 2018. A typical floor plate was considered as a collection
of 3 m × 3 m multizones and each zone had a HOBO meter. Measuring 3 m × 3 m zones contributed
to give one average value for the entire floor plate and was considered more accurate than considering
just one or few points in the respective floor plates. The two critical cases are orientated with the
longer facades facing north and south, due to which it can be assumed that heat stress on facades due
to direct solar exposure is minimal. The objective of Phase II was to investigate the levels of indoor air
temperature inside these two buildings and then to judge any correspondence between BEI and level
of indoor air temperature in constant conditioned mode.

Phase III was an extension to Phase II and continued for further two weeks, day and night
from 26th July to 16th August 2018 and measurements were taken in multizones of 3 m × 3 m at
10-min intervals. Measurements included both inside and outside perimeter wall surface temperatures,
indoor air temperatures and RH in all 3 m × 3 m multizones, and air temperature just outside the
exterior walls on all four orientations. Wall surface temperatures were taken using ONSET thermo
couples UX120-014M.

4. Phase I of the investigation

4.1. Dispersion of the Office Building Stock

The office building stock is concentrated towards Northwest and West locations of the CMR.
Figure 3 shows the distribution of the stock and BEIs of the critical GN divisions in CMR. Thirteen of
35 GN divisions have a substantial number of office buildings as shown in Figure 3a. The percentage
of office buildings to total buildings of these GN divisions varies from 5 to 19%. The highest building
stock of offices is in Keselwatte GN Division and the lowest is visible in Milagriya GN Division
with percentages of 19 and 5, respectively. Descending order of GN divisions from the 2nd highest
percentage of 16 up to 10% of the office stock are Suduwella, Colpetty, Bambalapitiya, Hunupitiya,
Slave Island, Fort, and Wekanda. Positioning of office buildings along high-density traffic arteries is
common in these zones, and the corresponding roads are Galle road, Dharmapala Mawatha, Sangharaja
Mawatha, Sir James Peiris Mawatha, and D.R Wijewardana Mawatha. Thus the “road side sealed
offices” represent the overarching character of national urban office building stock in CMR.

Phase I included three main Steps of investigations. The objective of the 3 steps is to sample the
identified building population in the following manner:

• Identifying dispersion pattern of office building stock in CMR—Step 1.
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• Characterizing 87 selected buildings in concentrated, dense areas in CMR in respect to BEI
with plan forms, façade configurations/orientations, and compositions with neighboring
buildings—Step 2.

• Statistical analysis to sample the building population mentioned in Step 2 in respect to BEI,
orientation, and morphological characteristics of WWR and Aspect Ratio—Step 3.

Figure 3. Map of Colombo Metropolitan Region showing (a) dispersion of the office building stock
and (b) an inner city center with buildings with higher Building Energy Indices (BEIs).

4.2. Percentage Distribution of the Building Stock in Terms of BEI—Step 1

BEIs of the office building stock were assessed for 06 critical GN divisions. These six GN divisions
represent a considerable number of office buildings and correspond to a range of 19 to 10 percent of
office buildings in each division. BEI for office buildings of each division is presented as the mean value.
Figure 3b presents the BEIs of six critical GN divisions. The results indicate that the annual BEI varies
from 235 to 285 kWh/m2/a. The highest demand is apparent in Kollupitiya GN Division followed by
Hunupitiya GN Division with an office building stock of 15% and 12%, respectively. Results prove that
there is no relationship between the percentage of the building stock and BEI (Table 1), demanding the
importance of investigating morphology of office buildings in critical GN divisions.

Table 1. Percentage distribution of three ranges of BEIs of the building stock.

Levels of BEI Ranges Values of BEI Ranges Percentage Distribution

Lower Range (LR) 100–150 kWh/m2 per annum 35.72%

Average Range (Av.R) 150–250 kWh/m2 per annum 54.08%

Critical Range (CR) Above 250 kWh/m2 per annum 10.20%

Three levels of BEI ranges were identified in the pilot investigation. They are Lower Range (LR),
Average Range (AvR) and Critical Range (CR), see Table 1.
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The lower range was decided to be 110 to 120 KWh/m2/a—a commonly known acceptable
practice [56]. Nearly 36% of buildings are found to be in this region. The average range claims BEIs
between 150 and 250 kWh/m2/a, which is the national average of office buildings in Sri Lanka [17]
but still considered as high. The critical range includes more than 10% of the stock with BEIs over
250 kWh/m2/a.

a. Dispersion of BEIs in the Office Building Stock

The annual BEI in these office buildings varies within a range from 91 to 412 kWh/m2/a and
95% of the buildings are above 110 kWh/m2/a, which represents the accepted standard for energy
efficient building codes [56]. Within this building stock, 56% of the buildings show an annual BEI
above 200 kWh/m2/a, of which almost half of the buildings are above 250 kWh/m2/a. The mean BEI
for critical office building stock in CMR is 212 kWh/m2/a and thus solidifies that the building stock is
energy obsolete beyond the standards (Figure 4). The outcome advises further investigation of the
thermal performance of the building stock and related parameters, which has an effect in the end use
energy demand of this stock.

Figure 4. Building energy indices of 87 buildings.

4.3. Characteristics of the Building Morphology and Sampling—Step 2

Characterizing building morphology with specific concerns to plan form, fenestration material
details, orientation and composition with neighboring buildings was assessed.

a. Plan Forms

This study proposes to categorize the office building stock into the predominant six types.
These can be generalized as basic plan forms and composite plan forms. The basic plan forms consist
of square, linear, and circular forms, while composite plan forms are derived from a combination of
these and demonstrate the shapes L, U, and trapezium. Table 2 depicts the identified classification and
its percentage distribution within the stock. Basic plan forms are commonly used, and of these, 85.05%
demonstrate linear and square forms of 62.07% and 22.98%, respectively.

Among the composite plan forms, L shape is prominent with a percentage distribution of 8.1%.
Although there are office buildings with circular, trapezium and U-shape plan forms they have not been
used widely. Circular and trapezium plan forms are equal percentage of 2.30% in the building stock.
Composite built form of L shape is a combination of two linear plan forms or a linear and a square plan
form. Moreover the amalgamation of three linear plan forms represents the U-shape. These composite
plan forms in CMC region consists of 2.3% of U and 8.0% of L shape plan forms, respectively.
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Table 2. Common plan form classification of the building stock in Colombo—linear and shallow plan
forms are more common in the stock.

Basic Plan Forms Composite Plan Forms

b. Building Facade Detailing and Orientation

Building facade detailing demonstrates a significant impact on the thermal behavior of a building
determined by “glazed to wall” ratio and facade orientation [56]. Increased glazing proportions of
the facades facing critical orientations of hot climates promotes higher gain in solar radiation and the
overheated interiors increase the cooling load of air conditioned offices. On the other hand, perimeter
areas benefit from the higher percentage of glazing in terms of daylight. However, the large amount of
daylight, which enters a space through highly glazed areas, often reduces the quality of visual comfort
due to glare problems. Therefore, this study identified a characterization of the building stock in this
respect. Table 3 presents material compositions of front facades and percentage distribution of each
facade type within the office building stock.

Table 3. Fenestration details of road facing façades and percentage distribution within the stock.

Glazed with Solid Facades Aluminum Cladding Facades Composite and other Facades

Nearly 17%
within the stock

Nearly 26%
within the stock

Nearly 57% within
the stock

Majority from this
group

17% 26% 57%
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Facades are predominantly composed of glass and aluminum cladding. The percentage
distribution of these materials in front facades is 17%, 26%, and 57%, respectively. Glazed facades are
primarily curtain walls and composed of fixed and few operable panels with blinds to control direct
solar radiation. These facades are orientated in different directions within the building stock. Table 4
represents the details of the facade orientations, their percentage distributions, and the relationship
between the orientation and mean BEI. Office buildings in this stock represents four main orientations
such as East–west (EW), North–south (NS), Northeast–Southwest (NE–SW), and Northwest–Southeast
(NW–SE). Building forms have similar envelope properties of high mass concrete and brick. Floor to
floor height varies between 3 and 3.5 m in all buildings.

Table 4. Prevalent orientations of front façade facing the road and mean building energy index (BEI).

Façade Orientation Percentage Distribution Mean BEI kWh/m2/a

East–west 41.4% 211.6

North–south 13.8% 200.2

Northeast–Southwest 25.6% 200.1

Northwest–Southeast 19.2% 205.7

Table 4 presents the percentage distribution of office buildings for EW, NS, NE–SW, and NE–SW
orientations which are 41%, 14%, 26%, and 19%, respectively. The major characteristic is the orientation
of the front façade towards East or West direction along the major roads running from north to south.
This has become a design challenge for architects but no efforts are seen in making these facades
more defensive from direct solar gain from east and west in the inevitable situation of having to use
this specific orientation. Thus the building stock is evident for less attention on climate responsive
design strategies which has affected the end use energy demand. Buildings with EW-oriented front
facades demonstrate the highest mean BEI of 212 kWh/m2/a. These findings confirm the criticality of
the building morphology in addition to inappropriate orientation and material usage irrespective to
climatic forces of the locality.

c. Composition with Other Buildings

Buildings within an urban block can be either attached to other buildings or exist independently,
detached. This office building stock consists of a mix of both compositions with 63% detached buildings
and 37% attached buildings. Attached buildings have variations, such as attached from single and both
facades. Varied compositions show marginal differences in annual BEI with 211 and 210 kWh/m2/a
for detached and attached buildings, respectively. Buildings with both sides attached to other buildings
display better control of solar heat gain to office interiors. However, this means that the use of artificial
lighting is increased due to daylight restrictions. Lack of difference between BEIs of the two types
highlights the energy demand for lighting, and thus informs the importance of a comprehensive study
to calculate the tenancy energy demand of this stock. However, lack of regulatory mechanisms to
initiate sub metering of the national building stock is a limitation.

4.4. Statistical Analysis with BEI, WWR, Aspect Ratio, and Orientation

Multiple linear regression models were applied to identify any nexus between façade
composition (window-to-wall ratio—WWR), plan form (aspect ratio), building orientation, and
physical configuration to BEIs of the building sample population. Aspect ratio is the footprint in a
ratio of length and width relative to the east–west or north–south. A change in the aspect ratio can
vary the façade area subject to solar radiation [40]. WWR and aspect ratio define the glazing area of
a façade and, therefore, can have a clear impact on cooling or heating [56]. The work attempted to
model the relationship between two or more explanatory variables and a response variable by fitting a
linear equation to observed data. The multiple linear regression equation is as follows.

51



Buildings 2019, 9, 35

y = B0 + b1X1 + b2X2 + . . . bnXn (1)

where y is the predicted or expected value for the linear model with regression coefficients of dependent
variable b1 to b n and y intercept b0 when the values for the predictor variables are X1 to Xn, which is
the building energy index. X1 through Xn are n distinct independent variables, which are the building
morphological parameters. B0 is the value of y when all of the independent variables (X1 through
Xn) are equal to zero, and b1 through bn are the estimated regression coefficients. Each regression
coefficient represents the change in y relative to a unit change in the respective independent variable.

The regression analysis was carried out in three stages for 87 buildings. First stage was to analyze
whether independent variables are correlating with each other to prevent multi colinearity in the
regression models. The evaluation of independent variables was based on analyzing correlation
coefficient and p-values. Second stage was to perform subset regression analysis to ascertain the
relationship between dependent variable of BEI with independent variables of building morphological
characteristics such as WWR, aspect ratio, and orientation. Subset regression analysis helped to evaluate
all possible regression models. These models were revaluated based on R2 value, R2 adjusted value,
and Mallow’s Cp value. The highest R2 value and R2 adjusted value with lesser Mallow’s Cp value
was taken into account when determining the best fit models. The minimum R2 value was taken as
50%, where 50% of the predicted value of BEI was explained by the model. Stepwise regression was
conducted to evaluate the predictors in the selected models. R2 value and p-value were considered
when reviewing the best fit models. Polynomial regression analysis was preceded during the occasions
when R2 value was marginal.

p-values of the independent variables, namely WWR of all four facades, the aspect ratio of
the plan, and building orientation with the BEI, remained less than 0.05 in 95% of confidence
intervals in regression models with four major prevailing orientations of the sample building
stock. The four orientations were North–South axis, East–West axis, Northwest–Southeast axis, and
Northeast–Southwest axis. The analysis was carried out for all three groups based on the BEIs of the
stock namely Lower Range, Average Range and Critical Range. Table 5 shows summative results of
the analysis showing a nexus between BEIs, WWRs and orientations.

Plan forms with longer facades facing north and south directions maintain relatively lower BEIs
compared to other orientations in all three groups of BEI ranges. Results show that façade orientations
have greater impacts on the BEIs and thus plan forms on the east–west axis performs better. However,
it is interesting to note that few buildings in this group claim BEIs as high as 250.31 kWh/m2/a, falling
in to the critical range.

With two orientations of plan forms on NS (north–south) and EW (east–west) axes, BEIs claim a
diversity showing a significant change of impact from facades facing NS and EW orientations. This was
a common behavior in all three ranges, i.e., lower, average, and critical. The change of impact due to
other orientations was less significant. Multiple regression models developed to configure a nexus
between aspect ratio and WWR of NS- and EW-oriented buildings in all three BEI ranges highlight a
criticality of plan form with higher aspect ratios. This was evident with high BEI averages and they
can be identified as shallow plan forms orientated on EW orientations. Despite these forms are ideal
for tropics, an increase of the aspect ratio is seen as a strong independent variable contributing to
higher BEIs, the critical range (Table 6). Outcome demands a field investigation of these buildings.
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Table 5. Summative results of the analysis showing a nexus between BEIs, window-to-wall ratios
(WWRs), and orientations.

BEI Range Orientation

Three main
categories in
respect to BEI

N-S axis orientation E-W axis oriented NW-SE axis oriented NE-SW axis oriented

Lower Range

Average BEI
133.45 kWh/m2/a

Average BEI
122.71 kWh/m2/a

Average BEI
130.66 kWh/m2/a

Average BEI
125.79 kWh/m2/a

WWR WWR WWR WWR

E W N S E W N S E W N S E W N S

0.36 0.49 0.11 0.08 0.39 0.18 0.32 0.53 0.07 0.13 0.68 0.53 0.33 0.17 0.41 0.20

Total = 30 Number of units 09 Number of units 05 Number of units10 Number of units 06

Average Range

Average BEI
204.29 kWh/m2/a

Average BEI
170.94 kWh/m2/a

Average BEI
186.91kWh/m2/a

Average BEI
187.64 kWh/m2/a

WWR WWR WWR WR

E W N S E W N S E W N S E W N S

0.76 0.63 0.13 0.02 0.42 0.47 0.20 0.34 0.54 0.54 0.27 0.31 0.38 0.39 0.48 0.40

Total = 46 Number of units 17 Number of units 09 Number of units 12 Number of units 08

Critical Range

Average BEI
272.34 kWh/m2/a

Average BEI
202.31 kWh/m2/a

Average BEI
262.14 kWh/m2/a

Average BEI
262.33 kWh/m2/a

WWR WWR WWR WWR

E W N S E W N S E W N S E W N S

0.81 0.63 0.14 0.06 0.66 0.68 0.91 0.64 0.65 0.65 0.70 0.55 0.70 0.45 0.40 0.50

Total = 11 Number of units 05 Number of units 03 Number of units 01 Number of units 02

Table 6. Summative results of the nexus between aspect ratios, BEIs, WWRs, and orientations of
buildings on the North–South and East–West axes.

Orientation and Plan
Form

WWR and Aspect Ratio in Three BEI ranges in East and West Orientations

Lower Range
100–150 kWh/m2/a

Average Range
150–250 kWh/m2/a

Critical Range
Above 250 kWh/m2/a

WWR Glazing exposure WWR Glazing exposure WWR Glazing exposure

E W N S E W N S E W N S

0.36 0.49 0.11 0.08 0.76 0.63 0.13 0.02 0.81 0.63 0.14 0.06

Aspect Ratio along NS axis
(Length/width) 0.70

Aspect Ratio along NS
(Length/width) 0.30

Aspect Ratio along NS
(Length/width) 0.26

Average no of floors 5 Average no of floors 6 Average no of floors 6

Average BEI
133.45 kWh/m2/a

Average BEI
204.29 kWh/m2/a

Average BEI
272.34 kWh/m2/a

WWR and Aspect Ratio in three BEI ranges in North and South orientations

WWR Glazing exposure WWR Glazing exposure WWR Glazing exposure

E W N S E W N S E W N S

0.03 0.18 0.32 0.53 0.42 0.47 0.20 0.34 0.76 0.68 0.91 0.64

Aspect Ratio along EW axis
(Length/width) 1.49

Aspect Ratio along EW axis
(Length/width) 3.22

Aspect Ratio along EW axis
(Length/width) 4.4

Average no of floors 5 Average no of floors 6 Average no of floors 6

Average BEI
122.71 kWh/m2/a

Average BEI
170.94 kWh/m2/a

Average BEI
202.31 kWh/m2/a
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5. Phase II and Phase III of the Investigation

Phase II was more focused on the shallow plan forms. As discussed in the Phase I, buildings with
higher aspect ratios on the East–West direction have a shallow plan form with two extremes of BEI
values, i.e., lower and critical ranges.

5.1. Sampling of the Building Stock for Phase II

Conducting a thermal performance investigation on two sample buildings with shallow plan
forms was aimed at in Phase II. The classification of building morphological characteristics showed
that 63% of building stock has shallow plan forms, compared to 26% of deep and 12% of composite
forms. Of the shallow forms, 17 buildings are seen orientated on the EW axis in different locations.
Two buildings were then sampled from these 17 buildings that showed different levels of BEIs ranging
from 110 to 320 kWh/m2/a in the outcome of statistical analysis in Phase I.

Buildings attached or close to other structures were eliminated from the beginning of the study.
Only free standing buildings were considered so that impact of urban climate on all facades of any
particular building could be assessed.

The two sample office buildings—“A” and “B”—are composed of similar morphological character
(WWR and aspect ratio), orientation, operational profile, and occupant and equipment density but
extensively different from the BEI point of view (Table 7). Both buildings are occupied from 8 am to
6 pm on weekdays and are located in similar urban contexts just a kilometre apart.

Table 7. Plan form and physical characteristics of two investigated buildings in Phase II and I.

Building “B”—Shallow Plan Form Building “A”—Shallow Plan Form

Common thermal performance characteristics of both buildings are listed below
Orientation: longer axis along east–west facing north and south with nearly 60% glass on north

Set point temperature: 24 ◦C degrees during office hours from 08.00 am to 18.00 pm
Occupant population 6 persons/20 m2 approximately—occupancy increases with visitors in the morning

Wall and slab construction—cement and lime plastered brick and concrete
Average U-value of external envelope: 0.22 W/m2 K

Front façade is facing east with glazing properties of 5.0 w/m2/k
Solid to void ratio is nearly 40:60—fully packed floor plates with no voids between floors

Occupied hours: 8 am to 6 pm on weekdays (weekends nonfunctional and A/C is off)
Lifts and service spaces are on the south orientation on floors
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The objective of the focused field investigation was to assess the distribution pattern of heat stress
on indoor environment depending on the plan depth. Building “A” has BEI as high as 340 kWh/m2/a
whereas the Building “B” has a moderate level of 120 kW/hm2/a, which is close to acceptable level.
Front narrower façade with the main entrance is positioned facing east orientation in both cases.
Table 7 explains similarity of the operational and physical characteristics of the two buildings. The only
difference between the two building forms is the floor area where a typical floor plate of Building “B”
is relatively larger than the same of Building “A”. However, occupant and equipment density are
comparatively similar in both cases.

Multizone indoor air temperature reading in 3 m × 3 m zones across the plan depth (and along
the building length as explained in the method) were taken using HOBO data loggers during three
working days in the month of April 2018 (23rd–27th of April 2018) at 10 min intervals and then
averaged to hourly values. The measurement rationale was to ascertain a number of comparisons that
are as follows.

• Dynamics of air temperature distribution in peripheral and central zones on a typical floor plate
to assess the collective heat stress effect of façades and plan depth.

• Dynamics of air temperature deviation from the set point temperature to assess the thermal load
on the air conditioning system.

The study acknowledges that any dynamics in the indoor air temperature demonstrates an effect
of environmental loads on air conditioning and the indoor thermal behaviour. Microclimatic data
just outside the building were recorded onsite. The central air conditioning system of both cases is
similar in specifications (15 tons per 1 AHU). However, Building “A” has a higher number of diffusers
(1 for each 13 m2) than in Building “B” (1 for each 36 m2) per floor. Readings were taken in three
typical floors above 6th level in both buildings. Temperature fluctuations on the day that the study
was conducted when the building was in non-functional mode (weekends) demonstrates the effect of
environmental load on indoor thermal behaviour.

5.2. Phase III

Phase III was aimed at repeating the investigation performed in Phase II but continuously over
20 days from 26th July to 16th August 2018. Measurements of each 3 m × 3 m multi-zones recorded at
10-mi intervals were later averaged to hourly values, which in turn averaged to a single value for the
entire floor. Objective of Phase III was to ascertain the following.

• Hourly pattern of dynamics of average indoor air as a single value in a typical floor against the
coordinating set point temperatures.

• Quantify the extremes of heat stress on air conditioned environments and identify
contributing factors.

6. Results and Discussion

Set-point temperature of all office and useable floors of both buildings is 24 ◦C degrees. Despite
this, indoor air temperature dynamics in varied levels were seen during the daytime in both buildings.

Results show that an increase of indoor air temperature up to 31 to 32 degrees C across all 3 m
× 3 m zones along sections—A-A, B-B, and C-C—in Building “B” (see Table 7) while temperature
readings in the internal zone close to west façade and east facades along D-D remained at 34 and 31,
respectively, at midday (Figure 5) when the sun was just above the building and no direct radiation
could penetrate through the sides. Solar axis to buildings in Colombo between the 23rd and 27th April
is normally over the head, therefore there is no way of entering solar access from sides. However, a
middle floor was investigated in this study so that effect of heat from vehicular traffic was considered
minimal. This thermal behaviour explicitly suggests the presence of heat stress on the air conditioning
system from the façade. Office equipment inside the three floors remained switched off from the
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morning to assist the research, so that indoor heat generation was limited to a minimum. As mentioned
in a previous section, the BEI of this building was approximately 120 kWh/m2/a, but heat stress of
10.7 ◦C indoor air temperature above the set-point is an issue to be addressed.

Figure 5. Multizone air temperature behavior in this air conditioned Building “B”- move between 31.5
and 34.7 ◦C despite set point temperature at 24 ◦C; BEI is around 120 k/Whm2/a, but high risk of heat
gain is visible.

The set-point temperature of both buildings was at 24 ◦C. Despite similarities in set point
temperatures, Building “A” was assessed with lesser elevation of indoor air temperature ranging
between 24.4 and 25.1 ◦C (Figure 6). It has a highly dense AC diffuser system than Building “B” and
results show that it is capable of maintaining indoor air temperature closer to the set point temperature,
but at a much higher energy cost at a BEI of 320 kWh/m2/a. Results suggest the criticality of shallow
plan forms on end user energy demand of the building stock.

Figure 6. Multizone air temperature behavior of this air conditioned Building “A” moves just 1.1 ◦C
above set point temperature of 24 ◦C but at a very high energy cost of nearly 340 kWh/m2/a.

Shallow plan depths of Building “B” and “A” are 12 m and 16 m, respectively. Length of the floor
plates of Buildings “B’ and A” are 50 m and 38 m, respectively. Multizone air temperature distribution
across the depths and lengths of floor plates are shown in the two graphs above (Figures 5 and 6).
Considerable dynamics of air temperatures well above set point temperature in all zones across these
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depths and lengths demonstrate increased demand on cooling energy due to high levels of external
gains through facades.

Performance behavior of Buildings “B” and “A” in Phase III are shown in Figures 7 and 8
respectively. During this period maximum ambient moved around 28 ◦C, an ambient climatic situation
which is not extreme and also lower than the ambient levels during Phase II, (which fluctuated between
31 and 34 degree C). Air just outside the building, measured at the 8th floor level revealed a heat built
up situation just outside the façade, suggesting solar gain from outside.

Figure 7. Building “B”: Hourly severe heat stress behavior in terms of air temperature on the 8th floor
over a period of 20 days in July–August 2018; indoor air moved well above set point temperature.

Figure 8. Building “A”: Hourly moderate heat stress behavior in terms of air temperature in the 8th
floor over a period of 20 days in July–August 2018. Indoor air moved closer to set point but at a much
higher energy cost of BEI.

Cooling system of the building has been able to control the indoor air to keep its temperature at
approximately 26–26.5 ◦C during midday, but results show an overheating situation in nights and
during weekends. Overheating situation in the night indicates a level of heat stress from the heat
released from the envelope. Overheated situations in the weekends show a greater level of heat stress
from the facades.

Thermal behavior of Building “A” followed a similar pattern to the Building “B” but showed
relatively a smaller dynamics from the set point temperature at a much higher energy cost at a BEI of
320 kWh/m2/a (see Figure 8), similar to Phase II outcome. Situations in weekends showed a severe
heat stress due to environmental gain on the indoor air. The results indicate the following.

• Overheated microclimates, well above the ambient, outside the buildings at high elevations
• Severe heat stress and indoor overheating during weekends (nonfunctional hours)
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• Higher indoor air temperature levels than the set point temperature through daytime AND
elevation of indoor air above ambient in early morning hours

Wall surface temperature behavior was quantified during Phase III. Hourly values of internal wall
surface temperatures of four exterior facades were averaged to a single wall surface value in hourly
terms and then compared with corresponding indoor air. Results show a close interaction of indoor air
with internal wall surface temperatures reflecting a heat stress impact from facades (Figures 9 and 10).
Despite air conditioning, internal wall surfaces reach higher values up to 28.5–29.5 ◦C until noon
indicating heat gain from outside. Internal wall surface starts to drop after 3 pm when direct exposure
of facades to outside radiation starts diminishing indicating a release of stored heat to indoors from
walls. Heat sink capacity of thermal mass in the envelope was not observed. Indoor air and surface
temperatures reach close to each other by early morning at ~6 am.

Figure 9. Wall surface and indoor air temperature behavior in Building “B”.

Figure 10. Wall surface and indoor air temperature behavior in Building “A”.

7. Conclusions—Generalized Findings

Results suggest a problem associated with shallow plan form buildings. Although the work is
mainly focused on two specific buildings, they represent most of the thermophysical characteristics of
the larger building population in Colombo. Inward heat transfer across the plan depth up to 16 m in
Building “A” and 12 m in Building “B” from the façade is a critical problem that may be addressed
through appropriate façade design. Findings suggest that presence of heat stress in terms of higher air
temperature in air conditioned indoors along the length of the plan form is visible.

Elevation of indoor air temperature in air conditioned environments by 10.5 ◦C above the set
point temperature is considered critical in respect to energy demand. The two buildings investigated
fall within the following two extremes of thermal performance scenarios:
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1. Air conditioned buildings with shallow plan forms may be able to maintain indoor air
temperatures close to set point temperatures at 24 ◦C but at a very high energy cost.

2. Air conditioned buildings with shallow plan forms can maintain a building energy index of
~120 kWh/m2/a, but maintaining indoor air temperature close to set point temperature becomes
problematic and sometime an elevation of indoor air temperature by even 10.5 ◦C above the set
point temperature could be visible.

More research is underway to further strengthen these findings for a wider section of buildings
in warm humid climates. The survey on plan form characteristics and orientation of a multi-level
office building population in Colombo showed that nearly 80 per cent of buildings do not have
appropriate orientation for solar defense. Their main building facades are facing either east or west
orientations. A sound repositioning effort that focuses on minimizing environmental heat stress on
building facades and thus exploring energy efficiency in multi-level commercial office building sector
for the life of both exiting stock and new buildings is critical. This provides a level of opportunity
for the building stakeholders to improve their asset values for the life of buildings and contribute to
emission reduction targets.

While it is important to recognize that the results from the field investigations are not fully
generalized due to limitations, the outcome on the heat stress behavior on conditioned office
environments serves as a detailed comprehension for energy sustainability of office buildings.
The better that architects and engineers understand the indoor thermal environment inside conditioned
office buildings, the better design research will be able to link technological characteristics of
envelope and plan form with energy consumption levels from heat stress on envelope towards a
deeper comprehension of how best to reduce environmental heat stress on facades in the face of
warming climates.
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Abstract: This paper investigates the impact of load shedding strategies on a block of multiple
buildings. It particularly deals with the quantification of the factors i.e., peak shaving, occupants’
thermal comfort or CO2 emission reduction and how to quickly quantify them. To achieve this
goal, the paper focuses on a new residential district, thermally fed by heat pumps. Four modeling
approaches were implemented in order to estimate buildings’ response towards load shedding.
Two schemes were combined in order to study an overall load shedding. This strategy for the
neighborhood has proved itself efficient for both peak shaving and thermal comfort. Most of the
clipped heating load during the peak period is shifted to low-consumption periods, providing an
effective peak shaving. The thermal comfort is guaranteed for at least 96% of the time. For CO2

emissions reduction, the link between consumption reduction and CO2 emissions savings should be
realized carefully, since shifting the consumption could increase these emissions.

Keywords: peak shaving; demand response; block of buildings; thermal model; TEASER

1. Introduction

1.1. Background

Within three years of the 21st United Nations Climate Change Conference (COP21), a number of
energy transition policies have been carried out in order to respect the Paris Agreement in keeping
the global average temperature below 2 °C of pre-industrial levels [1]. The massive integration of
renewable energy sources, together with the electrical peak consumption augmentation put load
flexibility in a central position in regards to energy transition strategies, as it could help to guarantee
grid stability [2].

Many new stakeholders, as well as new markets, appear in order to modulate electrical
consumption [3]. However, aggregators mostly apply these demand response strategies on
electricity-intensive industries, excluding lower power level sites such as buildings. Nevertheless,
the latter represents a large share of global energy consumption. Owing to their thermal inertia,
different load shedding schemes (recurring or non-recurring) can be implemented on the buildings;
yet the flexibility of these schemes is hard to evaluate quickly.

Therefore, it became one of the key points studied in the European project City-zen [4].
Our collaborative effort with the local Distribution System Operator (DSO), Grenoble Electricity
and Gas (GEG), takes place in this context and focuses on a new residential eco-district. This district
consists of 23 residential buildings having 264 apartments and is thermally fed by ground source heat
pumps (GSHP); thus emphasizing the primary use of electrical energy for heating purposes. Indeed,
GSHP represent a significant research field [5,6], so that they are at the cutting edges of research with
the demand side management (DSM) in order to manage electric grid constraints [7].
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1.2. Literature Review

On the one hand, peak-shaving strategies are widely studied in order to deal with electric grid
constraints [8]. On the other hand, DSM becomes more studied at a local scale [9], focusing on local
energy integration [10], demand curve smoothing [11] or economic purposes [12]. These two combined
lead to an increase of research papers on the field of peak-shaving for better management of local
electric grid constraints through DSM [13].

The idea of using buildings’ thermal inertia in order to modulate the heating load is also vastly
studied. While buildings’ flexibility is studied with several aims such as increasing district heating
efficiency [14,15] or for a better integration of local production sources [16], it is also investigated with
the objective to evaluate what could be their future impact in smartgrids [17] and to compare them to
storage solutions [18]. Several methodologies have been developed in order to quantify this flexibility
but only three are commonly applied using building structural mass [19]. Moreover, only a few of
these papers evaluate the impact on thermal comfort as they mostly consider it as a constraint [20].
In our case, the possibility to be out of the comfort zones will be considered, usually defined by
set-point temperature ranges [18,21], while estimating this impact by standing on comfort ranges as
defined in [22].

Most of the time, estimating the building temperature is possible as the building thermal flexibility
quantification is based on thermal models. These models can be from low-order RC models [23] to
higher-detailed models often based on widespread tools such as EnergyPlus [18,24] or based on
the Modelica language such as the library IDEAS [25]. Even the district scale becomes more and
more widespread in the energetic dynamic simulation software, like DIstrict MOdeller and SIMulator
(DIMOSIM) developed by CSTB [26], City Energy Analyst (CEA) developed by ETH Zurich [27] or Tool
for Energy Analysis and Simulation for Efficient Retrofit (TEASER) developed by RWTH Aachen [28].
It was observed that this scale change could be impractical by being relevant to annual heating needs,
but not anymore when focusing on power analysis [29]. For this reason, models with different levels
of detail have been studied.

1.3. Context and Aims of the Study

In the local context of Grenoble, an electrical consumption peak appears between 5 a.m. and
10 a.m. GEG is interested in peak shaving during this morning period by implementing effective load
shedding scheme. However, it could be hard to quickly quantify the impact of load shedding strategies
through peak shaving while avoiding thermal discomfort for occupants and an increase in carbon
footprint simultaneously.

Indeed, the problem is complex to model. In order to maintain occupants’ thermal comfort,
load shedding can be realized after an over-heating so that the building could store heat before
disconnecting the heating system. As it induces an over-consumption, this over-heating should be
performed before the peak period (i.e., between 5 a.m. and 10 a.m. in our case), with the purpose of
reducing the consumption peak. In order to study a strategy of district peak reduction by deliberate
load shedding building by building, two load shedding strategies (with or without over-heating) will
be compared.

This paper aims to quickly quantify the influence of this district heat load shedding strategy on
the heat load curve, thermal comfort and greenhouse gases emissions reduction. Moreover, the study
will try to quantify the impact of heat load profiles modeling on the results.

1.4. Paper Structure

The first section of this paper describes the methods used for load shedding impact quantification.
At first, the impact indicators in terms of peak shaving, thermal comfort and CO2 reduction will be
defined. Then, the heat load profiles modeling will be presented. Finally, the load shedding scenarios
studied in the paper will be introduced. In the ‘Results’ section, the two load shedding strategies will
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be analyzed on a building with respect to the indicators introduced earlier. The results will show the
impact on three aspects: peak-shaving, thermal comfort, and CO2 emissions while analyzing the effect
of the heat load profiles modeling. A conclusion will be drawn at the end of the paper based on the
observed results.

2. Methods for Impact Quantification of Load Shedding

2.1. Indicators for Impact Quantification of Load Shedding

2.1.1. Peak Shaving

In order to quantify the amount of load reduction in a district, the key indicators will be defined
first. Many studies show some rebound effects after a load shedding, related to the restart of the
consumption [30]. This behavior could not only affect the energy conservation by providing any
(or few) consumption reductions at a daily scale, but it could also lead to failure of peak shaving
strategy. Indeed, if concentrated during a short period, a load shifting could cause bigger grid
constraints during this time period. For this reason, in order to quantify the impact of load shedding
strategies for peak shaving purpose, the consumption behaviour after the load shedding period has
to be analyzed. To do so, the study is based on one indicator used by the French TSO RTE [31]
(cf. Equations (1)–(4) and (8)). The daily Load Shifting rate (LSd

rate)) is defined in Equation (1) from
the ratio of the addition of anticipated energy and delayed energy, by the cut-off energy. These three
energies are defined in Equations (2)–(4) by the integral in a given period of the consumption power
(Pt) and its reference value without operation (Pre f

t ). These energies are also visible in Figure 1.

LSd
rate =

Eanticipated + Edelayed

Ecut_o f f
(1)

where:

Ecut_o f f =
∫ τe

ls

τb
ls

Pre f
t dt (2)

Eanticipated =
∫ τb

ls

τb
ls−1

(Pt − Pre f
t )dt (3)

Edelayed =
∫ τe

ls+23

τe
ls

(Pt − Pre f
t )dt (4)

By taking into account the energy reported during the 23 h following the load shedding,
this indicator gives information at a daily scale. However, in order to get a better understanding of the
dynamic behavior of this energy report, the study will rather focus on an adapted form of this load
shifting rate, that we proposed, defined in Equation (5). This indicator will be calculated on an hourly
basis in order to quantify the distribution of energy report, hour by hour, as shown in Figure 1.

LSh
rate =

∫ h+1
h (Pt − Pre f

t )dt
Ecut_o f f

(5)

Defined as such, the load shifting rate can be used to study dynamically the load variations
and gives information on the efficiency of the load shedding strategy to reduce a long peak period
(more than one hour).
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Figure 1. Representation of a daily heating load curve modification with a load shedding order and
associated load shifting rates.

2.1.2. Thermal Comfort

It is important to keep in mind that turning off the heat supply can affect the thermal comfort
so that this aspect has to be estimated too. When the thermal supply of a building is turned off,
the internal temperature does not decrease instantaneously to the level of external temperature.
This building dynamic can be explained by the possibility for buildings to store heat in their heavy
components, such as walls. Indeed, due to their significant inertia, walls will cool later than the air,
in cases of heating load shedding. The phenomena are important in terms of comfort, as walls and
air temperatures respectively reflect radiation and convection effects perceived by the occupants of
the building. Since the feeling of thermal comfort is related to this perception of both air and wall
temperature, studies analyzed the relationship between thermal comfort and the operative temperature
(Top, defined Equation (6)) [32].

Top =
Twalls + Tair

2
(6)

In this study, this operative temperature will be taken as an indicator in order to estimate the
comfort level, according to levels defined in [22]:

• Comfortable: A range of +/− 1 °C about the temperature set-point (Tset)
• Slightly uncomfortable: A range of +/− 1 °C and +/− 2 °C about Tset
• Uncomfortable: A difference of more than 2 °C with Tset

2.1.3. CO2 Emissions Reduction

Finally, the impact of the different load shedding methods on CO2 emissions will be studied.
To do so, the work will rely on the actual CO2 emissions from the French power generation in January
2016 [33]. This will allow us to estimate the gross CO2 emissions variation when the load shedding
strategies will be applied while taking into account hourly and daily variation (see Equation (7)).

CO2Sm =

∫
month(COre f

2t
− CO2t)dt∫

month(COre f
2t

)dt
(7)

This variation not only takes into account the load shifting, but also the consumption reduction.
Moreover, it is very common to conclude that CO2 emissions will obviously decrease with load
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shedding strategies when there is energy saving. A widespread indicator for energy saving [31] is the
daily Energy Saving rate (ESd

rate) defined as follows:

ESd
rate =

Ecut_o f f − Eanticipated − Edelayed

Ecut_o f f
(8)

This energy saving rate is commonly used to quantify energy balance in the long-run by showing
the amount of non-reported energy 23 h after [31]. The energy saving rate should be put into
perspective, as it represents saving in regard to cut-off energy. Since the energy saving of an entire day
is much lower than ESd

rate, the reduction of daily CO2 emissions would be lowered too.

ESm =

∫
month(Pre f

t − Pt)dt∫
month(Pre f

t )dt
(9)

Nevertheless, this does not prevent us from expecting that CO2 emissions would decrease as
much as daily consumption. To deeply examine the impact on district carbon footprint, it is crucial to
consider the daily and intra-day CO2 emission variability for the electrical energy generation. Shifting
the electrical consumption from one time period to another could increase the CO2 emissions if local
peaks do not match the total electricity generation.

For all these reasons, the paper will compare the total consumption reduction (ESm) to the total
CO2 emissions reduction during the month (CO2Sm). Doing this will help us in combining the two
reduction factors (energy consumption and CO2 emissions) into a single indicator, the Expected Gain
reduction (EGred), defined as follows:

EGred =
ESm − CO2Sm

ESm (10)

2.2. Heat Load Profiles Models

According to the previously defined indicators, the thermal load variation between no-load
shedding and the applied load shedding strategy need to be assessed in order to quantify the impact
on peak shaving and CO2 emissions. In the present study, two modeling approaches will be compared.
At first, a standard load shifting profile will be established with experimental data. Then, thermal
models with several levels of details will be introduced in order to assess thermal comfort.

2.2.1. Experimental Load Shifting Profile

A first estimation can rely on experimental results from similar buildings and load shedding
strategies. The main advantage of this method is to assess very quickly the peak shaving indicator.
To do so, a standard load shifting rate profile was defined, based on experimental results from the
French GreenLys project [34] and from a study led by the French TSO RTE [31]. As the experimental
building stock contains two new eco-districts [34], the use of the resulting standard profile is considered
suitable for our new residential district. The experimental results show an energy saving rate around
90%. The load shifting rate profiles are plotted below.

Figure 2a is representing the hourly load shifting rates for a one-hour residential heat load
shedding without pre-heating, while Figure 2b shows it after an over-heating of one hour, consuming
50% of the cut-off energy.
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(a) (b)

Figure 2. Load shifting rate profiles. (a) One-hour residential heat load shedding without pre-heating
(b) One-hour residential heat load shedding after one-hour pre-heating.

2.2.2. Thermal Models

In order to quantify the impact on thermal comfort, it is also necessary to estimate Top

(cf. Equation (6)). For this reason, two thermal models with identified parameters were used in
order to simulate the building dynamic during and after the load shedding.

In order to manage both modelings (thermal model of the building and electric model of the
grid), an open-source tool, TEASER [35] was chosen for the first thermal model creation. It allows
to automatically generate RC thermal models in the Modelica language for the AixLib [36] and the
Annex60 [37] libraries.

The thermal model can be created thanks to building envelope information (wall areas,
orientations, thickness, materials, etc.). As it can be difficult to access the specific data about each
building envelope at district level, it can be realized with at least 5 input data: year of construction,
net area, type of use, number of floors and height of each floor [35], making the tool very useful for
saving time. If only this data is given, the tool enriches the dataset based on pre-defined statistical
data, whose use in a French context will be analyzed in this study case.

For the same thermal model structure (see Figure 3), two precision levels can be achieved
depending on the input data. In order to compare the impact of dataset enrichment, both the model
generated with the 5 minimal parameters and the model enriched with the building envelope data
were analyzed. The first one will further be referred to as the ’Simple’ model, while the second one
enriched with data used for the regulatory Building Energy Simulation (BES) will further be referred
to as the ’Enriched’ model.

The second one is the fully detailed thermal model used for the mandatory study. Indeed,
in a French context, since each building construction requires an energy requirement study based on a
fully detailed thermal model, existing thermal models from this mandatory study can also be re-used.
In this study, a Pleiades tool [38] has been used to build a detailed model (each room is considered as a
thermal zone), that will be called ’Complex’ model afterward.

For all heat load profiles from simulation models, the result from a thermal dynamic simulation of
a building in our district was considered as reference heat load profile (Pre f

t ). The building behavior in
the case of a temperature set-point of 20 °C was simulated during the month of January. All other data:
weather, occupancy schedules, internal gains for lightning etc. have been set to the same values in
order to obtain a better comparison between simulation results. However, the set-point temperatures
for the ’Simple’ and ’Enriched’ models are ambient temperatures, while the one in ’Complex’ model is
on the operative temperature, and cannot be changed. Therefore, small differences between the results
could still be expected.
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Figure 3. Scheme of the RC (Resistance Capacity) equivalent model generated by Tool for Energy
Analysis and Simulation for Efficient Retrofit (TEASER).

2.2.3. Summary of Modeling Approaches

To summarize, four modeling approaches are considered in order to estimate the load shifting
rates is this paper:

• The ‘Standard’ model: the statistical model from experimental data
• The ‘Simple’ model: thermal model generated by TEASER (Figure 3) with database
• The ‘Enriched’ model: thermal model generated by TEASER (Figure 3) with building

envelope data
• The ‘Complex’ model: multi-zone thermal model created with a Pleiades tool.

2.3. Modeling of Load Shedding Scenarios

For the aforementioned models, two scenarios will be studied:

• One-hour thermal load shedding after one-hour over-heating: In order to over-heat the building
outside of the peak period (5 a.m. to 10 a.m.), the load shedding order will be applied from 5 a.m.
to 6 a.m.

• Simple one-hour thermal load shedding: In this scenario, the load shedding will be applied in
the middle of the peak period, from 7 a.m. to 8 a.m. without any over-heating.

Each load shedding will be obtained by a very low set-point temperature (around 0 °C) in order
to cut the heat supply. The aim of these two scenarios is to represent the two load shedding approaches
that could be made building by building in the district. For instance, by applying the first strategy
(with over-heating) to a first building and then applying the second strategy to each of the four other
buildings hour by hour, the resulting load shedding on the entire district would be obtained by adding
the individual effects (see Figure 4).

Figure 4. Load shifting rate profiles during a day for the multiple one-hour thermal load shedding
from 5 a.m. to 10 a.m. Example of the ’Standard’ model for load shifting rate profiles for 5 buildings.
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3. Results and Discussion

The load shedding impact in terms of peak shaving, thermal comfort and CO2 emissions will
be analyzed in this section. As explained previously, the district load-shedding strategy consists in
shedding thermal load for the buildings one by one for one hour. The first load shedding would
integrate a one-hour over-heating during the previous hour, while all the following hours will face
simple one-hour thermal load shedding. Two different building behaviors are thus expected for these
two strategies.

3.1. Results for Peak Shaving

In order to reduce the mean power during the peak period, the load shifting rate would have
to be the most diffused as possible to shift most of the consumption out of the peak period. Thus,
the lower load shifting rates are, the higher the efficiency of peak shaving. As two dynamic responses
are expected from the building depending on whether it has been previously over-heated or not,
results will be demonstrated for both load shedding strategies. At first, results for a simple thermal
load shedding happening from 7 a.m. to 8 a.m. each day of the month of January will be drawn. Then,
the second load shedding strategy with a one-hour over-heating before cutting the heat supply will
be shown. This load shedding will be applied from 5 a.m. to 6 a.m., in order to shift the anticipated
consumption before the peak period.

3.1.1. Thermal Load Shedding from 7 a.m. to 8 a.m.

The results of the simple one-hour load shedding applied all days of January are displayed in
Figure 5. The mean load shifting can be found for all of the four modeling approaches (‘Standard’,
‘Simple’, ‘Enriched’ and ‘Complex’). The mean operative temperatures are also drawn with their
variation range during the month.

Figure 5. One-hour thermal load shedding.

Two different building behaviors can be observed for this strategy:

• Most of the rebound effect appears within the two hours following the load shedding
(experimental load shifting profile)

• The shed consumption is shifted during the entire day (load shifting profiles from thermal models)

Here, it can be noticed that all the simulation results from thermal models show a slower dynamic
than the experimental load shifting profile.
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3.1.2. Heat Load Shedding from 5 a.m. to 6 a.m. after an Over-Heating in Preceding Hour

The results of the complex one-hour thermal load shedding strategy, taking place from 5 a.m. to
6 a.m. after a one-hour over-heating are presented in Figure 6. The strategy was applied each day of
January and results are the average value for each time slot and each modeling, like those presented
in Figure 5. As seen before, there is a big difference between experimental and simulated buildings
behaviors for simple heat load shedding strategy. This gap between models is therefore confirmed for
this complex strategy too.

Figure 6. One-hour thermal load shedding after one-hour over-heating.

Although this standard profile was established from real measurement, it remains difficult to
consider it as more reliable than simulated profiles. Indeed, weather and occupancy data differ
and several types of buildings are aggregated. Even with fewer old buildings than new ones in the
experiment, consumption values for heating tend to be higher for the first category and mean values
could be strongly affected. In spite of this conclusion, the standard model reminds that occupancy
behavior could play a great role in the rebound effect. In our study case, the thermal load is entirely
controlled by the building manager, so this effect can be neglected.

Thus, conclusions on the effect of the overall strategy (starting with the complex strategy and
continuing, building by building, with the simple load shedding) could be realized by analyzing the
building behaviors predicted by thermal models. These three modeling approaches all lead to diffused
energy reports so that it can be concluded that this load shedding strategy could be efficient in regards
to a peak shaving objective, even if thermal comfort still needs to be looked at.

3.2. Results for Thermal Comfort

As explained above, the study focuses on the building operative temperature as thermal comfort
indicator. With a set-point temperature fixed to 20 °C, the comfort zone is reached over 19 °C and below
21 °C. Results obtained for the month of January are presented in Figures 5 and 6. Mean operative
temperatures are represented, with their variation intervals, so that it can be noticed that:

• On average, load shedding hours are slightly uncomfortable
• On average, other hours of the days are comfortable

Distribution of comfort level for occupants for the load shedding strategy after an over-heating is
presented in Table 1:

71



Buildings 2018, 8, 145

Table 1. Thermal comfort levels distribution for the load shedding after over-heating strategy.

Load Shedding after over-Heating

Comfort level/Models Reduced Enriched Complex
Comfortable 98.5% 96% 100%

Slightly uncomfortable 1.5% 3.6% 0%
Uncomfortable 0% 0.4% 0%

Similar results are obtained for the load shedding strategy without over-heating. Most of the
hours are “comfortable” (at least 96% of the time for all models) and “uncomfortable” level is rarely
reached (0.4% of the time and only with the ‘Enriched’ model). However, further studies on the
impact of heating systems (as shown in [16]) or on the perception of this comfort could be needed
to consolidate these results (as studied in [39]). As internal gains and external temperatures differ
each hour, each time slot should be considered individually for further studies in the entire district
impact. Finally, requiring less energy for heating purposes, new low-consumption buildings could get
a large part of their heating needs from internal gains (lightning, devices, occupation, etc.). This would
also have to be considered carefully in order to avoid an under-evaluation of thermal discomfort
in buildings.

3.3. Results for CO2 Emissions Reduction

In this last section, the results for the impact on the carbon footprint are presented. The chosen
indicator for the effect is the expected gain reduction (EGred), representing the difference between CO2

emission reduction expected by looking at the energy consumption savings (ESm) and the effective
CO2 emission diminution (CO2Sm). In order to put into perspective the feeling of savings obtained by
looking at the mean ESd

rate, the following Table 2 will also integrate it in comparison to the effective
consumption reduction during the month (ESm).

Table 2. Consumption and CO2 emission reduction in January for the simple load shedding strategy
(a) and for the load shedding after over-heating strategy (b).

(a) Load Shedding

Models Simple Enriched Complex
ESd

rate −10.0% 13.1% 5.5%
ESm 0.40% 0.50% 0.22%

CO2Sm 0.38% 0.50% 0.16%
EGred 3.2% 0.70% 28%

(b) Load Shedding after over-Heating

Models Simple Enriched Complex
ESd

rate 3.1% 2.1% 2.4%
ESm 0.21% 0.22% 0.14%

CO2Sm 0.01% 0.05% −0.06%
EGred 94% 76% 144%

For the load shedding between 7 a.m. and 8 a.m. (simple load shedding), the intuition is confirmed
since the overall consumption reduction leads to the reduction of the CO2 emission, though a little less
than expected. However, for the second strategy with overheating, reduction of CO2 emission is not so
obvious anymore. Depending on the models, the expected CO2 emission reduction is lower than the
calculated one. It goes from 76% less than expected to an increase of 44% of CO2 emissions. In terms
of avoided CO2 emissions, the savings go from 245 g (CO2Sm = 0.01%) to 7.82 kg (CO2Sm = 0.38%)
The reason for these differences is that the load is transferred from a low-CO2 emissions time slot to
higher CO2 emissions times of the day. In order to be consistent with energy transition strategies, it is
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important to consider this aspect into load shedding impact evaluation to avoid a local amelioration to
the detriment of general interest.

4. Conclusions

With often few data available at the district level, thermal models with parameters from the
statistical database could provide coherent load shedding impacts results, in respect to those available
with detailed thermal simulation models. However, a comparison between simulation results and
measurements would be necessary to validate the accuracy of the results, although it was unfortunately
impossible due to lack of data on the considered buildings and external factor such as occupation
schedules and weather data. For our study case, thermal models are considered as reliable for trend
estimation on the effects on peak shaving, thermal comfort and CO2 emissions reduction for a first
approach at a district scale. The overall strategy for the district studied in this paper relies on two load
shedding approaches:

• An overheating from 4 a.m. to 5 a.m. before load shedding from 5 a.m. to 6 a.m.
• One-hour load shedding building by building beginning from 6 a.m. to 9 a.m.

The two approaches were analyzed separately for these three aspects:

• Peak shaving
Turning off the heating supply for one hour successively for building by building in an entire
district seems to be effective for peak-shaving. Indeed, the transferred load is very diffused
(LSh

rate < 25% the first hour and LSh
rate < 10% the following hours) so that the rebound effects of

the previous buildings do not cancel the peak reduction obtained by the current load shedding.
These results are crucial in the case of a long peak (more than an hour), offering the possibility to
shift the load outside consumption peak period.

• Thermal comfort
Thermal comfort is reduced during the load-shedding hours. Measurements would have to be
realized in order to determine if operative temperature evaluation is more reliable when based
on the ‘Simple’ model, the ‘Enriched’ model or the ‘Complex’ model. Indeed, the ‘Complex’
model assessed only 0.8% of the time as not comfortable, while this discomfort could cover up
to 4% of the time with the ‘Enriched’ model. Moreover, the ‘Enriched’ model gives a minimal
operative temperature of 18 °C, while the operative temperatures estimated by the ‘Simple’ and
the ‘Complex’ models never reach values below 18.8 °C. The different modeling approaches used
do not allow to estimate precisely how much thermal comfort can be reduced and how it will be
perceived by occupants but they help the stakeholder understand what could be the issue. In all
cases, one solution to investigate the reduction of thermal discomfort could be to reduce heat
loads instead of shedding them, or to turn off the thermal load during shorter duration.

• CO2 emission reduction
In the case of CO2 emission reduction, estimation cannot be based only on consumption reduction
as CO2 emission for electrical systems have dynamic variations that have to be taken into account.
Only by considering dynamic CO2 variations and by calculating the difference between emissions
with or without load shedding strategy could lead to a reliable estimation of CO2 emissions
variations. Indeed, even with effective consumption diminution, a load shedding strategy could
shift consumption from low-CO2 periods to higher-CO2 time slots, increasing the overall CO2

emissions. For instance, in the case of the load shedding after over-heating, the ’Complex’ model
assessed 0.14% of energy saving during the month, while the CO2 emissions increased from 0.06%.
Therefore, the link between energy saving and CO2 emission reduction has to be realized carefully.

Finally, the modeling approach will depend on the accuracy required, the data available and
the time for the study design, so that mixing modeling approaches for a study at the district scale
may be required. A further work will consist in coupling the reduced thermal models together with
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generation parameters tools into an optimization library. This optimization point of view could allow
stakeholders such as DSOs to define the best load shedding sequences in a district in order to maximize
peak-shaving while minimizing both the occupants’ thermal discomfort and CO2 emission.
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Abbreviations

The following abbreviations are used in this manuscript:

COP21 21th Conference of the Parties
CSTB French Scientific and Technical Center for Building
DSM Demand Side Management
DSO Distribution System Operator
GEG Grenoble Gas and Electricity
GSHP Ground Source Heat Pumps
RTE French transmission system operator
TEASER Tool for Energy Analysis and Simulation for Efficient Retrofit
TSO Transmission System Operator
UNFCCC United Nations Framework Convention on Climate Change

Nomenclature

CO2t [kg] CO2 emissions at time t (with load shedding)

COre f
2t

[kg] Reference CO2 emissions at time t (without load shedding)
CO2Sm [%] CO2 Saving in a month (Reduction of CO2 emission on the month)
Eanticipated [kWh] Anticipated energy consumption during the hour before the load shedding
Ecut_o f f [kWh] Cut-off energy consumption during the load shedding
Edelayed [kWh] Delayed energy consumption during the 23 h after the load shedding
EGred [%] Expected Gains Reduction (CO2 emissions diminution expected by looking at the energy

consumption reduction)
ESd

rate [%] Energy Saving rate defined 23 h after the load shedding
ESm [%] Energy Saving in a month (Reduction of energy consumption on the month)
LSd

rate [%] Load Shifting rate defined during a day
LSh

rate [%] Load Shifting rate defined during an hour
Pt [kW] Power consumed at time t (with load shedding)

Pre f
t [kW] Reference power consumed at time t (without load shedding)

Tair [°C] Ambient temperature
Tset [°C] Set-point temperature
Top [°C] Operative temperature
Twalls [°C] Walls temperature
τb

ls [h] Beginning of the load shedding
τe

ls [h] End of the load shedding
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Abstract: Despite the fact that many novel initiatives have been put forward to reduce the carbon
emissions of buildings, there is still a lack of comprehensive investigation in analyzing a buildings’
life cycle greenhouse gas (GHG) emissions, especially in high-density cities. In addition, no studies
have made attempt to evaluate GHG emissions by considering the whole life cycle of buildings
in Hong Kong. Knowledge of localized emission at different stages is critical, as the emission
varies greatly in different regions. Without a reliable emission level of buildings, it is difficult
to determine which aspects can reduce the life cycle GHG emissions. Therefore, this study aims
to evaluate the life cycle GHG emissions of buildings by considering “cradle-to-grave” system
boundary, with a case-specific high-rise residential housing block as a representative public housing
development in Hong Kong. The results demonstrated that the life cycle GHG emission of the case
residential building was 4980 kg CO2e/m2. The analysis showed that the majority (over 86%) of
the emission resulted from the use phase of the building including renovation. The results and
analysis presented in this study can help the relevant parties in designing low carbon and sustainable
residential development in the future.

Keywords: greenhouse gases; residential building; life cycle assessment

1. Introduction

Climate change has become an unprecedented challenge for humanity. The annual greenhouse
gas (GHG) emissions grew on average by 1.0 giga ton carbon dioxide equivalent (GtCO2e) per year
from 2000 to 2010 compared to 0.4 GtCO2e per year from 1970 to 2000, and total anthropogenic GHG
emissions were the highest in human history reaching 49.0 GtCO2e/y in 2010 [1]. These phenomena are
primarily due to various human activities, in particular the use of fossil fuels, deforestation, and change
in land use [2]. Any delay in stabilizing and reducing the atmospheric CO2e concentration would only
exacerbate the global warming crisis and increase the difficulty to tackle the disastrous consequences
in the future [3].

Currently, the building sector represents the single largest contributor to GHG emissions [4,5].
To help reduce GHG emissions, the building sector has an undeniable role to play as buildings
worldwide account for up to one-third of the GHG emissions [6]. For subtropical countries and
cities like Hong Kong, buildings can contribute to almost 60% of final energy consumption [7].
Of this, residential buildings take up a significant portion of total energy consumption and hence the
GHG emissions, resulting from energy used for construction, operation, and demolition of buildings.
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With a continuous growth in population, a preference for smaller family sizes, and the desire for a more
comfortable living environment, the energy demands and GHG emitted from residential buildings in
Hong Kong are expected to escalate even further [8].

Establishing pragmatic policy to encourage the building sector to cut down on GHG emissions
is clearly an important goal for governments around the world. This is particularly the case for
high-density cities not only because there are lots of high-rise buildings but also due to the rather
limited opportunities to adopt emerging renewable energy solutions like photovoltaic panels or wind
turbines. For Hong Kong, having committed to reducing the energy intensity by at least 25% by
2030 compared with the 2005 levels, its government has begun to examine the overall life cycle
environmental burdens of buildings under their jurisdiction, and the public housing developments
would be an ideal starting point as they share around one-third of the entire residential stock in
Hong Kong, which is equivalent to 700,000 flats [9]. In 2008, public housing in Hong Kong consumed
6988 million kWh of electricity or five million tons (Mt) of CO2e [7].

Various studies have been conducted to gauge the environmental impacts of buildings.
For example, Chen and Ng [10] proposed factoring in the embodied GHG emissions when assessing
the environmental performance of buildings. De Wolf et al. [11] investigated the GHG emissions
from 200 recently completed buildings based on the quantities of structural materials (data were
based on different design firms) in the United States, without considering the whole life cycle of
buildings. A life cycle assessment model was developed to evaluate the environmental impacts
of building construction [12]. Peuportier [13] compared the environmental performance of three
types of houses located in France, and a sensitivity analysis was performed based on the choice
of alternative construction materials, types of heating energy, and transportation using an EQUER
tool. Similar studies were conducted in France [14], the Netherlands [15], Japan [16], the United
Kingdom [17], and China [18]. Some of the reviews were conducted in assessment of GHG emissions,
energy consumption, and other environmental impacts of buildings [19–22].

Focusing on the assessment of GHG emissions generated from the building sector, Suzuki and
Oka [23] proposed quantifying the energy consumed and carbon emitted due to the construction,
operation, and renovation of office buildings in Japan using input/output tables. On the other hand,
Seo and Hwang [24] estimated the life cycle CO2 emissions of different types of residential buildings.
Similarly, Bastosa et al. [25] presented a life cycle energy and GHG analysis of three residential building
types in Lisbon. Some studies have also focused on the specific stage of the buildings, such as the
material level [26,27], building construction [28,29], renovation [30,31], demolition, and end-of-life
treatment [32]. The collection of a large variety of data to model a comprehensive assessment is not
only time consuming but also, is often impossible. However, a few studies focused on assessing the
GHG emissions of the whole building by considering different stages, but excluding the renovation
and end-of-life waste treatment [33–37]. Recent reviews also concluded that the occupancy and
end-of-life phases are overlooked in most of the life cycle assessment (LCA) studies of building
assessment [19,38–40].

In addition, environmental impacts of buildings can significantly vary among the studies
depending upon the regions or countries [38,39]. A few studies were conducted on environmental
assessment, including GHG emissions of buildings in Hong Kong [12,41,42]. However, these studies
have excluded some important aspects in their assessment, e.g., considerations of use, renovation,
and end-of-life phases of the building. The aim of this research therefore, is to evaluate the life
cycle GHG emissions of high-rise residential building comprehensively by including the construction,
use and renovation, and end-of-life phases as a case in Hong Kong. The results of the study can be
used as a benchmark for comparing and setting up mitigation measures for new building construction.

2. Methodology

The life cycle assessment (LCA) method has been used for assessing the GHG emissions of
high-rise public housing blocks in this study. LCA enables the quantification and evaluation of
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environmental impacts of a building [41]. Governed by the ISO 14040 standard [43], an analytical
skeleton is applied in this study which consists of four main phases; goal and scope definition, life
cycle inventory analysis, life cycle impact assessment, and interpretation.

2.1. Goal and Scope of Study

This study aimed to evaluate the GHG emissions (in terms of CO2e) from cradle-to-grave of a
public housing block as shown in Figure 1. The GHG emissions are calculated by assessing the GHGs
as defined in the Kyoto Protocol of the United Nations Framework Convention on Climate Change
(UNFCC), including carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O), hydro fluorocarbons
(HFCs), perfluorocarbons (PFCs), and sulphurhexafluoride (SF6) [44,45]. These GHG emissions are
converted into kg or tCO2e emissions using the Intergovernmental Panel on Climate Change (IPCC)
100-year global warming potential (GWP) coefficients [46]. In this study, the functional unit was the
unit of flat and gross floor area (GFA) of the building, i.e., m2.

Figure 1. Life cycle process of a building.

A standard housing block design named “New Harmony One” (NH1)—Option 6, as shown
in Figure 2, was selected for the analysis and used for setting a benchmark for the life cycle GHG
emissions of public residential buildings. The Housing Authority adopted a site specific design
approach and the internal floor area since 2004, by applying micro-climate studies at the early planning
stage [47]. NH1 is selected as a basis of this study, as such a design can be applied to various sites in
Hong Kong on a repetitive basis. Typically, a NH1 block is a reinforced concrete tower of 40 domestic
levels which contains 799 flats with a gross floor area of 33,078 m2. The ground floor is used for
non-domestic purpose to accommodate the necessary ancillary facilities. There are 16–20 modular flats
per floor which are arranged in four groups in a cruciform configuration attached to the central core
where building services, lifts, and staircases are located. The compact form of NH1 makes it suitable
for use in smaller urban area sites in Hong Kong.
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Figure 2. New Harmony One (NH1) residential building design.

The GHG emissions over the building’s life cycle are assessed based on their sources and components,
so as to evaluate the carbon footprint of the building meaningfully. Based on ISO 21931-1 [48]
“Sustainability in Building Construction—Framework for Methods of Assessment of the Environmental
Performance of Construction Works—Part 1: Buildings”, the scope of a carbon audit study includes
eight aspects associated with the following three distinct but interlinked stages: (i) production and
construction; (ii) occupation (both energy consumed by tenants and communal installations) and
renovation; and (iii) demolition as shown in Table 1. The guidelines provided by this ISO standard
were used to derive the equations (Equations (1)–(7)) in this study. In addition, the said method aligns
well with the carbon emission estimation model developed by the Hong Kong Housing Department [9],
and Equations (1)–(7) were therefore used for the assessment of each individual stage accordingly.
These aspects cover the major sources of GHG emissions of a building’s life cycle as suggested by Seo
and Hwang [24] and Fieldson et al. [49] which form the system boundary of this study. As a result,
a “cradle-to-grave” system boundary with the functional unit of 1 m2 of building floor area was
considered in this study. The system boundary covers the production and transportation of principal
construction materials; the use stage of buildings including the energy consumed by building services
equipment and utilities; renovations including the material’s production and transportation; waste
transportation and disposal; and the end-of-life stage of buildings including the dismantling of
buildings, and transportation of waste materials to the disposal sites (Table 1). However, the energy
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and fuel used on site during construction were excluded, as their emissions are minimal compared with
the emissions of the entire building’s life cycle. For example, the construction processes contribute to
only about 2–5% of the total emissions (except refurbishments, demolition, and waste treatment) [28,50].
Taking into account the quantity and environmental profile, this study initially focused on three major
materials, namely concrete, steel, and timber as they are the dominant contributors of embodied carbon
of a housing block [51]. An inventory of materials and energy consumed over the sampled building’s
life cycle is assessed to calculate the associated GHG emissions. However, the inventory given in
Table 1 omits non-structural materials and associated emissions over the building’s life cycle.

Table 1. Study scope and system boundary of the greenhouse gas (GHG) evaluation.

Stage Aspect Sources of GHG Emissions

Production and
Construction stage

I Materials consumed during
construction

Steel formwork for superstructure
Timber formwork for superstructure

Steel formwork for substructure
Timber formwork for substructure

II Materials for structure

Steel for superstructure
Concrete for superstructure

Steel for substructure
Concrete for substructure

III
Transportation of materials
(in Aspects I and II)—from

factory gate to site
-

Occupation stage

IV Energy consumption by
communal building services

Lighting
Lift

Security
TV

A/C and ventilation
Fire services
Water supply

Electrical distribution

V Energy consumption
by tenants

Cooking
Space conditioning

Hot water
Lighting

Refrigeration
Others (laundry, audiovisual and

miscellaneous equipment)

VI GHG removals Planting trees (taller than 5 m)

- VII Renovation Materials replacement (production and transport)
Waste transport and disposal

Demolition stage VIII Disposal
Dismantling of building

Transportation of building debris
from site to disposal sites

2.2. Inventory Analysis and Analytical Framework

2.2.1. Emissions in the Construction Stage (Aspects I, II, and III)

The construction process of building follows the NH1 design of construction. As indicated,
the GHG emissions of the construction process is excluded from this study, as it contributes to a
negligible amount of emissions compared to the total emission associated with building. While the
energy used and the consequential GHG emissions over the occupation of a building contribute to the
majority of its carbon footprint, a considerable amount of GHG is emitted during the manufacturing
and transportation of building materials [6]. Equation (1) calculates the embodied GHG emissions
of key building materials consumed during construction and for structure (i.e., Aspects I and II,
respectively), including concrete, steel, and formwork. This accounts for 84–95% of the total materials
(structural and non-structural) related GHG emissions for a reinforced concrete framed building [26,52].
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This measures the GHG emitted from the extraction, processing and manufacturing of building
materials [53].

GHGm =
n

∑
i=0

Qi × Fm
i , (1)

where GHGm is the total embodied GHG emissions of concrete, steel, and formwork (in kg CO2e); Qi is
the amount of building material i (in m3); and Fm

i is the GHG emission factor for building material i
(in kg CO2e/m3).

The quantities of concrete, steel, and timber employed during the construction of the NH1
housing block were obtained from the tender documents as well as the drawings. Local, regional,
and international sources and databases were used to retrieve the GHG emission factors for the selected
building materials (Table 2). For example, the GHG emission factor for steel production was extracted
from the Inventory of Carbon and Energy (ICE) compiled by Hammond and Jones [54], which is within
the range of steel production in China [55]; local concrete production was according to Zhang et al. [56];
and regional (Southern China) timber production was from Zhang [57]. The use of local or regional
GHG emission factors for the principal building materials is important for achieving representative
results. Therefore, local or regional GHG emission factors for such materials were used in this study.

Table 2. Embodied carbon of materials (unit: kg CO2e/m3).

References Timber Steel Concrete

Hammond and Jones [54] 468 15,210 b 317
Morris [58] 450 14,287 326

Eaton and Amato [59] - 15,313 -
Zhang et al. [56] - - 426 c

Zhang [57] 962 a - -
Alcorn [60] - 10,441 376

Note: a plywood, embodied carbon: 1.78 kg CO2e/kg in China with the density as of 540 kg/m3 [57]; b steel
bar and rod, embodied carbon: 1.95 kg CO2e/kg which is within the range of steel production in China
(1.72–1.96 kg CO2e/kg steel) according to Jing et al. [55]; non-EU average recycled content: 35.5%; density is
assumed as 7800 kg/m3 [61]; c concrete grade is assumed as 32/40 MPa, embodied carbon: 0.177 kg CO2e/kg,
density is assumed as 2400 kg/m3 [61].

Transportation emissions are also an integral part of the LCA study, generated from the
transportation of construction materials from cradle-to-gate and from gate-to-site. Aspect III focuses
on the latter stage, i.e., the transportation distances from the manufacturing plant to the construction
site. The former stage has already been included in the embodied carbon emission factors as shown in
Table 2, which embraces all energy required for extraction, manufacturing, and transportation until
the materials leave the factory gate. In the case of the NH1 block, 95% of the building materials can
be sourced from Hong Kong or South China, they are therefore transported through the land routes
using diesel trucks and by sea [51]. Equation (2) calculates the GHG emissions generated from the
transportation of building materials.

GHGt =
n

∑
i=0

(Ql
i × El × Dl

i × Ft
l )

5
, (2)

where GHGt is the total GHG emissions from fuel combustion of transportation of the key building
materials (in kg CO2e); Ql

i is the amount of building material i transported by land (in m3), assuming the
loading limit per truck is 5 m3; El is the diesel consumption (in liter/km/truck), which is 0.325 L/km;
Dl

i is the total distances of transporting building materials i by land (in km), and the distances between
the site and the manufacturing plant in Hong Kong and South China are assumed as 20 km [52]
and 250 km [62], respectively; and Ft

l is the emission factors of transporting by diesel truck, which is
2.62 kg CO2e/liter [52].
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2.2.2. Emissions in the Occupation Stage (Aspects IV, V, VI and VII)

During the occupation phase, heating and electricity account for the major portion of GHG
emissions [63]. For this study, the GHG emissions at the occupation stage are quantified and
classified into three aspects, namely: Aspect IV—Energy consumption by communal building services;
Aspect V—Energy consumption by tenants; Aspect VI—GHG removals; and Aspect VII—Renovation.
Equation (3) is used to simulate the GHG emissions from the energy consumption by communal
building services and tenants.

GHGo =
n

∑
i=0

(
Ee

i × Fe + Eg
i × Fg

)
× 50, (3)

where GHGo is the total GHG emissions due to the energy used over the 50-year building life cycle
(in kg CO2e); Ee

i and Eg
i are the annual quantity of electricity and gas consumption for building

services system i, in kWh or in gas unit (i.e., 1 unit as registered by the gas meter = 48 mega joules
consumed), respectively; Fe and Fg are the emission factors of the energy consumed by electricity and
gas, respectively, with the territory-wide default values of Fe and Fg being 0.7 kg CO2e/kWh and
0.59 kg CO2e/unit of gas purchased, respectively [64].

The electricity consumption data for communal building services installations was calculated
from the sampled NH1 housing block. However, the energy consumed by tenants of the sampled
housing block was not accessible. Therefore, the energy end-use data of the public housing group
(in terajoules) as published by the Electrical and Mechanical Services Department [7] was used for the
energy use estimation in this study. It was assumed that 80% of the tenants used electric water heaters
while the rest used gas water heaters [65] and 90% of tenants used gas for cooking [66].

GHG removals are calculated by assessing the respective GHG absorption by the assimilation of
CO2 by plants as shown in Equation (4). According to EPD [64], 23 kg CO2 can be removed by each
tree based on Hong Kong’s location, woodland types, and estimated density of trees. The figure is
applicable to all trees commonly found in Hong Kong which are able to reach at least 5 m in height.
Since this figure is derived as an annual average based on an extended period of time corresponding
to the life cycle of the trees, the figure is applicable to trees at all ages.

GHGr = (T × Ft)× 50, (4)

where GHGr is the total GHG absorption over the 50-year building life cycle by tree planting
(in kg CO2e); T is the number of newly planted trees within the building’s physical boundary
(e.g., within building premises, associated with the surroundings that are used for multipurpose
activities including planting trees for a particular housing estate) after the beginning stage of
construction which are able to reach at least 5 m in height; and Ft is the GHG removal factor, which is
taken as 23 kg CO2/tree per annum [64].

In this study, a 50-year service life of a residential block in Hong Kong was considered.
As a complex system, buildings would often undergo various changes by means of renovation.
Considering the building’s service life, typical replacement of principal elements with their number
of replacements over the entire life of a building in Hong Kong are shown in Table 3 (adjusted based
on Chiang et al. [67]). The production and transport of these materials/elements were included in
the LCA. Ecoinvent databases were used for collecting their upstream data, for instance, ceramic
tile, emulsion paint, sealing materials, and hardwood doors production. Based on the renovation
of typical flats, average per unit (m2) was calculated according to Chiang et al. [67]. In addition,
the transportation and disposal (in landfills) of materials generated during renovation were also
considered in this assessment.
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Table 3. Typical replacement of building elements during renovation in Hong Kong.

Element/Material Service Life (years)
Number of Replacements over

the Service Life of Building

Ceramic tiles 20 2
Emulsion paint 5 9

Silicone seal 10 4
Hardwood solid-core doors 20 2

Therefore, the total GHG emissions due to the renovation of the building during its service life
can be estimated by Equation (5).

GHGR = ∑service li f e=50(MR × NR) + TM + DL, (5)

where GHGR is the total GHG emissions over the 50-year service life of building (in kg CO2e); MR is the
materials/elements replacement during renovation; NR is the number of replacements of the respective
elements/materials; TM is the transport of the materials; and DL is the disposal into landfill.

2.2.3. Emissions in the Demolition Stage (Aspects VIII)

According to ISO [68], recycling of steel and concrete should be assessed in the subsequent loop
of a building life cycle. Typically, inert wastes generated from buildings are disposed at public fill
sites, whereas non-inert waste are dumped into landfills, in Hong Kong. After transporting to off-site
sorting facilities, inert materials are crushed and screened to recycle materials. In addition, a certain
amount of concrete is recycled [69]. After screening, the remaining inert materials are sent to public
fills, while the non-inert materials are disposed at landfills. However, the impacts of recycling and
disposal were excluded due to the complexity of different management strategies and the lack of data
in Hong Kong. In this study, the GHG emitted during the demolition stage is mainly due to the energy
consumption for the machinery operation at the demolition site and the transportation of building
debris from the site to disposal sites [23]. It is also assumed that the saving of GHG emissions due to
steel and concrete recovery, and the induced GHG emissions of other materials’ disposal (whether to
public fills or landfills) would be similar, and thus they were excluded from this analysis. Equation (6)
serves as the basis to assess the emissions.

GHGd = Qd × Fd +
Qd × Ed × Dl

i × Ft
l

5
, (6)

where GHGd is the total GHG emissions in the demolition stage; Qd is the amount of building materials
to be dismantled or building debris (in m3), for transportation of building debris, 5 m3 load per truck
is assumed; Fd is the emission factor for dismantling a building, which is 17 kg CO2e/m3 according to
Nielsen [70]; Ed is the diesel consumption (in liter/km/truck), which is 0.325 L/km [71]; Dl

i is the total
distance for transporting building materials i by land (in km) and the distance is taken as 26 km [52];
and Ft

l is the emission factors for transportation by diesel truck, which is 2.62 kg CO2e/liter [52].
Therefore, the total GHG emissions over the NH1’s building life cycle can be estimated by

Equation (7):

GHGNH1 = GHGm + GHGt + (GHGo + GHGr + GHGR) + GHGd, (7)

2.3. Limitations

Conducting an environmental assessment of the whole building is complicated due to the
differences in materials, associated transportation, diverse considerations at the use stage, lifespan of
the building, and different considerations of the end-of-life of the building. Although this study has
attempted to include all these in the assessment, several limitations cannot be avoided. For example,
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this study did not consider the contributions of non-structural materials. Waste material (generated during
the construction and end-of-life stages) treatments were not considered in this assessment. During the use
stage of building, actual energy consumed by tenants is not accessible. Thus, average energy consumption
data was collected from the relevant department [7]. Due to the lack of local/regional data, Ecoinvent
databases were used for carbon emissions of the replacement materials for the renovation of building.
This study only focused on carbon assessment and excluded other impact categories. However, some
of the limitations were further discussed and justified in the Discussion section.

3. Results

The result of GHG emissions throughout the life cycle of the standard NH1 public housing
block, based on Equation (7), is presented in Table 4. Using the data collected and assumptions,
the estimated total life cycle GHG emissions of the block are 186,150 tCO2e for the NH1 2000 Edition.
The GHG emissions intensity of the sampled building is 232.98 tCO2e/flat or 5.38 tCO2e/m2 of GFA.
Figure 3 shows the distribution of the emissions in various life cycle phases. The operating energy
consumption by communal building services and tenants is clearly impacting the environment the
most, accounting for about 85.82% of the emissions. The materials consumed during construction,
though emit considerably less GHGs than that in the operation stage, are taking up about 12.69% of
the life cycle emissions. The remaining aspects, including the renovation, transportation of materials,
and the disposal of the block are accounted to 1.14%, 0.07%, and 0.28%, respectively, of the building’s
carbon footprint.

Figure 3. Contribution to the GHG emissions of the sampled housing block.

Hotspots for GHG emissions of building have been highlighted in Figure 3 (i.e., the contribution
to GHG emissions). It can be seen that over 85% of the total GHG emissions is associated with
energy consumption of tenants and building services equipment. This supports the results from
previous studies [16,24,72]. The elements emitting the most significant amount of GHGs are found
to be communal lighting and lifts, as well as the energy consumed by tenants for hot water, space
conditioning, and refrigeration. This reflects that GHG emitted from a public housing block are
strongly dependent not only on the building and occupancy factors such as ventilation and efficiency
of appliances, but also on the source of energy. Therefore, it is important to install energy efficient
building service equipment, and encourage tenants to use energy efficient appliances to reduce energy
consumption and GHG emissions. Apart from reducing the energy consumption and embodied energy
in buildings, switching to low carbon fuels and utilizing renewable energy are considered effective in
tackling the climate change problem [46]. Materials (including their production and transportation)
emit about 13% of the total emissions. However, it is possible to reduce GHG emissions by sourcing
sustainable materials and using low carbon materials.
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During the construction stage, concrete is the dominant building material for the NH1 housing
block, not only in terms of quantities but also the embodied carbon. The NH1 housing block studied
consumed over 28,600 m3 of concrete, producing over 12 million kg of CO2e. Reducing the carbon
content of concrete through the manufacturing process is therefore influential. A saving in embodied
carbon can be achieved by increasing the proportion of off-site manufacturing of components and/or
adopting recycled materials or materials with lower environmental impact [6,52]. For instance,
by replacing cement with alternative binding materials (e.g., pulverized fuel ash, ground granulated
blast furnace slag, and silica fume) in the concrete mixes can save significant amount of cement and
the associated CO2 emissions [51,73]. In addition, the use of alternative or low carbon cement, i.e.,
eco-glass cement or Portland fly-ash cement, can also considerably reduce the carbon footprint of
concrete [74].

The study also estimated the GHG emissions of the residential block according to the latest
“Model Client Brief 2010” as presented in Table 4. According to the Hong Kong Energy End-Use Data
2010 provided by the Electrical and Mechanical Services Department of Hong Kong SAR [7], this
brief has incorporated the latest development of various communal building services installations.
These include the employment of electronic ballasts and two illumination levels in the lighting system,
adjusting the capacity and weight of lifts, adopting a variable speed drive system in booster pumps, as
well as using more energy efficient motors. As a result, a significant reduction in annual electricity
consumption is achieved from 1032 kWh/flat in the Client Brief January 2000 Edition to 596 kWh/flat
in 2008 [7]. In addition, the brief requires the planting of one tree for every 15 flats in a newly built
public housing estate. Consequently, the annual GHG emissions caused by electricity consumption of
communal building services installations have decreased from 577 tCO2e to 337 tCO2e (Table 4).

According to the “Model Client Brief 2010”, the GHG emissions of the NH1 housing block were
215.69 tCO2e/flat and 4.98 tCO2e/m2 per flat and per GFA, respectively. While the energy consumption
of tenant areas is beyond the management’s control, with Aspect V—“Energy consumption by tenants”
being excluded, the GHG emissions were 51.88 tCO2e/flat and 1.20 tCO2e/m2 per flat and per GFA,
respectively (Table 4).
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4. Discussion

This study has comprehensively evaluated the GHG emissions of a concrete reinforced high-rise
residential building in Hong Kong. In addition to the structural materials, the study also considered the
carbon emitted from communal building services, tenants due to energy end use, renovation, building
demolition, and transportation of waste materials. It can be seen that the GHG emissions of the
studied case ranged from 4980 kg CO2e/m2 to 5379 kg CO2e/m2 (based on design). The comparison
of GHG emissions among different studies in different regions per functional unit is given in Figure 4.
The variation of GHG emissions is relatively high (which ranges from 1657–6276 kg CO2e/m2) among
different studies due to the use of different structural materials (concrete, steel, wood, composite,
and so forth), heating and cooling requirements for different regions based on the climate, as well
as other considerations. However, the GHG evaluated in this study is in the upper range of the
emissions (Figure 4). This may be due to the higher GHG emission factors for different structural
materials used in Hong Kong including the long transport distance, as Hong Kong has sourced most
of the construction materials from China, which have higher emission factors (Table 2) which is also
supported by the previous studies. For instance, De Wolf et al. [11] estimated the GHG emissions of
200 completed buildings based on structural materials quantities in the US, and calculated the GHG
emissions range from 150–600 kg CO2e/m2. However, the GHG emissions are even higher than the
upper range (for structural materials) found in this study (about 686 kg CO2e/m2, Table 4).

Based on the collected data and assumptions for renovation works in Hong Kong, it is estimated that
renovation contributes to 61.50 kg CO2e/m2 of the building during its considered service life (e.g., 5 years).
The value is considerably higher than 45 kg CO2e/m2 estimated by Ortiz-Rodríguez et al. [75] and
38 CO2e/m2 by Kumanayake and Luo [76]. However, energy efficient and low carbon refurbishments
and replacement of building services can significantly help reduce the total embodied CO2 emissions
of buildings [30,77].

Although the evaluation of GHG emissions was based on a single case study in this study,
the sampled building is a typical design of housing blocks in Hong Kong. Comparison on the emissions
of new housing development can be conducted by making references at different building life cycle
stages [36]. GHG emissions can also be minimized by using environmentally-friendly materials or
energy efficient appliances, lighting, heating, and cooling equipment [78]. While the tenants of public
rental housing estates represent almost 28% of Hong Kong population, their behavior might have
a substantial impact on energy use, especially when the building services equipment is controlled
manually. Reducing material use as well as specifying the use of localized materials, recycled materials,
and/or alternative low carbon material are the options available for implementation during the design
stage for reducing the embodied carbon of buildings [79–86].

5379
4980

Figure 4. Comparison of GHG emissions of residential buildings.
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The contribution of cladding and other non-structural materials, including windows, doors and
roof coverings, internal partitions, and internal cladding was not considered in this study. Although
some of the materials used during the construction process are negligible in terms of weight, their
impacts can be significant to the total impacts. For example, polyamide safety nets and aluminum
are used <0.1% by weight, but would contribute 2–3% towards the total GHG emissions [28]. These
aspects were also not considered due to data unavailability despite the fact they can affect the emission
inventory. In addition, carbon emissions can be expected with an anticipated growth in building
activity and higher performance of buildings due to greater material use [80].

Although demolition and waste transportation were included in this study, the assessment of
waste material treatments was not considered due to the different end-of-life considerations and the
lack of available data. The demolition phase of buildings including demolition, waste transportation,
and waste treatment contributed to about 2–5% of the total GHG emissions depending on the types
of waste treatment [34,36]. However, according to Coelho and de Brito [32], GHG emissions of
waste disposal could be about 65–283 kg CO2e/m2 of building (depending on the types of waste
treatment). Therefore, the amount is insignificant compared to the total emissions estimated in
this study (4980 kg CO2e/m2). More comprehensive investigations on the overall environmental
performance of buildings by including other impact categories are desirable.

5. Conclusions

Environmental impacts associated with building construction, use, and end-of-life are greatly
dependent on the region, climate, and type of buildings. Therefore, a case-specific assessment is
important to benchmark the evaluation, as well as to reduce and mitigate the impacts from buildings.
In this study, the GHG emissions from a typical high-rise residential building in Hong Kong was
comprehensively evaluated using a case-specific analysis with a “cradle-to-grave” system boundary.
Through this analytical regime, the GHG emissions were estimated to about 213.03 tCO2e/flat and
4980 kg CO2e/m2, respectively. Considering the GHG emissions over the service life of the sampled
residential building, the operating energy causes over 85.82% of the emissions, whereas 12.69% for
materials, 1.14% for renovation, 0.28% for end-of-life of the building, and 0.07% for other factors.
Therefore, various carbon reduction measures should be attempted and evaluated such as the use
of energy efficient equipment, renewable energy, recycled/recyclable materials, and eco-design by
utilizing natural lighting and ventilation. Policy and decision makers should explore different low
carbon construction initiatives to maximize the opportunity for emission reduction. For future work,
the residential buildings including all kinds of public and private buildings should be assessed by
considering the limitations of this study on their carbon emissions as well as other environmental
impact indicators. Tremendous effort is required to advocate low carbon construction at various
levels including building materials, building components, and the entire building through effective
incentive and reward schemes. For a more sustainable future, there is an urgent call for immediate,
community-wide actions to reduce GHG emissions to help combat climate change.
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Abstract: The environmental performance assessment of the building and construction sector has
been in discussion due to the increasing demand of facilities and its impact on the environment.
The life cycle studies carried out over the last decade have mostly used an approximate life span of a
building without considering the building component replacement requirements and their service
life. This limitation results in unreliable outcomes and a huge volume of materials going to landfill.
This study was performed to develop a relationship between the service life of a building and building
components, and their impact on environmental performance. Twelve building combinations were
modelled by considering two types of roof frames, two types of wall and three types of footings.
A reference building of a 50-year service life was used in comparisons. Firstly, the service life of the
building and building components and the replacement intervals of building components during
active service life were estimated. The environmental life cycle assessment (ELCA) was carried out
for all the buildings and results are presented on a yearly basis in order to study the impact of service
life. The region-specific impact categories of cumulative energy demand, greenhouse gas emissions,
water consumption and land use are used to assess the environmental performance of buildings.
The analysis shows that the environmental performance of buildings is affected by the service life of
a building and the replacement intervals of building components.

Keywords: building; environmental life cycle assessment; service life; environmental performance

1. Introduction

A building is a complex product of different components of variable materials, structural
importance, functional life, exposure constraints, and damage mechanisms. Each component of
a building has a typical functional requirement and it should perform as per the prescribed function in
its service life. Life cycle assessment (LCA) studies that have been conducted, to date, consider the
service life of building and building components between 30 and 70 years with a most commonly used
value of 50 years (Table 1). However, the real picture is quite contradictory to these assumptions as
the service life of buildings varies with materials, operation and maintenance and the surrounding
environment [1,2]. This discrepancy may lead to inaccuracy of LCA analyses, and material and energy
balance. Any building needs regular maintenance and replacement of its non-structural components
to keep the building in performing conditions. In second half of the 20th century, a considerable
number of buildings were constructed that need annual inspections and maintenance, influencing
the national economy and competitive position of the construction industry [3]. The maintenance
and replacement intervals of existing buildings need to be optimized to achieve environmental,
social and economic benefits. For new constructions, the estimated intervals of maintenance and
replacements should be planned as concisely and wisely as possible. The integration of knowledge of
building component durability and its structural and functional performance into building LCA could

Buildings 2019, 9, 9; doi:10.3390/buildings9010009 www.mdpi.com/journal/buildings96
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help conduct a realistic assessment of the environmental performance of building components [4].
Due to the uncertainty associated with the use of assumed service life of a building, as well as the
unavailability of service life data of building components, LCA studies have not frequently addressed
the real energy consumed during maintenance and replacement activities. However, this energy
(hereafter, named replacement energy) may be as much as 7% to 110% of the initial embodied
energy, if the service life of building materials is not properly implemented in the design phase
of a building [4–7]. The building life span, whether short or long, has discretionary effects on a
building’s environmental performance. Short service life of buildings results in excessive solid waste,
embodied energy and subsequent greenhouse gas (GHG) emissions during pre-use stage (extraction of
material to construction). Long service life of buildings increases replacement of building components,
resulting in an increase of replacement energy and prolonged use stage, increasing operational energy
and GHG emissions [1]. These two constraints need to be taken into account during material selection
by considering the service life of the whole building, as well as its components, and is essential to
achieve environmental performance while fulfilling social and economic objectives.

Table 1. Existing case studies.

Author Life Span (Years) Impact Indicators

Ramesh et al. [8] 75 Life cycle energy demand
Allacker K. [9] 60 External costs

Audenaert A. [10] 50 Waste generation

Carre A. [11] 60
Global warming potential (GWP), Cumulative energy demand (CED),

water use, solid waste, photochemical oxidation, eutrophication, land use,
and resource depletion

Iyer-Raniga U. [12] 100 Carbon emission, energy, photochemical oxidation, eutrophication,
land use and water use

Rouwette R. [13] 50 GHG, CED

Cuellar-Franca R.M. [14] 50 GWP, acidification, eutrophication, abiotic depletion, ozone depletion,
photochemical ozone creation, human toxicity

Nemry F. [15] 40 GWP, primary energy, acidification, eutrophication, ozone depletion,
photochemical, ozone creation

Ortiz O. [16] 50 GWP, acidification, human toxicity, abiotic depletion, ozone depletion
Crawford et al. [6] 50 Embodied energy, cost, operational energy
Cabeza et al. [17] 30 to 100 mostly 50 Life cycle energy
Biswas W.K. [18] 50 GHG emissions, Embodied energy (EE)

Islam H. [19] 50 Life cycle energy, life cycle cost (LCC)
Atmaca A. [20] 30 to 100 mostly 50 GHG emissions

Lawania K.K. [21] 50 GHG emissions, life cycle energy
Grant A. [1] Estimated GWP, atmospheric ecotoxicity, atmospheric acidification

Dixit M.K. [22] 50 Embodied energy

Vitale P. [23] 50 GWP, respiratory inorganics potential, non-renewable energy potential,
waste framework directive

Vitale P. [24] 50 Respiratory inorganics, GWP, non-renewable energy

Balasbaneh A.T. [25] 50 GWP, human toxicity, acidification, eutrophication, LCC, labor wage rate,
job creation

According to ISO 15686-1, “Service life is the period of time after construction, in which a building
and its parts meet or exceed the acceptable minimum requirements of performance established” [26].
The service life of building components largely depends on the materials’ properties, damage
mechanisms, environment and quality of design, and work execution. This study aims to estimate the
service life of buildings and building components and expected replacement intervals of non-structural
components, and to assess the impact of this service life on life cycle environmental performance
of buildings.

1.1. Service Life Estimation

Service life (SL) estimation of buildings is quite a complicated process that involves intensive data
analysis as there is no proto-type in buildings. Each building is unique in its composition, material
specification and architectural and structural design. Therefore, the SL estimation cannot be generalized
and needs to be carried out on a component to component basis. Construction materials have different
properties and damage mechanisms and behave differently in different climates. User requirements,
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degradation agents, and building performance against these agents are important factors to consider
for service life planning [27]. The state-of-the-art report on performance-based methods on service
life prediction states that “Prediction of durability is subject to many variables and cannot be an exact
science” [28]. Therefore, efforts should be made to achieve the most likely estimate by considering the
most reliable data sources.

SL prediction methods should be generalized, easy to apply to a variety of materials, user friendly
and give clear boundary limitations [29]. SL was first studied by Legget and Hutcheon in 1958.
However, SL estimation has been under the limelight since the 1990s by different standard institutes.
The Guidelines for Service Life Planning were first published by the Architectural Institute of Japan
(AIJ) in 1989 followed by British Standard Institute (BSI) in 1992 and Canadian Standards Association
(CSA) in 1995. International standard organizations (ISO) published ISO 15686-1, Building and
constructed assets—Service Life Planning—Part 1 in 2000 [30]. A series of publications on ISO 15686
were published afterwards, covering different aspects and procedures of service life predictions.

Service life can be estimated by deterministic, engineering and probabilistic methods.
The probabilistic method is the research approach considering degradation probability of a building
during a prescribed time. The deterministic method is a simple approach utilizing factors influencing
the degradation of a building under certain conditions. The factor method, described in standard,
ISO 15686-2 [31], is the well-known deterministic approach. Engineering methods lie somewhere
in between deterministic and probabilistic methods. Engineering methods are easy, and use the
time-based degradation mechanism for interpretation [32]. SL estimation needs a wide range of data
from different sources and under different conditions. These information resources may be existing
building data, information collected by surveys, manufacturer data, service life modelling, insurance
companies and real estate data, and expert opinion [33]. The engineering approach depends on
structural properties of materials, loading conditions, chemical composition, and damage mechanisms
in a buildings’ life time. However, there is a huge variety of chemical compositions in materials,
degradation in different environments, and variable human influences, to treat all materials just
the same. Accelerated life tests carried out on building components to predict SL give reasonably
accurate results. It is still a big challenge to depict the realistic conditions for life tests. In addition,
the accelerated tests are quite expensive. There are also some other approaches to predict SL by
considering service life models and obsolescence factors [1,34]. This method can be used for existing
buildings or to be built buildings with the same material. This method requires empirical data that
cannot be collected for innovative materials. Acquiring data for service life models and time constraint
can pose a challenge for the SL prediction approach.

The factor method is the deterministic method that uses seven factors to predict the service life
behavior of the building in different climatic conditions and geographic locations. The factor method
uses reference service life (RSL) of a building component as a baseline and seven factors to modify the
RSL to estimated service life (ESL). The service life estimation is different from service life prediction
in the sense that the first is meant for particular conditions, and the second is recorded performance
over a prescribed time or referenced SL [30,35]. The factor method helps to estimate service life of
building and building components using Equation (1) [30].

ESL = RSL × A × B × C × D × E × F × G, (1)

where,

ESL = Estimated service life of building components
RSL = Reference service life of building components
Factor A = Quality of components including manufacturing, storage, transport and protective
coating etc.
Factor B = Design level including incorporation, sheltering by rest of structure and surrounding buildings
Factor C = Work execution level, site management, workmanship level, weather condition during work
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Factor D = Indoor environment conditions, humidity, ventilation, and condensation etc.
Factor E = Outdoor environment, microenvironmental conditions, weathering factors, building
elevation etc.
Factor F = In-use conditions, mechanical impact, wear and tear, category user etc.
Factor G = Maintenance level, quality and frequency.

The method incorporates the material behavior, human involvement and degradation mechanism
to interpret the ESL. The factor method is flexible, and it considers the combined effect of different
deteriorating factors. The method needs judgement of factors as protective or deteriorating and
requires fair and definite limitations on factors to avoid complexity [36]. Reliable data is required for
the RSL and factors for each building component. The availability of data and reliability of data sources
play an important role in SL estimation. The data sources may be manufacturers of building products,
test laboratories, government agencies reports, existing studies etc., [37]. The most challenging issue
in SL estimation is how to use effectively the available data to predict the SL of a structure that is
to be built. In this study, the service life was estimated for most likely values (±5 years) using the
factor method.

1.2. Environmental Life Cycle Assessment

The environmental life cycle assessment (ELCA), frequently known as life cycle assessment is a
comprehensive tool to assess the environmental impacts of a product or system or service, in pre-use,
use, and post-use stages [38]. The ELCA was studied for the first time in the 1960s and up until the
1970s, it was used only to compare the packaging options of consumer goods. In 1969, the Midwest
Research Institute conducted a study on LCA for a Coca Cola Company for different types of beverage
containers [39]. The studies in this period revolved around policy making and enterprises with a focus
on solid wastes, energy consumption, and air pollutant impacts. In the 1990s, SETAC, conducted
various workshops and published the first code of practice for life cycle assessment in 1993 [40].
Afterwards, the international standards organization (ISO), was involved actively and published
generalized procedures and methods for LCA in ISO 14040-44 in 1997–2000 [38].

In the construction sector, ELCA was first applied in 1980s by Bekker to study the environmental
implications of the use of renewable resources in buildings [41]. ELCA was used in buildings to assess
the environmental impacts of construction materials and is a credible solution to compare material
sustainability [42–45]. Now, the ELCA covers a wide range of areas from building materials (i.e.,
bricks, cement etc.) to urban planning [46]. The life cycle stages that are usually considered from
life cycle assessment of buildings and building components include pre-construction, construction,
use and end of life stages. Environmental product declarations (EPDs) involved the use of LCA to
estimate environmental impacts for environmental declaration purposes for certification purposes [47].
ELCA helps to improve the performance of building in its entire life span by first identifying hotspots
and then by applying mitigation strategies [47,48]. However, the system boundaries, functional units
and scope definition are unique for each building LCA study, resulting in variation in results among
studies [49–51].

Environmental performance of buildings is also defined as a quantified relationship between
occupant’s comfort level and environmental impacts [52–54]. Embodied and operational impacts
are usually two main categories of environmental impacts. Embodied impacts are static and further
divided into pre-use embodied impacts and replacement embodied impacts [6]. Pre-use embodied
impacts are the impacts due to extraction, manufacturing and construction of buildings and
replacement embodied impacts are a result of renovations, replacements and maintenance in the
active service life of buildings. The operational or use stage impacts are dynamic in nature and occur
in the service life of building [55,56]. Better building performance can be achieved by considering
factors including material selection, construction techniques, cost factors, and cleaner production
strategies (CPS).

99



Buildings 2019, 9, 9

Whilst Australia accounts for only 0.32% of the world’s population, its per capita GHG emission is
extremely high compared to countries with similar economies (UK, Mexico, South Korea) i.e., 26 tonnes
GHG emissions per capita per year as opposed to 13 tonnes per capita GHG emissions for South
Korea, 10 tonnes per capita GHG emissions for UK and 20.3 tonnes per capita GHG emissions for
Canada [57]. Australia is the second driest continent after Antarctica [58]. The annual rainfall is
highly variable and central Australia is mostly arid with only 6% arable land in coastal areas [59].
Water is the most precious commodity and its scarcity is covered by desalination of sea water [60–62].
Water mapping in the construction industry helped to identify need for reducing the life cycle water
demand/footprint of buildings by using renewable resources. In addition, Australia’s per capita waste
generation is 2.6 tonnes per year as compared to 0.706 tonne per capita per year for US, out of which
0.8 tonnes per capita per year is construction and demolition waste [63]. Therefore, these two issues
are inevitable for assessment of the environmental impacts of building and construction industry at
the planning stage of buildings using an ELCA to discern strategies to avoid these environmental
consequences. This study thus considered these impact categories, including cumulative energy
demand, GHG emissions, water consumption and land use to assess the environmental performance
of buildings.

2. Method

This study focuses on the impact of service life on environmental performance of buildings.
The methodology consists of four main steps (Figure 1). Step 1: Twelve residential buildings were
selected. All specifications of the buildings including the architectural design, covered area, orientation,
and utility were the same except for the difference in building materials. The residential buildings
were modelled using three main systems of roof, wall and footing.

 

•Selection Of Building
Step 1

•Estimation of Service Life of Building and 
Building Components

Step 2

•Selection of Environmental Indicators
•Environmental Life Cycle Assessment

Step 3

•Assessment of ELCA results on annual 
basis

Step 4

Figure 1. Building environmental performance assessment procedure.

The roof system comprised of roof cladding, roof frame, and suspended ceiling. The wall system
comprised of exterior render, wall frame and interior plaster and the footing system comprised of
footing slab and flooring. The variation in buildings was created only in materials of structural
components. The materials for non-structural components were unchanged as replacements for these
components are considered easy and does not affect the service life of the whole building. Two types
of roof frames, two wall frames and three types of slab footings, resulted in 12 combinations of
buildings (Table 2) and a conventional building named Building-50 composed of a timber roof frame,
double brick walls and conventional concrete was considered as a reference case for comparison with
the aforementioned 12 buildings.

100



Buildings 2019, 9, 9

Table 2. Building components of building combinations and the reference building.

Building
Building

Specifications

Building Components

Roof Frames Wall Frames Slab Footing

Building-50 TF-DB-CC Timber frame Double Brick Conventional concrete
1 TF-CB-CC Timber frame Concrete Block Conventional concrete
2 TF-CB-FAGC Timber frame Concrete Block 30% FA Green concrete
3 TF-CB-GGBFS Timber frame Concrete Block 30% GGBFS Green concrete
4 TF-DB-CC Timber frame Double Brick Conventional concrete
5 TF-DB-FAGC Timber frame Double Brick 30% FA Green concrete
6 TF-DB-GGBFS Timber frame Double Brick 30% GGBFS Green concrete
7 SF-CB-CC Steel Frame Concrete Block Conventional concrete
8 SF-CB-FAGC Steel Frame Concrete Block 30% FA Green concrete
9 SF-CB-GGBFS Steel Frame Concrete Block 30% GGBFS Green concrete
10 SF-DB-CC Steel Frame Double Brick Conventional concrete
11 SF-DB-FAGC Steel Frame Double Brick 30% FA Green concrete
12 SF-DB-GGBFS Steel Frame Double Brick 30% GGBFS Green concrete

Step 2: The service life of each building component was estimated using the factor method [37].
The service life of a system was taken as the service life of structural components i.e., ESL of the roof
system was the value of service life for the roof frame. The least value of service life among building
systems i.e., roof system, wall system and footing system, was taken as the estimated service life of the
building [3]. The service life estimation of components was required, not only to determine the service
life of the whole building, but also, to find the replacement intervals of non-structural components
during the service life of a building. The service life of a reference building, Building-50 was assumed
50 years based on a literature review (Table 1).

Step 3: The indicators for environmental objective were selected by consulting existing studies.
ELCA of the building was carried out as per ISO 14040-44 [38]. A quantitative life cycle inventory for
building materials and transportation was compiled for construction, the subsequent replacements and
demolishing activities. The ELCA considered a cradle to grave approach including pre-use (mining
to material, transport of material to site and construction), use, post-use (demolition and disposal)
and replacement (replacement of building components throughout the active service life of building)
stages. ELCA software, SimaPro 8.4 [64], was used to determine the environmental indicators for
impact categories of energy, GHG emissions, water consumption and land use.

Step 4: The impact values were presented on an annual basis for a service life of a building as
estimated in the second step in order to investigate the impact of SL on environmental performance
of buildings.

3. Case Studies

A typical house of four bedrooms and two bathrooms, with a covered area of 245.5 m2 located in
Perth WA, was selected for the case study. Twelve building combinations were created based on the
roof, wall and footing systems, keeping architectural design, orientation, location and covered area
constant (Table 2).
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Each of the roof, wall and footing systems was modelled using structural and non-structural
building components. Only the non-structural components were selected, that resulted in costly
replacements and provided a thermal envelope to the building. However, this aspect of the building
enveloping components will be assessed in future study. The roof system included two types of roof
assemblies: TF—timber roof frame, terracotta tiles and gypsum board ceiling; and SF—steel roof
frame, terracotta tiles and gypsum board ceiling. The wall system consisted of two types of wall
assemblies: DB—double brick wall and interior plaster; and CB—concrete block wall, exterior render
and interior plaster.

The footing system comprised of on-grade slab footing and ceramic tile flooring with three
types of concrete mixes: CC—conventional concrete; 30% FA—Green concrete with 30% replacement
of Ordinary Portland Cement (OPC) by class F fly ash; 30% GGBFS—Green concrete with 30%
replacement of OPC by ground granulated blast furnace slag (GGBFS). The building systems were
developed based on the most commonly used materials, in Western Australia with a design life of
50 years as proposed by National Building Codes. A conventional residential building with a timber
roof, double brick walls and conventional concrete slab footing and 50-year service life was used as
the reference building, Building-50.

A thorough study was conducted to collect the service life data of the building components
used in the case study. Based on the gathered information, ranking criteria were set for each factor,
to get most likely values (ESL ± 5 years) of ESL (Table 3). Factor A, B, C, E, G were assigned ranking
values from 1.1 to 0.9 [37], and Factor D, F were not considered in the study as these are dependent on
occupant behavior and vary greatly. These factors were assigned a value of 1.0 in service life estimation
equation. The factor values were reduced to increase the confidence level as compared to previously
used values to test the sustainability framework for Building 1 and 2 [65].

The manufacturer data, life expectancy databases of building components and existing case
studies were used as data sources for RSL. The manufacturer’s technical data sheets were consulted to
set the component quality. The factor B values were assigned by considering commonly used practices
in building design in Western Australia. Building commission WA annual reports were consulted
to estimate the construction works execution level. The climatic conditions, reports of Bureau of
Meteorology Western Australia, and inspection reports of residential buildings were considered for
weighting outdoor climatic conditions and subsequent effect on the building components.

The life cycle assessment software SimaPro 8.4 was used to assess the environmental impacts of
buildings with a grave to cradle approach. Materials required for each building were estimated for
building construction and successive replacements. The transportation distances were calculated for
nearest available materials retailers and manufacturers. The energy consumption during the use stage
was estimated for thermal comfort, hot water, lighting and home appliances. AccuRate sustainability
software [66] was used to estimate the annual cooling, heating, and hot water demand. The life
cycle inventories for materials, energy consumption and transportation distances were compiled to
incorporate in the SimaPro (Tables A1–A5). Table 4 shows the environmental impact categories, impact
indicators and methods used to assess the environmental impacts. These impact indicators were
selected based on literature review and relevance to the scope of the study.

Table 4. Environmental Impact indicators.

Impact Category Impact Indicators Impact Assessment Methods

Energy Cumulative energy demand Cumulative Energy Demand V1.09
GHG emissions Life cycle GHG emissions IPCC 2013 GWP 100a V1.02

Land use Land use Ecological footprints Australian V1.00
Water consumption Resource depletion Pfister et al. 2009 (Eco-indicator 99) V1.02
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4. Results and Discussion

4.1. Estimated Service Life

The ESL of buildings and building components are presented in Table 5. The service life
estimation shows that due to the large variation in service life of building components, enough life of
building components is compromised. Approximately, 20% to 35% of ESL of structural components of
12 buildings, studied in this paper, is wasted. In buildings 4–7, the wall system has 82 years ESL that
is 30.5% more than the ESL of the building. In buildings 10–12, the wall and roof systems both have
higher ESL values than the footing system. In buildings 7–9, the roof system has a high ESL value
compared to the wall and footing systems.

Table 5. Estimated service life of building systems and buildings.

Service Life
(Years)

TF-CB-CC
TF-CB-
FAGC

TF-CB-
GGBFS

TF-DB-CC
TF-DB-
FAGC

TF-DB-
GGBFS

SF-CB-CC
SF-CB-
FAGC

SF-CB
-GGBFS

SF-DB-
CC

SF-DB-
FAGC

SF-DB-
GGBFS

1. 2. 3. 4. 5. 6. 7. 8. 9. 10. 11. 12.

Roof System 57 57 57 57 57 57 86 86 86 86 86 86
Wall System 65 65 65 82 82 82 65 65 65 82 82 82
Footing
System 57 66 69 57 66 69 57 66 69 57 66 69

Building 57 57 57 57 57 57 57 65 65 57 66 69

In building combinations 1–3, all the three systems have comparable ESLs that makes these the
combinations with less material wastage at the post-use stage.

Based on the ESL of building components, the replacements of each building component in
the ESL of buildings are specified. These ESLs are calculated conservatively considering that the
components maintenance is carried out, strictly on schedule as described by the manufacturer or
designer. No replacement is considered in the study for the building components within a range
of ±5 years of the ESL of buildings [37]. This difference is assumed to be covered by maintenance.
The ceramic floor tiles have an ESL of 52 years. As the ESL of ceramic tiles is within a range of ±5 years
of the ESL of buildings 1–7 and 10, therefore, no replacement for ceramic tiles is suggested in the
study. However, in buildings 8–9 and 11–12, one replacement of the ceramic floor tiles is considered.
One replacement for terracotta tiles is considered for all buildings. The ESL of gypsum board ceiling
needs to be replaced once in the ESL of buildings 1–7, 10 and twice in buildings 8–9, and 11–12.
However, exterior rendering and interior plaster of walls need regular replacements after 15 and
26 years respectively, to maintain the aesthetic looks of buildings and to strengthen the concrete block
wall against its inherent porous structure. Figure 2 shows the total ESL of building components at
post-use stage including replacements. The red line shows the ESL of building and above this line is
the remaining ESL of building components at the post-use stage. The remaining ESL is the duration
for which a component is still in serviceable condition at the time of demolition of the building.
The remaining life for structural components is the ESL of the component, however, the remaining
life for non-structural components is calculated by multiplying the ESL of building components
with number of replacements and subtracting from the ESL of building. The estimated number of
replacements and remaining service life of building components is presented in Tables A6 and A7 in
Appendix A section. The study has shown that the lowest remaining life of building components at
post-use stage (end of life of building), results in better environmental performance of building, due to
reduced material wastage to landfill.
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4.2. Cumulative Energy Demand

The cumulative energy demand (CED) is calculated on an annual basis to study the impact
of service life on the environmental performance of buildings. The CED ranges from 97.799 to
101.813 GJ/year for 12 buildings. The CED is the highest in use stage with a value of 82.634 GJ/year
and uniform in each case as no CPS is applied to buildings. The pre-use CED values are highest after
the use stage due to energy consumed in extraction of raw materials, manufacturing of materials,
transportation to site and construction activities. The replacement stage is the third main contributor
to the CED of buildings (range from 2.02 to 3.73 GJ/year for 12 buildings), due to constant addition of
embodied energy of replaced building components, at regular intervals (Table A6) during building
service life. The post-use CED is negligible, as demolition and disposal of demolition waste to landfill
ranges from 0.98 to 1.27 GJ/year for 12 buildings (1% of total energy demand) [4,67].

Figure 3 shows that CED is the lowest for building 8 (SF-CB-FAGC) with an ESL of 65 years
i.e., 4.23% lower than the conventional Building-50 (TF-DB-CC) due to its longer ESL and the use
of green concrete (OPC replaced by 30% FA). Similarly, the CED of building 9 (SF-CB-GGBFS)
is 4.08% lower than Building-50, also mainly due to longer ESL. Buildings 4 (TF-DB-CC),
5 (TF-DB-FAGC), 6 (TF-DB-GGBFS) and building 10 (SF-DB-CC) have almost the same CED as
Building-50 (102.118 GJ/year) with negligible differences between 0.37% and 0.63% owing to relatively
shorter ESL than buildings 8–9, 11–12, and also because of the use of energy intensive structural
material (e.g., double brick wall).
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Figure 3. Cumulative Energy Demand per year per building, for 12 buildings and Building-50.
(Use stage is omitted in the graph as the use-stage CED value 82.634 GJ/year is uniform in all cases
and if plotted on same scale, other stages due to low values cannot be presented properly).

The longer ESL of building 12 (SF-DB-FAGC) and 11 (SF-DB-GGBFS) with ESL of 69 and 66 years,
has reduced the share of pre-use energy consumption in comparison to buildings 4–6 and 10 that are
composed of energy intensive brick walls and have an ESL of 57 years. Building 9 has the lowest
energy demand in pre-use and post-use stage due to having low energy intensive concrete block wall
and ESL of 65 years reducing per year share of CED of the building.
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In the replacement stage, buildings with concrete block wall (1–3, 7–9) have high replacement
embodied energy due to frequent replacements of energy intensive rendering and plastering.
In buildings 8–9, the replacement embodied energies are highest due to ceramic tiles replacement in
addition to rendering and plastering (Figure 2). Similarly, buildings 4–6, 10 with double brick walls
have low replacement embodied energy as only interior plastering is replaced at a regular interval
of 26 years (Table A6). Buildings 11 and 12, with longer ESL, have slightly higher replacement stage
embodied energy due to replacement of ceramic tiles.

Although replacement embodied energy is higher in some buildings, the longer ESL of buildings
reduces the impact of replacement embodied energy, as in buildings 8–9. In some cases, the use
of energy intensive structural building components in fact reduced the overall CED of buildings.
The steel frame roof is an energy intensive material, but its use had indirectly reduced the annual CED
by increasing ESL of building combinations 8–9 and 11–12.

The results of this study were compared with similar studies in WA. Lawania and Biswas [68],
estimated the annual CED for residential buildings across Western Australia showed slightly higher
CED (138 GJ/year), which this value varies between 97.8 and 101.81 GJ/year under this current
study. This variation happened due to the fact that Lawania and Biswas had used 18 different climatic
locations and also one service life of 50 years was considered. In other studies of residential buildings
that considered the embodied energy of building components replaced during ESL, embodied energy
was found to increase by 20% to 40% due to increase of service life from 50 to 100 years [4,69,70]. Similar
results were found for some buildings (buildings 8–9, 11–12) in the current study, where longer ESL
had in fact increased the CED by 17% to 33% due to replacement of building components during ESL.

4.3. GHG Emissions

The GHG emissions in 12 buildings vary from 11.383 to 11.49 t CO2 eq. The GHG emissions
are highest in use stage with a value of 9.918 t CO2 eq/year and uniform for all buildings like CED
assessment due to use of electricity that is predominantly generated from fossil fuels (49% black
coal and 36% gas) in WA [71]. The pre-use GHG emissions are highest after the use stage due to
fossil fuel consumptions in extraction and manufacturing of materials, transportation of materials
to site and construction equipment. The replacement stage is the third main contributor to the GHG
emissions of buildings, due to the addition of the materials to building during ESL. The post-use CED
is negligible as the demolition and disposal of demolition waste to landfill consumes only 1% of the
total energy [4,67].

Building-50 (reference building) with a 50-year ESL, has annual GHG emissions of
11.455 t CO2 eq/year, despite the absence of the replacement stage. Annual GHG emissions for
building 2 (TF-CB-FAGC) with an ESL of 57-years, are the lowest among all the building combinations
(i.e., 0.626% less than Building-50) due to use of low carbon intensive materials (timber, concrete blocks),
less replacements of non-structural components (rendering, plastering) and most importantly due to
having a similar ESL of building components as the whole building. These design specifications result
in lower wastage of material or embodied energy at the post-use stage. Building 10 (SF-DB-CC) with
an ESL of 57 years has the highest GHG emissions per year of 11.49 t CO2 eq/year (i.e., 0.308% higher
than Building 50) due to shorter ESL and use of energy intensive structural components (double brick
wall, steel frame roof) with ESL longer than building ESL. It is worth mentioning that the building
components with longer ESL than the whole building remains unused after the end of life demolition
and disposal stage and are being considered as wastes.

Figure 4 shows that the double brick buildings 4 (TF-DB-CC), 5 (TF-DB-FAGC), 6 (TF-DB-GGBFS),
and 10 (SF-DB-CC) have high pre-use stage annual GHG emissions of 1.265, 1.218, 1.230,
and 1.279 t CO2 eq/year, than Building-50, with 1.443 t CO2 eq/year annual GHG emissions due to
relatively longer ESL of 57 years and also due to use of energy intensive structural components i.e.,
brick walls (buildings 4–6, 10) and steel frame roof (building 10) with longer ESL (Figure 2) that is
wasted to landfill at the post-use stage.
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Figure 4. Life cycle greenhouse gas (GHG) emissions per year per building for 12 buildings and
Building-50. (Use stage is omitted in the graph as the use-stage GHG value 9.918 t CO2 eq/year
is uniform in all cases and if plotted on same scale, other stages due to low values cannot be
presented properly).

The GHG emissions associated with the replacement of components during the active service life
are highest for building 8 (SF-CB-FAGC) and 9 (SF-CB-GGBFS) with a value of 0.587 t CO2 eq/year.
The reason for high replacement GHG emissions in these buildings is the use of carbon intensive
ceramic tiles (13.07 t CO2 eq) and rendering processes (10.56 t CO2 eq). Additionally, the replaced
ceramic tiles were not fully utilized as the ESL of buildings 8 and 9 expired at the 33% ESL of ceramic
tile and therefore this valuable material was disposed along with other building materials into the
landfill. The recovery of this carbon intensive material thus needs to be considered for use in similar
applications during its remaining life (i.e., 67% of ESL). In addition, the rendering used large amounts
of carbon intensive OPC (Ordinary Portland Cement). Nonetheless, due to the porous nature of
concrete blocks, rendering or an alternative process is required to provide coverage to concrete blocks,
which in fact increased the overall energy consumption as well as the GHG emissions.

Annual GHG emissions for case study buildings in the current study vary between 10.957 and
11.49 t CO2 eq/year and is slightly higher than Lawania and Biswas [68,72] (9.4 t CO2 eq/year). This is
mainly due to differences in parameters like service life and climatic conditions affecting use stage
GHG emissions. In a study by Carre A. [11] for Australian houses with a 50-year service life, pre-use
GHG emissions (0.908 t CO2 eq/year) are similar to current study (0.859 to 1.279 t CO2 eq/year).

4.4. Land Use

Land use impact is the highest in the use stage (1.353 Ha_a/year) as standard energy input is
used for all buildings without considering any greener choices such as wind mills, solar panels etc.
The land use in the pre-use stage is the highest after the use stage as it is the summation of all land
utilized during the extraction of raw materials, manufacturing of materials, transportation to site and
construction equipment, followed by the replacement stage. The post-use stage land utilization is
negligible as only energy consumption for the demolition and disposal of demolition waste to landfill
is assessed for the study.

Figure 5 shows that the building 4 (TF-DB-CC) has the highest land use impact of 1.583 Ha_a
(actual hectare) per year due to the timber frame roof (material acquired by plants) and shorter ESL.
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Building 12 (SF-DB-GGBFS) has the lowest impact with a value of 1.558 Ha_a/year. The longer ESL
of building 12 and use of industrial by-products like GGBFS [11] has contributed to the lower land
use impact.
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Figure 5. Life cycle land use per year per building for 12 buildings and Building-50. (Use stage is
omitted in the graph as the use-stage Land use value 1.353 Ha_a/year is uniform in all cases and if
plotted on same scale, other stages due to low values cannot be presented properly).

Building 4 (TF-DB-CC), 5 (TF-DB-FAGC), and 6 (TF-DB-GGBFS) have the highest land use in the
pre-use and post-use stages among 12 buildings, due to the increased amount of land requirement
associated with the production of a timber frame roof, and also because these materials have short
ESL meaning that more land is required to make these materials to meet the demand for replacement.
The land use impact for replacement stage is higher for buildings 8 and 9 with 65-year ESL, as more
energy and carbon intensive materials (e.g., ceramic tiles, rendering, plastering) requiring more space
for mining, processing and manufacturing are replaced during this long ESL (Figure 2). Replaced
building components in buildings 8 and 9 have about 33% to 60% of the remaining life at the end of
the building service life (Figure 2).

The building with components with similar ESLs to the whole building ESL generate less waste
which means the diversion of waste from landfill or residue area, thus conserving land or reducing
the land footprint. From the ecological footprint point of view, the buildings with a timber roof and
double brick wall frame have higher impacts than building with building components of industrial
material on an annual basis, which is consistent with the existing study of Allacker et al. [73]. In the
post-use stage, ceramic tiles and rendering have the highest impacts as these materials are disposed of
before their ESL was finished.

4.5. Water Consumption

Life time water consumption by case study buildings is calculated in terms of damage to resources.
The resource depletion is the minimum time step to assess the water resource depletion in areas like
Western Australia with fixed annual precipitation cycle [60].

Resource depletion is the highest in the use stage due to high water consumption in electricity
generation [74]. The resource depletion in the pre-use stage is the second highest in buildings due
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to water consumption mainly in the extraction of materials and manufacturing processes. In the
pre-use stage, onsite water consumption (construction works) is negligible (0.1%) as compared to
upstream processing of materials. The replacement stage is contributing as the third major stage due to
building component replacements. Like CED, GHG emissions and land use, the post-use stage has the
least water footprint due to consideration of only demolition of buildings and transportation energy
consumption to dispose of these wastes to landfill.

Figure 6 shows that the annual resource depletion is the highest for building 8 (SF-CB-GGBFS) due
to use of industrial materials (steel frame, concrete block, rendering and interior plaster). The resource
depletion is lowest for Building-50 as no replacement is considered for Building-50 and it has a brick
wall and timber frame roof that are less water consuming materials. In the case study buildings,
building 5 (TF-DB-FAGC) has slightly higher water demand as compared to the reference building
(Building-50) mainly because of replacements and an ESL of 57 years.
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Figure 6. Life cycle resource depletion per year per building for 12 buildings and Building-50.

For pre-use stages, building 7 has the highest water footprint of 16.484 MJ surplus/year due to
a shorter ESL and use of building components of industrial materials. The lowest water footprint
in pre-use stage is for building 12 (SF-DB-GGBFS) with longer ESL and structural components like
brick, green concrete, that have lower water demand and decreased overall water consumption
by building [75,76]. In concrete block wall buildings (building 1 (TF-CB-CC), 2 (TF-CB-FAGC),
3 (TF-CB-GGBFS)), water consumption in concrete block and plaster production, as well as the
rendering process and their shorter ESL, are the main contributing factors for water footprint [75].
In the replacement stage, the concrete block wall and steel frame roof in buildings 8 (SF-CB-FAGC)
and 9 (SF-CB-GGBFS) with 65-year ESL have the highest mineral resource depletion due to frequent
replacements of rendering, interior plaster and water intensive ceramic tiles.
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5. Conclusions

This study used the life cycle assessment procedure (ISO 14040-44) [38] and factor method
(ISO 15686-2) [31,37], to determine the impact of service life on the environmental performance of
buildings. The service life of a building and building components have a direct relationship with
environmental performance of building. Estimation of replacements intervals is important in the
environmental life cycle assessment of buildings, as these are the third main contributing stage to
environmental impacts, after use and pre-use stage. The cumulative energy demand for building
8 (SF-CB-FAGC) is 97.779 GJ/year, 4.23% lower than the reference building, due to the ESL of 65 years.
The GHG emissions for building 2 (TF-CB-FAGC) is 11.383 t CO2 eq/year, the lowest among the case
study buildings, due to use of structural components with a comparatively similar service life as
ESL of buildings. The land use for building 12 (SF-DB-GGBFS) is 1.558 Ha_a, the lowest among case
study buildings (0.96% lower than reference building), due to longer ESL and the use of industrial
by-products which reduces land use for residue storage. Building 5 (TF-DB-FAGC) has the lowest water
footprint (39.915 MJ Surplus/year) amongst case study buildings (2.827% higher than the reference
building), due to use of timber and brick.

This study showed that buildings 1–12 have better performance than Building-50 for CED,
and buildings 1–3, 5–9 and 11–12 have lower GHG emissions than Building-50. In the land use impact
category, buildings 1–3 and 5–12 have lower land use. However, the water footprint results are slightly
different than CED, GHG and land use. Building-50 has the lowest water demand as compared to the
12 case study buildings.

Current research shows that building environmental performance is dependent on building
component’s materials and ESL, and the way these components are modeled into building. The use of
industrial byproducts (concrete blocks, steel) could enhance performance for land use, while building
materials like timber and brick have a better water footprint. Industrial byproducts (FA) have lower
environmental impact for all indicators considered in this research. The service life of buildings
and building components affect the environmental performance of buildings. The use of alternative,
eco-friendly strategies in buildings like grey water, green concrete, renewable resources are effective
only if these are aligned with building service life. Longevity of the service life of buildings can
produce sustainable outcomes, if all of the building component’s service life is nearest to the building’s
service life, which causes fewer replacements, as well as the GHG emissions from the transportation of
waste during the post-use stage.
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Abstract: Public transport can discourage individual car usage as a life-cycle asset management
strategy towards carbon neutrality. An effective public transport system contributes greatly to the
wider goal of a sustainable built environment, provided the critical transit system attributes are
measured and addressed to (continue to) improve commuter uptake of public systems by residents
living and working in local communities. Travel data from intra-city travellers can advise discrete
policy recommendations based on a residential area or development’s public transport demand.
Commuter segments related to travelling frequency, satisfaction from service level, and its value
for money are evaluated to extract econometric models/association rules. A data mining algorithm
with minimum confidence, support, interest, syntactic constraints and meaningfulness measure as
inputs is designed to exploit a large set of 31 variables collected for 1,520 respondents, generating 72
models. This methodology presents an alternative to multivariate analyses to find correlations in
bigger databases of categorical variables. Results here augment literature by highlighting traveller
perceptions related to frequency of buses, journey time, and capacity, as a net positive effect of
frequent buses operating on rapid transit routes. Policymakers can address public transport uptake
through service frequency variation during peak-hours with resultant reduced car dependence apt to
reduce induced life-cycle environmental burdens of buildings by altering residents’ mode choices,
and a potential design change of buildings towards a public transit-based, compact, and shared space
urban built environment.

Keywords: sustainable-development; life-cycle social analysis; public-engagement; modal-variability;
transit-policy; work-commute; travel-satisfaction

1. Introduction

Municipal residential areas and new developments are often marked by economic growth and
high population density, where respective higher environmental emissions affect the air quality [1,2].
Indeed, the high private automobile traffic in the established residential areas affects the structural
integrity of buildings in such developments [3] with knock-on negative impact on the residents [4].
Similarly, sustainable development and the creation and maintenance of a built environment necessarily
requires measures of construction material transportation [5,6]. For example, studies have shown that
for a building element such as roofing, a sizable proportion of a built asset’s life-cycle assessment
(LCA) relates explicitly to transportation which has been measured to contribute 10% to a residency’s
new-build/building-renovation’s overall carbon footprint within a LCA system boundary covering
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the entire life-cycle of building-product usage [7,8]. Built environment development whole-costs are
similarly affected by community transportation links; locations affect life-cycle costs with congestion
apt to delay resources deliveries and often result in vehicle damage across respective congested
transportation routes [9].

Regional constraints notwithstanding, mass-transit system plans are generally developed by
municipal and transportation agencies to reduce ever-increasing traffic congestion on road networks
by affecting mode choices of building residents [10]. These plans are simultaneously targeted as
being environmentally conservative for the existing municipal residential areas or any upcoming
residential developments in the region. The implication of adequate public transport accessibility and
reduced reliance on private automobile usage towards sustainable residential areas; e.g., compact
neighbourhoods, walking habits of residents, urbanisation and shared-space designs, construction
of shops and other facilities in buildings and neighbourhoods is abundant in the literature [11,12].
Jabareen [13] further include sustainable transport as one of the key design concepts of sustainable
building and urban design plans. Other researchers, such as Zimring, Joseph [14] and Cervero [15]
propose that sustainable residential built environments, transport systems and urban forms should be
designed so as to promote sustainable modes of transport, e.g., public transport, and devise policies to
discourage individual car usage, among building residents.

On the other hand, transportation researchers such as de Luca [16] and Leyden, Slevin [17] argue
that planning and provision of any (public) transport system is largely “flawed” as alternatives and
policies are prioritised subjectively by decision-makers alone, with very little public engagement
from local building occupants or consultation at the initial stages. Often public feedback generated
is neglected or only marginally used to improve the existing system, which is argued by above
literature to significantly increase the risk of implementing a public transport service and an overall
transportation system incoherent with public expectations. This may lead to higher private automobile
dependence among the building residents of any municipal area, causing heavy traffic congestions on
road networks adjacent to these residential buildings [18]. In addition to disrupting the supply-chain
by delaying construction material transport for new buildings or haulage of disposal material from
demolished buildings in the area, traffic congestions can result in increased cost and environmental
burdens depending upon the traffic load and transport system typology. For example, in case of
high traffic volume roads, around 95% emissions are traffic-related [19], while Stephan, Crawford [20]
showed that the residents’ daily commute energy load for Belgian passive (i.e., energy-efficient)
houses was approximately 27% of the entire life-cycle energy burdens of these passive houses.
Stephan, Crawford [20] also proposed that the transport energy of these residents may be reduced by
approximately 31%, provided a shift in mode use occurs from private vehicle transport in favour of
public transport, corresponding to a reduction of 8.4% in the houses’ life-cycle energy consumption.
Since environmental impact assessment rating tools for buildings, such as the United States Green
Building’s Leadership in Energy and Environmental Design (LEED) system, also include the residents’
daily commute energy and environmental load as an integral part of the total life-cycle burden of the
buildings due to the building-induced impacts (more in Section 2.2), therefore, in order to reduce the
overall life-cycle impact of buildings, the mode choice redistribution in favour of public transport
should be researched [10,18].

In mode use redistribution or diversion research, Diana [21] and De Vos, Mokhtarian [22] suggest
that traveller expectations influence commuter satisfaction, which ultimately influences the variation in
their ridership preference over time (public vs. private transit), hereby referred to as modal variability.
Establishing the satisfaction of an individual traveller may be difficult, aligning satisfaction with travel
patterns of daily commuters is important for municipal policymakers aiming to influence mode choice
and travel survey datasets are used for this purpose by building [23] and transport [24] researchers
alike. However, the presence of large quantities of variables in the travel dataset complicates the
pattern discovery process of deducing the potential for commuter mode choice diversion in favour
of public transport [25] and optimising the consumer mode choice – satisfaction dynamics. Golob and
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Hensher [26] and Diana and Pronello [27] maintain that although the patterns in large categorical
variable sets may be discovered to some extent through multiple correspondence analysis, scatter plots
and cross-tabulation techniques, such methods are fairly limited when many variables are to be jointly
considered. Limitations of frameworks only applying these statistical analyses to study travel survey
datasets can thus be avoided by data mining [28,29] through its potential to handle a large number of
interrelated variables [30].

This study is part of a larger project that aims to deliver a multi-criteria decision-making
framework towards the objective of sustainable cities and future green buildings served by a connected
and sustainable road transportation system that meets commute demands of building residents.
The proposed framework consists of: social aspect of government and user stakeholders’ demands [31],
life-cycle cost and environmental in/outflows [32]. In Hasan, Whyte [33], a multipartite model was
developed by the authors to establish commuter satisfaction from the level of service (measured on
network coverage and frequency) as the antecedent of building residents’ mode choice. Moreover,
market segmentation based on mode choice, satisfaction from service level and service perception
as value for commuter money was also performed in Hasan, Whyte [33] to analyse the function of
underlying exogenous factors in the sample residential area. The explicit objectives of the research
presented in this paper are described below:

1. Examine the travel patterns in a representative intra-city (Abu Dhabi) dataset for existing
residential areas or upcoming residential developments.

2. Present a systematic way of assessing critical factors eliciting mode choice in commuter market
segments towards optimising the social, i.e., stakeholder demands, aspect of the overall LCA
of transportation systems and in the process, reduce the user-transport life-cycle energy and
environmental load of residential buildings.

3. Determine bus service desiderata for policymakers to develop an ameliorated bus service in future,
which may divert more building residents to the improved bus service. This can potentially reduce
the life-cycle costs and environmental (greenhouse gas emissions, smog, resource and energy use)
burdens besides tacking the social parameters (stakeholders’ perspectives) towards optimising
overall life-cycle burdens of residential buildings as well improving future building designs, i.e.,
lesser parking area requirements, more shared walkable spaces, better accessibility etc.

In order to meet the study objectives, a custom travel data processing algorithm unifying
association rules mining, and statistical analysis techniques is developed to identify two classes
of variable combinations; statistically-significant and validated association-only. The two different
groups aim to provide policymakers with the maximum information about the commute habits of local
building residents in the city. Whilst statistical analysis is informative and interesting, it may fail to
uncover the underlying modal variability patterns and commuter behaviour which may be visualised
through association rules [34–36]. For this purpose, validation of the filtered-out association rules
against an internal validation set was conducted to further generate a set of association rules [37,38]
followed by data reduction (similar to [36] and [39]) to remove redundant association rules.

2. Theoretical Background

2.1. Multiscale Effect of Road Network Transport System on Residential Buildings

Researchers not only propose sustainable waste disposal from building constructions sites but also
advocate use of recycled construction and demolition waste for new residential developments to reduce
the overall environmental impact. The presence of an adequate transportation system at regional scale
is critical for facilitating the disposal and reuse, for example, Building Research Establishment (BRE)
assigns a weighted contribution of 8% to building construction material transportation in the overall
life-cycle of buildings [40,41]. Other national and international guidelines on LCA of built assets
that are used for environmental impact assessment of buildings such as EN 15978 [42], CEN/TC350 [43]
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and ISO/TS 12720 [44] also recommend estimating the material transport in both construction and
disposal stages for accurate calculations. At the same time, a number of government regulations,
subsidies and incentives exist for promoting recycled material usage in residential buildings and
housing development sectors. Decree 205/2010 in Italy mandates at least 15% recycled material
use in building construction [45] while Environmental Product Declaration on construction is now
practiced in many European countries [19]. The United Kingdom Aggregates Levy for extracting
quarry materials of £2 per tonne [46] has boosted recycled aggregates usage in building constructions
by approximately 25% [47]. However, material supply-chain and costs due to far-off recycling sites, for
e.g., accounting for ~70% costs for a 350 tonne/h facility in a Portugal-based study [48] and increased
travel time of material transporting trucks due to on-route traffic congestion often discourage building
contractors from recycled material usage. Similarly, any excessive time spent on road networks due to
congestion may reverse some of the positive environmental benefits from using recycled materials
due to fuel consumption. For example, using a standard 15-tonne lorry to move 1 tonne of aggregate
material over 1km requires 0.014 kg of diesel, depending upon the local traffic conditions [40]. Thus,
the question of traffic congestion mitigation should also be tackled by the policymakers aiming to
promote recycled material usage in buildings (see Section 2.2).

Besides reducing traffic congestion on road networks and relieving residents’ transport energy of
buildings [18], public transit services also affect property prices of buildings and development projects
depending upon the relative proximity to mass-transit services. Mulley, Ma [49] studied residential
property market in Brisbane, Australia and found that bus rapid transit (BRT) affected housing
prices at the rate of 0.14% per 100m closer to the transit service routes while train service inferred a
negative effect of 0.15% reduction per 100m closer to the train service line. These effects were also
strongly dependent upon urban form and spatial distributional densities of buildings. Their study also
highlighted the importance of studying local mode use travel patterns, commuter perceptions and the
key position of underlying service attributes of service frequency, on-board crowding and the journey
time in determining the relative impact of BRT service on the residential property development sector.

2.2. Interrelated Urban Form, Transport System and Buildings LCA: Public Transport Accessibility and
Residents’ Mode Choices

The interrelation between urban form, transportation systems (private and public transit modes),
and the overall life-cycle impacts of buildings is a complex issue which has been explored by many
researchers focusing on the synergy between developing low-energy buildings and sustainable
transport [10,50–52]. The lower density urban form undoubtedly puts extra load on private vehicle
transport as the preferred mode choice of municipal residents, for example, accounting for ~70% in
European passenger transport with predominantly semi-detached houses, whereas limited parking in
buildings may promote public transit usage based upon proximity to service line and accessibility [51].
One of the earliest studies of the 21st century by Steemers [51] on developing a less polluted urban
built environment noted the link between the overall building energy and transport mode choice
of building residents. Similarly, the “Le Plan Bâtiment Durable” (French: “The Sustainable Building
Plan”) launched by the Government of France in 2009 aimed at reducing the existing buildings’
energy consumption by 38%, also enlists the mode choice of building residents and developing
strategies for promoting public transportation usage among the criteria for assessing the overall
performance of buildings. Furthermore, other European Union states also highlighted the importance
of understanding the interrelation between urban design, transportation system, building design,
residents’ mode choice pattern, “public transport connected buildings”, compacted shared spaces and
accessibility as environmental hotspots for future sustainable building designs [10]. Similar points on
compact and shared urban form were also highlighted by Norman, MacLean [53] in their economic
input-output LCA on buildings and by Cuéllar-Franca and Azapagic [54] who showed terraced house
to carry 309 t CO2 eq. compared to the 455 t CO2 eq. of a semi-detached house in the UK.
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Stephan, Crawford [20] observed that the majority of so-called low-energy passive houses
in Belgium are designed as suburban detached single-family dwellings compared to the public
transport-connected city buildings. They further commented that any energy savings by these
low-energy houses are offset by increased mode use of private vehicles compared to public transport.
Earlier research by the same authors [55,56] on life-cycle energy requirements of low-energy houses
has shown that over the life-cycle (50–100 years) of these low-energy residential buildings, residents’
transport and embodied energy are >50% of the overall life-cycle energy load. They proposed that
in order to reduce the overall energy demands of residential buildings, the transport mode choices
of building residents must be tackled towards public transport uptake in addition to using recycled
building components and sustainable energy measures as the mode use alone represented 27% of the
built assets’ life-cycle energy [20].

Two studies on buildings and environmental analysis (i.e., greenhouse gas emissions and
energy use) of buildings were conducted by Anderson, et al. [23,57]. They proposed transportation
systems and residents’ mobility patterns (i.e., mode choice distribution) as key parameters for
interlinking residential buildings and the urban environment. They emphasised the strong tie between
transportation and buildings and argued that the induced environmental impacts in terms of transport
habits due to the design, locality and interaction of buildings with the urban form need to be captured.
They used streamlined LCA to capture this effect on urban Munich residents in Germany using detailed
mode use and travel behaviour surveys [23]. They found that the overall life-cycle impact of buildings
and the induced transportation environmental impact due to mobility pattern of residents is dependent
upon the daily commute distance, mode choice and the location of the buildings. For example, in their
study the lowest impacts were found for Munich central business district (CBD) residents due to
buildings typology and short commute distance of residents, where the largest share was claimed by
overall transportation impacts of CBD residents as 1160 kg CO2e/capita/annum while CBD residential
building emissions were 1088 kg CO2e/capita/annum. Both studies [23,57] concluded that although
the design and material usage in buildings needs to be upgraded to be more sustainable, the real
criticality still lies with improving the mode use behaviour of building residents. Similar findings were
noticed by Dodd, Donatello [10] in their review on LCA of European buildings with the residents’
transport energy demands claiming between a 19% share to even completely overwhelming the
life-cycle energy load of some buildings.

The critical role of mobility and the mode choice of building residents induced by the
interrelation between urban form, locality, transport service provision and the building design was also
acknowledged by the LEED system weighting methodology by assigning a total of ~ 15% credit
weightage to transport in terms of reduced parking, bicycling and better quality public transit
accessibility near buildings. Promoting sustainable mode choice among residents, proximity or
connection to public transport services and bicycling and shared vehicle facilities were also included in
the property/real-estate based Investment Property Databank of the triple alliance between Sustainable
Building, Bureau Veritas and Barclays (~ 16% weightage); the Invesco, Allianz, AXA and AEW founded
Green Rating Alliance; and, the Global Real Estate Sustainability Benchmark [10]. The extensive focus
on the mobility pattern of building residents in municipal residential zones/areas proposed by these
works also recommended understanding the underlying factors behind mode choice to postulate
policies towards uptake of more sustainable public transport usage.

2.3. Factors Affecting Travel Perception and Mode Choice

Researchers studying factors affecting mode choice behaviour, such as Dell’Olio, Ibeas [58] and de
Oña, de Oña [59] proposed that generally any bias possessed by commuters, as for or against a particular
travel mode (referred to as travel bias, henceforth) depending upon their unique characteristics,
influences their perception of the quality attributes offered by a particular mode and may translate
to a subsequent mode choice. The factors behind mode choices and variation of travel behaviour
were also focused in a study conducted by Schmid, Schmutz [60]. They performed a hypothetical
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study of a low carbon post-private car world and found public transport to be the most popular mode
amongst survey respondents, followed by bikes and car-sharing. Stradling [61] found that the modal
variability of residents in a case-study Scottish housing area is temporally constrained, with 20% of
private automobile users actually acting as multimodal, i.e., using several transport modes, when the
analysis period is stretched over a week. Building upon this, the present study gathered commuter
behavioural responses and travel pattern data over a month to investigate the sensitivity of modal
shifts in long-term mobility patterns.

Built environment around the public transit service, accessibility near commuter accommodations
and offices may also influence their mode choice. An empirical study on the association between
travel behaviour of urban residents in New York City and the density of the urban neighbourhoods
was conducted by Chen, Gong [62]. They noted that the density and built environment affected
mode choice of the survey respondents. They also proposed that government authority planners may
attract more users towards public transit modes by providing better accessibility near workplaces.
Similarly, Cervero [15] proposed that residential developments with lesser shared-spaces for cyclists
and pedestrians may affect the mode choice, particularly an inclination towards individual car usage,
more so as the building designs may also carry abundant nearby parking facilities instead of using the
space for mixed-use walkable areas.

Friman and Fellesson [63] and Diana [21] found modal variability and level of commuter
satisfaction from public transport as highly dependent upon the local built environment and regional
characteristics of the study area. They noted that the travellers near the city centres tended to sway
towards higher public transport usage compared to their urban/suburban counterparts, making
the results highly sensitive to the zonal distribution (urban vs suburban) as well as number of
zones covered in the study area. The current study addresses this issue by surveying commuters
on the intra-city travel routes across all zones of a metropolitan city (Abu Dhabi) to capture the
maximum variability of responses. The City of Abu Dhabi has witnessed an increase in population
accompanied by extensive residential developments and an increasing commuter dependence on
private vehicles [64], resulting in traffic congestion and as such, is a suitable case study area for the
purpose of this research. Furthermore, the excessive private vehicle ridership is responsible for high
greenhouse gas emissions, for example in United Arab Emirates alone, it annually exceeds 11735.6
Gg CO2 equivalent [65] from road transport. The local government agencies in UAE have aimed
to reduce its environmental load [66]. The research presented in this paper and its accompanying
works [19,32] may aid in reducing the environmental burden from road and building residents’ daily
transit dimensions towards an overall sustainable future city development.

2.4. Data Mining for Analysing Travel Datasets

Provided the competitive benefit of outlining commuter expectations, perceptions and rankings
of existing service level to create pro-public transport policies, a large database of underlying variables
(e.g., journey time, ride quality, transit fare, accessibility, nodes, socio-demographics of commuters
etc.) are generally collected from representative population samples. A recent study by Liu, Xu [67] on
improving the public mass-transit service quality in China acknowledges that an efficient data mining
framework is capable of extracting useful information from transit data and representing it into clear
and succinct policy-related recommendations. Liu, Xu [67] developed a data mining algorithm with
data cleaning and filtration options. However, their proposed algorithm focused only on the time
parameters and the pre-journey (accessibility, location, train/bus-station) and on-board (crowding,
seating arrangements, fare and ride quality) parameters were not involved in the algorithm design.

Similarly, a Weka classifying algorithm-based data mining study on the occurrence of faults
on tram lines, local atmospheric conditions and safety was performed by Gürbüz and Turna [36].
The study noted the ability of data mining algorithms to filter through large mobility datasets and
association rules to visualise the interrelation between various variables in the collected dataset.
Building upon these studies, the work presented in this current paper contends that many of the
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variables collected through travel surveys or response diaries are interdependent or associated to
varying degrees. Studying them in isolation may be inadequate if environmental impact analysts aim to
study the complex relationship of categorical and nonmetric variables to recommend apposite policies
to promote public transport, specifically as emission-controlling measure for residential buildings,
in addition to the Intergovernmental Panel on Climate Change (IPCC) [68] recommendations of using
recycled materials as green construction practices [69–71]. Current literature has no such framework
that can help policymakers to segregate the most desired transit service attributes from the several
underlying variables affecting commuter psychometrics, thereby quantifying the stakeholder demands
as part of the social aspect of LCA on any transportation system. This aspect is of particular importance
for deducing marketing tactics aimed at attracting users that have somewhat of a neutral perception of
either travel mode (bus or car) as well as retainment of the loyal public transport users.

Inspired by Ponte, Melo [72], who used the Gini coefficient primarily used in economics,
for measuring the public bus-transit travel time heterogeneity in municipal areas and Diana [35]
who used association rules for studying travel pattern, this study explores the applicability of data
mining techniques used in economics and marketing research. Apriori association rules data mining is
used here for achieving the objective of identifying the motivations behind commuter mode choices.
Introduced by Agrawal, Imieliński [73] and Agrawal and Srikant [74] for mining frequent item-sets in
transaction data without using any underlying relative and distributional assumptions, it has now
developed into a robust market analysis technique. Association rules identify the frequency of different
variables appearing together in an observation (data) set. An association analysis reads every single
row of variables on the travel datasets to produce association rules, which are of the implication form
given in Equation (1).

xi, xj, . . . , xn ⇒ y (1)

where the left-hand side is the antecedent (a set of predictor variables) and the right-hand side is the
consequent (and represents the response variable). Periodically used for frequent pattern mining in
fields besides management sciences, e.g., health [75] and weather forecasting [76], its application in
transportation research is relatively new. Nonetheless, researchers [35,77] have explored the efficacy of
associations rules for handing large and complex travel and mobility datasets. A primary advantage of
using Apriori over traditional multivariate statistical analyses is its ability to rapidly find an association
between large sets of metric and non-metric variables. Once an association is established between the
dataset variables, traffic flow patterns and the individual public transport service attributes behind
commuters’ observable modal variability can be extrapolated for policy recommendations in favour of
low carbon and energy conserving transit among the local building residents and travellers.

Conversely, one of the main drawbacks of the Apriori algorithm is its tendency to produce a
large number of association rules, rendering the technique to be an ineffective process if no other
controls are provided. Pruning the rules is the next step [78] to filter out meaningless and inutile
rules that may be misleading for policymakers. Association rules are constrained by the number
of times a certain rule is supported by the dataset and the strength of rule (i.e., confidence) which
is the fraction of dataset rows that contain both consequent and antecedent of the rule. However,
confidence is an asymmetric measure which may provide erroneous results if the consequent has a
large probability [79]. Moreover, if the antecedent and consequent variables are independent of each
other, the generated rules may be unsuitable, irrespective of high confidence [80], for establishing
inference relations for policy development. Wu, Zhang [81] have introduced an additional measure
called “interestingness” to discard unsuitable association rules (Equation (2)).

Interest(X, Y) = |Support(X ∪ Y)− Support(X)•Support(Y)| (2)
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3. Materials and Method

3.1. Survey Design and Analysis

A questionnaire was designed to gather data on the factors that affect user perception of existing
bus network and modal variability among the local building residents and travellers [33]. A total
of 11 questions were developed for the survey, aimed at capturing commuter responses on the
different variables according to Likert-type scales, dichotomous and multiple-choice options. Previous
researchers [21,82] have noted the adequacy of weekly mode choice data in modelling the mode
use of surveyed commuters, the sensitivity of commuter responses to the local built environment
and zonal distributions as well as the importance of zonal characteristics in defining the observed
transport pattern of building residents and the calculated transport parameter in buildings’ overall
environmental impacts [23,83]. This study targets the commuters in all zonal distributions (urban and
suburban) of Abu Dhabi city. The survey questionnaire used for this study and the different zonal
distributions are shown in Table A1 and Figure A1, respectively. The eight arterial and medium to
high traffic routes serving the daily commute demands of the residents of various types of buildings
in the city were selected for data collection (Table 1) to capture an optimally representative data of
the city’s usual commuters and weekly data over six weeks was collected to improve the number
of observations.

Table 1. Bus routes selected for the purpose of study.

Outer-Urban or Suburban Routes Route Number

Al Mina Souq ↔ Khalifa Park 056
Petroleum Institute ↔ Tourist Club Municipality 054
Abu Dhabi Courts ↔ Al Marina 034

Downtown City and Urban Routes Route Number

Al Mina Fish Harbour ↔ Al Marina Mall 011
Al Mina Souq ↔ Al Marina Mall 009
Al Mina Road Tourist Club ↔ Al Marina 008
Tourist Club Municipality ↔ Al Marina 007
Al Mina ISC and Tourist Club ↔ Ras Al Akhdhar 006

The completed questionnaires collected by Department of Transport survey teams [84] were then
analysed. Logic checking of data consistency was performed by the authors to address data sparseness,
outliers and missing data based upon the guidelines by Osborne [85]. This resulted in a useful sample
of 1520 completed questionnaires (inclusive of weekdays and weekends surveys) which identified
(detailed under separate cover as Hasan, Whyte [33]) ten commuter segments, namely:

1. Modal variability: distribution of generated trips for each mode (i.e., bus and car travel).
Five segments as pro-sustainability (PS) passengers (i.e., regular bus travellers and non-users of
cars), occasional multimodal (OMD) travellers, frequent car/taxi travellers (FrCT) and environmentally
insensitive (EI) commuters (i.e., non-users of public bus service) item.

2. Perception of bus service as value for money (VfM): trade-off between quality of ride and level of
fare. Three segments of good value for money, borderline value for money and bad value for money.

3. Commuter satisfaction from level of service (LoS): ranked based on perception of the current level
of network coverage and frequency of buses. Three segments of good level of service, borderline level
of service and bad level of service.

The statistical distribution of the collected commuter responses is shown in Table A2. The study
objective is finding service desiderata critical for policymakers to deter private automobile use and
increase uptake of bus usage among local building residents and travellers to promote environmental
conservation by developing an improved public transit service. A data mining algorithm is thus
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proposed below which is used to analyse the above case study commuter segments to generate
variable associations for explaining the daily commute behaviour of the local building residents
and travellers.

3.2. Conceptual Framework—Overall Proposed Modelling Approach

Current research suggests a market-based analysis that unifies “statistical measurement” and
“associate data mining”. The combination has been used to some extent in marketing literature (e.g.,
Shaharanee, Hadzic [38]) for filtering out redundant rules. Work here contributes by building a
multi-tier modelling approach for travel survey dataset that filters “interesting rules” to split them in
two distinct categories: associated rules; and, statistically-significant models. Initially, the generated
rules are filtered using an “interestingness measure” from Eq. (2). The filtered rules are then used to
build ordinal regression models, followed by (only) selecting meaningful rules at the filtration stage
2. “Meaningful rules” are defined as those that provide association between the variables that have
not been already construed by the other rules passing the minimum thresholds, thereby rejecting the
repetitive or redundant sets of rules. The problem is further explained in Figure 1.

Definition 1: Let V = {x1, x2,…, xm; y1, y2,…, yn} be the set of variables, where xm and yn are 
respectively the antecedent and consequent variables. Apriori algorithm predicts sets of 
association rules R1, R2, R3 as R = {R1, R2, R3,…, Rxy} or R = {(x1, x2  y1); (x1, x2, x3  y2);…; (x1,…, 
xm  yn)}. Note: there may be some rules in set R whose variables imply the same relation or 
association. Towards a simplified form of the classic set cover problem to provide an 
approximation solution with M as a set of meaningful rules, defined by the following relation

M R rule in R rules in M

Figure 1. Definition of “meaningfulness measure” to filter repetitive set of rules.

This twofold technique proposed in this study filters out redundant rules and provides final sets
of statistically-significant rules. The rejected rules are then analysed in the second phase by a validation
technique using a validation set. It is argued here that this technique will remove any misleading
rules while still retaining a significant number of rules for policymaking without compromising the
analysis accuracy. The proposed conceptual framework is presented in Figure 2. It should be noted that
there are several off-the-shelf packages available for performing the Apriori association mining [35].
However, as this paper proposes a unified framework, a tailored java script was used for data mining
due to its compatibility with SPSS 23.0 regression functions, which can then be used to perform ordinal
regression on the observed rules.

Initial travel dataset “ζ” was cleaned to ensure a high quality of dataset be fed into the analysis
algorithm. Data cleaning is an important step in the knowledge discovery process from analysis of
predictor and response variables as it removes missing or anomalous values [85]. Numerical values
of household car-ownership and time to reach bus stations were also transformed into nominal
variables using equally distributed classes to maintain uniformity in the data variable classes and
ease the analysis procedure. The resulting dataset was then randomly split into a training dataset
(ζts, containing ≈ 70% data) and, a validation dataset (ζvs). The training dataset was then used for
generating an initial set of association rules: frequency of bus travel (FBT); frequency of car/taxi travel
(FCT); satisfaction with network coverage (NetCov); quality of ride (QoR); level of fare (LvlFare); and,
frequency of buses (FreqBus) which were used interchangeably as response variables based upon the
desired output.
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Figure 2. Conceptual framework of the proposed algorithm to mine a travel dataset.
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In order for the algorithm to generate association rules, there should be at least one tuple in the
dataset for each observation. Given our target of finding transit policy-related hotspots to promote
sustainable transport usage among local building residents and travellers covered within the travel
dataset, syntactic constraints were put towards the consequent-side based upon the market segments.
This constrained analysis is interesting for policymakers [35] as it may help to define service attributes
that may be improved upon in future services that meet the public needs regarding the local bus
service. According to the principles of Apriori data mining, only one response variable can be set as a
consequent. Therefore, response variables were interchangeably used as a consequent for obtaining
the association rules for the respective category and obtain sets of rules specific to each segment, e.g.,
frequent car travellers, occasional multimode travellers and commuters ranking bus service as good
value for money, and so on.

Past literature has suggested that higher support and confidence relate to a better category of rules
but that lower values of support and confidence are still recommended. Therefore, to capture the most
“interesting” rules, minimum support and confidence were respectively set here at 0.1 and 65% [34,35].
After appropriate data transformation and setting syntactic, support and confidence constraints, a
number of frequent item rules were obtained for each category. The “interestingness measure” was
used in the first filtration stage by setting a minimum interest value “Γmin”. The association rules
mining through Apriori algorithm permits the analysts to set the minimum threshold for selecting
useful models from a large set of created rules. Large numbers of association rules are initially
generated which are then pruned by the analysts to reject falsely produced rules from the rule set that
fail to qualify the established minimum threshold.

Evaluating the minimum threshold in the analysis may be guided through past experience
or research literature. Therefore, in the present analysis, a minimum interest value of 0.05 was
selected [16,86] with any future application of the proposed algorithm able to use a higher or lower
value depending upon the study objectives. The retained rules were then used for ordinal regression
analysis. The ordinal regression analysis calculated log likelihood and p-values for the models (the
models were based on the association rules). Models which showed considerable change in log likelihood
compared to null model and p–values < 0.05 were retained. The repetitive rules were then rejected using
the theory defined in Figure 1 and the retained rules were used to represent the statistically-significant
rules. The remaining rules were then used in phase II of the analysis to validate against the validation
set while controlling for the minimum support, interest, confidence and non-repetitive criteria as
discussed earlier. The algorithm proposed in this study is illustrated in Figure 3.
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Input: Travel survey dataset ζ consisting of 31 travel attributes, minimum confidence, 
minimum support, minimum interest and number of rules across 1,520 questionnaires. 

FBT FCT NetCov FreqBus QoR LvlFare
statistical

tRψζ associated
tRψζ
∈|t {mode use, level of service, value for money}

1. Data transformation: transform numeric attributes into nominal variables. 
2. Dataset partition: split the dataset into training dataset tsζ  and validation dataset v sζ . 
3. Phase I: Generation of rules using tsζ  based on syntactic constraints. 

Using minimum support minσ , minimum confidence minα  and syntactic constraints Nψ  for 

a. ; return initial setR ψ  as a superset of association rules.  
b. Filtration stage 1, rejecting uninteresting rules based on minimum interest minΓ   

For any association rule ψR contained in superset initial setR ψ as a subset, ψR
describes association between predictor variable(s) “X” and response variable “Y”, 
calculate interestingness as per Eq. (2).  

If interest ωΓ  of rule ψR is less than minΓ ; reject rule ψR as uninteresting 
Return remaining interesting rules as subsets in superset tsRψζ . 

c. Develop ordinal regression models ( )kψ for each response variable ψ in tsRψζ . 
LL

iβ ix p–values
d. Filter rules in superset tsRψζ  based on computed ( )kψ  models. 

( ) ψζψ ∈k tsR
If i ixβ  insignificant; reject the model ( )kψ  

ψζ o rd in a l R
e. Filtration stage 2, rejecting redundant rules postulating similar results  

For the superset 
ψζ o rd in a l R , construct an intermediate superset intermediateR ψ  

containing all rules in 
ψζ o rd in a l R , while  singleR ψ  is any single association rule from 

ψζ t s R  containing response and predictor variables  
Select ψ ψζ∈single tsR R  by maximising single intermediateR Rψ ψ∩  
At each stage intermediate intermediate singleR R Rψ ψ ψ← −  
And ψ ψζ ←meaningful intermediateR R , as sets of meaningful rules 

f. Denote retained rules as statisticalRψζ ;  
g. Set rejected rules from both Stages d and e as 

ψζ t s R  
4. Phase II: Validate rules 

ψζ t s R  on vsζ . 

ψ ψζ ζ=vs tsR R σ α vsζ
minσ σ< minα α<

associatedRψζ associated
tsR Rψ ψζ ζ∃ ∈

associated statisticalR Rψ ψζ ζ∉
5. Phase III: Group remaining rules into required syntactic constraint significant rules sets as 
following: Rψζ , level of serviceRψζ , value for moneyRψζ  statistical associatedR Rψ ψζ ζ⊂ ∪  
 

Figure 3. Proposed data mining algorithm for a travel dataset analysis of 1,520 questionnaires.
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4. Results

4.1. Performance of the Proposed Algorithm

The initial application of the proposed algorithm produced a large set (~1559) of association rules
between the collected variables in the travel dataset that passed the minimum support (σmin = 0.1)
and minimum confidence (αmin = 65%) thresholds set in Step 3a of the algorithm proposed in this
study (Figure 3). Filtration stage 1 (Step 3b) was then applied to remove uninteresting rules based
on Eq. (2) with the minimum interest threshold (Γmin = 0.05). This way only 351 or 22.5% of the
association rules were retained in the so-called intermediate superset as interesting rules. These 22.5%
remaining association rules were then subjected to the algorithm stages in Step 3c and Step 3d and
ordinal regression models were developed for each rule. All the association rules with insignificant
p-values for coefficients were filtered out as a separate superset. Approximately 231 or ~65.8% of the
remaining association rules passed the ordinal regression performance tests and were collected in a
superset of ordinal rules. Although all of these 231 association rules may be useful for developing
some pro-public transit policies for local building occupants and travellers, the large number of rules
may be impractical for policy analysis and may also have some redundant or reoccurring relations as
also suggested in the literature (see Gürbüz and Turna [36]). The algorithm steps of feature selection
and Filtration Stage 2 were thus used for data-reduction to filter out redundant rules using the superset
of the 231 ordinal regression rules, as explained below.

First, an intermediate superset was created as an exact copy of ordinal rules superset and using
variable selection, any smaller association rule subset (e.g., {FBT 5 or more times a week, Weekday ⇒
Very satisfied with level of fare}) implying an association or interrelation already present in a larger
subset association rule (e.g., {FBT 5 or more times a week, Employed full-time, Weekday ⇒ Very
satisfied with level of fare}) already present in the intermediate superset was removed. The steps
were automatically repeated for all the remaining association rules subsets as rules describing an
existing or reoccurring association were redundant since they were already contained in the larger
subset in the intermediate superset. This way only 25 or ~11% of the 231 ordinal regression rules were
retained in the so-called intermediate superset as statistically-significant rules in Step 3f, while the
filtered-out rules (total of 326 rules) from both Step 3d and Step 3e were collected in a separate superset.
Using the validation travel dataset, 213 rules or approximately 65% of these discarded rules were
found to be validated in Phase II, where again filtration approach based on interestingness measure
(Step 3b) and meaningfulness (Step 3e) resulted in retainment of 22% or 47 rules in the superset of
association-only rules. Finally, both supersets were grouped to give three association rules sets for (1)
mode use, (2) level of service, and (3) value for money. Figure 4 presents the results of applying various
filtration techniques in the developed algorithm where Phase III results present the grouping of phase
I and II association rules. The overall the algorithm application managed to filter out a total of 95%
(~1487 rules) of initially obtained association rules (total rules: ~1559) as redundant or insignificant to
the total travel dataset, generating a total of ~5% or 72 rules for policymaking purposes.
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Figure 4. Filtration results of different phases in a collected travel dataset based on the
developed algorithm.

The following sections present results of the proposed data mining algorithm on the selected
case-study of intra-city commuters in Abu Dhabi. The results from each phase are presented
separately to elucidate the respective findings. An importance index is also introduced to summarise
the policy-relevant findings highlighted by public consultation regarding existing services. Policy
recommendations are also given on how the transit service can be improved to promote an
environmentally, resource and energy conservative transportation system by improved public (bus)
transport ridership among the local residents and travellers, specifically the predominant (~55%)
apartment building residents.

4.2. Phase I Results—Public Responses From Statistically-Significant Rules

The input and output variables were primarily categorical in nature with upper and lower bounds
of each attribute explained in the previous sections. Ordinal regression showed that a majority of the
commuters reported bus travel to be easy and that 36% were willing to pay more for seat. Full-time
workers were more flexible towards bus use than the younger respondents. Furthermore, as the
collected data was skewed towards male commuters, some of the association rules were found to be
affected by the gender of the respondents. On the other hand, only a few of the quality attributes
of the bus service were found to be statistically-significant. In addition, the statistically-significant
models also failed to produce inference between the purpose of the commuters’ journey and their
mode choice, thereby requiring further analysis in phase II. The ordinal regression performance results
of the meaningful association rules, retained after the second filtration stage, are presented in Table 2.
Interestingly, the residential building typology (e.g., apartment building, villa-style house, etc.) had no
statistically-significant influence on the mode choices of the residents, requiring further investigation
to understand the association between these two factors as proposed by literature (e.g., [23,57]).
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4.2.1. Affordability and Constrained Users

In the first block of mode use results, the odds of a full-time employed commuter to choose
public transport was 6-7 times that of their unemployed counterparts (PS rule 1: χ2 = 72.68, p < 0.001)
confirming market segmentation observations made previously by this project and identified under
separate cover [33]. The commuters admitting affordability of private automobiles were 1.3 (p < 0.05,
χ2 = 140.07: OMD rule 1) times more likely to be multimodal and 0.85 (p < 0.05, χ2 = 39.96: EI rule
1) as likely to be first time travelling by bus compared to others. While as expected, the commuters
with zero household car-ownership were 1.86 times (p < 0.05, χ2 = 67.18: PS rule 2) as likely to use a
bus service more than twice a week. Further exploring the affordability of the bus service exhibited
that the commuters with a “very satisfied” perception of level of fare, also had 6.72 times likelihood
of travelling 5 or more times/week by bus transport (Good VfM rule 2). The commuter satisfaction of
public transport service level exhibited a slight decline relative to passenger travel time to the nearest
bus-stop (see rule 2 of borderline level of service and rule 1 of bad value for money). Similarly, modal
variability was affected when analysed against the same attribute as both rule 2 of pro-sustainability
and rule 2 of environmentally insensitive market segments. Moreover, the commuters reporting buses to
be crowded, were also twice as likely to belong to the environmentally insensitive group, indicating its
significance in defining this market segment.
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4.2.2. Crowded Buses

Rules pertaining to crowded buses were found in both less frequent bus users (EI rule 2) and bad
service level (Bad LoS rule 1) groups. The results are consistent with the previous findings by Batarce,
Muñoz [24] where the disutility of public transportation in Chilean commuters was observed to be
correlated with in-vehicle crowding. Comparison results of value for money groups further suggested
a number of priority areas in this regard. The commuter market segment willing to pay more for
a seat in the bus, were also 1.16 times more likely to hold a neutral perception of the level of fare
(Borderline VfM rule 3: p < 0.05, χ2 = 62.22) and 0.71 times more likely to be very dissatisfied (p < 0.01,
χ2 = 632.49: Bad VfM rule 2). This implies that merely increasing the number of seats may at first
persuade borderline users, but may not affect dissatisfied travellers to the same extent. Interestingly,
travellers labelling buses as crowded were 1.62 times as likely to be “dissatisfied” by the frequency
of buses (Bad LoS rule 2). Even though a direct relationship between the variables may have been
unperceived, a deeper correlation may be present as less frequent buses on the travel routes serving the
commute demands of these local building residents may impose a higher load on the existing buses.
This finding indicates the presence of a potential market (of borderline and dissatisfied commuters) for
policymakers by improving the public transit service based upon the public need of frequent service.
The improved public transit ridership due to a corresponding reduction in private vehicle usage may
then reduce the overall life-cycle environmental and energy load of the residential buildings in these
studied Abu Dhabi City zones due to lesser contribution from the daily transport energy demands of
their residents.

Proposing investment in size or number of units of supply (buses) to meet the local building
occupants’ daily commute needs can then be countered by slightly higher fares and it may optimise
the financial elasticity of the publicly-owned transport agencies. A follow-up life-cycle study on the
cost of running an improved public bus transport service, i.e., more frequent (shorter headways) shall
also be conducted. It is reiterated by the observance of travellers “satisfied” with journey time, as 13.22
times likely to be also satisfied with the network coverage (Good LoS rule 5: p < 0.001, χ2 = 214.14).
It should also be noted that the two indicators of level of service, namely network coverage and frequency
of buses were found to be highly correlated as the travellers who were “very satisfied” with the
coverage were 2.88 times more likely to have the same perception of the frequency (Good LoS rule
2: p < 0.05, χ2 = 352.27). Commuters were also around 7 times more likely (Borderline LoS rule 1:
p < 0.001, χ2 = 348.09) to hold a neutral perception of network coverage, causing a neutral opinion of
the bus frequency, and 10.45 times more likely to be dissatisfied with both; thereby exhibiting a strong
correlation between the two attributes.

4.2.3. Dynamics of Bus Fare, Quality and Frequency

Exploring the reciprocity between fare and quality added to this recommendation of a more
frequent bus service supported by higher fares. The commuters unequivocally associated “levels of
fare” with “quality of ride” (rule 3 of good VfM; OR =2.86, p < 0.001, χ2 = 97.02), so the transit by bus
was regarded as a value worthy of riders’ money. Statistically, quality of ride was also found to be
constrained by the frequency of buses as commuters satisfied with frequency of buses were 9.65 times
more likely to be also satisfied by the quality of ride (rule 1 of good VfM; p < 0.001, χ2 = 164.79) and
similar trends of interdependency were observed for the neutral perception of these three variables.
This current study implies that unlike findings of previous studies (see Bachman and Katzev [87],
Savage [88]), and fortifying the observations by Tirachini [89] and Tirachini, Hensher [90], decreasing
levels of fare may not be solely responsible for influencing the perceptions of commuters regarding
existing public transport services.

A slight increase in fares may be justified by more frequent buses or a higher ride quality; even
though more frequent bus travellers exhibited an unwillingness to pay more for seats, a sizeable
increase in frequent bus commuters may be achieved by optimising the “fare-frequency-quality”
dynamic due to modal diversion, i.e., occasional multimode (both bus and car) users and frequent
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car travellers shifting towards higher (public) bus service ridership. Transportation economists and
strategists traditionally propose a balance between frequency of buses, journey time and the level
of fare [88], but fall somewhat short of indicating how the balance affects commuter behaviour
and perception. As the fares were recently increased by the Department of Transport—Abu Dhabi,
the observations of the current study may be of significance to the policymakers to understand
the straightforward implications of such decisions in the studied traveller market. A benefit of the
proposed algorithm is that the endogenous variables determining the perception of these variables
among the commuter market segments are analytically filtered across a broad range of travel attributes.

4.3. Phase II Results—Policy Insights from Validated Association Rules

Mode choice dependency trends and bus ridership characteristics were further studied by
analysing the association rules filtered out from phase I. Table 3 presents the validated association
rules, grouped analogous to market segmentation analysis [33]. Some interesting econometric models
about the journey purpose and backgrounds of the commuters were found; contrary to past research,
this study found that statistical analyses alone may be deficient for capturing detailed characteristics
of the traveller market. Inner correspondence of association rules was also partially detected by rule 1
of PS where first time car travellers at the time of the survey were found to be more frequent bus users.

4.3.1. Targeting Work Commutes and Full-Time Workers

Studies on building residents working full-time have found that a majority of them use private
automobiles for work commutes [18,23,91], yet research targeting work-related commutes to encourage
public transport use among these building residents is usually neglected. Policymakers may need
to further investigate the quality improvements for attracting these consumers as this study found
full-time workers commuting to/from work as predominant in both occasional multimodal (OMD
rule 3) and frequent car travellers (FrCT rule 1). These findings are also consistent with the previous
findings by Horner and Mefford [92] where the potential of public transit for work-related commutes
was recognised. Furthermore, the need to live close to place of work and/or friends and family was
one of the primary elicited reasons across all segments (e.g., PS rule 4, Good LOS rule 7, Borderline LOS
rule1 and Good VfM rule 5).

4.3.2. Impact of Residential Building Typology, Locality and Nodal (Bus-Stop) Characteristics

The type of residential building, local urban form and location of the buildings were found to
affect the daily mode choice of the residents [23,93,94]. However, no association was found between
origin-destination areas and mode choice for the commuter segments surveyed here. Yet some
influence of the commuters’ residence building type (e.g., apartment, villa house, labour camps etc.)
were observed (rule 3 of PS). These observations may indicate the generalisability of the conclusions
drawn from the results of the current study, specifically the dominant (> 80%, as per Abu Dhabi
Government [95]) expatriate population of Abu Dhabi also being the dominant group among the
survey respondents as apartment building dwellers [96]. The residual effect of commuter satisfaction
with the node, i.e., bus-station waiting area, on the overall quality of ride was also exposed by the
results; namely that the commuters who were dissatisfied with the waiting area were also likely to
be dissatisfied with the quality of ride (rule 2 of bad VfM). This represents a probable tendency of
commuters to carry forward a negative perception that was developed before embarking on the public
transit journey.

4.3.3. Budgetary Constraints, Bus Service Frequency and Network Coverage

This work found that the environmentally insensitive commuters, i.e., those who primarily use
private automobiles for daily travel (rule 1 of EI), were largely satisfied with the public transport fare
level. It can be inferred that the budgetary constraints and pricing of the service may be of little or no
concern to such users (high social or financial background, employment status etc.) and there can be
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several underlying reasons that may motivate their mode choice shift to public buses, if at all. Frequent
car travellers indicated a willingness to pay further after observing a need for seat as a major concern
(rule 5 of FrCT) and attributed no delays due to traffic congestion during their daily commute. Phase II
results also showed that some commuters may have been compelled to use public transport due to
necessity, rules 1 and 4 of PS (no driving license or car-ownership). Investigation of the rules on neutral
and dissatisfied consumers of both LoS and VfM also revealed that financially (or otherwise) obliged
travellers might have settled for public transport against a more idealised mode.

Consumer satisfaction from the level of fare was also found to be dependent upon the quality of
ride, thereby confirming initial perceptions that commuters perceive fare as a function of ride quality,
as presented in rule 2 of VfM. This is also largely consistent with the findings of Hensher, Stopher [97]
and fare resilience addressed in the literature review by Redman, Friman [98] where fare was largely
associated with service quality. It is likely that the solution to motivating transit mode choice shift
from private vehicles and/or improving the service perception may not be a reduction in fares but
delivering consumer-expected quality for the charged price. One interesting finding of phase I and
II was the tendency of a majority of commuters to purchase cash tickets instead of monthly passes
regardless of the transit service perception. Marketing policies for monthly fare collection may prove to
be significant in this regard. Additionally, follow up analysis attributed to rules 1 and 2 (good LoS) and
rules 1, 4, 5, 6 and 7 (good VfM) exemplifies that contrary to past research (see Redman, Friman [98]),
economic restraints only partly diminish the commuters’ positive cognitive assessment of the public
transport. Moreover, perception of the service quality attributes, such as journey time was also found
to influence the satisfaction from level of bus service and should also be carefully considered by
the policymakers.

4.3.4. Journey Time and Ride Quality

Rule 3 of bad VfM suggests that the commuters mentioning a neutral opinion of the journey
time were very dissatisfied about the quality of the ride. It implies the role of long commute time in
developing stress among travellers, as past studies [99] also found commuter sensitivity to journey
time. Longer journey time is also significant due to: high vehicle operating costs to local building
residents [100,101]; higher fuel consumption [102,103] and high environmental burden to the buildings’
overall embodied life-cycle [10]. The local government policymakers should, therefore, be mindful of
the journey time detriments caused by any variations in the service route or frequency. In addition to
confirming previously noticed significance of journey time on commuter satisfaction [97] and mode
choice [104], phase II of the proposed algorithm was also able to pinpoint the contingent service level
factors (namely frequency of buses and crowded buses). Policymakers can then predict the relative
influence of changing any of the antecedent variables on commuter satisfaction from remaining
variables and the subsequent mode choice. Another implication was the relative nature of quality of
ride and level of service attributes of network coverage (Rule 4 of good LoS), also noticed in ordinal
regression performance.
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4.4. Public-Accorded Desiderata for Value-Added Bus Service for Local Building Residents

Public demand-based policy implications for the bus service to improve bus ridership among
local building residents and travellers towards reduction in the residents’ transport energy and
environmental component of the local residential buildings are distributed across the generated
“meaningful rules”. In order to encapsulate the findings of the algorithm proposed in this study on
the case study dataset, this work also sought to solve an importance index (Iin) to estimate the policy
recommendations consistent with the public demands. For a response variable ψ in the phase III
results, with categorical values ranging from 1 to N, the importance index can be calculated for a
predictor variable xi as shown in Equation (3). It should be worth noting, as the predictor variables are
also nominal in nature, only one value η is used at a time to determine the index (Ix) for the specific
predictor variable. The results of applying Equations (3) and (4) on the grouped association rules of
phase III are illustrated in Figure 5 and have been summarised to some degree to eliminate similar
findings from any particular commuter market segment. For example, the variable category Weekday
was kept for only frequency of car travel despite its occurrence in the results for frequency of bus
travel models:

Iη
x =

[
N

∑
ψ=1

(xi)ψ

]
η

(3)

Iin = Iη
x

max(Iη
x )

× 100 ∀ Ix ∈ phaseI I I rules (4)

Findings here suggest that full-time workers in the 25–34 age group formed the major portion of
the target market, and frequently commuted on the case study routes during weekdays. These study
observations were distinct from some of the past studies that analysed only segregated student and
young traveller markets [105], whereas a majority of the young users studied in this paper travelled by
private automobiles. Further findings are detailed in the text below.

4.4.1. Residential Apartment Building Designs May Need to Be Upgraded

Residential apartments scored higher than any other dwelling types in the existing residential
zones of the surveyed Abu Dhabi city (Iin = 16.6%) as majority of the commuters responded as living
in such buildings. This may reflect a pattern of denser land-use with an abundance of multi-storeyed
buildings either on streets traversing or facing main arterial roads serviced by adequate public bus
transport routes, especially since most commuters travelled short distance to reach the bus-stop
(further details in Section 4.4.2), similar to the observations made by Thøgersen [106] and Hrelja [107].
Improving public transport service in these residential areas may impact the parking requirements
in the residential apartment buildings [108]. Further work on building design implications may be
developed from this study for upcoming residential development projects with adequate by provided
local or building-connected public transport, as fewer parking floors may be needed in such buildings
in the studied Abu Dhabi City area.
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Figure 5. Importance index values for the phase III association rules of satisfaction and
frequency criteria.
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4.4.2. Existing Nodal (Bus-Stop) Distribution is Adequate

The survey respondents generally stated travelling a short distance to reach the nodes (bus-stop)
from their residential and office buildings across the studied travel routes and thus the time to reach
bus-station from these buildings only had nominal effect on the modal variability of their occupants.
For example, Iin = 45.57% for the frequency of bus travel and Iin = 28.57% for satisfaction from network
coverage and ride quality. This study, therefore proposes that establishing more bus-stations or further
updating the connection between these buildings and a public transit service to serve the local building
residents on the studied Abu Dhabi City routes may not necessarily encourage them to shift towards
bus transport. This is a policy-sensitive observation and different from some of the past studies (e.g.,
Chien and Qin [109]). However, as Heinen and Chatterjee [110] found in their review on the status of
research in transportation literature, few of the studies extensively explored modal variability over
long-term and a majority only utilised a limited set of categorical variables to study university students
or employees living in near-work communities, which may have also restricted their findings in terms
of application to real-world situations.

4.4.3. Optimise Journey Time to Impact Commuter Satisfaction

Intrinsically, importance indices from this study for network coverage and quality of ride show
that the commuters assume upper and lower bounds of journey time regardless of mode choice, in
line with past works [111]. Any deviation in either direction causes a positive/negative ripple in
commuter predilection of the service depending upon the journey time, confirming findings from
previous research (see Hensher, Stopher [97]). In general, the commuters satisfied with the journey
time on public bus transit were also satisfied from its network coverage (Iin = 28.57%) and ride quality
(Iin = 42.86%). This supports the findings of previous studies [89,112] where the travellers were found
to associate public transport as a slow and inflexible travel mode and the importance of journey time
in promoting modal diversion among local residents towards a more sustainable mode (e.g. buses)
was identified. On the other hand, unlike some of the past works [113,114], results gathered by this
work found that the commuters admitting affordability of private automobiles were more likely to be
multimodal in their transit behavior.

4.4.4. Bus Service Frequency, Crowded Buses and Level of Fare

Results here argue that the public ranking of the ride quality was influenced more by the frequency
of bus service (Iin = 28.57%) and less by the level of fare. The commuters interviewed were also found
to be mainly concerned with the low capacity (crowded) buses, as both frequent bus and car travellers
labelled the existing buses to be crowded. Other similar interesting correlations were also found, as the
commuters who commented on over-crowded buses were also dissatisfied with the frequency of buses
(Iin = 14.29%) and level of fare. It builds upon the deductions from the econometric ordinal models
that even though the commuters satisfied with the fare level travelled the most by buses (OR = 6.72);
neutral (OR = 1.16) and dissatisfied respondents were more willing to pay extra for seats. Validated
association rules further explained these observations by indicating that the level of fare was of little
to no concern to non-users of bus services (i.e., the environmentally insensitive commuter segment),
unlike past works [114,115]. Commuters ranking level of fare as satisfactory also indicated willingness
to pay more for a seat (Iin = 28.57%).

Frequent car travellers were also willing to pay more for the bus service if they get a seat
(Iin = 14.29%) and face no delays due to traffic congestion (Iin = 14.29%). In addition, the level of fare
was mostly perceived by surveyed commuters in terms of ride quality and it is argued here that strong
correlations exist between the two variables. These findings support a change in the current perspective
of policymakers where agencies generally advocate a reduction in fare level [116] to encourage local
building residents in the cities to choose public buses instead of private automobiles for the daily
commute. This study proposes that instead of implementing a blanket reduction in the fare level,
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policymakers may be able to achieve better results in terms of user predilection towards bus service
and modal use by increasing the frequency of buses, economically supported by a commensurate
reasonable increase in the current level of fare. Furthermore, as journey time was of significant concern
to the commuting public, travel should also be optimised by route improvements such as establishing a
bus rapid transit (BRT) service to facilitate the daily commutes of the current and potential service users
in Abu Dhabi. The cost and environmental implication of any improved transit system alternatives
for future modifications based on public demand and the resulting journey time savings can then be
compared through a detailed LCA study.

5. Discussion

There is a lack of research in the behavioural econometric analysis of the social aspect of commuter
decision-making regarding transport mode choice, factors and attributes affecting these decisions
such as biases, service quality, and frequency etc., which, according to IPCC (Intergovernmental
Panel on Climate Change) [68], considerably hinders the selection of a suitable climate-conserving
transport alternative for a sustainable municipal built environment. Apart from influencing daily
commute pattern of local building residents in cities, inadequate transportation systems also impact
the construction of sustainable buildings due to their direct impact on the material supply-chain
and disposal options due to time delays caused by congestions on local road (Section 2.1). Therefore,
by extension transportation systems are also argued to hinder sustainability performance of residential
buildings. Stakeholders then seek to limit multiple-handling and transportation of feed-stock from
building construction and demolition activities, as well as properly factor the impact of haulage and
disposal distances and traffic congestion on the material choice of building developers. Furthermore,
as explained in Section 2.1, the provision of an effective transportation system with less congestion
and a better public transportation system may also influence the residency choices, sale and property
development aspects of buildings.

In order to address these issues, the study presented here analyses a survey questionnaire of
1,520 responses gathered to capture the commuter perceptions on mode choice and predilection of an
existing intra-city setting bus service towards improving the overall transportation system. Passenger
responses can be used to influence their mode choice and reduce overall traffic congestion of the
transport system after implementing the prospective changes in the transport service, based upon
the public demand. Literature review covered in Section 2.1 explained that this reduction in traffic
congestion via more uptake of public-transport contributes to an efficient distribution of building
materials. While Section 2.2 explained that the reduction of embodied operational and life-cycle energy
and environmental load of residential buildings is significantly influenced by the daily commute
mode choices of its residents and may be reduced by relying on public transport instead of private
vehicle transport.

To identify the motivations behind the public and private transport as preferred mode of building
residents, this study proposed a data-mining algorithm unifying a modified version of the Apriori
algorithm and ordinal regression to highlight policymaking proposals pertinent to the studied Abu
Dhabi and Middle Eastern residents. Training portion of the travel dataset was subjected to the
modified Apriori algorithm in order to generate the initial set of association rules that were partitioned
according to the individual market segment candidates in the consequent of the rules. After initial
interestingness-based filtration of rules, the results were exported to SPSS for externally executing
ordinal regression analyses. Ordinal regression performance results of the obtained association rules,
after passing a meaningfulness measure, were used to analyse the market segments. Throughout the
ordinal regression experiments, a majority of the respondents stated travelling a short distance to reach
the bus-stop from their residential and/or office buildings, and time to bus-station had nominal effect
on the modal variability of commuters. This may indicate that the current connection between these
buildings and the supplied public transit service is adequate.
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Mode use pattern was found to be only partly related to the socio-demographic characteristics
of the surveyed local Abu Dhabi City building residents. The gender of these respondents had no
statistically-significant influence on modal variability but was found to influence their perception of
the service as the males generally had a more positive outlook. As such, a majority of similar variables
(e.g., building typology, location, age etc.) failed to pass the ordinal regression tests and the next stage
(validation of association rules) was used to capture the influence of these variables. Towards travel
constraints limiting mode choice of commuters, this study found that a significant share of frequent bus
travellers may have been compelled to uptake of public transport due to socio-demographics (lack of
access to cars and lack of driving license). Nonetheless, the economic restraints only partly prejudiced
their negative perception of the bus service and a majority of the so-called “compelled” travellers
viewed public buses as good value for money and deemed the current service level to be satisfactory.

It is noted here that occasionally multimodal and frequent car travellers exhibit a substantial
willingness to travel by public buses provided the capacity is increased or the buses become less
crowded, even at the cost of higher fare. The results show that commuter satisfaction from the quality
of ride and level of fare were highly interrelated. Frequency of the public bus service, as a measure
of the passenger satisfaction from the level of service, is found to influence the mode choices of
local building occupants. Given the competitive nature of private automobiles and the tendency of
commuters in the studied dataset to use public transport for work-related commute dissimilar to past
findings, policymakers may need to optimise quality-frequency-fare dynamics especially targeting
peak work hours to reduce residents’ transport-related environmental load of local buildings. One of
the common strategies that is often implemented in many countries around the world for this purpose
is investing in mass-transit systems. Technical and regulatory aspects of implementing the mass-transit
system may include smoother traffic flow due to lesser private vehicles on the road network, reduction
in cost and environmental burdens, fewer energy and fuel requirements on the power and fuel supply
grids in the municipal regions, reduced overall operational and user-transport energy of residential
buildings and availability of more recycled material haulage options (from far-off locations) in some
areas for building construction projects. The mode use changes as a result of any improved public
transit service may also affect the urban form and building designs: accessibility and shared spaces,
lesser parking needs routine maintenance due to lower traffic and noise vibration damages.

6. Conclusions

The life-cycle energy and environmental load inventory of residential buildings includes the
impact of material usage choices due to haulage requirements from virgin material suppliers vs.
recycling plants, traffic congestion impact on per tonne kilometre (tkm) energy load during the
actual material transport, disposal feedback loops and the embodied building residents’ daily
transportation requirements. Public transport services are generally proposed for alleviating excessive
private commuter traffic load on road networks and reduce the overall transport system energy
and environmental burdens in the local municipal regions. Yet, the interrelations of mode choice
to underlying social (i.e., stakeholder-related) attributes of journey time, location of residential and
office buildings comparative to the public transit service node (bus-stop), on-board crowding and ride
quality are somewhat unexplored.

To that end, the methodology proposed in this study aids the policymakers in finding the critical
attributes for improving performance of any built asset by engaging the stakeholders in the life-cycle
asset management process through a social component. The findings of the current study demonstrate
its application to a real-world case study of Abu Dhabi City building residents and travellers. Based on
results, it recommends that a bus rapid transit (BRT) service, more frequent at peak office hours, may
entice significant car users towards the public bus transport service. Whilst the overall whole-cost and
explicit environmental impact of meeting public demands by constructing and managing a proposed
practicable BRT system can be explored through subsequent detailed LCA, the work presented here
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does find that addressing public transportation systems preferences can contribute to congestion
reduction and impact positively to sustainable development.

The proposed framework used data-mining to filter through the large set of public response survey
data for a transport pattern behavioural case study among local building occupants. However, future
works may apply the same procedure for data-mining the stakeholder perspectives of other aspects in
the residential building development: need for a recreational building facility, upgrading/modifying
an existing building, façade renovations, and interior works for buildings, etc.
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Appendix A

The appendix that contains details and data supplemental to the main text is provided below.
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Figure A1. Zonal distribution of the Abu Dhabi City (based on AECOM (2015) [84].

Table A2. Statistical descriptive distribution of the collected variables.

Variables N (Valid) Mean Standard Deviation Variance

Frequency of bus travel 1517 5.20 1.149 1.321
Frequency of car travel 1305 2.94 1.414 2.000
Satisfaction with frequency of buses 1512 3.70 0.899 0.809
Satisfaction with network coverage 1494 3.74 0.890 0.793
Satisfaction with quality of ride 1501 3.98 0.976 0.953
Satisfaction with level of fare 1505 3.37 1.351 1.824
Your accommodation type? 1509 2.52 1.390 1.933
What is your employment status? 1505 5.55 1.103 1.216
What is your annual rent? (AED) 1384 2.09 1.252 1.566
Where do you live? 1519 3.76 1.814 3.291
Where did you start this journey? 1518 3.35 1.845 3.405
Where are you travelling to? 1515 3.38 1.823 3.323
Purpose of your journey today? 1514 3.25 2.130 4.539
Type of ticket you purchased today? 1516 1.32 0.732 0.536
Age (years) 1507 3.21 0.923 0.851
Number of cars in household 1440 0.17 0.392 0.153
Do you hold a UAE driving license? 1503 1.79 0.411 0.169
Ethnicity/Nationality 1507 5.02 1.070 1.145
Gender 1509 1.13 0.333 0.111
Your gross monthly income in AED 1385 2.47 1.048 1.099
I am satisfied with journey time 1508 3.95 0.826 0.682
The buses are too crowded 1519 0.60 0.489 0.240
Bus travel is the easiest way for me 1519 0.66 0.475 0.226
I am satisfied with the bus-stops 1496 3.38 1.125 1.265
Travel by car or taxi is expensive 1519 0.45 0.497 0.247
Traffic congestion delays my journey 1519 0.35 0.478 0.228
I chose to live further from work 1519 0.66 0.472 0.223
I chose to live closer to work 1319 4.70 2.70 7.301
Willing to pay more for bus seat 1519 0.36 0.479 0.229
Satisfied with existing bus-stop
distribution 1519 2.10 0.676 0.457
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