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Preface to ”ZEMCH International Research 2020”

The built environment continuously accounts for a significant share of energy use and associated

carbon emissions in many countries. One contributing factor to these two aspects is the long

operational lifespan of buildings. Generally, buildings are used for decades. For instance, a greater

percentage of buildings that will still be in use by the year 2050 are the ones already built today. This

being the case, the overall building energy consumption profile is substantially evident in the whole

energy footprint of the economy. Secondly, the rate at which new buildings replace older buildings

is very low. In many countries, this rate is less than an average of 2% per year. Thirdly, although

necessary, strict building energy codes are either obsolete with regard to existing buildings or become

obsolete in a short time span with regard to new buildings. Additionally, in a very conservative

industry such as building construction, the monitoring and implementation of building energy codes

is a notable challenge, not to mention the intrinsic limitations of building energy codes. In addition,

factors such as occupant behavior, user trends, and climate change resulting in severe cold and hot

seasons in certain regions are difficult, if not impossible, to control. Therefore, in an effort to move

towards energy efficiency in the built environment, topics covering user choice and behavior, on-site

energy generation and utilization in buildings, energy-efficient systems and solutions, responsive

and dynamic building systems, innovative artificial intelligent solutions towards conservation and

management of resources, reduction of carbon emissions, sustainable systems and environments,

and mass customization, among others, have become key global issues being tackled by numerous

research institutions.
In response to market needs and demands for socially, economically, environmentally, and

humanly sustainable built environments in developed and developing countries to accommodate

people with different socio-economic backgrounds of all ages and abilities, the Zero-Energy Mass

Custom Home (ZEMCH) was instigated. The ZEMCH Network was officially established in 2010

after a number of international industry–academia collaborative study tours were organized in

order to observe the state-of-the-art production and sales facilities of leading low-to-zero energy or

carbon dioxide emissions sustainable housing manufacturers in Japan that also practiced inclusive

design. Currently the ZEMCH Network consists of 858 global partners from academia, industry, and

government, based in over 45 countries. The Network organizes international conferences across the

globe to create a networking platform as well as to disseminate information on current developments

related to sustainable built environment.

ix



This book compiles recent contributions from 14 author groups that have been published

under ZEMCH International Research 2020. A full range of ZEMCH topics, including building

envelope evaluations, occupant choice and experience, indoor environmental quality, automated

control systems, mass customization, and integration of renewable energy, on both building

and urban scales are covered. The aim is to address current questions as well as present

challenges and opportunities for the continuous development of built environments for all users

with diverse socio-economic backgrounds and cultural differences in developed and developing

countries. Housing is a complex system of energy and environment. To deliver a marketable and

reliable near-zero-energy/emission-conscious mass custom home, various key design, technological,

production and marketing, and delivery and operational parameters need to be optimized

harmoniously.

Jun-Tae Kim, Masa Noguchi, Haşim Altan

Editors
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Abstract: A Photovoltaic Thermal (PVT) Collector is a device that produces electricity and
simultaneously uses a heat source transmitted to back side of the Photovoltaic (PV). The PVT
collector is categorized into liquid-type and air-type according to the heating medium. As an
advantage, air-type PVT system is easy to manage and can be directly used for heating purposes.
The performance of air-type PVT collector is determined by various factors, such as the height of air
gap and air flow path (by baffles) in the collector. Baffles are installed in the PVT collector to improve
the thermal performance of the collector by generating turbulence. However, the air flow that affects
the performance of the PVT collector can vary depending on the number and placement of the baffles.
Thus, the flow design using baffles in the collector is important. In this study, the performance of an
air-type PVT collector due to the arrangement of triangular baffles and air gap height at the back of
the PV module is analyzed through a simulation program. For this purpose, Computational Fluid
Dynamics (CFD) analysis was performed with an NX program to compare and analyze the optimum
conditions to improve the performance of the collector.

Keywords: air-type PVT collector; CFD (computational fluid dynamic); thermal performance;
triangular baffles

1. Introduction

Globally, the use of sustainable energy is increasing, and among renewable energy systems, solar
energy and wind power systems are widely used. Especially, solar energy system is classified into a PV
system, a solar thermal system, and a photovoltaic/thermal (PVT) system, and it operates by converting
solar energy into electricity and thermal energy. However, a system that uses solar energy cannot be
completely dependent on power generation and heat collection as it is not uniform. Therefore, it is
applied as a method of stably supplying electricity and thermal energy to a storage device by charging
it to a consumer [1,2], and a method of increasing system efficiency, such as harvesting more energy by
hybridizing with a fossil fuel system such as natural gas [3].

PVT collectors are device that use heat generated at the back of a PV at the same time as the
electricity produced at the front of the PV. PVT collectors are classified into air and liquid types
according to the fluid used as the heat transfer medium. Air-type PVT collectors have the advantage of
being easy to manage. Previous studies focused on improving the collector’s own thermal and electrical
efficiency through design, simulation, modeling and experimentation of air-type PVT collectors.

For instance, one review paper of previous studies considered results of air flow and single/double
flow paths of various air-type PVT systems and various absorbers (i.e., fin, V-groove, round
tube, etc.) [4,5]. Conclusions showed that the electrical efficiency was 10%–25% and the thermal

Sustainability 2020, 12, 7469; doi:10.3390/su12187469 www.mdpi.com/journal/sustainability1
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efficiency was 40%–70%. Exergy efficiency was also in the range of 5%–25%. Riffat et al. [6] studied
parameters affecting the electrical and thermal performance of various types of PVT systems.
Parameters examined included the optimal flow rate inside the PVT collector, the presence or
absence of a thermal absorber plate, and the thickness of the air layer. In particular, the thermal
absorber plate was found to have the most influence on the thermal efficiency of the PVT system.
In other studies, it was concluded that as the number of baffles increased, the thermal efficiency
increased, but this increase in thermal efficiency decreased above a certain number of baffles [7,8]. So,
it is necessary to set a proper number of baffles in consideration of the pressure drop.

Based on the CFD program (i.e., ANSYS Fluent), Chaube et al. [9] analyzed shape, viz. rectangular,
square, chamfered, triangular and semicircle baffles after simulation in a Reynolds number range of
2900–19,500. Abuska et al. [10] examined the energy, exergy, economics and environmental performance
of air-type collectors with V-groove-shaped protrusions. The thermal and exergy efficiencies ranged
from 43% to 60% and 6% to 12%, respectively, and the payback period averaged 4.3–4.6 years.
Experiments showed that the collector’s thermal efficiency was about 6% higher than that of the flat
collector. Furthermore, Fudholi et al. [11] studied the exergy and sustainability index of air-type PVT
collectors with V-groove shaped protrusions. The exergy efficiency was 13.36% in theory and 12.89%
according to experimental results.

In the studies by Promthaisong et al. [12], triangular ribs were applied to the thermal absorber plate
and analyzed in the Reynolds number range of 3000–20,000. The influence of blockage ratio and the
pitch ratio of the rib were analyzed as variables. Compared to general collectors, the coefficient of friction
and Nusselt number increased by 1.01–4.93 times and 1.02–3.86 times, respectively, by promoting heat
transfer. Other studies concluded that when there was a gradient baffle, the maximum enhancement in
thermal and effective efficiency were 22.4% and 18.1% in the mass flow rate of 0.045 kg/s compared
to general Solar Air Heater (SAH) [13]. In the studies by Bhagoria et al. [14], an air heater with a
wedge (triangle) type baffle was designed, and the heat transfer and friction coefficients were analyzed
through experiments. The parameters of the baffle were set as the baffle height, angle and baffle
spacing; Nusselt number increased up to 2.4 times compared to that of the collector without baffles.
In addition, the friction coefficient increased as the angle of the baffles increased, and the heat transfer
performance was highest when the baffle angle was 10◦. Yadav et al. [15] investigated the heat transfer
inside the collector by installing a triangle baffle on the absorber plate using CFD (ANSYS Fluent).
Nusselt number increased with increasing Reynolds number, and was 1.4–2.7 times higher than without
a baffle collector. To optimize the triangular baffle, thermal performance was compared and analyzed
through CFD simulation using the baffle height, pitch, height ratio and distance ratio between the
baffles as variables. The Nusselt number decreased as the distance ratio increased, and the friction
coefficient increased by 3.356 times compared to the reference. For an equilateral triangle baffle with
Reynolds number of 15,000, distance ratio between baffles of 7.14 and height ratio of 0.042, the Nusselt
number was 3.073 times that of reference [16]. Bensaci et al. [17] performed numerical/experimental
studies according to the baffle arrangement in the collector. The thermal efficiency improved with
increasing number of baffles, and the coefficient of friction decreased as the Reynolds number increased.
Choi et al. [18] performed CFD analysis under the same conditions by installing several resistors inside
an air-type PVT collector. In terms of heat transfer performance, the intersection of triangular baffles
led to an improvement of up to 1.86 times.

As described above, the application of a triangular baffle in an air-type PVT collector improves
the heat transfer performance. This effect is mainly caused by the generation of a vortex in the air
layer by increase of the Nusselt and Reynolds numbers. However, in order to prevent dead space and
pressure drop, it is necessary to design the baffle so that the flow inside the air-type PVT collector
is smooth. Consequently, baffle must be designed in consideration of the placement conditions of
the baffle, so that the flow inside the collector can be smooth and the heat transfer performance can
be improved.
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In this study, triangular baffles were installed on a thermal absorber plate in the air gap inside an
air-type PVT collector; the thermal characteristics of the baffle arrangement condition were analyzed.
For this, the heat transfer, pressure drop, and thermal efficiency of the collector were scrutinized
through a simulation program (i.e., NX CFD). The primary purpose was to investigate the effects
according to the triangular baffle arrangement applied in the air-type PVT collector.

2. Air-Type PVT Collector Model for Simulation

2.1. Model Design

The air-type PVT collector designed for this study is shown in Figure 1. The front of the collector
is covered with a general PV module; the dimensions are 1011 mm × 1520 mm. The PV module has a
cell covering the front surface, as in a conventional module (electrical efficiency is 17%), and consists of
about 54 mono crystal cells between two layers of glass (G/G module). The air layer (height: 34 mm) in
the collector has a triangular baffle (width: 82 mm, length: 75 mm, height: 16 mm, angle: 15◦) that
acts as an air flow obstruction, and has a certain spacing and arrangement inside the collector. Thus,
the obstacle baffle generates turbulence and is used as an element to increase heat transfer performance.

 
Figure 1. Concept of Air-type PVT collector with triangular baffles (a) 3D blown-up picture, (b) layout
showing baffle positioning, and (c) cross sectional profile showing air flow direction.

The input values of lateral spacing (W) and longitudinal spacing (H1, H2) of the baffle, which affect
the baffle thermal performance, are presented in Table 1. To adjust the placement of baffles in the
collector, three parameters were set: W (62, 82.5, 144 mm), H1 (0, 47 mm) and H2 (83, 130, 176.3 mm).
In addition, a total of 10 cases were simulated and compared, including a reference to a PVT collector
with a baffle-free air layer.

3
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Table 1. General variables for collector parametric simulation.

Description Collector Size W [mm] H1 [mm] H2 [mm] Number of Baffles [B.No.]

Case 1

1011 × 1520 × 34 mm

Reference

Case 2 62

47 83 35Case 3 82.5

Case 4 144

Case 5 62

0 130 35Case 6 82.5

Case 7 144

Case 8 62

47 176.3 28Case 9 82.5

Case 10 144

2.2. Energy Balance Equations

The heat transfer process along the cross section of the air-type PVT collector is depicted in
Figure 2, in which it can be seen that heat is transferred in the order of the top glass, EVA, PV cell,
EVA, bottom glass, air layer, baffle and insulation. However, in this simulation, the heat transfer
effect of EVA was insignificant, so only the top and bottom glass layers and PV cells were considered.
In Equations (1)–(9), hcv,T, hcv,B, hrd,T and hrd,B are the top and bottom surface convection and radiative
heat transfer coefficients of the collector, respectively, Ti is the temperature at point i, Tsur is the surface
temperature around the collector, Ta is the ambient temperature, Ri-j is the thermal resistance between
points i and j, hrd,i-j is the radiative heat transfer coefficient between points i and j, Si is the amount of
solar radiation absorbed at point i, PPV is the amount of power produced by the PV cells, hcv,fT and
hcv,fB are the top and bottom surface heat transfer coefficients of the air layer, respectively, and q”u,T
and q”u,B represent the thermal energy recovered from the top and bottom of the collector air layer.
Thermal resistance between ft and fb was not calculated. The flow in the air-type PVT collector enters
at the inlet, sweeps the baffles in the cavity, and passes through it. Therefore, the thermal energy
recovered (q) is a factor that affects the thermal performance of the collector more than up and down
thermal conduction.

 

Figure 2. Heat transfer mechanism: (a) cross sectional view of collector and (b) schematic diagram
showing interrelated heat transfer components.

4
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By performing energy balances in the different nodes of Figure 2, Equations (1)–(12) are
obtained [19–23].

The heat transfer equation for the front glass top surface (point 1) is given by Equation (1).

hcv,T(T1 − Ta) + hrd,T(T1 − Tsur) +
T1 − T2

R1−2
= 0 (1)

The heat transfer equation for the front glass middle surface (point 2) is given by Equation (2).

T1 − T2

R1−2
+ S2 =

T2 − T3

R2−3
(2)

The heat transfer equation for the PV layer (point 3) is given by Equation (3).

T2 − T3

R2−3
+ S3 − PPV =

T3 − T4

R3−4
(3)

The heat transfer equation for the back glass middle surface (point 4) is given by Equation (4).

T3 − T4

R3−4
=

T4 − T5

R4−5
(4)

The heat transfer equation for the back glass bottom surface (point 5) is given by Equation (5).

T4 − T5

R4−5
= hcv, f T

(
T5 − T f T

)
+ hrd,5−7(T5 − T7) (5)

The heat transfer equation for the fluid in the top portion of the air cavity (point fT) is given by
Equation (6).

q′′ u,T = hcv, f T
(
T5 − T f T

)
(6)

The heat transfer equation for the fluid in the bottom portion of the air cavity (point fB) is given
by Equation (7).

q′′ u,B = hcv, f B
(
T7 − T f B

)
(7)

The heat transfer equation for the triangle baffle top surface (point 6) is given by Equation (8).

hrd,5−6(T5 − T6) = hcv, f B
(
T6 − T f B

)
+

T6 − T7

R6−7
(8)

The heat transfer equation for the insulation outer surface (point 7) is given by Equation (9).

T6 − T7

R6−7
= hcv,B(T7 − TB) + hrd,B

(
T7 − Trd,B

)
(9)

The thermal resistances for between the top surface and middle of the front glass layer, R1–2,
and the middle and bottom surface of the back glass layer, R4–5 are given by Equation (10). thg, thPV,
thtri-baffle and thinsulation are the thickness of glazing, PV cell, triangular baffles and insulation layers,
respectively. kg, kPV, ktri-baffle and kinsulation are the thermal conductivity of glazing, PV cell, triangular
baffles and insulation layers, respectively.

R1−2 = R4−5 =
1
2

thg

kg
(10)

The thermal resistances for between the middle of the front glass layer and PV cell layer, R2–3,
and the PV cell layer and middle of the bottom glass layer, R3–4, are given by Equation (11).

5
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R2−3 = R3−4 =
1
2

thg

kg
+

1
2

thPV

kPV
(11)

The thermal resistances for between the triangular baffles and insulation layer, R6–7 are given by
Equation (12).

R6−7 =
thtri−ba f f le

ktri−ba f f le
+

thinsulation
kinsulation

(12)

2.3. Initial Modeling and Validation

The air-type PVT collector was installed on the rooftop of an educational building, located in the
Cheonan campus of Kongju National University (36.85 N, 127.15 E). The collector was installed on a
2-axis tracker that can be adjusted horizontally (east-west) and vertically to introduce solar radiation
into the normal plane. To evaluate the thermal performance, the collector’s inlet/outlet temperature,
inlet/outlet flow rate, solar radiation, outside temperature, and wind direction/wind speed were
measured. The size (1011 × 1520 × 37 mm) and the triangular baffle arrangement case (W = 104 mm,
H1 = 74.8 mm, H2 = 94.8 mm and B.No. = 35) of the collector used in the experiment are shown in
Figure 3a,b respectively.

  
(a) (b) 

Figure 3. Air-type PVT collector (a) and (b) Outdoor performance experiment.

Outdoor performance test was performed based on ISO 9806 (Solar energy—solar thermal
collectors—test methods). Notably, the solar radiation intensity incident on the collector slope was
700 W/m2 or higher, and the inlet and outlet flow rates were measured at 100 m3/h according to the test
method. Experimental data were collected and analyzed for 10 min when the inlet/outlet flow rate and
temperature, and the outside air temperature were in a steady state. Table 2 illustrates a comparison of
experiment and numerical results of outlet temperature of the collector.

Table 2. Comparison of experiment and numerical results.

G [W/m2] Ta [◦C] Tin [◦C] Tout [◦C] ΔT [◦C]

Experimental 837.83 1.5 4.86 12.79 7.93
Numerical (CFD) 837.83 1.5 4.86 13.04 8.18

Error [%] - - - 1.92% 3.05%

6
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Experimental and numerical data showed that the outlet temperature was 12.79 ◦C and 13.04 ◦C
respectively under the same outdoor conditions, which was almost consistent with an error range of
about 1.92%.

G is solar radiation (W/m2), Ta is ambient temperature (◦C), Tin is inlet air temperature of PVT (◦C),
Tout is outlet air temperature of PVT (◦C), and ΔT is Inlet and outlet temperature difference (◦C)

2.4. Modeling Conditions and Methodology

The NX program used for this study has the capability to simulate fluid flow effects, such as
CFD modeling, by quickly creating flow zones for complex geometry and performing computational
fluid dynamics. In addition, a combination of thermal analysis functions for conduction, convection,
radiation and complex heat transfer is performed [24].

Figure 4 shows the mesh of the computational domain, and the tetrahedral method was selected
for the meshing strategy. A tetrahedral mesh is set because it has high solution accuracy and has the
advantage of reducing simulation time. In addition, to analyze the airflow characteristics around
the triangular baffle, the mesh around the baffles was set densely unlike the mesh of the air layer in
the collector.

 

Figure 4. Demonstrating the mesh of the computational domain: (a) isometric view, (b) cross sectional
view, and (c) rear view of the collector.

A grid independence test was performed using the outlet temperature of an air-type PVT collector
modeled with W = 62 mm, H1 = 47 mm, H2 = 83 mm, B.No. = 35 as the variables. For the test, the mesh
elements were set to four cases (62,434, 119,915, 362,677, and 2,359,170), and the outlet temperature
values of the collector were 23.53, 23.32, 23.30 and 23.28, respectively (see Table 3). The result values
between mesh elements have a percentage difference of less than approximately 1%. Considering the
calculation time, a grid of 362,677 elements was selected as an appropriate grid.

Table 3. Grid independence with the variables (W = 62 mm, H1 = 47 mm, H2 = 83 mm and B.No. = 35).

Mesh Elements Outlet Temperature (Tout) Percentage Deviation of Tout

62,434 23.53 0.9775
119,915 23.32 0.0858
362,677 23.30 -

2,359,170 23.28 0.08591

To perform the CFD analysis using the NX program, 10 cases were set with different baffle
arrangement as the variables (see Table 1), and the heat transfer, pressure drop, and thermal efficiency
of the air-type PVT collector were compared and analyzed. To simulate the collector, the thermal
energy of the collector was set to be supplied equally as 700 W/m2 at 1.54 m2. Furthermore, it was
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input so that the outside air temperature of 7 ◦C with mass flow rate of 67 m3/h was entered into the
inlet of collector. The ambient temperature was input to consider the surface heat loss of the collector,
and gravity and buoyancy were applied for modeling the actual air flow. The boundary conditions are
summarized in Table 4.

Table 4. Boundary conditions of air-type PVT collector.

Boundary Condition Parameter Value

Turbulent model Standard k—εmodel
Heat flux 700 W/m2 on the PV surface

PV area (L × H) 1.54 m2 (1011 × 1520 mm)
Fluid Air

Inlet, Outlet area of collector 0.0344 m2

Air in (temperature) 67 m3/h (7 ◦C)
Air out Pressure Outlet

Air density 1.225 kg/m3

Buoyancy Application
Gravity 9.81 m/s2

Free convection to environment Application

The turbulence model used was the standard K-Epsilon model. It is the most common turbulence
model in CFD simulation, and k is the turbulent kinetic energy and ε is the dissipation rate of
turbulent energy. This model is based on the time-averaged Navier–Stokes equations, which assume
that the time-varying velocities of turbulence can be divided into time-averaged velocities and
velocity-dependent velocities [25]. Therefore, in the CFD evaluation for this study, air flow analysis
was performed using the standard k-ε turbulence model because the analysis is not complicated and its
accuracy is good in terms of computational convergence through air flow simulation data accumulated
for a long time.

3. Analysis of Simulation Results

3.1. Heat Transfer Performance

Figure 5 shows the flow velocity distribution for cases with and without baffles inside the air-type
PVT collector. Based on the results, the flow velocity of the reference collector passed to the outlet
without stagnation. The collector with a baffle (W = 144 mm, H1 = 47 mm, H2 = 83 mm, B.No. = 35)
tended to have a weak local flow rate at the back of the baffle, but the flow rate was significantly faster
in the spaces between baffles. Therefore, compared with the reference collector, the internal flow rate
of the collector with the baffle was faster and the outlet flow rate increased.

 

Figure 5. Velocity distribution inside air-type PVT collector: without baffles (left) and with baffles (right).
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Figure 6 shows the temperature distribution inside the air-type PVT collector for cases with and
without baffles. In the collector with triangular baffles, the air temperature rose due to locally low flow
rate on the back of the baffle, but the space between the top of the baffle and the back of the PV was
narrow, causing the air to sweep away quickly. Therefore, it can be deduced that air did not stagnate
locally on the back of the baffle and passed quickly to the outlet. As a result, the collector with baffles
had a faster outlet flow rate and a higher outlet temperature than the reference collector without baffles,
so the former’s heat transfer performance was advantageous.

 

Figure 6. Temperature distribution inside air-type PVT collector: without baffles (left) and with
baffles (right).

Figure 7 graphically illustrates the outlet velocity for each baffle arrangement condition of the
air-type PVT collector with triangular baffles. The outlet velocity of the collector with the baffle was
higher than that of the reference collector (0.564 m/s). It was confirmed that the smaller the left and
right spacing variable (W) of the baffle was, the faster the outlet velocity and the higher the related
average Reynolds number were. This is because only the arrangement was changed in a state in which
the baffle size was fixed; as the length of the lateral direction (W) decreased, the flow path became
narrower. However, the longer H2 was, the farther the front and back between the baffles were and the
more space was created in the transverse direction. Consequently, the possibility of vortex generation
by the baffle was reduced. Consequently, it was seen that the difference in the average Reynolds
number range also decreased. Furthermore, the smaller the number of baffles was, the faster was the
outlet velocity, but with a correspondingly lower Reynolds number. This is attributed to the flow in
the air layer, which was non-uniform; the air flow rapidly passed through the flow paths in the left and
right longitudinal directions in the collector with length of W.

9
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Figure 7. Average Reynolds number and outlet velocity of Air-type PVT collectors.

3.2. Pressure Drop and Thermal Efficiency

Figure 8 shows the pressure drop by baffle placement conditions of the air-type PVT collector
with triangular baffles. Since the reference collector had no baffles, turbulence did not occur, resulting
in a low value of pressure of 0.2302 Pa. The PVT collector with triangular baffles had a pressure drop
caused by the baffles. There was a difference in pressure drop value according to the length of W;
it can be seen that the longer the distance was between W, the more the vortex area decreased and the
smaller the pressure drop value was. In addition, the value of number of baffles (B.No.) of 35 led to
relatively lower pressure drop than did the value of 28. It can be concluded that the number of baffles
was large, but stagnation areas of air flow occurred less frequently due to the relatively shorter length
of H2. Therefore, it was found that the arrangement of the baffles was more favorable than the number
of baffles in terms of pressure drop, and the longitudinal spacing of the baffles (H1, H2) was the main
influencing factor.

 

Figure 8. Pressure drop of air-type PVT collector.
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Table 5 shows the thermal efficiency and heat gain according to the arrangement parameters of
the air-type PVT collector with triangular baffles. The thermal efficiency of the air-type PVT collector
can be calculated by Equation (13) [26], which was deduced by applying the collector’s flow rate and
inlet/outlet temperature. Based on Equation (10), the reference efficiency without baffles was 26.7%
and the heat gain was 287Wth. The thermal efficiency of the air-type PVT collector with triangular
baffles was in the range of 34.3–35%, and the heat gain was analyzed to be 369–377 Wth. The collector’s
thermal efficiency was up to 13.5% higher than that of the reference collector, and the heat gain was
89.4 Wth. According to the baffle arrangement parameters, the thermal efficiency and heat gain were
highest when the variable conditions are W = 144 mm, H1 = 47 mm, H2 = 83 mm and B.No. = 35.

ηth =
Q2

Q1
=

.
m Cp (Toutlet − Tinlet)

APVT G
(13)

APVT is surface area of the collector (m2), G is solar radiation (W/m2),
.

m is mass flow rate (kg/h),
Cp is specific heat of air at a constant pressure (J/kg ◦C), Toutlet is outlet air temperature of PVT (◦C),
Tinlet is inlet air temperature of PVT (◦C), and ηth is thermal efficiency (-).

Table 5. Thermal efficiency and heat gain by case of the air-type PVT collector.

W [mm] H1 [mm] H2 [mm] B.No. Tout Eff.th Heat Gain [Wth]

- - - - 19.60 0.267 287.29

62
47 83 35

23.30 0.345 371.50
82.5 23.29 0.345 371.30
144 23.52 0.35 376.70

62
0 130 35

23.24 0.344 370.30
82.5 23.21 0.344 369.57
144 23.47 0.349 375.40

62
47 176.3 28

23.28 0.345 371.16
82.5 23.23 0.344 370.07
144 23.32 0.346 372.07

4. Conclusions

To confirm the impact of the arrangement of triangular shaped baffles fitted in an air-type PVT
collector, the airflow characteristics in the collector was analyzed through a validated CFD model in
this study. The heat transfer characteristics, pressure drop, and thermal efficiency of the collector were
examined, and the results can be summarized as follows.

- Depending on the variables, the outlet temperature increased by 3.6–3.9 ◦C and the heat gain
increased by 1.28–1.31 times compared to the collector without baffles. Therefore, thermal
performance of the collector improved up to 31%.

- The thermal performance of the air-type PVT collector improved when the horizontal spacing of
the baffles was wider and the vertical spacing was narrower. Furthermore, it was confirmed that
greater number of baffles resulted in higher thermal energy yield of the collector.

- The heat transfer performance increased 1.03 times of the maximum outlet velocity and 1.05 times
of the average Reynolds number; according to the triangular baffle placement, the pressure drop
increased by about 6.78 Pa under these conditions. Furthermore, variable conditions in which
the baffles were more evenly placed (i.e., the case of W = 144 mm, H1 = 47 mm, H2 = 83 mm
and B.N = 35) resulted in relatively small pressure drop and high thermal efficiency; thus,
these conditions are judged to be advantageous for improving the performance of the air-type
PVT collector.

Based on the results of this study, it can be deduced that the thermal performance improvement
according to the staggered arrangement spacing of triangular baffles in the air-type PVT collector
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was not significant, but it was advantageous in terms of heat transfer in the collector when the baffle
spacing was even.
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Abstract: Conventional spiral-type transverse reinforcement is effective at increasing the ductility
and the maximum strength of reinforced concrete (RC) columns because it confines the inner concrete
and the longitudinal reinforcement. However, when arranging crossties in a RC column with spirals,
problems such as mutual interference with longitudinal reinforcement, overcrowding of reinforcement,
and deterioration of constructability occur. Furthermore, the loosening of 90 and 130-degree standard
hooks due to the lateral expansion of concrete causes buckling of the longitudinal reinforcement.
This paper describes the ability of a newly developed spiral-type transverse reinforcement with
various yield strengths to confine RC columns subjected to cyclic lateral load and constant axial
load. The ductility capacity, energy dissipation, and effective stiffness of RC columns confined by the
developed spiral-type transverse reinforcement were compared with those of RC columns confined by
typical rectangular reinforcement. The experimental results showed that RC column specimens with
the developed spiral-type transverse reinforcement have better performances in terms of ductility
capacity and energy dissipation, even though the amount of reinforcement used for the specimens
decreased by about 27% compared with the specimen with typical rectangular reinforcement.

Keywords: reinforced concrete column; confinement effects; energy dissipation

1. Introduction

Reinforced concrete (RC) columns subject to both central axial load and flexural load undergo a
rapid deterioration of strength due to lateral expansion of inner concrete after delamination of the
concrete cover. At this point, transverse reinforcement of RC columns confines the lateral expansion of
core concrete, thus increasing the compressive strength and ductility under lateral load. The lateral
confinement performance of RC columns is influenced by the strength ratio of transverse reinforcement
and concrete, the amount and shape of transverse reinforcement, and the shear span to depth ratio [1–10].
Many models have been developed based on experiments to predict the strength and behavior of
RC columns and concrete cylinders with shear reinforcement [11–18]. Extensive research has also
been conducted not only on conventional crossties, but also on interlocking spirals to suppress lateral
expansion of core concrete and buckling of longitudinal reinforcement, as well as shear reinforcement
of RC columns using Fiber-Reinforced Polymer (FRP) [19–27].

Transverse reinforcement of RC columns can be largely classified into crossties and spiral
reinforcement. Compared to crossties, spiral reinforcement can effectively confine the inner concrete of
RC columns, and is thus more advantageous in enhancing ductility. However, due to difficulties in bar
arrangement during construction, there is a higher demand for columns with rectangular cross-sections
than for those with circular cross-sections. As such, most columns have shear reinforcement in the
form of crossties, which are also more common than spiral reinforcement even in rarer columns with
circular cross-sections. In terms of ductility enhancement, introducing sub-ties is more efficient than
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decreasing the spacing of transverse reinforcement. Sub-ties are effective at suppressing the lateral
expansion of core concrete, and also prevent the buckling of longitudinal reinforcement. The use of
conventional sub-ties with 90-degree and 135-degree standard hooks can result in problems such as
mutual interference with longitudinal reinforcement, overcrowding of reinforcement, poor filling of
concrete, and deterioration of constructability. When subject to repeated lateral forces such as seismic
loads, the loosening of 90-degree hooks causes a decrease in effective lateral confinement, which may
contribute to buckling and weakening of longitudinal reinforcement.

This study proposed a new type of transverse reinforcement with spirally arranged crossties to
improve the constructability of RC columns and to resolve structural issues associated with conventional
crossties. Cyclic loading tests were performed on RC columns with the new spiral-type transverse
reinforcement and subject to a central axial load. The effects of transverse reinforcement shape and
yield strength on crack formation, ductility capacity, energy dissipation capacity, and effective stiffness
in relation to drift angle were assessed. In addition, the constructability of RC column members was
evaluated by measuring time consumed in arranging the proposed transverse reinforcement.

2. Experimental Program

2.1. Materials

The concrete mixture specifications are given in Table 1. Ready-mixed concrete with a design
strength of 24 MPa was used to manufacture the specimens, as described in Table 1. Concrete cylinders
with dimensions of φ100 mm × 200 mm were manufactured in accordance with ASTM C31/C31M.
The compressive strength of the concrete was tested according to ASTM C39/C39M. The mean
compressive strength of concrete measured in the cylinder test was 22.4 MPa. This value was used to
predict the shear strength of specimens.

Table 1. Proportions of concrete mixture.

f’c Gmax W/C S/a Unit Weight(kg/m3) Slump

(MPa) (mm) (%) (%) W C S G AD (mm)

24 25 49.7 48.5 82 214 872 936 69.3 120

f’c: compressive strength of concrete, Gmax: maximum size of coarse aggregate, W/B: water binder ratio,
S/a: fine aggregate modulus, W: water, C: cement, S: fine aggregate, G: coarse aggregate, and AD: water
reducing admixture.

Two types of reinforcing bars were used to manufacture the specimens. D19 (286.7 mm2) deformed
bars with a yield strength of 523 MPa were used for longitudinal reinforcement of all specimens.
D10 (71.3 mm2) deformed bars with yield strengths of 540 MPa, 554 MPa, 788 MPa, and 1328 MPa
were used for transverse reinforcement. Table 2 shows the physical properties of the reinforcing bars.

Table 2. Mechanical properties of reinforcing steel.

Specimen Reinf. Bar fy (MPa) εy Es (MPa) Remarks

H-F D10 540 0.0027 200,000
Transverse

reinforcement
KSS-5 Φ10 554 0.0028 197,857
KSS-7 Φ10 788 0.0039 202,051
KSS-12 Φ10 1328 0.0066 201,212

All Specimens D19 523 0.0028 186,586 Longitudinal
reinforcement

fy: yield strength of reinforcement, εy: yield strain of reinforcement, and Es: modulus of elasticity.

2.2. Specimen Details

To evaluate the lateral confinement effect of RC columns in relation to shape and strength of
transverse reinforcement, this study fabricated four specimens as shown in Table 3. H-F refers to RC
column specimens with rectangular transverse reinforcement, while KSS-5, KSS-7, and KSS-12 are
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specimens with the proposed KSS-transverse reinforcement comprised of rectangular and octagonal
spirals. The numbers 5, 7, and 12 in the KSS specimen name represent the yield strength grade of the
proposed transverse reinforcement, that is, 500 MPa, 700 MPa, and 1200 MPa, respectively.

Table 3. Properties of specimens.

Specimen
f’c

(MPa)
ρw

(-)
fwy

(MPa)
ρwfwy

(MPa)
B

(mm)
D

(mm)
d

(mm)
s

(mm)
v

(mm3)

H-F

22.4

0.0051 540 2.75

450 450 400 125

235,504
KSS-5

0.0037
554 2.04

171,387KSS-7 788 2.91
KSS-12 1328 4.90

f’c: compressive strength of concrete, ρw: volume ratio of transverse reinforcement, fwy: yield strength of transverse
reinforcement, s: spacing of transvere reinforcement, and v: volume of transvere reinforcement.

Figure 1 shows details of bar arrangement of H-F specimens with conventional rectangular
transverse reinforcement and KSS specimens with the proposed spiral-type shear reinforcement.
As shown in Figure 1, rectangular crossties were spaced 125 mm apart in H-F specimens, and sub-ties
having 90-degree and 135-degree bending angles in longitudinal and lateral directions as specified in
the ACI design code were arranged with the same spacing. As shown in Figure 1b, KSS specimens had
rectangular crossties and octagonal sub-ties arranged spirally to facilitate confinement of longitudinal
reinforcement at the edges and inner longitudinal reinforcement. The rectangular crossties were given
the same spacing as the crossties of the H-F specimens.

(a) (b)

Figure 1. Details of specimens (Unit: mm): (a) H-F; (b) KSS.

All specimens had square cross-sections with width (B) of 450 mm and column depth (D) of
450 mm; the shear span to depth ratio (a/d) was set to 2.0. The effective depth (d) was set to 400 mm
in consideration of the concrete cover and crosstie diameter. All specimens had four longitudinal
reinforcing bars (D19) with yield strength of 523 MPa on each side to prevent shear failure and
induce flexural failure due to yielding of longitudinal reinforcement before other types of failure.
Transverse reinforcements (D10) were arranged at a spacing of 125 mm. In Table 3, the reinforcement
ratio (ρw.H) of each specimen was calculated using the following:

ρw.H =
As.H

B · s (1)
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α =
vKSS
vH

(2)

ρw.KSS = α · ρw.H. (3)

Here, ρw.H and ρw.KSS are the transverse reinforcement ratios of specimens with rectangular
crossties and specimens with the proposed spiral-type crossties. As.H is the cross-sectional area of
the rectangular crossties, vH and vKSS are the volume of rectangular crossties and of the proposed
spiral-type crossties for transverse reinforcement with spacing s, and α is the ratio of vKSS to vH.

Since the proposed spiral-type crossties have octagonal sub-ties arranged spirally between
rectangular crossties, this study used vKSS/vH instead of the volume ratio of spiral reinforcement
comprised of square or circular steel to calculate the transverse reinforcement ratio ρw.KSS of KSS
specimens, expressing it in terms of the transverse reinforcement ratio of the H-F specimens.
Through Equations (1)–(3), KSS specimens were found to have the same ρw of 0.0037. These were more
advantageous in that the amount of reinforcement was 27% less than that of H-F specimens with the
same crosstie spacing s.

2.3. Test Setup and Instrumentation

Using a hydraulic pressure system, the test specimens were subjected to reversed cyclic bending,
shear, and axial load in a setup with vertically fixed top and bottom stubs. Lateral force was applied to
the loading frame connected to the upper stub. The lateral force actuator, with a loading capacity of
1000 kN, was located so that point of contra flexure is produced at the midspans of the specimens.
An axial force corresponding to 15% of the compressive strength of the column was continuously applied
using a vertical actuator with a loading capacity of 2000 kN until the end of the test. Figure 2a presents
details of the loading and measurement system. Several linear variable displacement transducers
(LVDT) were installed to measure the drift angles of specimens. Two LVDTs of 300 mm were installed
on the upper and lower stubs of the specimens; average measurements were used to calculate the drift
angle. The strain in the transverse and longitudinal reinforcement was measured used strain gauges
attached to the reinforcing bar surface. Figure 2b shows the loading protocol used in this testing
program. The specimens were loaded monotonically up to the first yield drift angle, δy, followed by a
series of drift-controlled loading cycles comprising two full cycles with specified drift angles of about
±2δy, ±3δy·····. The tests were terminated when the lateral force in the post-peak load-deformation
curve dropped to approximately 85% of the peak-recorded load.

(a) (b) 

Figure 2. View of test setup and loading history: (a) Test setup; (b) Loading history.
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3. Experimental Results and Discussions

3.1. Load Versus Drift Angle Relations

The lateral load vs. drift of the specimens are presented in Figure 3 Quantitative values of
measured yield and maximum load, and drift angles, are given in Table 4. It was observed that the
longitudinal reinforcement of specimen H-F yielded at a drift angle of −1.24%, and the load reached
the maximum value at −441.4 kN at the drift angle of −1.88% in the negative direction. At the drift
angle of −4.01%, where the load dropped below 80% of the maximum load, the test was terminated.
On the other hand, longitudinal reinforcements of specimens KSS-5, 7, and 12 yielded at drift angles
less than −1.04%, earlier than specimen H-F. The average yield load, Py, of specimens KSS-5, 7, and 12
was about 3.1% lower than that of specimen H-F, while the average maximum load of the specimens
was very similar to that of specimen H-F. The effective stiffness of the specimens with KSS at yield load
increased as the yield strength of the transverse reinforcement increased. After peak load, the strength
of specimen KSS-7 dramatically decreased, to below 80% of the maximum strength, and thus the
test was finished at the drift angle of −3.08%. The observed ductility of specimen KSS-7 is lower
than that of the other specimens. It was confirmed that specimen KSS-7 experienced bond failure
between longitudinal reinforcement and concrete after maximum load. All specimens showed similar
behavior in terms of load vs. drift angle. These experimental results verify that the proposed transverse
reinforcement effectively suppressed the lateral expansion of concrete, thereby increasing the maximum
strength and ductility of the RC columns.

 
(a) (b) 

 
(c) (d) 

Figure 3. Lateral load versus drift angle relationships: (a) H-F; (b) KSS-5; (c) KSS-7; (d) KSS-12.
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Table 4. Results of cyclic loading tests.

Specimen Loading
Direction

At Yielding of
Reinforcement

At Peak Load At 0.8 Pmax

Failure Mode
Py

(kN)
Dy

(%)
Pmax

(kN)
Dmax

(%)
Pu

(kN)
Du

(%)

H-F
Positive 399.3 1.35 407.9 1.87 326.4 4.04 Flexural/Buckling

Negative −433.9 −1.24 −441.4 −1.88 −353.1 −4.01

KSS-5
Positive 380.3 1.49 393.1 1.89 314.5 4.01

FlexuralNegative −454.6 −1.16 −467.0 −1.95 −373.6 −4.07

KSS-7
Positive 409.9 1.64 412.0 1.35 330.1 3.02 Flexural/BondNegative −409.5 −1.01 −435.8 −1.33 −348.7 −3.08

KSS-12
Positive 426.8 1.33 439.4 1.78 351.5 4.02

FlexuralNegative −418.5 −0.96 −421.6 −1.33 −337.3 −4.10

Notation-Py: yield load, Pmax: maximum load, Pu: ultimate load (0.8 Pmax), Dy: drift angle at Py, Dmax: drift angle
at Pmax and Du: drift angle at Pu.

3.2. Crack Patterns and Failure Modes

Crack patterns of the specimens at maximum load are shown in Figure 4. In specimens with an
axial force ratio of 15%, flexural cracks were first observed at a 0.5% drift angle at both plastic hinge
regions. Except for specimen KSS-12, bond cracks appeared along the longitudinal reinforcement,
with an increase in the number of flexural cracks when the drift angle Fexceeded 1.0%. In general,
bond cracks are observed on RC members when shear span-to-effective depth ratio (a/d) lies within
a range of 1.0 to 2.5. In the case of specimen KSS-7, remarkable bond cracks occurred along the
longitudinal reinforcement. The bond cracks induced failure of that specimen earlier than for the other
specimens after maximum load. Concrete deterioration due to cyclic loading was observed in both
plastic hinge regions.

(a) (b) (c) (d) 

Figure 4. Crack patterns in specimens at failure: (a) H-F; (b) KSS-5; (c) KSS-7; (d) KSS-12.

Figure 5 shows the status of reinforcements in the lower plastic hinge region of specimens after
the cyclic loading test. It was observed that crossties with 90 and 130-degree standard hooks in
specimen H-F became loose due to the lateral expansion of concrete. Furthermore, buckling of the
longitudinal reinforcement was observed in the specimen. The buckling of longitudinal reinforcement
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degrades the load-carrying capacity of RC structures subjected to seismic loads [28]. Compared with
specimens KSS, specimen H-F showed remarkable spalling of concrete cover in the plastic hinge region.
In the case of specimens KSS, buckling of longitudinal reinforcement was not observed. This means
that the rectangular shear reinforcement and the octagon-shaped sub-ties confined the longitudinal
reinforcement and inner concrete until failure. Kani et al. [29] found that when a/d of RC members
is smaller than 2.5, the shear resistance of RC members increases significantly. It means that the
structural performance of RC members with a/d greater than 2.5 is likely to be determined by the
bending resistance. It is well known that using spiral reinforcement can greatly improve the bending
capacity of RC columns. Thus, it can be understood that the proposed transverse reinforcement (KSS)
is effective at improving the strength and lateral load-carrying capacity of RC columns with a shear
span-to-effective depth ratio of more than 2.5.

 

(a) (b) (c) (d)

Figure 5. Observation of reinforcements in plastic hinge region: (a) H-F; (b) KSS-5; (c) KSS-7; (d) KSS-12.

3.3. Ductility and Energy Dissipation Capacity

The ductility and energy dissipation capacity of the specimens were experimentally investigated
in this study. The effective stiffnesses, the ductility factor (μ), and the energy dissipation capacity for
each specimen are given in Table 5. The ductility factor (μ) was taken as the ratio of ultimate story
drift, Δu, to story drift corresponding to yield load, Δy. In this study, a story drift corresponding to 80%
of the maximum load was taken as ultimate story drift Δu. The energy dissipation, W, was defined as
the sum of the area enclosed by the load-story drift curves.

Table 5. Comparison of ductility factor and energy dissipation.

No.
(i)

Specimen ρwfwy

Effective Stiffness Ductility Factor Energy Dissipation

Ke.y Ke.max Ke.u μ μi/μ1 W Wi/W1

(N/mm) (N/mm) (N/mm) (-) (-) (J) (-)

1 H-F 2.75 19,440.0 13,043.7 4891.9 3.23 1.00 148,702.1 1.00
2 KSS-5 2.04 21,772.0 13,304.8 5099.6 3.51 1.08 150,297.2 1.01
3 KSS-7 2.91 22,524.8 18,203.8 6589.7 3.05 0.94 145,008.7 0.98
4 KSS-12 4.90 24,218.8 17,610.7 4570.5 4.27 1.32 164,628.7 1.11

Notation-i: number of specimens, Ke.y: effective stiffness at yield load, Ke.max: effective stiffness at maximum load,
Ke.u: effective stiffness at ultimate load.

Although the amount of transverse reinforcement was reduced by about 27%, the effective stiffness
of the specimens with KSS at yield load in the negative direction was greater than that of specimen H-F.
Ke.y increased as the yield strength of transverse reinforcement increased. Specimen KSS-7, moreover,
showed the highest effective stiffness at the maximum load and showed the lowest effective stiffness
reduction rate among all specimens. In terms of ductility capacity, while specimen KSS-7 showed a
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ductility factor similar to that of specimen H-F, specimens KSS-5 and 12 showed a greater ductility
factor, which increased in proportion to the yield strength of the reinforcement. The energy dissipation
also showed a trend similar to the ductility factor.

Figure 6 uses an index, ρw fw f , to compare the ductility and energy dissipation capacities of the
specimens. Considering that specimen KSS-7 experienced bond failure, it can be understood from
Figure 6a that even if the utilized transverse reinforcement ratio, ρw, is reduced, the ductility capacity
of the RC columns can then be improved by increasing the yield strength of the reinforcement, fw f .
Figure 6b presents the ratio of the energy dissipated in specimens with KSS to that dissipated in
specimen H-F at each drift angle. As a result of the cyclic loading test, specimen KSS-5, due to its lower
effective stiffnesses of up to 3.0% of the drift angle, showed energy dissipations lower than those of
specimen H-F; however, both specimens showed similar energy dissipation capacities at the end of the
test. Specimen KSS-12 showed the best performance in terms of the ductility and energy dissipation.

(a) (b) 

 
 

 

 

Figure 6. Comparison of ductility factor and energy dissipation: (a) Ductility factor; (b) Energy dissipation.

It was found that the seismic performance of RC columns with the same cross-sectional property
can be enhanced by increasing the yield strength of transverse reinforcement. Furthermore, it is possible
to reduce the amount of reinforcing steel used for the construction of reinforced concrete structures if
the inner concrete and the longitudinal reinforcement are confined by transverse reinforcement with
an appropriate shape.

4. Constructability of Proposed Transverse Reinforcement

This study performed mockup tests to evaluate the constructability of RC columns in relation
to the shape of the transverse reinforcement. The arrangement of transverse reinforcement was
done by skilled workers; constructability between H-F and KSS specimens was compared based
on the assembly time of the transverse reinforcement. The specimens were fabricated considering
the cross-sections of columns in actual RC structures. Table 6 presents information on specimen
cross-sections and arrangement details, and assembly times of transverse reinforcement measured
during the mockup tests. The average assembly time of transverse reinforcement was 56 min 12 s for
H-F specimens, and 21 min 12 s for KSS specimens. The assembly time for transverse reinforcement
of KSS specimens was 60% faster than that of H-F specimens. This is because KSS specimens pull
down transverse reinforcement from the top of longitudinal reinforcement in a spring-like manner to
fit the given spacing, whereas H-F specimens introduce 90 and 130-degree standard hooks between
transverse reinforcement after completing the arrangement of transverse reinforcement. The evaluation
of structural performance and constructability showed that the proposed transverse reinforcement
will have advantages over conventional rectangular reinforcement in terms of reduced amount of
reinforcement in fabricating column members and improved constructability.
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Table 6. Comparison of constructability between H-F and KSS.

Specimens
BxD
(mm)

H
(mm)

s
(mm)

1st 2nd 3rd Average

H-F
500 × 500 3500 135

43’40” 56’50” 68’06” 56’12”
KSS 20’32” 21’35” 21’30” 21’12”

KSS/H-F 47.0% 38.0% 31.6% 37.7%

5. Conclusions

In this study, an experiment was conducted to evaluate the flexural performance of RC columns
confined with a newly developed spiral type transverse reinforcement (KSS). Experimental results were
compared with an RC column confined with a conventional hoop reinforcement. The experimental
results showed that KSS transverse reinforcement, due to its superior confinement effect for concrete
and longitudinal reinforcement, increases the effective stiffness of columns at yield and maximum
strength. Moreover, the results showed that the ductility and energy dissipation capacities of RC
columns with KSS were improved compared with those of an RC column with conventional hoops,
even though the amount of reinforcement used decreased by about 27%. Finally, it was found that KSS
is effective at reducing the amounts of steel and time required to arrange transverse reinforcement.
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Abstract: Mass customisation is a business strategy that aims to deliver a variety of products that fulfil
customer requirements and, at the same time, keep price and delivery time within acceptable limits.
It has been adopted in different sectors to increase value generation, including house building. A major
challenge in mass customisation is customer integration, i.e., how to improve value generation by
understanding and considering requirements from different customers, and defining their involvement
in product development. Most studies on this topic tend to be technology-focused, often being limited
to methods and digital tools to generate and display product alternatives. The aim of this paper is
to propose a framework of decision categories for customer integration and for devising the scope
of customisation to support the definition of mass customisation (MC) strategies. Design science
research was the methodological approach adopted in this investigation. It was based on a literature
review about mass customisation practices and also on an empirical study developed in a residential
building company from Brazil. The main contribution of this paper is a framework for customer
integration, which contains a set of decision categories related to the definition of the scope of
customisation and customer integration, and a list of practices that are applicable to house building.
A secondary contribution of this investigation is a set of constructs that have been used to describe
the decision categories and their relationships.

Keywords: mass customisation; customer integration; residential; practices

1. Introduction

In the current scenario of the house building industry, there is a fierce market competition in
different countries, primarily concerned with costs, demanding strategies to increase productivity [1,2]
and, at the same time, to consider customers heterogeneous demands [3]. Understanding customers’
needs and preferences is a challenge due to their changing lifestyles and different family structures [4–6].
Therefore, customer requirements must be appropriately understood and communicated to decision-
makers, such as investors, developers and designers; otherwise, value generation may be compromised [4].
The progressively increasing diversity of customer requirements has created business opportunities
related to product customisation in several different sectors [7,8], including house building [9].
According to Wang et al. [10] this shifting focus from company to customer demand is a driving force
in industrial innovation.

Mass customisation (MC) is a strategy that aims to fulfil customer requirements [11–13], and, at the
same time, achieve high efficiency and competitive advantage [2,11], through flexible processes and
supply chain integration [1,14]. Therefore, companies combine elements of mass and craft production
to improve value generation for specific market segments [15–17]. In the house building industry,
besides contributing to competitive advantage, the adoption of MC can provide benefits related to
environmental and social sustainability, by avoiding waste caused by product changes made after
occupancy by users, as well as by increasing their perceived value and sense of ownership [5,18].
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Several successful applications of MC in the manufacturing industry have been reported in the
literature [7,19,20]. However, its body of knowledge is dispersed and is still growing [7]. According to
Piller [21] and Suzic et al. [20], there is a lack of in-depth understanding of the strategies for implementation.
Other authors [22,23] argue that the further expansion of the field depends on the development of
models and tools to support companies in new product development (NPD). A major challenge in MC
is customer integration, i.e., how to improve value generation by understanding and considering
requirements from different customers, as well as defining their degree of involvement in NPD [22,24].
Most studies on this topic tend to be technology-focused [19], being often limited to methods and
digital tools to generate and display product alternatives, such as configurators and choice menus [22].

In the house building industry, the implementation of MC is still latent [1,25], sparse and more
focused on operations [1]. A critical challenge for the adoption of MC in housing is capturing customers’
requirements [3,14,25–27], and establishing a balance between offering variety and achieving efficiency
and, consequently, housing affordability [1,9,25,27]. Several research opportunities on this topic
have been pointed out in the literature, such as the definition of solution spaces, and the support to
customers’ decision-making during the configuration process [1–3,22,25]. However, Khalili-Araghi and
Kolarevic [3] suggest that new methods for customer integration are needed to reduce the trade-offs
between customers perceived value and the complexity that results from customisation. Kotha [17]
argues that technologies and tools alone are insufficient to achieve MC goals, as the adoption of
this strategy requires an organisational context that fosters continuous improvement, learning and
knowledge creation.

Some studies have associated the use of MC strategies with prefabricated or industrialised
construction methods (e.g., [1,28,29]). However, this strategy has also been explored by companies that
adopt traditional construction methods (e.g., [6,9,25,26]). In fact, some of the potential improvements
related to MC are not directly related to the type of technology used, such as understanding customer
requirements, customer interaction, and visualisation approaches [2,6,25,30]. Rocha [30] suggests that
the definition of an MC strategy can be divided into decision categories, and should start by making
some core decisions related to the scope of MC, and then move to other areas, including customer
integration. Wikner [31] defines decision categories as ways to classify decisions and support the
segmentation of complex decision problems into a structured and relatively independent way to
facilitate decision-making.

A possible starting point to understand key decision categories is to analyse practices implemented
in the industry [20,32,33]. Those practices can be regarded as methods, tools or techniques that have
been successfully used in real-life situations for improving performance or solving problems [32].
By understanding the underlying ideas of those practices, they can be adapted to other companies
facing similar challenges [33]. This research seeks to further understand practices as an expression of
tacit knowledge that can be applied for learning, working, innovating and organising [34].

Therefore, this research study aims to answer the question: How can customer integration
in the NPD of mass-customised house building projects be managed? The main outcome of this
investigation is a framework of decision categories for customer integration and for devising the scope
of customisation to support the definition of MC strategies. It is based on practices identified in the
literature and also on an empirical study carried out in a house building company. The framework is
meant to be used by companies to support the definition of MC strategies. A secondary contribution
of this investigation is a set of constructs that have been used to describe the decision categories and
their relationships.

This paper is structured into six sections, including the introduction. In the theoretical background
section, MC is discussed, emphasising its core concepts, especially the ones related to customer
integration. In the third section, the research method is presented, including the methodological
approach and research design. Then, the results of the empirical study are presented in the fourth
section. In section five, the framework for customer integration is presented and evaluated. Finally,
in section six, the main conclusions and opportunities for future research are presented.
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2. Theoretical Background

2.1. Mass Customisation and Related Concepts

According to Silveira et al. [35], the success of MC strategies relies on several internal and external
factors, such as customers demand for customisation, market and value chain readiness, technology
availability, and knowledge sharing. Other studies [22,28,30] point out that the implementation of MC
depends on the coordinated efforts from three different areas of the company: customer integration,
product design and operations management. After requirements are captured, the design area must
focus on developing product alternatives by translating those requirements into specifications. Finally,
operations management is concerned with producing and delivering customised goods, by managing
resources and the supply chain to achieve time and cost-effectiveness [22,30].

MC depends strongly on the company’s ability to translate customers’ demands into new products
and services, in which knowledge creation and information sharing play a key role [22,35]. According
to Kotha [17,36], knowledge creation in the MC strategy has two primary sources of information:
(i) external, from customers, and (ii) internal, related to internal processes and workers’ experiences.

Customers inputs into NPD can be communicated in different ways, such as desires and needs,
suggestions towards product solutions, and even insights that may lead to radical innovations [37].
According to Piller et al. [24], by translating customer preferences and needs into product requirements,
companies are able to transform subjective information into explicit knowledge. This knowledge can be
used to understand customer demands and inspire new developments [17,24,36]. Besides, feedback from
customers and previous choices can be used by companies to introduce innovations and also provide
guidance on whether to limit or expand product variety [17,36]. Furthermore, Wang et al. [10] discuss
emerging methods for collection and storage of customers inputs based on “Big Data” and other IT tools
to support decision-making. Therefore, different practices can be used to capture such knowledge [37].

The level of customisation is concerned with the range of customisation options to be offered in order
to satisfy different customers [13]. However, this decision needs to be based on the analysis of trade-offs
between the company’s capabilities and customers’ demands [7,35,38]. Moreover, customisation can
occur at various points in the value chain, from a minor product adaptation to full customisation
defined at the design stage [35,39]. Each one of these points may be related to a specific level
of customisation, and requires the definitions of how and when customers’ needs are translated
into product specifications. A number of taxonomies of customisation types have been proposed
in the literature based on the level of customisation, such as the MC generic levels proposed by
Silveira et al. [35]: design, fabrication, assembly, additional custom work and services, package and
distribution, usage and standardisation. Another example is Barlow et al.’s [40] set of strategies for the
house building industry (Table 1), which is based on Lampel and Mintzberg [15].

Table 1. House building strategies.

MC Strategies in House Building [40] Description of the Customisation Level

Pure standardisation Standardised product. No possibility of changing products

Segmented standardisation Limited choice focused on aesthetic elements and or based on
aggregate knowledge regarding customers’ requirements

Customised standardisation Balance between cost, lead time and choice, associated with
postponement and modular practices

Tailored customisation High variety or availability of choice. The product is fabricated
by combining a set of standardised design elements

Pure customisation Infinite choice, relatively high costs and lead time

Source: adapted from Barlow et al. [40].

The location of the customer order decoupling point (CODP) is essential to define the customisation
level [41,42]. It divides the value chain in processes based on forecasts (mostly standardised) and on
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customer demands (customised according to orders) [24,38,39] (see Figure 1). The CODP also defines
which activities are postponed until the customer’s specific requirements are captured, and an order
is placed [24].

Figure 1. Customer order decoupling point (CODP) in housebuilding. Source: adapted from
Barlow et al. [40] and Silveira et al. [35].

Therefore, the extent of customer integration is closely related to the level of customisation [24]
and the CODP definition [39]. In fact, the level of customisation usually defines the intensity of
customer–company interaction during NPD [24,38]. Moreover, a high customisation level should
rely on collaboration with customers from early design stages, while a low one requires less intense
participation of customers [38].

When defining the level of customisation, companies should bear in mind that offering too many
options not only can make operations inefficient, but also cause customers frustration and confusion,
the so-called burden of choice [43,44]. Thus, the definition of a limited solution space plays a key role
in MC. The solution space consists of a combination of different customisation units (i.e., customisable
attributes and their available options) and rules to combine them, limiting the set of possible product
alternatives [30,44]. However, even if there is a limited number of flexible processes, a large number of
features and product alternatives may be generated [7,19,21].

Previous studies [14,23,28,30] have pointed out that devising a solution space must be based on
the identification of customers’ needs and preferences for product customisation, and decide whether
and how those will be meet [2,28,44]. It must also be highlighted the importance of post-occupancy
evaluations (POE) to capture requirements and provide feedback for the NPD of future house
building projects [14,26].

Rocha [30] proposed three core decision categories to define the scope of an MC strategy in house
building: (i) the solution space; (ii) customisation units; and (iii) classes of items, which are specific
properties of options offered in the customisation units [30]. Additionally, Amorim [45] proposed a
decision category named communication of customisation information that defines how the information
is made available, when and for whom. This is strongly supported by previous studies [9,25–27,45–47],
that highlight the need to improve the effectiveness of information flows between different sectors of
the company, in order to facilitate collaboration and improve value generation.

Rocha [30] suggests that the level of customisation should be considered as an operations
management related decision category, as it is related to the definition of when and how customisation
units are defined. However, Schoenwitz et al. [28] suggest that customers’ preferences play a key role
in the definition of the customisation level, indicating that there is an interaction between customer
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integration and operation management decisions. The same authors also pointed out that the definition
of a single CODP neglects the possibility of choices to be made separately for different components
and attributes, which are made feasible by prescribing multiple decoupling points.

2.2. Customer Integration

According to Franke, Keinz and Schreier [48], the value delivered by mass customised products is
driven by the fit, style and functionality, or utility perceived by customers, and the uniqueness of a
product. Customers are often willing to pay extra to obtain customised goods [1,21,38]. Furthermore,
Piller [21] argues that the willingness-to-pay (WTP) reflects the value perceived in the increment
of utility that they gain from a product that better fits their needs rather than the best standard
product available. Therefore, customer integration should start from capturing needs and preferences,
and estimating the WTP for a customised good [22].

Kumar et al. [7] argue that customer integration embraces not only co-design but also other
types of interactions between companies and customers, which can be enabled by modular design,
configurators, and elicitation of needs. It means that customers can have an active role in product
definition, configuration or modification within a given solution space [19,21]. Thus, premium prices
are charged to cover additional costs resulting from customisation, such as higher costs of sales [17]
and operations [24]. Moreover, customer integration can also bring some cost-saving results from
collecting consistent market information and establishing a close customer–company relationship [24].

In this context, new relationships must be established between customers and companies [3].
Thus, companies can benefit by expanding the use of traditional customer relationship management
(CRM) tools [49] to relational marketing ones [50]. These are means to build long-lasting relationships
with customers, by improving value generation through interactions, creating trust and increasing
loyalty [49–51]. According to Tommaso [50], relational marketing is based on a logic of exchange and
learning. It can potentially improve customer experience, which refers to the combination of a number
of personal impressions (considering cognitive, affective, behavioural, physical and social aspects of
the response), resulting from interactions between a customer and a product or service [50].

According to Silveira et al. [35], the customer–company interface must be tailored to each unique
context. Fetterman et al. [25] proposed a set of steps to outline a customer–company interface for the
house building industry, which is built on a proposition by Silveira et al. [35]: (i) defining a solution space
to be offered to customers; (ii) collecting and storing information on customers choices; (iii) transferring
data from retail to production; (iv) translating customers choice into product design features and
manufacturing instructions; and (v) delivering customised products and offering post-occupation
customisation. In step two, effective ways to present the solution space for customers are needed [30,35],
enabling them to deal with the variety of alternatives, avoiding the burden of choice [43].

Rocha [30] suggested two decision categories for customer integration, namely, configuration
sequence and visualisation approaches. These are concerned with how the customisation units are
presented to customers and how they engage in creating the product. The first one involves defining
a sequence of decisions to be made by customers when configuring their product alternatives [30].
The visualisation approaches decision category defines how the customisation units will be displayed
and to whom (i.e., customer, company or both), being divided into three types: collaborative, transparent
and do-it-yourself [30], similar to the approaches proposed by Gilmore and Pine [16]. For example,
in the collaborative approach, both customers and companies are aware of the customisation process
and can be applied through choice menus and or a dialogue between the company and customers [30].
However, Rocha [30] only proposed a broad definition of those three approaches, without discussing
how to implement or combine them for effectively presenting the solution space to customers.

3. Research Method

Design science research (DSR) was the methodological approach adopted in this investigation.
This approach typically involves the development of innovative solution concepts, named artefacts,
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to solve classes of practical problems, and at the same time contribute to the development of mid-range
theories, i.e., theoretical models that apply to a limited range of situations [52,53]. The main reason for
choosing DSR is the prescriptive, rather than descriptive character of this investigation. The practical
problem addressed by this research work is how house building companies can use customer integration
concepts to support the definition of MC strategies and improve value generation for customers.

There are different types of outcomes in DSR, such as models, methods, constructs, instantiations [54]
and technological rules [55]. The artefact proposed in this research is a conceptual framework which
prescribes a set of core and customer integration decision categories that can be used to support the
definition of MC strategies in house building companies. This research work also proposes new
constructs and adapts existing ones, which are useful for describing those decisions categories.

Figure 2 provides an overview of the research design, in which the activities are organised similarly
to the DSR steps proposed by Lukka [53]: (i) identify a practical problem and understand it from a
theoretical perspective; (ii) devise the solution; (iii) test and refine the solution in an empirical study;
(iv) analyse the utility of the solution and discuss the theoretical contributions of the investigation.

 

Figure 2. Research design.

A literature review on customer integration and MC practices was carried out in order to obtain a
deep understanding of the topic, in the first step of the research (Figure 2). The aim was also to find
descriptions of practices that were successfully used for customer integration, by using the snowballing
technique, complemented by an advanced search in the Scopus repository. The search was undertaken
in journal and conference papers, from 1998 to 2018 and its results were limited to areas relevant for
house building such as engineering, management, and environmental science, from which 24 papers
were selected. As a result, two sets of practices were identified, one related to the MC core decision
categories and the other to customer integration. Information about those practices was stored and
further categorised in a database, according to authors, and country of adoption.

In the second step of the research, the selected practices were associated with decision categories
(Figure 2). Some of the decision categories considered were identified in the literature review
(see Section 2), such as solution space, visualisation approaches, and configuration sequence.
Furthermore, the processes of classifying practices into decision categories available in the literature
brought to light some gaps, which resulted in the proposition of some additional decision categories.

The third step of the research consisted of the development of an empirical study in a house
building company, named Company P, in which the implementation of MC practices and decision
categories was assessed (Figure 2). The aim of this study was to understand further the underlying
ideas of practices and to test the utility of the proposed decision categories. It was part of a broader
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research project, in which the MC strategy of the company was assessed, and some improvements
were implemented by the company, which took approximately two years.

Company P was founded in the 1970s as a family company, being currently one of the largest
construction companies of the South Brasil, with 252.312 m2 built so far. They have over 20 years of
experience in delivering customised residential building projects for upper-middle and middle-class
customers. Their products are made from a combination of traditional methods of construction with
industrialised components, such as internal drywall partitions and precast façades. This company was
chosen because its business strategy was strongly based on the customisation of products to obtain
market differentiation. Moreover, the company was willing to take part in this project and had a
department entirely dedicated to customising residential projects. The customisation team (CT) had
six architects, including a coordinator.

The focus of the empirical study was on a relatively new market segment explored by the company
in which a limited solution space was offered to customers. Within this context, the productivity–
flexibility trade-off had to be managed carefully in order to increase the perceived value for customers
without substantially increasing costs and lead time.

The empirical study started by assessing and analysing the customisation process adopted by
Company P, based on multiple sources of evidence (see Table 2). Several semi-structured interviews
were carried out with representatives of different departments of the company. These interviews
were divided into three sections: (i) company’s general information (e.g., business model, customers,
competitors, history); (ii) description of NPD and customisation practices; (iii) description of products
and customisation options. Additionally, one open-ended interview was carried out with the customers
and customisation manager about the role of the customisation department and the MC strategy.
Based on the interviews and documents analysis, a customisation process map was devised by
researchers and discussed with the CT. Simultaneously, the existing customer integration practices were
compared to a preliminary list of practices extracted from the literature, and a gap analysis was then
carried out, resulting in the identification of some improvement opportunities. Those improvements
were discussed with Company P’s representatives in two meetings. Then, the company decided to
implement some of the suggested improvements.

Table 2. Sources of evidence used to understand the customisation process and identify improvement opportunities.

Source of Evidence Details and Participants Duration

Open-ended
interview Customers and Customisation Manager (civil engineer) 1 h 6 min

Semi-structured
interview

Customisation Coordinator (architect), and Customisation Architect 1 h 6 min

Customisation Architect 58 min

Project Coordinator (architect), Project Analyst (civil engineer) 1 h 2 min

Product Development Analyst (architect) 34 min

Production Manager (civil engineer) 50 min

Product Intelligence Manager (civil engineer) 40 min

Marketing Manager (administrator) 53 min

CRM department coordinator (marketing) 40 min

Customisation Architect in charge of “point of delivery customisation” 53 min
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Table 2. Cont.

Source of Evidence Details and Participants Duration

Document analysis

Proposed solution space

Product catalogues

Presentation of customisable attributes for customers

Company web site

Contracts

Post-occupation evaluation questionnaire

Project customisation management spreadsheet (containing dates for
decision making, residential units customised by customers,

customisation units chosen, etc.)

Customisation status on-site communication

Observations
Participant observations of the interaction between the CT and

customers during the construction site open day promoted by the
CRM department

1 h 30 min

Meetings

One meeting with the CT to discuss their processes, identified practices
and improvement opportunities 1 h 22 min

One meeting with the CT to discuss research findings 1 h

One meeting with the CT, manager and professionals from other
departments of Company P to discuss research findings and the utility

of the artefact
1 h 30 min

Approximately one year later, after the implementation of some improvements by the company,
a data collection protocol was used to assess Company P’s MC strategy regarding core and customer
integration categories. This data collection protocol was based on the final set of decision categories
and on the full list of practices, being used as a reference to discuss the adoption of practices with the
CT (Table 3). This assessment was based on a 5 point scale. Besides, data about the perspective of
customers were captured qualitatively during three open days in construction sites, bringing another
perspective to the discussions.

Table 3. Sources of evidence used on the assessment of the level of implementation of practices.

Source of Evidence Details and Participants Duration

Document analysis Customised units database

Simplified choice menu

Observations
Two participant observations of the interaction between the

CT and customers during the construction site open day
promoted by the CRM department

4 h

5 h

Semi-structured
interviews

Ten interviews with customers during events promoted by
the CRM department regarding the customisation service,

interaction, visualisation tools and customisation units

Approx. 15 min
each

Four interviews with architects from the CT regarding core
and customer integration practices and decision categories

During the
discussions

Meetings

One meeting with the CT to discuss core decision categories
and related practices, and their utility 1 h 56 min

One meeting with the CT to discuss core decision categories
and related practices and their utility 1 h 45 min

One meeting with the CT to discuss customer integration
decision categories and related practices and their utility 1 h 39 min
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Analysis and reflection of the research findings were carried out in the fourth step of the research
study. The utility of the research outcomes, i.e., decision categories and MC practices, was assessed
based on the following criteria: (i) provide underpinnings to the assessment and monitoring of core
and customer integration decision categories; (ii) provide support to understand MC related concepts
and its underlying ideas; (iii) support decision-making for defining the MC strategy, particularly in
terms of integrating customers in customisation processes. The assessment of utility was carried out in
six meetings with representatives of the customisation department, as shown in Tables 2 and 3. Finally,
the conceptual framework of decision categories for customer integration was devised.

4. Results

4.1. Identification of Practices from the Literature

Table 4 presents the 44 MC practices that were identified in the literature review concerned with
core and customer integration areas, organised according to decision categories. It is noteworthy that
35 of those practices were discussed in up to three different papers out of the twenty four reviewed.
The maximum number was seven papers per practice. Therefore, this investigation provides a much
broader view of customer integration practices than previous studies. Furthermore, these practices do
not overlap with each other, so they can be combined to formulate strategies. Some of the practices
provide support to decision making regarding the definition of strategies, while some other practices
support the operationalisation of the strategic decisions undertaken.

Table 4. List of Practices.

n◦ Description of the Practice Authors

Decision Category: Knowledge Management

1 Present effectively customisation options [30,45]

2 Establish a protocol to register and manage customer order changes [25,26,45]

3 Carry out routine construction site visits to check customers’ orders
compliance by the design team. [26,45]

4 Use product prototyping to test and communicate technical and design
solutions to stakeholders [45]

5 Create a database of customers orders for housing units customisation
shared within departments [30]

6 Standardise project documentation and communication between
customer and developers from the company [6,30]

7 Use specialised information systems for managing production
management of customised products [9,11,27,45,56]

8 Carry out post-occupation evaluation to understand customers’ needs,
capture new requirements and feedback the new product development [14,57–59]

9 Establish a complaint management system and definition of continuous
improvement procedures [14]

10 Adopt methods for identifying the demand for customisation and
consumers preferences to define solution spaces [2,25,28,30]

11 Manage information about customisation orders to create knowledge
for the company [2,30,47,58,59]

12
Carry out product and service research to understand which factors
contribute to customers satisfaction regarding the housing unit and

customisation process
[14,46]

13 Use choice menus as a learning tool, to understand customers’ needs
and preferences and provide feedback to new product development [2,3,27]
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Table 4. Cont.

n◦ Description of the Practice Authors

14 Map the customisation process to find improvement opportunities and
potential areas of economy [28,30]

15 Create metrics that can be used to analyse the trade-offs between
flexibility–productivity [18,25,46]

16 Share information about the customisation sales and profitability
performance within different departments [46]

Decision Category: Level of Customisation

17 Define different levels of customisation according to customers’
preferences, distinct market segments, and projects [25,26,28,46,59]

18
Offer of different customisation units and level of customisation

according to the project stage, i.e., a multiple customer order
decoupling point approach.

[28,59]

19 Use modular components that allow product variations according to
customers’ requirements [6,40,46,60]

Decision Category: Solution Space

20
Assess the alignment between the solution space and customer

demands to improve the cost-effectiveness of the mass
customisation strategy

[27,28,60]

21 Define customisation units based on the region and local needs for the
projects and their target customers [46,58]

22 Define a limited solution space to achieve economies of scale [6,14,30,40,60]

23 Offer of additional services related to the built environment [14]

24 Offer extra customisation units at the product delivery [11,14,40,46]

25 Offer innovative customisation units, such as related to sustainability
and automation [58]

26 Promote multidisciplinary discussions, among different stakeholders,
for defining the solution space and level of customisation [46,60]

27 Refine the solution space according to previous experience in
other projects [25]

28
Define the customisation units based on the balance between the

potential value-adding to customers and its feasibility and
operations costs

[25,28,57,59,60]

29
Adopt information technology tools or a choice menu to support

customers’ choice and product configuration, which is well integrated
into the new product development

[3,6,11,25,27,40,56,61]

30 Offer additional customisation units post-occupancy or substitution of
previously chosen components according to customers emerging needs [25,58]

Decision Category: Customer Interaction and Relationship

31 Advertise the possibility of customisation to customers as a competitive
differentiation in the market [26,59]

32 Co-design [6,40,46,58]

33 Define interactions with customers and display them in a customer
journey representation [14,25,61]

34 Identify potential customers for new projects to establish effective
communication with the target audience [47,59]

35 Have meetings with clients for product configuration and
cost estimation [30]
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Table 4. Cont.

n◦ Description of the Practice Authors

36 Offer customers precise product specifications and information
regarding the customisation status [59]

37 Establish a dialogue between customers and the company’s
representatives for configuring the product according to their needs [6,27,40,61]

38 Adopt methods and tools to collect customer orders in a standardised
and systematic way [11,25–27,45,46]

39 Promote customer interaction with product prototypes to learn about
them, their needs and capture requirements [6,40]

40 Use product catalogues for advertising and informing customers about
the product and customisation process [6,25,40]

Decision Category: Visualisation Approaches

41
Use tools, lists, databases of that communicate additional costs for

customisation to support customer decision-making during
configuration, enabling negotiation and increasing transparency

[6,11,30,45,61]

42 Build a prototype or showroom for showing the customisation units
available to customers [26,30,58]

43 Present standard product specifications through images
and information [30]

44 Use virtual prototyping, e.g., building information management (BIM)
models, to show product alternatives to customers [2,3,11,56]

The descriptions of the decision categories proposed in this investigation are presented in Table 5.
Some of them were subdivided into sub-categories or decision domains that characterise sets of
processes that depend on similar preconditions [31].

Table 5. Decision categories, source and research contributions.

Categories Source New Definition or Adaptation

Sc
op

e
of

C
us

to
m

is
at

io
n

(C
or

e)

Solution Space Adapted from
Rocha [30]

The solution space decision category was adapted to consider
both customisation units and classes of items due to the
interdependency among those decisions. They can be

regarded as decision domains.

Level of
Customisation

Adapted from
Rocha [30]

This decision category is concerned with the definition of the
levels of customisation to be adopted by the company. It is

closely related to the customer order decoupling point,
customer integration and product variants definitions.

Knowledge
Management

Proposed in this
investigation

This new decision category addresses how to manage
knowledge created by the company, considering customers,

processes and workers information, as suggested by
Kotha [17], including the communication of information and

knowledge created. It allows companies to continuously
update competencies, apply practices and routines, promoting
organisational learning and continuous improvement [17,36].
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Table 5. Cont.

Categories Source New Definition or Adaptation

Customer based knowledge decision domain: it aims to
define approaches to assess customers demand for

customisation to establish a solution space and to evaluate the
delivered products for understanding emerging and evolving
requirements. Additionally, it is necessary to establish how is

this information will be used to feedback the new product
development. It is strongly related to customer integration

and value generation.

Organisational knowledge decision domain: it is concerned
with how to make explicit tacit knowledge from workers and
processes, and translate it into practices to be adopted. It also

encourages the reflection upon practices for disseminating
them and refining the MC strategy.

Communication of customisation information decision
domain: it embraces practices that promote transparency and
continuous improvement by making relevant customisation
information available to stakeholders during new product
development. In this research, it is considered as a way to
disseminate information and knowledge created, and not

limited to the interface between product design and
operations, explored by Amorim [45].

C
us

to
m

er
In

te
gr

at
io

n Visualisation
Approaches

Adapted from
Rocha [30]

Further than just defining who is aware of what is happening
in the customisation process, visualisation approaches

decision category regards the definition of how the solution
space and the customisation units will be presented to

customers. Therefore, the “visualisation tools” decision
domain was proposed with that aim, specifically for defining

tools that portray the solution space.

Configuration
Sequence

Proposed by
Rocha [30]

Customer
Interaction and

Relationship

Proposed in this
investigation

It regards the definition of approaches to interact with clients
during the new product development and develop a close

relationship with them throughout their entire journey,
for achieving loyalty [49–51]. This decision category is closely

related to planning the customer experience [50].

Four core decision categories for MC in house building were defined in this investigation (Table 5).
In relation to the previous literature, a new core decision category related to knowledge management
was proposed, which is concerned with how to establish a knowledge-creating system to support MC.
This decision category was based on contributions from several authors [17,22,24,35,36]. Three decision
domains were proposed within the knowledge management category: customer-based knowledge,
organisational knowledge, and communication of customisation information.

Three customer integration decision categories were defined, including “visualisation approaches”
and “configuration sequence”, based on Rocha [30]. The “customer interaction and relationship
category” was proposed to address decisions regarding how companies interact with customers,
when and for which purpose, and establish a trustworthy relationship, during NPD. By contrast,
the decision categories proposed by Rocha [30] were focused on defining the customer–company
interface, by broadly specifying who visualises what during the customisation process, and the
sequence of decisions to be made by customers when configuring a product. The adapted version
of visualisation approaches decision category includes the decision on whether to use visualisation
tools for displaying the solution space. Additionally, there seems to be a gap in the literature regarding
configuration sequences, since no practices for the house building industry have been found.
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4.2. Empirical Study in Company P

4.2.1. Understanding the Customisation Process and Identifying Improvement Opportunities

Company P offers six different product types; each one of them focused on a different market
segment with different customisation levels (Table 6). Most of the company’s previous experience on
customisation is related to A and B product types, which can be classified as tailored customisation.
In those market segments, customers may hire their own architects to develop the interior design
of their units. However, the focus of this investigation is on the D, E and F product types, in which
customers can customise only a limited set of elements, mostly related to the finishings and fixtures of
the residential unit. Product types D and E could be classified as a “segmented standardisation” level
of customisation and F as a “point of delivery customisation”.

Table 6. Company P product types and levels of customisation.

Product Types F C, D and E A and B

Development stage of
Customisation Delivery Construction Fabrication

Level of customisation Point of delivery
customisation

Segmented
standardisation Tailored customisation

Available customisation
units

Floor finishings,
fixed furniture,

air-conditioning, kitchen
counter and bathroom

sink stones

Drywall partitioning,
floor finishings, double
glazing, kitchen counter

and bathroom sink
stones, and the

laundry tub

Internal layout, ceiling
finishings, water and

electricity services,
air conditioning and
internal finishings

The customisation department is in charge of defining the solution space for each project within
the boundaries established for each product type by the NPD department. During the conceptual stage,
representatives of both departments discuss which customisation units regarding layout and finishings
will be offered to customers. At the end of that stage, two customer decision-making deadlines for the
layout and finishings are established at the project launch meeting, which involves several departments
of the company. These deadlines are included in a brief that is delivered to the project designers.
After the project launch into the market, the CT defines different alternatives to be offered as finishings.

The customisation offered involves four main touchpoints with customers, in which different
customisation units are available and portrayed by different visualisation tools (Figure 3). At each of
these points, the customisation department is in charge of: (i) establishing a dialogue with customers;
(ii) collecting and processing customer orders; (iii) making design changes; and (iv) delivering that
information to the construction site. The CRM department promotes open days for visits to construction
sites by the clients. In those open days, the CT is available at the housing unit prototype to offer
customisation services. The CT guides customers through the solution space by using different
visualisation tools, such as illustrated blueprints and finishing material catalogues, and informs prices
of product alternatives by using simulations based on a simplified choice menu. The visualisation
tools highlighted in yellow were, in Figure 3, improvements carried out during the empirical study.

The display of product prototypes in the construction site open days was identified as a key
element for the customisation strategy of Company P. These enabled the CT to guide customers to make
decisions within the solution space offered, and provided an opportunity for creating a relationship
with clients. The CT may also arrange individual meetings in case open days cannot be undertaken or
if customers show an interest in product customisation after those events. If the customer opts for a
customised unit, an additional contract is signed. During construction, the CT carries out routine visits
to the site to check whether customers’ orders have been fulfilled in the construction site.
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Figure 3. Touchpoints and customisation units.

In Company P, customers initiate their journey with the company when they purchase a housing
unit, being registered at the CRM department. That department has three communication channels
with customers: (i) an area in the company’s web site, (ii) an APP, and (iii) a call-centre that connects
customers to different departments. Besides being in charge of promoting construction site visits and
events with customers, the CRM department is responsible for carrying out customer satisfaction
surveys in different moments: (i) in construction site open days; (ii) post-occupancy evaluation
undertaken one-year after project delivery; (iii) after the response of the company to complaints
after project delivery; and (iv) when completing five years, considering the possibility of providing
references of the company to friends or family.

Table 7 summarises the identified improvement opportunities as well as the improvements
implemented by Company P during this research study. Those opportunities were classified according to
decision categories and practices. For instance, regarding the “knowledge management”, the company
carries out a POE, yet, it is mostly concerned with the overall customer satisfaction with the product,
but no questions are asked about customised items. Another example is facilitating, standardising
and digitalising customer order collection, which was carried out by the CT, who used to handwrite
customers’ requests during open days, before processing these back at the office and e-mailing them to
be confirmed by customers. This opportunity, for instance, inspired the development of a simplified
choice menu, which enabled the use of a digital tool for registering customers’ orders and simulating
the product alternative costs in real-time.

A critical barrier for improvements, identified in interviews and participant observations, was the
lack of communication between departments, which occasionally confused customers. For instance,
the sales department offered the “point of delivery customisation” of residential units that have not been
sold yet, while the customisation department offered other options at different touchpoints. Moreover,
different customisation units are offered in each touchpoint, so by making the early announcement of
the “point of delivery customisation”, the sales department has confused customers regarding the
available customisation units, the timing and to whom report their decision.

38



Sustainability 2020, 12, 8901

Table 7. Improvement opportunities identified during the understanding of customisation process.

Decision
Category
Related

Improvement Opportunities Practices
Improvements
Implemented

Customer
interaction and

relationship

Ability to better inform customers regarding
the customisation offer and configuration

process
31, 34, 40

Facilitate, standardise and digitalise customer
order collection, reducing the processing time

of the information and rework
Tool for simulation of product alternatives costs
to negotiate with customers during open days

29, 37, 38, 41
Development of a

simplified
choice menu

Solution Space

Solution space is defined based solely on CT
expertise; there is an opportunity to enhance its

definition by considering customers’
preferences and other departments views

20, 21, 26, 28

Knowledge
management

Incentive communication and collaboration
between departments 5, 7

Customised units
database shared
in the company

intranet

Develop graphs and presentation regarding the
customisation department performance 15, 16 Starting to report

to the manager

Better understand the customisation process of
residential projects and identify improvement

opportunities
14

Customisation
process map and
service blue print
in development

Improve the market research to understand the
demand for customisation of housing,

providing insights to NPD and definition of a
solution space

8

Improve POE assessment methods by
including customised items and aiming to

understand more deeply customers perception
regarding product and service

10, 12

Process available information regarding
customisation of projects and housing units to

transform into knowledge
11, 13

Lastly, the use of traditional construction methods and the outsourcing of product design
created barriers for Company P in the adoption of modularity-related practices. As discussed by
Fettermann et al. [25], the customisation of buildings that use traditional construction methods usually
has little support from modularity, limiting the advantages of scale.

4.2.2. Assessing the Level of Implementation of Practices

The level of implementation of practices was assessed by the CT considering a five-point scale:
not applicable (1), not applied with intended adoption (2), partially applied (3), partially applied with
intended improvement (4), applied (5). This assessment is presented in Figure 4. It is noteworthy that
the adoption of practices depends on the context of each organisation. Therefore, practices that are
“not applicable” are the ones that were not considered to be useful to Company P, while the practices
that are “not adopted with intended adoption” are the ones that the company recognises the need to
implement shortly. Some practices were assessed as “partially applied with intended improvement”,
meaning the company has adopted it, but there is still room and motivation to improve.
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Figure 4. Practices by decision categories according to CT’s assessment.

The number of fully applied practices is noticeably low. However, there was evidence that the
company is motivated to continue improving, considering that many of the recommended practices
changed to partially applied within the time frame of this research project. Further details on each
decision category assessment are discussed in subsequent sections.

During the assessment of the level of implementation of MC practices, other improvement
opportunities were identified (Table 8). Although many improvement opportunities remained from the
previous research stage, the CT seemed motivated to improve. For example, the use of three-dimensional
models to display product alternatives as a visualisation tool for meetings with customers was suggested
during the discussions and shortly adopted two weeks later.

Table 8. Improvement opportunities identified during the assessment of the level of implementation of
MC practices.

Decision
Category
Related

Improvement Opportunities Practices
Improvements
Implemented

Customer
interaction and

relationship

Continuous improvement of the customers
decision support tools and techniques,

facilitating the configuration process and
increasing its transparency

29, 37, 38 Use of a simplified
choice menu

Solution space Improve the delimitation of the solution space
and establish borders to the flexibility offered 22, 27, 28

Started processing
data regarding
some projects

Knowledge
management

Create cost indexes, based on past projects
percentages, to manage loss risk 15

Visualisation
approaches

Need for complementary visualisation tools to
aid the solution space and standardised
product explanation during meetings

with customers

44

Three-dimensional
model of the housing

unit and
customisation units

Customers have presented some difficulties to
envision and understand how the customised

product will be delivered
42 New customised

product prototype

The CT mentioned some barriers that they face in the adoption of MC practices such as financial
and human resources, and tools to develop and implement new solutions. Moreover, a challenge for
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the customisation department is to be perceived as an innovation and customer-oriented sector as the
development of new product ideas is often assigned to them. Thus, the CT must embrace activities
that were not always related to their scope of expertise, such as customising non-residential projects.
Moreover, the uncertainty of the new product types and attempts to improve the existing ones can be
overwhelming, since their scope is continuously increasing.

4.2.3. Analysis of Decision Categories

Knowledge Management

Knowledge management was one of the decision categories which had the largest number of
improvements during the empirical study and the highest number of “partially applied with intended
improvement”. One of the most significant improvements implemented was to share customisation
information among departments, by using a customised units database. Initially, data regarding
the customisation of housing units were held on by the CT and operations only. After that change,
the CT compiles that information and shares it in the company intranet, making it available to sales
and other departments. Additionally, any changes in customers’ orders are also registered in that
database. These improvements resulted in a high level of implementation of practices related to the
“communication of customisation information” decision domain (see Table 4 practices one to seven),
yet with room for improvement.

Even though the CT considered that many of the partially adopted practices of the “customer
based knowledge” decision domain (see Table 4 practices eight to 13) had to be improved, there was
much concern with how to operationalise the proposed practices, due to limited resources, and fear of
exhausting customers with too many questions.

When discussing practice eight, “POE to understand customers’ needs, capture new requirements
and feedback the NDP”, the CT stated that it would be beneficial to know customers’ desires
and preferences by including questions related to the scope of customisation on the existing POE.
This improvement would avoid the initial concern to overload CT with an additional task and
overwhelm customers with too many questionnaires.

Practices 14, 15 and 16 are related to the “organisational knowledge” decision domain, and for
the last two of them, the company has plenty of data. However, the data have not been processed to
create knowledge. For instance, practice 16, “share information regarding customisation performance
. . . ”, is at its early adoption stage. Another example is practice 15, related to the creation of metrics:
the CT argued that they have a large amount of data, but have not been able to establish any metrics
yet. The reflections regarding strengths and shortcomings of the company strategy also inspired the
proposition of a new practice, named “use methods and discussions to learn from practices adopted in
other departments and levels of customisation”, fostering the creation of a knowledge creation system
and continuous improvement.

Level of Customisation

Practices 17 to 19 (see Table 4) are related to the definition of the level of customisation. The CT
reported that they offer options for the attributes defined by the company, according to market segments
and CODPs, yet the variation of the solution space offered in different projects is small. Nevertheless,
the CT argued that they intend to offer more variety (e.g., painting services), as this would probably
contribute to increasing customer satisfaction. However, the decision about the solution space should
be carefully defined, as this would also affect operations. Furthermore, the decisions regarding the
level of customisation are more strategic, once it might affect different departments, being out of the
scope of the CT to be undertaken.
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Solution Space

The solution space was identified as a critical area for improvement in the gap analysis. The CT’s
partially apply six practices that could still be improved. Regarding the assessment of practice 28,
“define the customisation units based on the balance between the potential value-adding to customers
and its feasibility and operations costs”, the CT defines the solution space based on their previous
experience with customers, considering general definitions made by the company for the segment and
the return of investment. However, Company P has no systematic way to assess the value-adding
potential of customisation units, neither discuss its feasibility and operations costs with all stakeholders.
This criticism corroborates the findings of Fettermann et al. [25].

Practice 29, “IT tools and choice menu to enable customers to choose, configure and be integrated
into the NPD”, was assessed as partially applied with improvements to be done. Its application has
evolved significantly during this research study, by the development of a simplified choice menu.
However, some additional improvements opportunities were identified, regarding the visualisation of
the product alternatives.

Some of the identified practices provided insights on how to overcome improvement opportunities.
For instance, “Promote multidisciplinary discussions, among different departments and stakeholders”
(practice 26), should be used to overcome the poor communication among stakeholders regarding
customisation issues. The CT suggested some inter-department seminars to increase awareness
about their work. As discussed by Kotha (1995), the information exchange between coworkers and
cross-training can support the conversion of tacit into explicit knowledge and foster the adoption of
practices and organisational learning. Another practice that was poorly adopted by Company P was
“refine solution space according to previous experience in other projects” (practice27), meaning that
lessons from previous projects were only learned informally.

Customer Interaction and Relationship

The practices related to customer interaction and relationship have significantly evolved over
the empirical study. In fact, this decision category was concerned with an important role played by
the customisation department, as the CT had the mission of establishing a good relationship with
customers, as well as dealing with some reported problems related to customisation during NPD.

A strength of Company P’s customer integration strategy was to “establish a dialogue between
customers and the company’s representatives for configuring the product . . . ” (practice 37), which was
mentioned by customers in the interviews and by the CT during the meetings. Customers mentioned
that having a dialogue with the CT and engineers was an important source of information, which made
it easier to choose customisation units and created trust. Additionally, several customers seemed to
like the customisation service because of its convenience, reducing the time to move in and the need
to deal with further construction works. At the end of the empirical study, this dialogue was aided
by the combination of different visualisation approaches, such as the product prototype (practice 42),
finishing material samples and the choice menu (practice 41).

The CT pointed out that practice 35, “have meetings with customers for product configuration”,
was implemented for product types D and E during the collaboration period. During those meetings,
the architects explained the solution space and established a dialogue for configuring the unit,
but without having the chance to show the prototype for customers.

Three improvement opportunities related to three practices that were considered as “not applied
but intended”: “advertise the possibility of customisation . . . ” (practices 31), “use product catalogues
for advertising and informing customers about the product and customisation process” (practice 40),
and “clearly define interactions with customers and display them in a customer journey” (practice 33).
In fact, the possibility of customisation was timidly mentioned in project information at the company
website, and it was not always announced in the open day invitations. Interviews and observations
in open days confirmed this fact, as several customers had only been informed of the possibility of
customising their housing unit during that day, being surprised and confused.
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Therefore, the company could improve communication regarding the possibility of customising
residential units, to avoid confusion and increase transparency and trust in the relationship with
customers. These shortcomings are also related to the lack of clarity about customers’ involvement in
the customisation process.

Visualisation Approaches

Several improvements have been made to embrace practices related to the visualisation approaches
decision category. Currently, the CT offers more precise information regarding the customised units
through the customised product prototype (practice 42), and the use of the simplified choice menu to
simulate product alternative additional costs (practice 41). During the discussions, the CT architects
revealed that they were trying to adapt the choice menu to product type B, in which the range of
options is broader than in other product types, highlighting the opportunity of tailoring practices for
different market segments.

An intended adoption by the CT can be seen in regard to practice 44 “Virtual prototyping,
e.g., building information management (BIM) models, to show product alternatives to customers
and ease choice”. The initial step was developing three-dimensional models to illustrate product
alternatives to be used in meetings with customers.

According to customers, some additional visualisation tools supported decision making during
the open days such as standard housing unit prototype, finishing materials catalogue, and, in the third
open day, the comparison between the standard and customised housing unit prototypes.

4.2.4. Analysis and Reflection

A low level of implementation of MC practices was identified in Company P, similarly to the
results carried out by Fettermann et al. [25] on the MC practices of three Brazilian house building
companies. The main improvement opportunities identified in this investigation were also similar to
that study, being concerned with the solution space and visualisation decision categories, and customer-
based knowledge decision domain. Jensen et al. [2] argue that by understanding customer’s needs and
preferences and making product recommendations based on the available solution space, companies
can save much time in the configuration process, and also increase quality and reduce rework.
Additionally, the implementation of MC practices enabled Company P to provide a better service for
customers and to improve efficiency in some internal processes.

The CT has pointed out in the discussion meetings that some practices could be adapted for other
product types that had a higher degree of customisation. However, this would require the analysis of a
different context, in which the complexity of interactions with stakeholders would be much higher.
These considerations reinforce the need for devising context-specific practices and implementation
guidelines, as suggested by Suzic et al. [20].

The lack of communication, according to Andújar-Montoya [9], can be attributed to the fact that
the NPD in housing is often divided into stages, which are not properly integrated. Beyond that,
Schoenwitz et al. [60] suggest that this disconnection reflects different degrees of awareness regarding
the customisation strategy, similar to what was observed in Company P. For example, the sales
department was willing to extend the list of options with the aim of signing a contract, in opposition to
the production management team. This often occurs due to different mindsets, concerns and nature of
the job [60]. According to CT members’, this reflects the lack of a common understanding in Company
P of the role and impacts of customisation in house building projects. Thus, by encouraging better
communication between departments, companies should be able to build up relationships based on
trust, mutual commitment and understanding of others expectations, which might avoid extra costs
and delays [9].

According to Gherardi [34], a shared understanding is needed to apply MC practices,
i.e., a minimum agreement is necessary for the practice to be adopted and continue to be used.
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Therefore, there must be opportunities for increasing the awareness of different stakeholders regarding
MC, as well as for negotiation when deciding to adopt MC practices as a way to promote innovation.

4.3. Assessment of the Utility of the Solution

The utility of the proposed decision categories and the list of practices was tested in two different
stages of the empirical study, both in terms of identifying improvement opportunities and assessing the
evolution of the MC strategy. The decision categories were also used to increase the CT awareness and
understanding regarding key concepts, enabling them to provide numerous examples and opinions
during the discussions. In fact, the CT stated that through the discussions they were able to perceive
underlying ideas that they overpass in daily routine, and that this can also be useful as arguments
when discussing with other departments, which contributes to improve collaboration.

The discussions regarding practices and decision categories were also useful to understand
the scope of the MC strategy of Company P, and, more specifically, to identify gaps and limits for
implementation. For instance, some of the solution space practices were immediately rejected by the
CT, due to limitations of MC scope that were defined by existing capabilities, and focus on specific
market segments. Moreover, the customer and customisation manager highlighted that the practices
identified in this investigation could be useful to support decision making, such as, for refining the
solution space based on the choice of users from previously delivered residential projects. Furthermore,
the participants pointed out the need to improve the identification of customers’ needs and to provide
feedback to NPD as two major gaps in the MC strategy of the company, highlighting the importance of
the customer based knowledge decision domain.

Several improvement opportunities provided further evidences of the utility of the customer
integration and core decision categories. After the first presentation of research findings,
many improvements were undertaken, regarding the communications with other departments,
customer interaction and relationship, and visualisation approaches. Furthermore, the refinement of
the strategy was also influenced by lessons learned from other segments, projects and experiences.
An example is the simplified choice menu that was adopted for some market segments, in which the
team had more experience. That successful solution inspired the customisation department to adapt
it to A and B product types. This example reinforces the need for creating a knowledge system that
enables continuous improvement and organisational learning.

The discussions with the CT also brought to light many relevant customer integration aspects.
The CT coordinator highlighted the utility of customer integration decision categories in terms of
making explicit what the company offers, and how the customer is involved, which makes the
decision-making process as straightforward as possible. In fact, some practices related to product
visualisation approaches that were implemented by the company along the study, such as the choice
menu, the customised product prototype, and 3D models had a positive impact in terms of explaining
the solution space to customers.

5. Discussion

The aim of this research was to devise a framework to support the definition of MC strategies by
house building companies regarding customer integration. The framework was initially based on a
set of practices obtained from the literature review and on some existing MC conceptual frameworks
(e.g., [24,28,30,36]). Furthermore, new MC decision categories and some adaptations on the existing
ones have been proposed, for the context of house building projects. This research work has two main
contributions in terms of new decision categories, namely “knowledge management” and “customer
interaction and relationship”. The first one sheds light on the relevance of creating knowledge and
disseminating it within the company as a core element of an MC strategy. The second decision category
expands the vision of previous research, concerned with defining an interface, to establish a long-lasting
relationship with customers, by planning interactions and building trust. Tommaso [50] states that
comprehensive knowledge about customers is essential to create relationships and manage customers
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experience, by anticipating behaviour and needs. This statement brings up the inherent connection
between those two decision categories.

The resulting set of decision categories and practices, as well as their relationships, are the building
blocks for the proposed framework on customer integration. Figure 5 provides an overview of the
framework. It is noteworthy that the framework also includes a set of core decision categories at a
higher abstraction level, as customer integration and core decision categories are connected by decision
making refinement cycles.

Figure 5. Customer integration framework for customised housing projects.

Firstly, decisions regarding customer based knowledge must be undertaken (Figure 5). Moreover,
the definition of the level of customisation and of the solution space must be made, based on
understanding the demand for customisation [21,28]. In this research, the level of customisation was
assumed to be a strategic decision, being part of a broad definition of product types.

In the construction industry, there are often multiple CODPs, and the level of customisation and
the customisation units must be defined for each of them. Therefore, the definition of the solution space
follows the level of customisation by specifying the customisation units to be offered in each CODP.
The solution space is outstandingly a core element of the MC strategy, as it influences the decisions
regarding customer integration. Moreover, both visualisation approaches and configuration sequence
decision categories are related to operationalising the solution space offer and supporting customers
decision-making regarding the customisation units and product configuration. The customisation
level and solution space definition provide directions on how should customer and company interact
and establish a relationship.

The development of the framework can also be regarded as a contribution in terms of understanding
of MC concepts, decision categories and domains, and their relationships in more detail, as shown
in Table 9.
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Table 9. Main research contributions—decision categories, source and relationship.
G

ro
u

p

Categories Main Authors Key Relationships with Other Decision Categories

C
or

e
ca

te
go

ri
es

Solution space [7,19,21,30,44]

The solution space decision category includes the
customisation units and classes of items decision
domains. A different set of customisation units are
offered at each CODP defining precisely a level or
different levels of customisation.

Level of
customisation [7,21,28,30,35,38,40]

The level of customisation has a great influence on
the level of customer integration and on operations.
The level of customisation can vary by adopting
different CODPs. Each customisation level defines
boundaries for the solution space and defines
a CODP.

Knowledge
management [9,17,24–27,36,37,45–47]

The definition of a customer integration strategy
relies on understanding customers demand for
customisation, a concern of the customer based
knowledge decision domain. Furthermore, the same
domain influences the definition of the customisation
level and solution space, by providing systematic
information regarding customers needs, preferences
and perception of the product in use. Additionally,
discussions between departments regarding internal
competences and performance of customisation can
produce organisational knowledge related to the
company’s capabilities, in order to limit the
solution space.
The communication of customisation information
decision domain depends on the amount of
information produced by the MC strategy, which is
closely related to the level of customisation.
The higher the level of customisation, the higher is the
need for sharing information and more intensive
collaboration.

C
us

to
m

er
In

te
gr

at
io

n

Visualisation
approaches [6,30]

The visualisation approaches used to present the
solution space for customers are defined accordingly
to the customisation level and customer interaction
and relationship.

Configuration
sequence [30]

The customisation units can be organised and
presented in different configuration sequences to
facilitate customers’ choice.

Customer
interaction and

relationship
[14,19,21,22,24,49–51]

The level of customisation establishes limits and
underpins the customer interaction and relationship
decision category. Visualisation approaches and
tools provide support for the implementation of this
category.

Finally, as pointed out by some previous studies, customer integration needs to be aligned with
operations and product design areas [22,28,30]. Although these areas are not represented in the framework,
it is recognised that interactions between decision categories from different areas must be considered
when defining strategies. This connection between areas becomes explicit when considering practices,
such as, for example, the application of practices 28 and 36 requires information and actions from
both customer integration and operations management teams. It means that communication and close
collaboration between areas are essential for the successful implementation of practices.
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6. Conclusions

The main outcome of this investigation is a framework of decision categories related to customer
integration and the definition of the scope of customisation, considering the context of house building
projects. These decision categories emerged from a list of MC practices that were identified in the
literature and refined in an in-depth empirical study carried out in a Brazilian company that adopted
some MC ideas as part of its business strategy. Some of the decision categories have been proposed
in previous studies, and refined in this investigation, while two of them, knowledge management,
and customer interaction and relationship, have been originally proposed in this research study.

The main theoretical contributions are concerned with exploring the underlying ideas of those
practices, which have been used to explain the decision categories and their relationships. Additionally,
the list of practices can be used to assess the degree of implementation of core and customer integration
practices in house building companies in order to identify gaps in the existing strategy.

This exploration portrays the fruitful context of MC in construction. There are plenty of
opportunities to improve value generation, not only for companies that use industrialised construction
methods but also in the case of traditional ones. Customer integration seems to be a key area of
improvement in house building companies, demanding efforts from different areas, which are not
limited to the development of configurators or digital tools.

A major limitation of this investigation is that it was based on a single empirical study. More insights
about customer integration could be obtained if other in-depth empirical studies were carried out
in companies from other market segments or countries, providing opportunities for refining the
framework and the assessment method.

Some opportunities for further research emerged from the discussions of the framework, such as the
need to explore the interfaces between functional areas (customer integration, operations management
and product design) and also between decision categories. Those interfaces need to be considered
as it is expected that effective MC should have a holistic character. Other opportunities include
the development of specific frameworks for product design and operations management for mass
customised housing.

Another theme to be explored is how the customisation level contributes to different challenges
and issues on the adoption of different sets of practices for customer integration. The higher the level
of customisation and the degree of integration, the higher the complexity that needs to be dealt with
due to the increasing number of stakeholders and product customisable items. Therefore, different
types of MC strategies should be explored by considering the need for using different sets of practices
or adapting some of them to specific contexts.

Finally, some other future research opportunities were identified regarding specific decision
categories. For instance, not much has been explored regarding the configuration sequence decision
category and the interdependences between customisation units that need to be considered in the
design of choice menus. Another opportunity is the relationship between the solution space and the
level of customisation, which has been superficially explored in the literature. Regarding the customer
based knowledge decision domain, there are still many opportunities to explore approaches based on
information-driven decision making and recommendation systems. Finally, the customer interaction
and relationship decision category represents a fertile ground for the further exploration of experience
design in mass customised housing.
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Abstract: Mass customization is being adopted in many housing contexts worldwide to provide
families with dwellings that suit their individual needs at costs similar to mass-produced items.
However, in many social housing contexts, there are barriers that can hinder the adoption of mass
customization, despite the benefits it could bring to residents. This is the case in the Brazilian social
housing context considering house units for families of the lowest income range. This paper explores
the possibilities and limitations of applying mass customization in this context to improve the living
conditions in these neighborhoods as they evolve over time. This study analyzes the ecology of the
system of provision of social housing for the lowest income range, pre-occupancy, and post-occupancy
in the neighborhood’s development over time. This study argues that it would be more feasible
and bring more and longer-lasting benefits to the stakeholders involved if mass customization were
applied post-occupancy.

Keywords: mass customization; social housing; post-occupancy

1. Introduction

This study investigates how mass customization could be applied in Brazil to social housing
developments to promote better environments for the families and the neighborhood over time.
Mass customization can be defined as “a system that uses information technology, flexible processes,
and organizational structures to deliver a wide range of products and services that meet specific needs
of individual customers (often defined by a series of options), at a cost near that of mass-produced
items” [1]. In housing, individual customization is traditionally seen as hiring an architect to
creatively design a unique home, ideal for the family. Mass housing, on the other hand, is when large
numbers of identical homes are built and then sold for much less than the uniquely designed homes.
Mass customization promises the best of both approaches: uniquely designed products that better fit
the user’s needs with mass production efficiency and costs [2,3]. It is being adopted in many housing
contexts worldwide to provide families with dwellings that suit their individual needs at costs similar
to the mass-produced ones.

Mass customization of housing has been linked to environmental and social sustainability [4].
By providing dwellings that better suit the individual needs of the family, there is less need for
renovations and the waste it creates. Furthermore, construction for mass customization often adopts
practices, such as prefabrication, which also reduce waste and water and energy consumption.
The custom home also increases the users’ sense of identity and ownership towards it. However,
most cases of mass customization in housing do not consider the spatial needs of the user; the user is
limited to choosing their preferences in elements such as surface materials, colors, and finishes [5].
Several examples from industry and research that have addressed mass customization in housing have
also considered needs in terms of space, including the kind of space, the relationships between them,
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and how much space the users need or want [4,6–8]. This approach that includes the spatial aspects
shows the greatest potential to avoid unnecessary demolitions and renovations and even to allow
families to stay in the same home for longer. This is especially relevant when moving is difficult or not
an option, such as for lower-income families for whom mass housing is often the norm.

Several studies have shown how the concept of mass customization and its tools could be used to
satisfy each family’s needs in mass housing [8–11]. However, in many social housing contexts, there
are added barriers that can hinder the adoption of mass customization, despite the benefits it could
bring for families. This is the case in the Brazilian context with house units for the lowest income range
of the population. Some construction companies in Brazil have started mass customizing their housing
products for higher-income housing developments, allowing the customers to choose from standard
interior and very few exterior elements. This approach makes a significant difference in terms of the
customer expressing their individuality and territoriality and increasing their sense of ownership.
However, in most cases, the different spatial needs are not addressed since the definition of how much
space and how it is organized stays the same. Furthermore, despite studies suggesting that there
would be benefits in adopting mass customization in the context of the lowest income range of social
housing and showing potential ways to overcome the identified barriers [12–15], mass customization
has not yet been adopted in any cases in this context. This indicates that for the lowest income range of
social housing in Brazil, there are still gaps in the literature about the identification of barriers and the
alignment of benefits of such a mass customization strategy with the interests of the stakeholders.

The fact that post-occupancy processes are usually not considered in studies of mass customization
in housing is also a gap in the literature, especially for the lowest income range of social housing
developments in Brazil, which has produced more than 1,500,000 housing units in the last decade [16].
The post-occupancy processes in this social housing context include major geometric changes to the
housing units, such as significantly increasing the dwelling’s area. How the units are built affects if and
how the families can make such changes. Likewise, the intention to allow and facilitate such changes
affects how the initial units should be built. Families consider such changes to the units as essential
since they seldom have the option of moving, even though their life circumstances often evolve.
Therefore, these post-occupancy processes should also be taken into account when considering mass
customization strategies for this context. This would allow groups (developers, families, governments,
etc.) to maximize the social, environmental, and economic benefits of a mass customization strategy to
last over time.

Therefore, this study focuses on how mass customization could be applied in Brazil to social
housing developments for the population with the lowest income range to promote better environments
for the families and the neighborhoods over time. This research intends to address the identified gaps
by analyzing the whole ecology of the system of provision of social housing for the lowest income
range of housing programs in Brazil, including the post-occupancy processes, in concert with the
possibilities, approaches, and tools of mass customization to indicate directions of how they could
be applied in this context to bring lasting benefits to the stakeholders. This research investigates
the operational aspects regarding the deployment of mass customization in this context, considering
the capabilities and interests of the stakeholders involved, how to maximize the potential for such a
strategy being adopted, and ways to benefit the largest number of stakeholders and broader society
over time while requiring the minimum changes in policy and regulation. Although this research
acknowledges the customization of surface materials and finishes as relevant, it focuses on the spatial
needs of the user, as it is the spatial changes to housing units that are most difficult for the users to
make and cause the most significant problems. Thus, this aspect is considered most important to
customize in this case. While the research analyzes the ecology of the system to determine what would
be possible within this context, the benefits of customizing are brought through the customization of
individual house design. Thus, the study considers mainly the scale of the house and the changes in
processes that could improve the design outcome of individual houses in this social housing context.

52



Sustainability 2020, 12, 9027

Through the results of this research, for this context, broader considerations can be drawn, including
for other contexts as shown in the discussion.

2. Materials and Methods

This research is of a qualitative nature; therefore, it takes on the characteristics often present in
qualitative research. In particular, this study focuses on interpretation and meaning, in which the
researcher plays “an important role in interpreting and making sense of [the collected] data”, adopting
“practices that embrace interpretation and meaning in context” [17]. What is also relevant is being
holistic when considering multiple perspectives and the many factors involved [17]. It starts from
the premise that two main factors contribute to the problems that emerge from the evolving built
environments in neighborhoods of the lowest income range of social housing programs in Brazil: (1) the
need to change and add to the original housing unit given that it often does not satisfy the needs of the
user from the outset; (2) the lack of design involved in the creation of changes to the housing units
over time. The concepts of mass customization and housing adaptability are considered as significant
contributors to the development of solutions that could be applied in this context. The study was
divided into four stages, as shown in Figure 1.

Figure 1. Research stages.

The first stage refers to the understanding of mass customization and its application in housing
contexts as well as the understanding of other concepts considered relevant to this research, such as
social housing and housing adaptability. The concept of mass customization is used as a guide
into processes for the production of individually customized products at prices that “approach,
and sometimes beat” those of mass-produced goods [2]. Housing adaptability is used to guide aspects
relating to design and technologies, aiming to facilitate a fit between the user’s space need and their
home, especially being able to change their home after occupancy [18–20]. This stage draws on
theoretical references related to the concepts involved in the research as well as previous studies and
cases that use and apply those concepts.

The second and third stages refer to the understanding of the context and processes of social
housing production in Brazil, focusing on the lowest income range of housing programs. Stage two
(shown in Section 3) refers to the process of provision of social housing and stage three (shown in
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Section 4) refers to the post-occupancy processes. In these stages, documentation research also was
drawn on, including bibliographies on social housing processes, relevant legislation and policies,
and post-occupancy studies. Data from a specific social housing neighborhood, the Anglo neighborhood
in Pelotas in the south of Brazil, were also analyzed. These data were made available to the authors
by the research group Naurb [21] and include information regarding the specific process for the
neighborhood’s implementation, from application for funding to completion of construction, and data
from post-occupancy studies. The latter included demographic data and the changes made by the
families to the housing units.

As one of the objectives is to identify the limitations and potentials present in the current
social housing processes in concert with the strategies and tools of mass customization, in some
cases, the information available in the literature is insufficient to make these connections. Therefore,
this study also draws on semi-structured interviews with key stakeholders. A total of 11 interviews
were carried out, divided into six categories of stakeholders. The stakeholders were identified based on
the literature about the provision of social housing and legislation. Each person interviewed was also
asked to identify other stakeholders they believed were relevant to the process and to be interviewed.
Whenever possible, interviews were conducted with more than one representative from each category
and from more than one city. These interviews included three city architects and engineers, three city
social workers, the owner and manager (also an engineer) of a development company, the national
manager for approval of innovative technologies for social housing construction, the regional manager
from the financial institution Caixa Econômica Federal (CEF), and two experts in social housing who
specifically research processes in the lowest income range of social housing.

The fourth stage refers to the analysis of the specific social housing context and current capabilities
of the stakeholders in concert with the possibilities and tools of mass customization with a focus on
improving the living environments for the families and the city as the neighborhood evolves. From the
results, it is possible to indicate directions of how mass customization could be applied in this social
housing context, aiming to improve the living conditions within the unit and the neighborhood as
a whole, bringing further benefits to the city as these neighborhoods evolve over time. Relevant
considerations from this stage are shown in Section 5.

3. Process of Implementation of Social Housing Developments

The process outlined in this section focuses primarily on urban housing in the My House My
Life program—translated from programa Minha Casa Minha Vida (MCMV)—since it has been the
largest provider of social housing units over the last decade. However, many of the processes and
relationships between stakeholders described here apply to other programs too. Furthermore, the
interests and motivations of the stakeholders are also maintained across different programs. Most
importantly, the solutions in terms of both urban and unit design are also consistent across several
different programs, as are the problems they result in and the way the families deal with them
in post-occupancy.

Social housing programs aimed at the lowest income range of the population usually produce
units that are completely or mostly subsidized by the government. The lowest income range of the
MCMV program includes families who earn between zero and up to approximately two times the
minimum wage and the subsidies can cover up to 90% of the cost of each housing unit. Figure 2
outlines the main stages for the implementation of a new social housing development and shows the
main operational stakeholders involved in this process. Although there may be some variations from
city to city, especially regarding how much time each phase takes, the overall process falls within this
structure for most cities.
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Figure 2. Flowchart of main stages of the process of provision of social housing.

A first step for enabling a new social housing development is registering families who are eligible
and interested in receiving a social housing unit. The cities’ housing departments usually do this on
an ongoing basis. At this point, the families indicate their interest in being considered for a social
housing unit and provide the necessary documents to show their eligibility. The local authorities
assist the families in registering in the federal government’s social programs system (Cadastro Único).
The information kept within this system includes identification of each of the family members, their
work condition, the family’s income, and their living conditions, among others [22]. Information
regarding the family’s current living conditions is collected during this meeting, both to establish their
need for housing and to determine where within the city they currently live.

An initial step taken by the developer is to consult the financing agency Caixa Econômica
Federal (CEF) to determine if there is funding available for social housing developments in the chosen
municipality. They also seek pre-approval from CEF as a capable company to build within federal
programs. This is done to ensure the developer has the financial means to keep construction going
since the developer must first build each stage of the construction, foundations for example, with their
own capital, after which CEF will verify if that stage is up to their standard to then pay for that part of
the construction. Thus, considering the scale of these developments, a considerably large amount of
resources is needed to start the process and keep construction going, which smaller companies may
not have.

To initiate a new development project, the literature has identified two main distinct possibilities.
One possibility is for the city to provide land for the new development and call for interested developers
to produce a project. However, the most common scenario is for the city to wait for a developer to
show interest in producing housing for this income range. In this case, the developer proposes to the
city where they intend to build the new development. At this stage, the process only keeps going
if the city authorities approve the proposed land for the new development. This may seem like an
opportunity for the cities to have greater control over the locations where developments get built.
However, because the cities are dependent on having developers interested in building for this income
range, local authorities are often pressured into approving developments in inconvenient areas for fear
of losing the interest of the developer [23,24].

The choice of cheaper land on the outskirts of cities—often in areas previously considered
rural—and the standardization of design became the norm [23]. When the developer proposes to build
a new development for this income range, they usually already have unit designs for varying sizes of
lots so no consideration is given to the differences in location, culture, and family composition [13].
This standardization in design leads to several problems, such as poor urban spaces, lack of internal
comfort, high energy consumption, and low satisfaction from the users [18,25]. Local authorities,
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pressured by the building companies, in many cases, have made this process easier by changing
urban policy, urban perimeters, and local construction rules. These changes were made to allow the
construction of developments in rural areas, with reduced requirements of green and public spaces,
reduced unit requirements, and reduced taxes for the construction companies [23,24]. The ministerial
ordinance Portaria No 660 [26] is the national regulation that establishes the minimum standards for
housing units and urban parameters for projects within the MCMV program and any other program
that uses federal funds. It is often the only regulation followed for design purposes since projects
cannot be funded if this regulation is not followed; however, it is usually less restrictive than local
urban and building codes. Thus, developers often seek special approval within the city for the project
to comply only to the program’s standards. For house units, the program’s regulation establishes a
minimum of 36 m2 and that every housing unit must have at least two bedrooms, a kitchen, a living
room, a bathroom, and a laundry area.

Once the developer has the city approval, they submit the project for approval with CEF. Different
from the approval from the city, CEF analyzes the proposed budget for the project and whether the
percentages of the total funding designated to each stage of the project are within the permitted
standards. Once CEF approves the project and the contract between CEF and the developer is signed,
then construction can begin. It is important to highlight that the total amount paid for the development
is capped based on the number of units and the relative regional importance and size of the city.
Therefore, one way to maximize profits is to save as much as possible on aspects of the budget that are
not determined by quantity, such as the amount designated to design the development. Furthermore,
having the cost of the land as part of the financing process also benefits the developer since they
receive this amount at the start and can often negotiate to pay the previous owner in instalments
over time, therefore leaving a significant portion of the amount received for the land to be used to
start construction.

Although the city approves the final design of the development, it is difficult for the municipality
to demand quality in design considering that they cannot deny approval if the project is within the
legislation [27]. This was corroborated through interviews with city workers who state that the role of
the city regarding the design is limited to checking if it complies with the legislation. This aspect can
be a barrier to quality in design considering that the legislation was highly simplified to facilitate the
fast approval of projects and that, in the MCMV program, the municipalities are expected to release
barriers and facilitate the action of the private sector [27].

Many reasons can lead to delays during construction. An example includes a site inspection
determining that a particular stage of the construction is not up to the standard required by CEF and
that some aspects need to be redone. This means that the construction company will not receive the
amount designated for that stage until it is redone. Depending on the company’s resources, this can
mean that the rest of the construction stops until they receive that amount. There are cases in which
the resources necessary to bring the construction up to the established standard were too high and
led the company to bankruptcy. In these cases, construction stops for longer, until another company
can be hired to finish construction, usually with an updated cost estimate which increases the final
cost for the development. However, construction can also be delayed for other reasons, such as public
authorities requiring that construction stop to review specific permits and taking longer than usual to
review them. In such cases, if the prices for construction change significantly, the company can apply
to update the cost estimate. Thus, it is not uncommon for this kind of development to end up costing
much more than what was the original budget and taking much longer than the original schedule.

When construction is about 30% complete, the city’s social housing department starts the
pre-selection of families [13]. In some cases, part or all of the housing units may be reserved for
families that the city is removing from informal settlements in risk areas, for example. At this point in
the process, social workers may use different means—such as interviews with families and visits to
their current home—to make a social report. With this report, the city ranks the families according to
national and local criteria and selects families to continue the process to receive a unit in the specific
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development. The number of families selected to continue the process is equal to the number of
units the development will have plus 30% [28]. The city sends this list of pre-selected families to CEF
when construction is about 50% complete [28]. CEF does their own analysis of the documentation to
determine which families are eligible for financing. With this updated list of eligible families, the city
informs the families that have been selected to receive a unit. However, at this point, the families have
not yet been assigned to a specific unit.

Every social housing development, regardless of the program that led to its implementation,
must include funds for social work with the families, which is governed by the ministerial ordinance
Portaria No 21 [29]. By knowing which families will live in the development, the pre-occupancy social
work with the families can begin. This consists of working with the families to prepare them for formal
housing and living in the new community. Most often, the families selected for a development come
from different areas around the city. The social workers help them create a community association and
carry out educational actions regarding things such as how to deal with their garbage, how to save
energy, what is acceptable or not in public spaces of the neighborhood, among others. Preparation
and support are also given for the families to apply to other social programs when that is the case and
things such as finding and enrolling children in a new school. This social work continues for at least
one year after the families move to the new development.

When construction is practically finished, and in some cases after it is finished, the city calls
the families for the draw of units. This is a draw to establish which family will receive which unit.
The updated list of families with their designated unit is then sent to CEF, which makes the individual
contracts of the financing process for the families to sign. Although each family signs their contract
individually, cities often wait until all the families have signed the contract to give the families the keys
to their units all on the same day in a highly publicized event. The beneficiary family must live in the
housing unit for ten years of the financing process in order to receive the subsidy. If the family wishes
to settle the remainder of the debt beforehand (to sell the unit, for example), then they must pay the
total that is still owed without receiving the subsidy (which can be up to 90% of the total cost of the
unit). However, illegal sales do still happen.

4. Post-Occupancy Processes

4.1. The Need for Change

Specifically for this social housing context, Brandão [18] indicates that the following aspects
frequently appear in post-occupancy studies as motivators for change: aspects related to function,
such as the layout and size of the rooms; the size of the housing unit; aspects related to visual and
auditive privacy; aspects related to personalization and definition of territory; changes in the family,
such as the size of the family; economic and educational level. Thus, most reasons for making spatial
changes in this context fall under the categories identified by Friedman [19]—family transformations,
fitting new technologies, and affording in stages—and, therefore, are similar to other contexts. However,
how these aspects appear and motivate changes to the housing units in this context can have some
specific factors not considered elsewhere.

The initial size of the housing units is a crucial factor perceived by the families as needing
change. In a study regarding the perception of the users in three different social housing developments,
the authors indicate the main reason for wanting to leave the development was the inadequate size of
the unit; however, in one of the three developments, which consisted of house units, the possibility of
expanding was seen as a positive factor [30]. The aspect of fitting new technologies is often identified
in relation to the size of the unit. This does not necessarily mean that the technologies changed since
the unit was initially built, but often, the initial unit already did not consider the technologies available
at the time it was built in order to minimize the size of the unit. This is a common complaint by families
concerning washing machines, for example [31,32]. Although it is not a new technology, most of the
social housing developments do not include a space in the unit for this equipment nor the necessary
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plumbing to facilitate its use. Similar complaints are also seen in relation to space and electrical outlets
available in the kitchen.

The aspect of family transformation is also a significant motivator for spatial changes to the
unit. This occurs with normal changes to family through time, but, similar to the technologies factor,
the family does not necessarily need to change for the original unit to become inadequate. In many
cases, as a result of standardization in design, the original unit is already inappropriate for the size
or arrangement of the family when they first move in. In a post-occupancy study, Jorge et al. [32]
identified that 40% of the units had six or more people living in them. Furthermore, it is also common
to have extended family living in the same housing unit. In the same study, this was the case in 30% of
the housing units [32]. Another important factor to consider regarding adapting the unit to changes
in the family refers to the work conditions of the families. It is common for the family members to
have informal work conditions that is, having an unstable source of income. Thus, initiating and
running a small business from home is common in these developments and even encouraged given
that workshops for this purpose are provided as part of the social work. This kind of activity often
requires space beyond the original unit, thus also being a significant driver of spatial changes.

Affording in stages is also an important aspect to consider in this context. While it is not a reason
for change, it significantly influences how change happens, as discussed in the next section.

4.2. How Change Happens

In house units, it is expected that families will make changes and expand their unit after moving
in, with the possibility of expansion even required by current legislation [26]. Furthermore, many
of the interviews done for this research, with architects, engineers, and social workers, had similar
statements saying that for house unit neighborhoods, it is unavoidable that the families will expand the
units even when it is not allowed. However, because the units are not built with adaptability in mind,
it is even more expensive and difficult for the families to make these changes [23]. Most of the changes
are carried out illegally by the homeowners themselves. This includes planning what to change and
the construction itself.

It is common for the family to start buying construction materials in small quantities from local,
often small, building materials stores and building the extension themselves, a small portion at a time.
This process continues over time until all the intended expansion is complete. Thus, it is common in
these developments to see partially built rooms, such as the outline of a room built to only half the
height, or a space with one wall and the roof, which is used as a veranda until the other walls can be
built. It is also common to use temporary materials, such as plastic and plywood, as parts of the walls
until they can afford a more permanent solution. Another common scenario is for the family to buy
all the necessary materials over time, storing it until they have enough to build the entire intended
expansion and then building it very quickly. The storage of materials is usually done in the garden or
in front of the house on the street, which can implicate some losses due to weather or theft. Often,
neighbors, family, and friends also help with the construction. Hiring a resident of the neighborhood
who works with construction is also seen in some cases. Therefore, the aspect of affording in stages
does not only refer to expanding when they can afford it but also to dividing an intended expansion
into stages distributed over time.

Several post-occupancy studies [18,25,31–33] have demonstrated the changes that families make
to their housing units in social housing developments. These studies categorize not only the changes
made but also why they were made. Previous authors identified four main categories of reasons
associated with the changes made by the users: safety, such as building a wall and adding bars to
windows; family need, such as building a pantry or new bedroom; size, such as adding or increasing
the area of rooms such as the bedroom, bathroom, and kitchen; finishing, such as changing the windows
and the wall finishes, e.g., substituting paint for ceramic tiles [33]. It is important to note that, in that
study, the reasons of ‘needs’ of the family and ‘size’ account for similar changes, referring to spatial
changes, and, in many cases, appear together. These authors further indicate that most changes are
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made due to the dimensional inadequacy of the spaces to their functions and the domestic needs of the
occupants [33]. This is consistent with findings from other studies that indicate that for social housing,
the most pertinent kind of change is expansions [31]. This author analyzed several social housing
developments, indicating the following changes as most frequent:

• Intervention on the façade, including building a wall;
• Adding a garage;
• Increasing the area of the kitchen;
• Creating or increasing the area of the laundry;
• Creating a separate space for business, studies, or hobbies;
• Creating more bathrooms;
• Creating more space for storage;
• Changing the relationship between the kitchen, area for meals, and living room;
• Adding one more room.

These changes are consistent with those shown in other post-occupancy studies [18,25,32–34].
Specifically referring to spaces for business, several post-occupancy studies show that it is a

significant driver of renovation; in some cases, having a space for business was considered important
by more than 60% of the families [32]. Although this does not necessarily require changes to the units,
often it is reflected in the significant amount of cases in which a room for business was added to the
units. Likewise, adding a garage is very frequent in cases in which it is possible to expand to the front
or side of the unit. In these cases, the garage and business sharing the same space is also common.

An important consideration that is consistent across many post-occupancy studies refers to the
order in which changes to the units are made. Changes that are made immediately after the families
move in are more related to demonstrating territoriality and differentiating themselves from the
neighbors. These include placing significant objects in the front of the house, planting a garden,
and changing the color of the façade. These being the first changes made is understandable given
the importance of the feeling of ownership towards the unit and the low cost involved in making
them. Other changes that are often made before spatial changes in the unit are related to safety, such as
building walls around the lot.

Regarding spatial changes, the studies indicate that increasing the area of the kitchen is often
a priority and, usually, it involves increasing the area of the unit. Expansions of other spaces or
adding other spaces to the unit appear as the second change made or the second most frequent first
change. Several studies highlight the significant amount of cases in which walls with pipes (such as
the bathroom and kitchen) had to be demolished and rebuilt elsewhere, making the changes more
difficult and expensive than necessary and highlighting the need of carefully placing these elements in
the original unit design [25,32,33].

It is important to highlight that while the categories of expansions are consistent across many
different developments, the solutions for the expansions (for example, where the expansion is built)
vary considerably. Not only it is dependent on the original unit design and where there is room
to expand, but the solutions also vary within the same development of equal units. Even when an
expansion plan was provided, there are many cases of the families not following such a plan. Some of
the reasons for this include the plan not meeting the family’s needs or for economic reasons [34].

Another important aspect to consider refers to how long after moving in the changes are made.
Several studies conducted up to five years after the completion of the development already show
significant changes made to most units. In the Anglo neighborhood, completed in two stages, four and
two years before the data collection, 80% of the units already had changes made [32]. Even in an
older neighborhood, the authors show that most changes (70%) were made within the first three years
after moving in [33]. However, it is still relevant to consider that older neighborhoods present more
expansions; this shows that there is continual transformation of the houses over time, even if it does
slow down.
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4.3. Problems with Changes

In most cases, the families perceive the changes as beneficial and as an improvement in their living
conditions. However, these changes often result in inadequate situations, such as encroaching onto the
public space, having no ventilation and lighting, blocking offwindows of the initial unit, inappropriate
discharge of rainwater, dangerous stairs, and opening windows directly onto the neighbor’s lot,
among others [18,25,31]. These inadequate situations can result in negative consequences not only
for the families but also for the city, such as increasing health problems and the burden on the city to
provide health care and limiting the city authorities’ access to public services, such as public lighting,
provision of electricity, and water and sewage, for example. In one case reported during the interviews,
expansions were built over the water drainage system. This resulted in frequent flooding inside the
houses due to a lack of maintenance of the system. In the city of Pelotas, in an older social housing
neighborhood, several families built onto the sidewalk enclosing the public electrical posts; currently,
access to most of the public lighting and distribution by the local authorities is difficult. Figure 3 shows
cases from the Anglo neighborhood that also encroach onto the public space, eliminating the sidewalk.
Initial construction for this neighborhood was completed in 2014.

  
Figure 3. Example of expansions encroaching onto the public space. Images courtesy of NAUrb-UFPel [21].

Referring to self-construction in informal settlements, Estevão and Medvedovski [35] indicate the
inadequacies related to humidity as one of the main factors in which the housing environment can be
problematic to the health of the inhabitants. Self-construction in formal social housing neighborhoods
shows several of the same risk factors. Several authors highlight the lack of natural light and ventilation
as a frequent problem resulting from the expansions in social housing neighborhoods [25,32,33]. One of
the most problematic situations from such a scenario is that it aggravates health problems resulting
from humidity, such as respiratory and skin problems [35]. Furthermore, it often leads to a lack of
thermal comfort, which, as well as aggravating existing conditions, such as hypertension [35], can lead
to excessive use of energy to mitigate the condition.

Another factor refers to situations of risk to the physical integrity of the inhabitants. The inappropriate
proportions of stairs and the use of ceiling slabs as an extension of the house are responsible for an
unimaginable number of serious accidents [35]. These situations are also common in self-built expansions
in social housing neighborhoods. An example of inappropriate proportions of stairs can be seen in
Figure 4.
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Figure 4. Stairs in the Anglo neighborhood in Pelotas. Image courtesy of NAUrb-UFPel [21].

In some cases, the expansions reproduce the logic of precarious housing in which the families lived
before—for example, building rooms or walls with temporary materials or accommodating a second
family on the same lot without a bathroom; this creates a cycle that threatens the condition of a healthy
environment and increases the risk of disease contamination [32]. However, from post-occupancy
studies, it is possible to indicate that despite the families’ low-income situation, many of them invest
significantly in expanding their units in a permanent way. Figure 5 shows an example from the Anglo
neighborhood, which increased the area on the ground floor for a garage and business and added a
second floor. Furthermore, it is important to highlight that the changes made and how they are made
is consistent in many post-occupancy studies in such developments from different cities and built
through different programs.

Figure 5. Example of housing unit with expansions. Images courtesy of NAUrb-UFPel [21].

As previously explained, many of these changes bring problems that have an effect beyond the
family that lives in the unit. However, very rarely are any actions taken to support the families in making
better decisions in their expansions or to discourage problematic situations. Many municipalities have
in place legislation with mechanisms to allow the municipal authorities to notify, fine, and, in some cases,
demolish illegal constructions, such as those that encroach onto the public space, for example. However,
these mechanisms are seldom used. Giving a notification when this kind of illegal construction is
identified is the action most used; however, these are usually ignored and no further action is taken.
When questioned about this scenario, several of the stakeholders interviewed attribute it to political
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will. They highlight that local politicians fear looking bad for allowing more severe action to be taken
‘against’ this vulnerable population.

It is important to consider that given the opportunity to have assistance for these expansions,
often, families will seek it, as there is significant demand for this kind of assistance from the very few
organizations that provide it free of charge for these families. An example of such organizations are
the university outreach offices called “Model Offices” (Escritórios Modelo in Portuguese), which are
present in some architecture schools. There are several benefits for the families in having their houses
regulated within the municipality; one that is immediately perceived by the families is the possibility
of being able to apply for financial assistance for further construction. The benefits which the families
themselves might not see immediately, such as avoiding health issues, are equally important and in
the best interest of the city as a whole.

This need to assist low-income families in design and construction was recognized by the
federal government in 2008 when specific legislation was approved, stating that low-income families
should have such assistance without being charged for it [36]. However, there are few examples of
municipalities and other entities that provide such assistance for improvements to individual housing
units. This is understandable since the costs for professionals to work individually with each family
are high and the funding is limited. Moreover, in cases where such technical assistance is available, it is
usually only for families living in informal settlements, not for families in social housing neighborhoods.
This also is understandable since the latter are considered as already adequately housed and it would
not make sense to spend limited public funds twice on the same family when there are others in
need. However, there are significant funds destined for social assistance, specifically for these social
housing neighborhoods. Thus, if costs could be reduced from having a professional work individually
with each family, it would be feasible to provide such assistance as part of the initial funding for the
development and other social assistance programs that take place within these neighborhoods.

5. Discussion

This section discusses the implications of some of the exposed social housing processes in concert
with the possibilities of mass customization.

A vital consideration refers to how public authorities view social housing production. Through
legislation and practices, it is clear that the initial housing unit is seen as the final product. All the
legislation regarding the production of social housing units refers to the process as finished once the
construction of the unit is complete. Post-occupancy social work is the only thing that goes beyond the
finalized construction of the initial unit and it does not consider further construction. In contrast, for the
families, the initial house unit is seen as a starting point from which they continue to build. As the
neighborhood evolves, the self-designed and self-built additions to the units often bring unintended
negative consequences along with the intended benefits. The legislation regarding technical assistance
in housing design is broad enough that it could include social housing developments. However, it is not
seen in practice as applicable in these cases. Pre-occupancy construction, post-occupancy renovation,
and technical assistance are organized and seen as completely separate processes. Thus, one happens
without any consideration of the other. However, when considering the limits of the initial production
of social housing and the needs of the families over time, it becomes clear that for social housing
developments, it should all be seen as part of one continuous process, including for funding purposes.
Broadening the context considered for the use of funds can lead to a more efficient allocation of those
funds [37].

This is particularly relevant when considering mass customization for this context. Previous
studies have indicated that small changes in the current process of provision of social housing could
create opportunities for mass customization of the initial units [14]. However, by including the
post-occupancy processes in the analysis of potential mass customization possibilities and benefits for
this context, it is possible to indicate that customizing the initial unit is not the most sustainable option
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as it may not have lasting results in terms of satisfying the families’ needs and avoiding problematic
situations over time.

An important consideration is that mass customizer companies usually profit by attracting more
customers with customized products, gaining their fidelity, or taking advantage of their willingness
to pay a premium for a custom product [2]. However, these options are not available in this social
housing context. The amount the company can receive per unit is capped and the families do not have
a choice of developer—they are assigned to a unit by the city. Stakeholders from different spheres
of government are more interested in a higher number of units built than higher quality in design.
This appears in all publicity, and even official program websites state that priority will be given to
proposals that reach a higher number of families [38]. Therefore, the companies still would not be
motivated to mass customize, even if the added effort and cost were only marginally higher.

Regulations around the numbers and types of rooms that the units must have, combined with
the restricted floor area to keep the costs low, mean that there is very little that can be customized in
terms of the families’ space needs. Although these regulations are necessary to establish a minimum
standard, they can also be a barrier to mass customization. Furthermore, most changes made to the
housing units post-occupancy add area to the house. This shows that in most cases, a large part of the
reason for the unit not satisfying the families’ needs refers to it being too small. This aspect would
still be present even if the initial units were customized. On a different approach, the initial area
of the housing units could be increased, making it more meaningful to customize them. However,
this would require significant changes in the current process of provision, especially increasing funding.
Therefore, this is not a feasible option. Investing in flexibility could be a way to allow for the families
to satisfy their needs after occupancy better, while still building all initial units equal within current
regulations. However, the way the families currently change and expand their units also leads to
problems for themselves, the neighborhood, and the city. Thus, providing assistance for the families
in this renovation process is necessary. It is also important to highlight that the needs of the families
change over time. Thus, having a strategy to customize the initial unit and not addressing this as a
process over time could still lead to the same problems, especially with the expansions.

This study argues that it would be more feasible and have a higher potential for bringing significant
benefits over time—not only for the families but also to the city and other stakeholders—if a mass
customization strategy were applied with post-occupancy differentiation. This way, the initial units
built could still be small and equal within the development, not requiring significant changes to
current social housing programs, their associated policies, and the capabilities of the stakeholders.
Post-occupancy, the families would use a mass customization configurator, a co-design system,
to interact with and visualize the design of expansions for their homes. Such configurators have the
capacity to validate the customer’s solutions, including in cases that involve spatial aspects in housing
design, as shown by previous authors [7,8]. Only solutions within the legal parameters for the city
would be validated. The design validated by the configurator could receive automatic approval by the
city. This would significantly benefit the families and the city by avoiding problematic changes to the
units. The families would have the opportunity to manipulate and visualize different design solutions
and receive feedback before engaging in construction.

Providing this assistance to the families to have validated design solutions could also serve as a
justification for cities to take more severe action, such as fines and demolitions, towards problematic
construction situations. The interviews done for this research indicate that there is currently a
perception that any actions taken in this regard would be hurting an already vulnerable population
and, thus, that such actions are not socially acceptable. This perception is intensified by the fact that
most cities do not offer an alternative to the current practices of self-design and construction, making it
morally and politically challenging to take serious action against such illegal construction. However,
if processes such as those proposed in this study are in place and design assistance is available to the
families, then it would be a choice of the family to ignore such help and build problematic solutions.
This could remove some of the perceived barriers around taking action to correct problematic situations;
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for example, demolishing construction that encroaches on public space. In other words, if the city is
providing the conditions for families to build legally and these families still choose to build illegal
solutions, then it could become socially and politically acceptable for the city to fine or demolish such
problematic solutions.

To allow post-occupancy differentiation as easily and as much as possible, increased adaptability
of the initial unit is essential. Most cities do not have the resources to critically evaluate and suggest
design changes during the approval process of new social housing developments, with city authorities
limited to checking for compliance with legislation. One of the results of this limitation is that most
projects merely achieve the minimum required by legislation. In terms of adaptability, the regulation
has one sentence that states that the housing unit shall be designed to enable its future expansion
without loss to the lighting conditions and natural ventilation of the existing rooms [26]. Given that
this regulation provides little guidance, it is usually fulfilled by showing that one room can be added.
Often this means that the unit was designed to allow only one room, in a specific place, to be added.
This is not enough to satisfy the amount and variety of changes the families need.

In contrast, several researchers have developed extensive adaptability guidelines specifically for
social housing. However, most of such guidelines depend on subjective design judgment, making it
difficult to incorporate in regulation and to check for compliance. Although changing the way projects
are approved in cities to include their design interests and feedback would be ideal, it is currently not
feasible for most cities; thus, providing such thoughtful feedback is outside their capability. An option
that could help include more adaptability in design would be to include guidelines in the regulation
of the program in a way that would make compliance to them easy to check. One way this could
be done would be to use the adaptability guidelines developed in previous studies, for example,
by Brandão [18], but translating them as much as possible into quantifiable acceptable ranges that are
easy to demonstrate. For the project to be approved, the developer would then have to demonstrate
compliance to at least three of the guidelines in addition to the one already in the regulation. Table 1
shows a selection of guidelines that would be feasible to implement within the regulations of the
MCMV program and could be checked easily within the current process of approval. The table also
shows possible wording for the regulation, such that it would be easy to demonstrate and check for
within the approval process. Figure 6 shows an example floor plan inserted in the existing lots of
the Anglo neighborhood that was developed in this study following such guidelines. The walls with
pipes and structural columns are shown in gray, and the houses are meant for semi-detached typology.
Figures 7 and 8 demonstrate some of the expansions possible with this design, which significantly
increase the area of the house, demonstrating the design’s compliance to the guidelines in Table 1.

This study proposes that the main agent of the mass customization strategy, in this case, should be
the local authorities and not a company as in most mass customization cases. This would allow the
city to have more power over the parameters to be validated within the configurator and a building
system to be used, also making automatic approval feasible. Furthermore, local authorities are more
motivated to keep in mind the best interests of the families and the city and could also incorporate the
use of the configurator in post-occupancy social assistance within its current format.

To maximize the potential of such a mass customization approach to bring benefits over time, it is
essential to consider the families’ current post-occupancy processes. For example, distributing the
costs of construction over time and being able to self-build to save even more money are important
aspects to be maintained. This has direct implications regarding construction for the mass-customized
product. For example, pre-fabricating entire rooms to be combined on-site would not be a feasible
solution. Pre-fabricating panels that can be combined, allowing families to build at their own pace,
as well as using materials that are familiar to them, would be more feasible. Having the local authority
as the main agent would also allow several construction companies to be linked to the strategy to
fabricate the necessary components.
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Table 1. Adaptability guidelines.

Guideline from Brandão [18]
Proposed for Writing in

Regulation
How It Could be Demonstrated

Set the height of the ridge
suitable for expansions.

Set the height of the ridge at a
height that allows adding rooms of
at least 2 m in length, continuing

along the slope without needing to
change the angle of the roof.

Include, in architectural drawings, a
section showing the added room with

the expanded roof maintaining the
same angle and complying with the
minimum heights within the room.

Example in Figure 8.

Allow the creation of new roof
slopes without affecting the

functionality.

Allow the creation of new roof
slopes without affecting the

functionality.

Include architectural drawings with
the new roof slopes.

Separate, if possible, structure
from walls.

Separate structure from walls,
such that the walls are

non-load-bearing.

Highlight, in the architectural
drawings, the separation between

load-bearing elements and
non-load-bearing elements. Include

the loads used to calculate the
structure. Example in Figures 6–8.

Prepare structure to receive
one or more floors.

Prepare structure to receive one or
more floors.

Include, in the plans submitted for
approval, as well as all the structural

elements included to allow more
floors, the loads used to calculate the

structure and foundations.

Provide permanent walls with
pipes.

Place walls with pipes in such a
way that the kitchen and other

rooms can be expanded and that
other rooms can be added without

needing to destroy such walls.

Include drawings of the expanded
rooms around the walls with pipes
and of added rooms showing that

those walls do not need to be
destroyed. Example in Figure 7.

Provide setback which allows
expansion to the front. Provide setback of at least 2 m. Shown in drawings.

Adopt broader front for
individual sites, if possible.

Adopt front for individual sites of
at least 7 m. Shown in drawings.

Figure 6. Floor plan of an example unit considering the guidelines for adaptability.

65



Sustainability 2020, 12, 9027

Figure 7. Floor plan of an example unit with expansions, adding several rooms without the need to
destroy walls with pipes from the original unit.

Figure 8. Section of two semi-detached example units. The unit on the right shows an expansion along
the slope of the roof maintaining the same angle.

Although this study refers to a specific context, applying mass customization with post-occupancy
differentiation could be valuable in many other housing contexts. The aspect of the initial unit not
being seen as the final product could be easily extended to other housing contexts. In some cases,
it may even be easier to overcome some of the challenges faced in the context considered for this study.
In North America, for example, lighter building systems, such as wood-framing, are widely accepted.
Furthermore, pre-fabrication within those systems is more widely available. As in some examples
shown by Smith [39], a company may seek local pre-fabrication options close to each of the sites where
they build to keep the costs low. This could be an opportunity for companies to provide an initial small
affordable unit combined with a mass customization system of co-design and prefabricated parts or
panels of the same building system that the user continues to engage (buy from the company in this
case) over time at their own pace.

Aspects of dimensional or geometric co-design in housing are also relevant to discuss. It has been
shown that an aspect that can add value to mass customized products refers to the satisfaction of the
customer in perceiving themselves as the creator of the product, the “I designed it myself effect” [40].
However, design complexity and substantial investment in the product have shed doubt on whether this
factor can be considered in housing. One of the reasons for dimensional mass customization of housing
not being more widely available refers to the customers not having enough confidence or knowledge
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to take responsibility for the design of their homes; thus, it refers to social and cultural reasons and
not technological limitations [5,41]. Many people would prefer to buy the house they perceived as
professionally designed, even if they had the option of co-designing. Counteracting this is the need
imposed by the context within the lowest income social housing scenario. Many post-occupancy
studies [25,32,42] in this context have demonstrated the users’ willingness to design their own homes,
given that the alternative is not building. Thus, with the use of a co-design system, the resulting
designs may still be perceived as more ‘professionally designed’ than the alternative.

Given the contextual conditions, these social housing neighborhoods could be the ideal place
to begin the adoption of such geometric co-design processes, given the reduced emphasis of those
social and cultural factors considered as significant challenges to the broader adoption of geometric
mass customization in housing. Seeing such processes and their results within this context could be
encouraging for developers to adopt geometric co-design in other contexts. Furthermore, it could also
be encouraging for the users in overcoming some of their insecurities with what they may perceive
as self-design.

6. Conclusions

A significant contribution of this study refers to the evaluation of the possibilities from mass
customization in concert with the broader context and interests of the stakeholder in the provision
of social housing for the lowest income range of housing programs in Brazil. Some previous studies
have considered the benefits that mass customization could bring in the social housing context and
indicated some paths for its implementation. However, most of these studies focus on only a few
aspects of the provision process or do not refer to post-occupancy as part of the process and, thus,
start from the premise that differentiation of the product must be for the initial unit. In contrast,
this study argues that it would be more feasible and would bring more and longer-lasting benefits
to the stakeholders involved if mass customization were applied with differentiation of the units
happening post-occupancy.
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Abstract: This study summarizes the performance of a photovoltaic/thermal (PV/T) system integrated
with a glass-to-PV backsheet (PVF film-based backsheet) and glass-to-glass photovoltaic (PV) cells
protections. A dual-fluid heat exchanger is used to cool the PV cells in which water and air are
operated simultaneously. The proposed PV/T design brings about a higher electric output while
producing sufficient thermal energy. A detailed numerical study was performed by calculating
real-time heat transfer coefficients. Energy balance equations across the dual-fluid PV/T system
were solved using an ordinary differential equation (ODE) solver in MATLAB software. The hourly
and annual energy and exergy variations for both configurations were evaluated for Cheonan City,
Korea. In the case of a PV/T system with a glass-to-glass configuration, a larger heat exchange area
causes the extraction of extra solar heat from the PV cells and thus improving the overall efficiency
of the energy transfer. Results depict that the annual electrical and total thermal efficiencies with a
glass-to-glass configuration were found to be 14.31% and 52.22%, respectively, and with a glass-to-PV
backsheet configuration, the aforementioned values reduced to 13.92% and 48.25%, respectively. It
is also observed that, with the application of a dual-fluid heat exchanger, the temperature gradient
across the PV panel is surprisingly reduced.

Keywords: PV/T system; dual-fluid; glass-to-glass; simulation; model validation

1. Introduction

The increasing demand for energy in day-to-day activities causes the excessive use of fossil fuels,
which ultimately results in an increase in greenhouse gas emissions [1]. This is where the international
organizations for climate control intervene to compel power generation companies to use sustainable
energy sources instead. Due to this reason, the generation of electricity and heat from renewable
energy sources has dramatically increased in the last decade [2]. It is anticipated that the use of
renewable energy for residential, domestic, and commercial sectors will increase in near future. The
photovoltaic (PV) module is a device that is used to convert sun rays directly into electricity, whereas
both electricity and heat can be harvested using emerging technology known as photovoltaic/thermal
(PV/T) technology [3]. The PV/T system can be non-concentrating (flat plate collectors) or concentrating
and usually, flat plate collectors do not need a tracking platform to locate the sun position across the
day [4].

A large portion of incident solar radiation is ultraviolet and infrared in nature, which leads to an
increase in the operating temperature of PV solar cells [5]. Therefore, in the context of lowering PV
module temperature and consequently increasing thermal efficiency, an optimized heat exchanger
design and working fluid having superior thermal properties are very important. Water and air are
the most common fluids that have been used as coolants for PV modules over the decades [6]. It has
been observed that the PV/T system using water as a working fluid showed higher power conversion
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efficiency than that of air. Liquid fluids have always been the best choice to cool PV cells, rather than
air, because of their excellent heat transfer capabilities. PV/T technology can also be categorized as
glazed- and unglazed-PV/T systems [7,8]. The unglazed PV/T systems are comparatively inexpensive
and considered best especially under high ambient temperature conditions compared to glazed PV/T
systems. Furthermore, Vats et al. [9] analyzed the influence of packing factor on the overall energy
performance of the semitransparent photovoltaic thermal system. For the comparison purpose, they
have considered various types of solar cells with different packing factors, based on the results it was
concluded that decreasing the packing factor decreases the PV module temperature and increases the
sunlight transmission through the non-packing area.

When the quality of energy is a prime concern, the exergy analysis becomes as important as the
energy analysis [10,11], especially for a co-generation system which is producing both electricity and
heat simultaneously. The literature review revealed that several studies on the exergy analysis of
various solar energy systems have been carried out with the intention of developing new methods and
equations [12]. Pathak et al. [13] developed a theoretical exergy model to compare the performance of
the PV/T system with conventional systems for a limited roof area. Based on climatic data from three
different locations, the exergy performance of the PV/T, PV, and solar thermal systems having similar
collector areas were predicted and compared. The outcomes from the comparative analysis show that
the PV/T system surpassed the exergy efficiency of both PV and solar thermal systems for all locations.

Over the years, the simultaneous application of two fluids as the coolant in the PV/T systems has
been gaining popularity among researchers. Tripanagnostopoulous [14] was the first who introduced
the concept of utilizing two working fluids for the same PV/T collector. Using this concept, several
studies on the dual-fluid PV/T system regarding performance optimization using different fluids and
conduit designs have been published [15]. Jarimi et al. [16] developed a 2-D steady-state model of a
bi-fluid PV/T system considering a slight modification in the finned air channel. The simulation-based
results were validated using indoor experimental data. The introduction of the dual-fluid concept in
PV/T technology for the cooling of solar cells is promising in terms of optimizing solar energy use,
where a total equivalent efficiency near 90% is achievable [17]. Additionally, with a smaller area, the
dual-fluid PV/T system can generate extra thermal energy.

Based on the literature review, it has been observed that several studies have been performed in
the field of PV/T technology considering different aspects e.g., single- and dual-fluid channels for air
circulation. In addition, many reported articles had discussed liquid fluid with different designs of
tubes such as circular, rectangular, and trapezoidal, etc. To the best of our knowledge, no studies have
been reported on the dual-fluid semitransparent PV/T system, in which a glass protection underneath
the solar cells has been provided instead of a PV backsheet (PVF film-based backsheet). Due to the
provision of dual-fluid coolant and glass-to-glass PV protection, additional solar heat from the PV
module surface can be extracted, which will result in the lower temperature of the PV cells compared
to the glass-to-PV backsheet based PV/T system. In the dual-fluid semitransparent PV/T system, the
percentage of harvested energy per unit area is higher than the conventional glass cover PV/T system.
It would therefore be an excellent choice to provide energy for the building and industrial sector.

2. Research Methods

2.1. Mathematical Model

In this study, the transient thermo-electric models for the glass-to-PV backsheet and glass-to-glass
PV/T systems are developed and proposed. The transient mathematical model for the sheet-and-tube
PV/T system reported by Chow [18] was modified and employed for the proposed design. The energy
balance equations for various components were solved using an ODE solver in Matlab software. The
following assumptions have been considered during mathematical modeling:

(1) There is no change in the physical dimensions and material properties of the collector components.
(2) For the parallel tube heat exchanger, temperature and flow rate in all tubes were taken as same.
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(3) The ohmic losses in the PV cells and edge losses are neglected.
(4) All heat transfer coefficients were calculated in real-time [19].
(5) Only the absorption loss of glass is taken into consideration.
(6) For the glass-to-glass case, the glass cover2 serves as a sheet for the copper tube (carrying water),

while for the glass-to-PV backsheet case, the PV backsheet works as a sheet for the copper tube
considering famous sheet and tube configuration.

Energy balances for glass-to-glass and glass-to-PV backsheet cases
Glass cover1

Mg1Cg1(dTg1/dt) = Gα1 + hpg1Apg1
(
Ts − Tg1

)
− hwindAg1∞

(
Tg1 − T∞

)
− hg1∞Ag1∞

(
Tg1 − T∞

)
(1)

PV cells (glass-to-PV backsheet)

MsCs(dTs/dt) = Gα2 − E− hsg1Asg1
(
Ts − Tg1

)
− hspAsp

(
Ts − Tp

)
(2)

PV cells (glass-to-glass)

MsCs(dTs/dt) = Gα2 − E− hsg1Asg1
(
Ts − Tg1

)
− hsg2Asg2

(
Ts − Tg2

)
(3)

PV backsheet

MpCp(dTp/dt) = Gα3 + hspAsp
(
Ts − Tp

)
− hptApt

(
Tp − Tt

)
−Apa hpa

(
Tp − Ta

)
− hpbApb

(
Tp − Tb

)
(4)

Glass cover2

Mg2Cg2(dTg2/dt) = Gα4 + hsg2Asg2
(
Ts − Tg2

)
− htg2Atg2

(
Tg2 − Tt

)
−Aag2 hag2

(
Tg2 − Ta

)
− hbg2Abg2

(
Tg2 − Tb

)
(5)

where G is the irradiance and E is the electrical power generated by the PV cells. hwind is the convection
heat transfer coefficient due to wind [20]. hg∞ is the radiation heat transfer coefficient between glass
cover1 and ambient air, and hsg1 is the conduction heat transfer coefficient between glass cover1 and
the PV cells. hpt is the conduction heat transfer coefficient between PV cells and the tube, hpa is the
convection heat transfer coefficient between PV cells and the circulating air, hpb is the radiation heat
transfer coefficient between the PV cells and the back panel, and hsp is the conduction heat transfer
coefficient between PV cells and the tube. hsg2 is the conduction heat transfer coefficient between glass
cover2 and PV cells. htg2 is the conduction heat transfer coefficient between PV cells and the tube, and
hag2 is the convection heat transfer coefficient between glass cover2 and the circulating air.

E = GPFŋe (6)

ŋe = ŋr

[
1−βr

(
Tp − Tr

)]
(7)

where PF is the packing factor and Tp is the PV plate temperature. βr is the temperature coefficient andŋe
is the efficiency of the solar cells. Tr and ŋr are the reference cell temperature and efficiency, respectively.

hwind = 3ua + 2.8 (8)

hg∞ = εgσ
(
Tg + T∞

)(
T2

g + T2∞
)

(9)

hpb =
(
σ
(
Tp + Tb

)(
T2

p + T2
b

))
/
(
1/εp + 1/εb − 1

)
(10)

where εg is the emissivity of the glass and ua is the velocity caused by wind. εp and εb are the emissivity
of the PV plate and back panel, respectively.
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Back panel (glass-to-glass)

MbCb(dTb/dt) = Gα5 + htbAtb(Tt − Tb) + hbg2Abg2

(
Tg2 − Tb

)
− habAab(Tb − Ta) − hb∞Ab∞(Tb − T∞) (11)

Back panel (glass-to-PV backsheet)

MbCb(dTb/dt) = htbAtb(Tt − Tb) + hpbApb
(
Tp − Tb

)
− habAab(Tb − Ta) − hb∞Ab∞(Tb − T∞) (12)

where htb is the radiation heat transfer coefficient between the tube and back panel, and hab is the
convection heat transfer coefficient between the back panel and the circulating air. hb∞ is the heat
loss coefficient between the back panel and ambient air. hbg2 is the radiation heat transfer coefficient
between the glass cover2 and the back panel.

Considering only absorption losses, solar radiation absorbed across the PV/T system components
is defined as follows:

α1 = αg1 (13)

α2 =
(
1−αg1

)
As αs (14)

α3 =
(
1−αg1

)
(1−αs)(1−AR) αp (15)

α4 =
(
1−αg1

)
(1−αs)(1−AR) αg2 (16)

α5 =
(
1−αg1

)(
1−αg2

)
(1−αs)(1−AR) αb (17)

where As is the area covered by solar cells and αs are the absorptivity of the PV cells. AR is the ratio of
area covered by the collector to the PV cells [21]. αp and αb are the absorptivity of the PV backsheet
and back panel, respectively. In glass-to-glass case, αg1 and αg2 are the absorptivity of the glass cover1
and glass cover2, respectively.

Tube

MtCt(dTt/dt) = hptApt
(
Tp − Tt

)
− Atf htf(Tt − Tf) − Ata hta(Tt − Ta) − htbAtb(Tt − Tb) (18)

MtCt(dTt/dt) = htg2Atg2
(
Tg2 − Tt

)
− Atf htf(Tt − Tf) − Ata hta(Tt − Ta) − htbAtb(Tt − Tb) (19)

htf is the convection heat transfer coefficient between the tube and the fluid and hta is the convection
heat transfer coefficient between the tube and the circulating air.

Circulating water

MfCf(dTf/dt) = ṁfCf (Tf,o − Tf,in) + Atf htf(Tt − Tf) (20)

ṁf and Cf are the mass flow rate and specific heat of the pipe fluid. Tf,in and Tf,o are the inlet and
outlet temperature of the pipe fluid. As reported by, the average convective heat transfer coefficient is
important because it considers both convection modes (natural and forced) and entrance effects. It can
be shown that

1
htfAtf

=
1

hfπDiL
+

1
CboL

(21)

hf is a convective heat transfer, for a fully developed laminar flow which can be given as:

hf = 4.364
kf

Di
(22)

for a fully developed turbulent flow, which can be obtained from the Dittus–Boelter equation [22], kf is
the thermal conductivity of the water and Di is the internal diameter of the tube.

NuD = 0.023Re0.8
D Pr0.4 (23)
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Nu, Re, and Pr are Nusselt, Reynolds, and Prantle numbers, respectively.

Cbo =
kbo Wbo

δbo
(24)

where Cbo is the bond conductance and kbo is the thermal conductivity of the bond or adhesive. Wbo

and δbo are the width and thickness of the bond.
Circulating air

MaCa(dTa/dt) = ṁaCa (Ta,o − Ta,in) + Apa hpa
(
Tp − Ta

)
+ Ata hta(Tt − Ta) + habAab(Ta − Tb) (25)

ṁa and Ca are the mass flow rate and specific heat of the circulating air. Tf,in and Tf,o are the inlet
and outlet temperature of the circulating air. The useful thermal energy and efficiency of the dual-fluid
PV/T system are given as follows:

Qu = ṁfCf (Tf,o − Tf,in) + ṁaCa (Ta,o − Ta,in) (26)

ŋth =
Qu

AcG
(27)

where Qu and ŋth are the useful thermal energy and efficiency of the dual-fluid PV/T system. The
equivalent thermal efficiency can be calculated as:

ŋPVT = ŋth + ŋe/ŋpp (28)

ŋPVT and ŋe are the equivalent thermal and electrical efficiencies, respectively. ŋpp is the electric
generation efficiency of the conventional power plant and its value is taken as 38%.

2.2. Exergy Analysis

Exergy is a thermodynamic concept which defines every transformation process that undergoes
the loss of a measure of quality, especially considering low-quality energy such as thermal energy (heat)
which involves temperature change. Exergy analysis becomes more important when the extraction of
the maximum useful work from the system is concerned. The exergy balance for the single-fluid PV/T
system given by Agrawal and Tiwari [23], is modified for the dual-fluid PV/T system for this study.
The following equations show the inflow and outflow of exergy from the proposed system [24].

∑
Exo=

∑
Eth +

∑
Exe (29)

Exo is the overall exergy gain, and Eth and Exe are the thermal and electrical exergy gains,
respectively. For a dual-fluid PV/T system, the thermal exergy gain is the sum of thermal exergy against
associated with circulating pipe fluid (Eth,f) and air (Eth,a), respectively, can be expressed as follows:

∑
Eth =

∑
Eth,f +

∑
Eth,a (30)

∑
Eth,f = Qf − ṁfCf (T∞ + 273) log

(
Tf,o + 273
Tf,in + 273

)
(31)

∑
Eth,a = Qa − ṁaCa (T∞ + 273) log

(
Ta,o + 273
Ta,in + 273

)
(32)

Qf and Qa are the useful thermal gain associated with circulating pipe fluid and air, respectively.

∑
Exe =

[
ŋeGAc

1000

]
(33)
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Exin = 0.933 ∗ G ∗Ac (34)

ŋEx =

[
Exo

Exin

]
∗ 100 (35)

ŋEx is the exergy efficiency, Exin and Exo are exergy input and output to the system, respectively.
The exergy inflow is dependent on the available solar radiation and the exergy outflow is associated
with the thermal output. Therefore, exergy efficiency is more related to outlet temperature. This means
that the higher the power output from the PV/T system lower is the entropy generation rate.

2.3. Description of Proposed PV/T Systems

The schematic and cross-section views of glass-to-PV backsheet and glass-to-glass dual-fluid
PV/T systems are shown in Figure 1. In the glass-to-PV backsheet case, the PV cells are sandwiched
between the glass cover and PV backsheet, whereas in a glass-to-glass case, PV cells are sandwiched
between two glass covers. The solar cells are placed at an equal distance across the collector area,
such as the distance between two neighboring solar cells, which was maintained by 20 mm. The PV/T
system is comprised of two heat exchangers such as parallel arranged tubes to carry water as coolant
and an underneath channel for air circulation. A set of baffles was arranged transverse to airflow on
the channel surface with the intention to enhance turbulence and to diminish streamline flow. The
tubes carrying water coolant were made of copper and the back panel or air channel was made of
chlorinated polyvinyl chloride (CPVC). In order to increase the emissivity and heat transfer rate, both
the air channel and copper tube were painted jet black. Both glass-to-PV backsheet and glass-to-glass
cases had identical physical dimensions and were analyzed under similar operating conditions. Details
of components dimensions and other parameters have been shown in Table 1.

Table 1. Parameters details.

PV cells [17] Length & width 1.62 m & 0.98 m
Absorptivity 0.9
Emissivity 0.88

Specific heat 900 J/(kg K)
Temperature coefficient 0.0045/◦C

Reference PV panel temperature 298.15 K
Thickness of EVA+PV cells 1.2 mm

Thermal conductivity 148 W/(m K)

Glass cover Glass solar transmittance 92%
Thickness of tempered glass 3 mm

Specific heat 670 (J/kg)
Density 2200 (kg/m3)

Extinction coefficient 26 (/m)

PV backsheet Thickness of PV backsheet 0.5 mm
Thermal conductivity 0.2 W/(m K)

Absorptivity of PV backsheet 0.5

Copper tube Inner diameter 0.008 m
Thickness 0.0012 m

Specific heat 903 J/(kg K)
Density 2702 kg/m3

No. of tubes 9
Tube spacing 0.11 m

Material Copper

Back panel Density 1520 kg/m3

Specific heat 840 J/(kg K)
Thermal conductivity 0.134 W/(m K)

Thickness of back panel 4 mm

Fluids used Water & air -
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Figure 1. Schematic of dual-fluid photovoltaic/thermal (PV/T) system with glass-to-glass and glass-to-PV
backsheet cases.

2.4. Model Validation

The proposed mathematical model of the PV/T system has been validated using solely an air
type heat exchanger. The selection of the air type heat exchanger can be explained by the fact that
from the previously published studies, the authors found only single-fluid PV/T systems that had
used glass-to-glass PV protection. For the purpose of model validation, identical physical dimensions
and operating conditions have been used in the mathematical model as presented by Joshi et al. [25].
Figure 2 shows the PV temperatures derived from the proposed mathematical model and measured by
Joshi et al. [25]. The depicted measured and predicted PV temperatures varied in accordance with the
variable solar radiation reported by Joshi. It is obvious the PV temperature varied directly with the
incident solar insolation, but the important point is numerical findings have good agreement with
experimental data. In fact, the maximum difference between numerical and measured data is within
an acceptable range. It can be deduced from the aforementioned comparison that the proposed model
of the PV/T system can be employed for the performance prediction of a physical counterpart.
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Figure 2. Comparison of numerical and measured PV temperatures.

3. Results and Discussion

It is important to note that during analysis, fixed flow rates for both fluids were used, i.e., 0.024 kg/s
and 0.042 kg/s for water and air, respectively. The daily variations of solar radiation and ambient
temperature are shown in Figure 3. The interdependence temperature responses of the top glass cover,
PV plate, copper tube, and back panel are shown in Figure 4. It can be seen that the variation of
temperatures for the PV cells and the copper tube layers are very similar for the glass-to-glass PV/T
system, which means there is excellent heat transfer between the aforementioned components. On
the contrary, in the glass-to-PV backsheet based PV/T system, the incident solar radiation is trapped
in the PV cells which cause a significant increase in its surface temperature. This shows that as the
temperature went up, the PV cells lost heat to ambient air at a faster rate than the heat transfer to
the copper tube. In addition, compared to the glass-to-PV backsheet case, the higher back panel
temperature in the case of the glass-to-glass PV/T system is due to direct solar heating through the
non-packing area.

Figure 3. The climatic parameters.
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Figure 4. Different layers temperatures across (a) glass-to-glass PV/T system (b) glass-to-PV backsheet
based PV/T system.

The hourly variations of electrical efficiencies from glass-to-glass and glass-to-PV backsheet based
PV/T systems are shown in Figure 5. The electrical efficiencies for both systems varied inversely to
ambient temperature which is obvious. However, the electrical efficiency for the glass-to-glass PV
module is significantly higher than that of the glass-to-PV backsheet case. Installation of the dual-fluid
heat exchanger decreases the operating temperature of PV cells and increases the short circuit current
and open-circuit voltage, and ultimately the enhancement in electrical efficiency was observed. The
value of the average electrical efficiency for the glass-to-glass PV/T system is found to be 15.34%,
whereas for the glass-to-PV backsheet case this value reduced to 14.85%. This can be explained by the
fact that, due to the opaque nature of the PV backsheet, all of the incident solar radiation is intercepted
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by PV cells and the PV backsheet surface, which results in the generation of extra heat and hence
reduction in electrical performance is observed.

Figure 5. Variations of electrical efficiency against day hours.

Equivalent thermal efficiency terms are used to define the thermal performance of glass-to-glass
and glass-to-PV backsheet based PV/T systems. Using dual-fluid as a coolant, the daily variations
of equivalent thermal efficiency for both cases are presented in Figure 6. Under similar operating
conditions, the daily average equivalent thermal efficiency for glass-to-glass and glass-to-PV backsheet
cases are 81.06% and 78.86%, respectively. Whereas, the glass-to-glass PV/T system gives better results
compared to the glass-to-PV backsheet case. This may be due to the accumulation or trapping of sun
rays at the PV cells and the PV backsheet surfaces. Furthermore, daily useful thermal energy gains for
both cases are depicted in Figure 7. The net heat gain depends on ambient temperature; the higher the
temperature difference between PV cells and ambient air, the higher the heat losses. The glass-to-glass
PV/T system has a maximum useful energy gain of a daily average value of 0.541 kWh, whereas the
energy gain for the glass-to-PV backsheet case is 0.422 kWh. In the context of thermal performance, the
glass-to-glass-based PV/T system supersedes the glass-to-PV backsheet case due to high heat extraction
capacity. Moreover, in the glass-to-glass case, the black painted back panel gets heated directly from
sun rays transmitting through the non-packing area of glass and also through conducted heat from the
PV cells.
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Figure 6. Variations of equivalent thermal efficiency against day hours.

Figure 7. Variations of useful energy gain against day hours.

For the purpose of evaluation and optimization, the exergy analysis is also taken into consideration,
which can provide detailed insight into the process for possible improvement in the performance of the
dual-fluid PV/T system. In other words, the exergy analysis gives an idea about the maximum possible
output that is achievable from the proposed PV/T system. Figure 8 shows the variations of overall
exergy efficiency with respect to day time. It can be seen that the exergy efficiency varies linearly with
the daily sunlight and depicted the maximum value for both cases during the peak sun intensity hours.
The maximum exergy efficiencies for the glass-to-glass case and glass-to-PV backsheet case are 14.25%
and 13.87%, respectively. It is observed that the exergy efficiency for the glass-to-glass case is higher
than that of the glass-to-PV backsheet case. It can be explained by the fact that the maximum achievable
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power output or exergy rate from a solar collector varies inversely with the entropy generation rate or
irreversibility. As the intensity of solar radiation increases, the PV cell temperature increases. Thereby,
the trapped heat in the PV cells accelerates the heat losses to ambient or irreversibility. In glass-to-glass
PV protection, the rate of heat extraction by the circulating fluid from the PV cells increased, which
ultimately causes a reduction in heat losses.

Figure 8. Variations of overall exergy efficiency against day hours.

The long-term performance evaluation of a dual-fluid PV/T system is performed by taking into
consideration the monthly average solar radiation and ambient temperature. Figures 9 and 10 show
the variation trends of monthly average electrical and thermal efficiencies for both cases across the
whole year. The maximum electrical efficiency for glass-to-PV backsheet and glass-to-glass cases are
observed in March with values of 13.92% and 14.31%, respectively, whereas in July these values were
reduced to a minimum level of 11.87% and 12.18%, respectively. The yearly average total thermal
efficiency for glass-to-PV backsheet and glass-to-glass cases are observed to be 48.25% and 52.22%,
respectively. Apart from different configurations, both cases produced reasonably good thermal
efficiency in comparison with conventional single-fluid exchangers. However, due to direct sun rays
transmission in the glass-to-glass PV/T system case, the blackened back panel was heated continuously
by the incident solar radiation. Therefore, in the glass-to-glass case, the circulating fluids have a higher
temperature and thermal efficiency than that of the glass-to-PV backsheet case. It can be noticed that
the maximum overall efficiencies (electrical plus thermal) for both cases were observed in the spring
months (March and April). This trend can easily be explained by a higher number of sunshine hours
and lower ambient air temperatures.
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Figure 9. Yearly variations of electrical efficiency of PV/T system with glass-to-glass and glass-to-PV
backsheet cases.

 
Figure 10. Yearly variations of total thermal efficiency of PV/T system with glass-to-glass and glass-to-PV
backsheet cases.

Considering average weather conditions, the yearly (breakdown into months) variations of overall
exergy efficiency for both cases are presented in Figure 11. The yearly average exergy efficiency for
glass-to-PV backsheet and glass-to-glass cases are 13.23% and 13.85%, respectively. Since the electrical
outputs from both PV/T configurations are in the form of exergy energy, therefore, the electrical part
is more related to it than the thermal part. Due to this reason, the overall exergy efficiency variation
pattern is similar to that of the electrical energy. Furthermore, from the derived results, it can clearly
be seen that the glass-to-glass case has higher exergy efficiency than the glass-to-PV backsheet cases.
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This is because, due to better heat extraction capabilities, the glass-to-glass case has a lower operating
temperature of the PV cells than the latter case. To sum up, the lower the PV cell temperature, the
higher the overall exergy efficiency.

Figure 11. Yearly variations of Overall exergy efficiency of PV/T system with glass-to-glass and
glass-to-PV backsheet cases.

4. Conclusions

This study compared two configurations of the PV/T system in the context of evaluating their
electrical and thermal performances. It is concluded that a glass-to-glass PV/T system is a better
design compared to a glass-to-PV backsheet based PV/T system. The integration of glass-to-glass
PV protection with a dual-fluid heat exchanger helps to minimize the PV cells’ temperature and
consequently, increases the exergy and thermal efficiencies. It is observed that under similar conditions
the average electrical efficiency of the glass-to-glass and glass-to-PV backsheet based PV/T systems
are 15.34% and 14.85%, respectively. There is an improvement in equivalent thermal efficiency by
2.2% for a glass-to-glass case compared to a glass-to-PV backsheet case. The average useful energy
outputs for glass-to-glass and glass-to-PV backsheet based PV/T systems are 0.541 kWh and 0.422 kWh,
respectively, whereas yearly average total thermal efficiencies are 52.22% and 48.25%, respectively.
The presented transient mathematical model is capable of providing a real-time simulation of the
PV/T system similar to what a physical counterpart would. Using glass-to-glass PV protection, the
circulated fluid can get direct and indirect solar heat. Additionally, a dual-fluid heat exchanger helps
in optimizing the thermal output from the PV/T system, where either fluid can be used according to
load requirements. In future studies, the thermal and optical models will be coupled to analyze the
performance of a given PV/T system by introducing glazing. The main advantage is, with a smaller
area, the suggested system can generate high-temperature heat, and the limitation is the integration of a
dual-fluid heat exchanger and additional glass cover in a PV/T unit might cause extra production cost.
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Nomenclature

A surface area (m2)
C specific heat (J/kg ◦C)
E electrical power (W)
Ex exergy rate
Exo overall exergy gain
G solar radiation (W/m2)
h heat transfer coefficient (W/m2 ◦C)
hwind wind velocity (W/m2 ◦C)
k thermal conductivity (W/m ◦C)
M mass (kg)
ṁ mass flow rate (kg/s)
PF packing factor
Q energy (W)
Qu useful energy gain (W)
T temperature (◦C)
Di&Do tube inner & outer diameters
Nu Nusselt number
Re Reynolds number
Pr Prandtl number
Greek
α absorptivity
τ transmissivity
δ thickness (m)
σ stefan-boltzmann constant (W·m−2·K−4)
ŋ efficiency
ε emissivity
ŋPVT primary energy saving efficiency
Subscripts
a circulating air
b back panel
bo bond or adhesive
c collector
e electrical
f circulating water
g1 glass cover1
g2 glass cover2
o & in outlet & inlet
p PV backsheet or PVF film-based backsheet
pp power plant
s solar cells
t tube
th thermal
∞ ambient air
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Abstract: The calculation method for the thermal transmittance (U-value) of double windows as
specified by the Korean government (ISO 15099) is often inappropriate. To develop a more suitable
calculation method, the thermal properties of the air cavity between the internal and external
windows should be considered. Herein, seven cases of double windows were set up. The air cavities
were designed in accordance with international standards and computational fluid dynamics (CFD)
and used for the calculation of the U-values of the double windows according to ISO 15099 and 10077.
All the calculated U-values were compared with experimentally obtained values. In accordance
with the ISO 10077-1 method, the thermal resistance of the air cavity calculated using CFD could
produce double window U-values that are similar to the experimentally obtained values. In most
cases, the difference between the theoretical and experimental U-values was 5% and less than
0.14 W·m−2· K−1, implying that the U-values calculated using CFD and the ISO 10077-1 method are
approximately equal to the experimentally obtained U-values. Korean regulations do not include ISO
10077-1 for double-window assessment. However, these criteria can provide a solution in improving
the accuracy of the calculation of the overall thermal transmittance of double windows.

Keywords: energy labeling program for windows; double windows; overall thermal transmittance
of windows

1. Introduction

Since 2012, the Korean government has operated the Energy Efficiency Standards and Labeling
Program for windows, which requires window companies to provide the energy ratings for their
products prior to sale. The grades, on a scale of 1–5, are determined based on the test results of the
thermal transmittance (U-value), airtightness, and thermal resistance of the windows and doors [1,2]
according to Korean Standards KS F 2278 and KS F 2292, respectively. The government has suggested
a simulation method in the program for the determination of the thermal performance of windows.
This method provides an alternative procedure by which window companies can save time and money
on laboratory testing, which is necessary for the determination of energy ratings. Following this
method, window companies prepare a window product with a determined energy rating and conduct
the simulation evaluation to review the validity of the base model. If the difference between the
experimental and theoretical values obtained using the base model does not exceed a range specified in
the operational regulations [3], the base model can be implemented to develop a series model. The series
model is a partial modification of the base model, which generally changes the glazing system or the
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thermal break in the window frame. This means that the thickness of the glazing system on the base
and series models should be the same. Using the regulations, window companies can get the certified
thermal transmittance required of their products faster and at a cheaper cost. The Korean government
allows window companies to use the calculation method proposed by the International Organization
for Standardization (ISO), standard 15099 [4]. Therefore, WINDOW/THERM [5] is commonly used
as a simulation program to evaluate the thermal performance of windows. In a previous study [6],
we analyzed the origin of the differences in the calculation results of the thermal performance of a
window depending on a simulator and suggested a possible solution. However, window companies
are reluctant to use the calculation method because the results obtained using the method are different
from those obtained experimentally. The thermal performance of a single window can be calculated
according to ISO 15099 such that it does not vary much from the test value [7]. However, this method
cannot be used for a double window because of the thickness of the air cavity in the direction of
heat flow. Double windows are a common window type in Korea [8], and they are mainly used in
residential buildings. These windows consist of four windows that open horizontally in one window
frame and have an air cavity between the external and internal windows. The thickness of the air cavity
is usually 70−120 mm, which means the length of the heat flow direction. If this thickness exceeds
50 mm, ISO 15099 requires that another calculation method should be used to determine the thermal
properties of the air cavity, for example, performing laboratory tests. In a previous study [9], to validate
the ISO 15099 method, the thermal properties of the air cavity between internal and external windows
were calculated based on computational fluid dynamics (CFD) and ISO 15099. It was observed that the
ISO 15099 method was inappropriate for calculating the thermal properties of the air cavity under
actual experimental conditions. Therefore, it is necessary to use another method to determine the
thermal characteristics of the air cavity between the internal and external windows in a double window
to indicate the circumstances of an experimental test. Furthermore, when determining the thermal
properties of the air cavity using the ISO 15099 method, it is assumed that the double window is part
of a glazing system. This method assumes a double window to be a single window with a huge thick
glazing system and a window frame. For these reasons, window companies suspect the reliability of the
ISO 15099 method and require a more suitable method for calculating the U-values of double windows.

In this study, to determine an appropriate calculation method, ISO 15099 and ISO 10077 were used
in the calculation of the thermal transmittance of double windows. Given that it is relevant to select a
calculation method that is appropriate for determining the thermal properties of the air cavity between
the internal and external windows in a double window, first, the U-values of double windows were
calculated using WINDOW/THERM, based on Korean regulations. Thereafter, series ISO 10077-1 [10]
and 10077-2 [11] of ISO 10077 were also employed to calculate the U-values of the double windows.
Specifically, ISO 10077-1 specifies a method for the calculation of the thermal transmittance of a
double window, whereas 10077-2 provides reference input data for the calculation of the thermal
transmittance of frame profiles as well as the linear thermal transmittance of their junction with glazing.
Seven cases of double windows, including four types of double window products and six types of
glazing systems, were considered. The thermal properties of the air cavity in each case were determined
using International Standards and were simulated using CFD. Finally, the U-values computed using
ISO 15099 and ISO 10077-1 were compared with the experimental results.

2. Methods

2.1. Double Window Types

Table 1 lists the six types of glazing systems that are available for double windows. The glazing
systems were selected based on the International Glazing Database (IGDB), which is operated by the
National Fenestration Rating Council (NFRC). These consist of two 5 mm glass panes separated by
a 12 mm-wide gap filled with air (Air) or argon gas (Ar). In Table 1, LE and CL correspond to glass
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panes with and without low-emissivity coating, respectively. The numbers before each abbreviation
correspond to the thickness of the glass pane or that of the gap between glass panes.

Table 1. Glazing systems for double windows.

Glazing System Composition Ug (W·m−2·K−1)

A 5CL + 12Air + 5CL 2.901
B 5CL + 12Air + 5LE 1.704
C 5CL + 0.76PVB + 3CL + 12Air + 5LE 1.664
D 5CL + 12Air + 5LE 1.624
E 5LE + 12Ar + 5LE 1.278
F 6LE + 14Ar + 5CL 1.124

The glazing systems B and D have glass pane coatings of thickness 5 mm, with emissivities of
0.035 and 0.026, respectively. It causes that thermal the performances of the glazing system B and D
are different. The glazing system C is 25.76 mm thick because it comprises one laminated glass pane.
It consists of 5 and 3 mm thick clear glass panes and a 0.76 mm thick polyvinyl butyral (PVB) coating
in-between. Glazing system F is 25 mm thick and consists of a 14 mm-wide gap filled with argon gas
between one 6 mm-coating glass pane and one 5 mm glass pane.

Table 2 indicates the seven double window cases according to the product name and the glazing
system. In this study, three double window products with polyvinyl chloride (PVC) frame and one
double window product with aluminum frame were chosen. These window products, which are the
horizontal slide type, are widely available in the Korean market. That with product name VBF250 has
an external window that consists of an upper component that slides and a lower component that is
fixed. The others have internal and external windows that slide, which are common in Korea. Each type
of double window has a different frame profile, thus, they can have different distances between the
external and internal windows. Products S3-235 and S5-250 have the same distance (88 mm) between
the external and internal windows, while for HS235D, the distance is 94 mm. Product VBF250 has a
different upper and lower component in the external window, so the distance between its external and
internal windows is 70.6 mm in the upper part and 94.5 mm in the lower part. Cases 1 and 2 are the
same type of double window with two different glazing systems and so are Cases 3 and 4. Cases 6
and 7 are based on VBF250, and the upper part of the external window and the internal window have
glazing systems A or B in each case, but the lower part of the external window is the same.

Table 2. Specification on the double window cases.

Case
Product
Name

Frame
Material

Glazing System
Distance between the External

and Internal Windows (mm)External
Window

Internal
Window

1 <S3-235>
PVC

A D 88

2

 

E E 88

3 <S5-250>
PVC

A D 88

4

 

A A 88
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Table 2. Cont.

Case
Product
Name

Frame
Material

Glazing System
Distance between the External

and Internal Windows (mm)External
Window

Internal
Window

5

<HS235D>

 

Aluminum F F 94

6 <VBF250>

PVC

Upper B
B

70.6
Lower C 94.5

7

 

Upper A
A

70.6

Lower C 94.5

2.2. Laboratory Tests

Laboratory tests were carried out on all the double window products according to KS F 2278.
The test equipment consisted of a 2.0 × 2.0 m attachment frame to which the test specimen was attached
and cold and hot chambers, which each included a cold wind blower and a heater box, respectively.
The attachment frame was fixed between the cold and hot chambers, and the air temperature of the
cold chamber was set to 0 ◦C, while that in the hot chamber and the heater box was set to 20 ◦C.
The equipment was operated until the two chambers reached a steady state after which the temperature
and quantity of heat in each chamber and the heater box were measured three times every 30 min.
During this test, the steady state implied that the air temperature and surface temperature were kept
constant, and the variation in the difference in the air temperature between the heater box and the
cold chamber was within 3% per hour. To measure the surface temperature of the hot and cold sides,
each specimen was divided into nine areas, and a T-type thermocouple was attached to the center of
each of the nine areas [9], represented by the orange dots in Figure 1. In this study, eight additional
T-type thermocouples, represented by the green dots in Figure 1, were installed in the corner area of
the glazing systems, 3 cm away from the window frame. Figure 1a shows the locations at which the
thirteen T-type thermocouples were installed on the one side of a specimen, these were applied to the
surfaces of the internal and external windows, as shown in Figure 1b.

2.3. Calculation of the Thermal Resistance of the Air Cavity between the Windows

The thermal resistance of the air cavity between the internal and external windows impacts the
calculation of the thermal transmittance of double windows, as the computed U-value should be
similar to the experimental result. Table 3 denotes the thermal resistance of the air cavity in each
window product. The thermal resistance of the air cavity in each case can be calculated using three
methods, i.e., ISO 15099, ISO 10077-1, and CFD. ISO 15099 allows for the calculation of the effective
conductivity of the unventilated frame cavity, and is defined according to the thickness or width of the
air cavity in the direction of heat flow. In this study, WINDOW/THERM was chosen for computing the
thermal properties of the air cavities in the double windows according to ISO 15099. Thus, the thermal
resistance of the air cavity was calculated using the effective conductivity and thickness. In this
software, the air cavity between the external and internal windows was considered as a wide gap
between the glass panes, i.e., the air cavity presumably belongs to a 132 mm thick giant glazing system,
consisting of four pane glass and three gaps filled with air or argon.
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Figure 1. (a) Locations of T-type thermocouples on one side of a specimen, and (b) sections of specimens
with T-type thermocouples on the internal and external windows.

However, in ISO 10077, the calculation of the overall thermal transmittance of the double windows
is based on component parts, the elements constituting the glazing systems, the thermal transmittance of
the frame, and the linear thermal transmittance of the frame/glazing junction. Specifically, ISO 10077-1
provides the values of the thermal resistance of unventilated air cavities in double windows according
to the thickness of the air gap (6, 9, 12, 15, and 50 mm) in the form of a table. These values depend on
whether the glazing status on one side has a normal emissivity coating or is uncoated. Unfortunately,
there is no exact value for the thermal resistance of air cavities with thicknesses in the range 70.6–94 mm
in ISO 10077-1. As previously reported [9], CFD was used to analyze the actual thermal characteristics
of the air cavities. The CFD model is not a precise simulation of the air cavity between the external
and internal windows. However, it aims to analyze the thermal properties stemming from the actual
width and height. Based on CFD, Cases 1–5 imitating the air cavity in a double window were modeled
as a closed 1 × 2 m air cavity (width and height, respectively). The thicknesses, measured in the
horizontal direction of the heat flow based on the distance between the external and internal windows,
are specified in Table 3. Two 1 × 2 m air cavities (width and height, respectively), were formed in
a double window because the window was divided. For this reason, the two air cavities exhibited
symmetrical air flows and temperature distributions. In this study, it was assumed that the CFD results
obtained for one air cavity can be applied to all the air cavities in a double window. The ambient
temperature of the CFD air cavity model were 0 and 20 ◦C, and these were defined by the external and
internal glazing systems for the surface emissivity and surface heat transfer coefficient of the CFD
model. Cases 6 and 7 had an exterior window divided into four sides. Therefore, the CFD model for
these cases had two types of exterior boundary conditions and two different thicknesses. The upper
and lower parts of the air cavity had different boundary conditions owing to the different glazing
systems in the double windows. However, the air cavities exhibited symmetrical thermal properties.
All the values of the thermal resistance computed using CFD were higher than those calculated using
ISO 15099. This explains why the laboratory test values of the thermal transmittance of the double
windows are lower than those obtained theoretically [9].
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2.4. Calculation of the Thermal Transmittance of the Double Windows

Generally, the overall thermal transmittance of a window can be calculated using
WINDOW/THERM according to ISO 15099 and using the thermal resistance values of the air cavity
obtained via CFD based on ISO 10077. Unfortunately, the thermal properties of an air cavity according
to ISO 10077-1 are not available for all the seven cases used in this study. The ISO 10077-1 methodology
includes the calculation of the linear thermal transmittance of the double window. The corresponding
values could be obtained directly from a table in ISO 10077-1 or calculated from a formula in ISO 10077-2.

ISO 15099 includes the procedure for calculating thermal transmittance. In this procedure,
the effect of three-dimensional heat transfer in frames and glazing units is not considered. Additionally,
in this procedure, the linear thermal transmittance and frame thermal transmittance, U f , was calculated.
However, there is an alternative procedure that can be used to calculate these values, which is used in
area-based calculations and by WINDOW/THERM. In this case, Equation (1) was used to calculate the
total thermal transmittance:

Ut =

∑
UcgAc +

∑
U f rA f +

∑
UegAe +

∑
UdivAdiv +

∑
UdeAde

At
(1)

With this method, it is unnecessary to determine the linear thermal transmittance. Instead, the glass
area, Agv, is divided into the center-glass area, Ac, plus the edge-glass area, Ae. Similarly, the thermal
transmittance of the glazing system is divided into the center-glass and edge-glass systems, Ucg and
Ueg, respectively, which are used to characterize each glass system area. If dividers are present,
then the divider area, Adiv, and the divider thermal transmittance, Udiv, were calculated along with the
corresponding divider edge area, Ade, and thermal transmittance, Ude. Ueg can be determined from the
following equation:

Ueg =
Φeg

leg(Tni − Tne)
(2)

where leg is the length of the edge of the glass area and is equal to 63.5 mm. These lengths were
measured from the internal side. The quantity, Φeg, represents the heat flow rates through edge-glass
areas (internal surfaces), including the effect of glass and spacer, and it is expressed in units, per length
of edge-glass. In WINDOW/THERM, the thermal resistance of an air cavity between internal and
external windows was used to calculate the thermal transmittance of the glazing system, given that the
air cavity was assumed to be a component of the glazing system. The thermal transmittance of the
glazing system, according to ISO 15099, can be determined from the following equation:

Ug = Ucg + Ueg =
1
Rt

(3)

where Rt is obtained by adding the thermal resistances at the external and internal boundaries and of
the glazing cavities and layers.

Rt =
1

hex
+
∑n

i=2
Ri +

∑n

i=1
Rgv,i +

1
hint

. (4)

Figure 2 shows the numbering scheme of the glazing system. Specifically, the thermal resistance
of the ith glazing is given by:

Rgv,i =
tgv,i

λgv,i
(5)

and the thermal resistance of the ith space is given by:

Ri =
T f ,i − Tb,i−1

qi
(6)
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where T f ,it, and Tb,i−1 are the external and internal facing surface temperatures of the ith glazing layer,
respectively. It should be noted that the first space corresponds to the external environment, the last
space corresponds to the internal environment, and the spaces in between correspond to the glazing
cavities. Therefore, Equation (6) gives the thermal resistance of an air cavity between external and
internal windows in a double window using ISO 15099.

Figure 2. Numbering scheme for glazing system layers.

However, the U-value of a double window according to the ISO 10077 method needs linear thermal
transmittance. The preferred method of establishing the values of the linear thermal transmittance was
by numerical calculations using the formulas included in ISO 10077-2, Annex F. However, when the
results of a detailed calculation are unavailable, ISO 10077-1 provides default values of the linear
thermal transmittance for typical combinations of frames, glazing, and spacers.

ISO 10077-1 details the procedure for calculating the thermal transmittance, Uw, of a double
window, which is a system consisting of two separate windows, as shown in Figure 3. For this method,
it is necessary to calculate the thermal transmittances of the internal and external windows, Uw1 and
Uw2, respectively. The thermal transmittance of a single window, Uw1 or Uw2, was calculated using the
following formula:

Uw =

∑
AgUg +

∑
A f U f +

∑
lgΨg +

∑
lgbΨgb

A f + Ag
(7)

where Ug and U f are the thermal transmittances of the glazing system and frame, respectively, Ψg is
the linear thermal transmittance due to the combined thermal effects of glazing, spacer and frame,
and Ψgb is the linear thermal transmittance due to the combined thermal effects of glazing and glazing
bar. The internal surface resistance, Rsi, of the external window when used alone. The external surface
resistance, Rse, of the internal window when used alone, and the thermal resistance, Rs, of the space
between the glazing in the two windows were also calculated according to the given equations. In this
study, the thermal resistance of each air cavity could not be defined by ISO 10077-1, whereas it could
be defined by ISO 15099 and CFD, as shown in Table 3. The U-value of a double window could
be calculated based on ISO 10077-1 using the thermal resistance of the air cavity computed using
the CFD method. Then, the thermal transmittance of the double window was calculated using the
following formula:

Uw =
1

U−w1 −Rsi + Rs −Rse + U−w2
(8)

In this study, three methods were considered for calculating the thermal transmittance of double
glazing, as shown in Table 4. Method A involves calculating the thermal resistance of an air cavity
between external and internal windows, according to ISO 15099, and finally calculating the U-value of a
double window in WINDOW/THERM software. In this method, the linear thermal transmittance does
not need to be calculated. Methods B and C are based on the ISO 10077-1 methodology for determining
the U-value of a double window. The thermal resistance of the air cavity computed by CFD, as shown
in Table 3, is used as input data for these methods; however, Method B uses the default value of
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the linear thermal transmittance in ISO 10077-1. Method C uses the linear thermal transmittance
determined by numerical calculations using the formulas included in ISO 10077-2, Annex F. The three
methods will be evaluated for the validity of whether the U-value of a double window similar to
experimental values can be derived.

Figure 3. Illustration of a double window defined according to ISO 10077-1.

Table 4. Methods for calculating the U-value of a double window using three different sets of data.

Calculation Method for the Data Method A Method B Method C

1 U-value of a double window ISO 15099 ISO 10077-1 ISO 10077-1

2 Thermal resistance of air cavity ISO 15099 CFD CFD

3 Linear thermal transmittance N/A ISO 10077-1
(table)

ISO 10077-2
(calculation)

3. Results and Discussion

Table 5 summarizes the thermal transmittance of seven double windows according to the three
calculation methods and the laboratory tests. All the calculated U-values were higher than those
obtained based on the laboratory tests, except for Case 1. According to Korean regulations, for U-values
to be valid, the difference between the experimental and theoretically obtained values should not
exceed 0.14 W·m−2·K−1. Calculation method A based on ISO 15099 exhibited a difference between
experimental and theoretical U-values of 10% to 24%, although the Korean government operates the
regulation to ensure the use of this method. Four cases were considered valid in Korean regulations,
and three cases were considered invalid. The difference between the theoretical and experimental
values was lower when ISO 10077-1 (Methods B and C), where the thermal resistance of the air
cavity was calculated via CFD was used than when ISO 15099 was used. The CFD value used in this
method was calculated using a simple air cavity model that depended on the actual height and width
of the cavity. Nevertheless, the ISO 10077-1 method with CFD implementation (Method B and C)
was considered valid based on Korean regulations because the difference between the experimental
and calculated U-values was less than 0.14. However, it needs to be revised when determining the
calculation method for the U-value of a double window to ensure the effective operation of Korean
regulations. It should include the method that can reflect the thermal characteristics of the air cavity
between the internal and external windows under experimental conditions, and this method should be
able to present numerical results.

97



Sustainability 2020, 12, 10439

Table 5. The thermal transmittance of double windows (U-value) in the laboratory and the
calculation methods.

Case
Laboratory Test

(W·m−2·K−1)
Method A

(W·m−2·K−1)
Method B

(W·m−2·K−1)
Method C

(W·m−2·K−1)

1 1.220 1.216
(−0.3%)

1.147
(−6.0%)

1.134
(−7.0%)

2 0.737 0.915
(24.2%)

0.872
(18.3%)

0.845
(14.7%)

3 1.113 1.227
(10.2%)

1.142
(2.6%)

1.129
(1.4%)

4 1.314 1.470
(11.9%)

1.355
(3.1%)

1.335
(1.6%)

5 1.006 1.152
(14.5%)

1.030
(2.4%)

0.991
(−1.5%)

6 0.950 1.046
(10.1%)

0.986
(3.8%)

0.988
(4.0%)

7 1.187 1.320
(11.2%)

1.246
(5.0%)

1.233
(3.9%)

The method for calculating the linear thermal transmittance influenced the accuracy of the
thermal transmittance of a double window. The U-value of the double window computed using the
calculated linear thermal transmittance (Method C) was closer to the experimental value than that
computed using the given linear thermal transmittance (Method B). U-values of Case 6 were similar,
regardless of whether Method B or C was used, but the results obtained by Method C were closer to
the experimental value than those obtained by Method B. This is because the default values of linear
thermal transmittance, provided by ISO 10077-1, are considered conservatively. These values are larger
than the actual linear thermal transmittance value, according to ISO 10077-2.

Although the same frame is used in Cases 1 and 2, Case 2 had a lower U-value than Case 1
because of the good thermal performance of the applied glazing system. The calculated U-values
for Case 2 were most deviated from the experimental value compared to those for the other cases.
It is thought that there are factors to be considered when calculating the U-value of a double window
with excellent thermal performance of the glazing system. Therefore, in future studies, it would be
necessary to identify the reasons behind this analysis, as well as the methods that should be included
in the calculation.

4. Conclusions

The Korean government has been operating a simulation system for assessing the thermal
performance of windows to allow companies to save time and money in determining window energy
ratings. However, the uncertainty in the calculation results with respect to double windows has been
discussed steadily. Thus, window companies are reluctant to use this calculating method. It has led
window companies attempting to realize experimental U-values, even though the process is costly and
time-consuming. According to Korean regulations, the procedure provided in ISO 15099 is used in the
calculation of the thermal transmittance of double windows. However, our findings indicate that this
method, ISO 15099 resulted in only four out of seven calculated values satisfying the criteria imposed
by the Korean regulations. Further, all four valid values differ significantly from the experimental
values. In a previous study [9], the importance of adopting the appropriate thermal properties of the
air cavity between internal and external windows during the calculation of the thermal performance of
double windows was reported. Therefore, the ISO 15099 method is no longer suitable for determining
the thermal properties of the air cavity between internal and external windows, which is used to
calculate the U-value of double windows. This method should be improved such that it can adopt the
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thermal resistance of the air cavity under experimental conditions, and the CFD method used in this
study is one of several methods that can be used. With the CFD method, it is possible to provide a
table that can be used in calculating the U-values of double windows by pre-calculating the thermal
resistance according to various glazing systems. In subsequent studies, it would be necessary to
consider this alternative method so as to make it easier to use the calculation method for the U-value of
a double window. If the U-value of a double window is calculated according to ISO 10077-1, the result
approximates the experimental value. This also overcomes the error associated with existing methods,
which assume that the air cavity between internal and external windows is part of the glazing system.
Therefore, the procedure detailed in ISO 10077 should be considered for the appropriate calculation of
the thermal transmittance of double windows.
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Abstract: The indoor environment is a crucial part of the built environment where our daily time is
mostly spent. It is governed not only by indoor activities, but also affected by interconnected activities
such as door opening, walking and routine tasks throughout the inside and outside of buildings
and houses. Pollutant control is one of the major concerns for maintaining a sustainable indoor
environment, and finding the source of pollutants is a relatively hard part of that task. Pollutants are
emitted from various sources, transformed by sunlight, react with vapor in ozone and are transported
into cities and from country to country. Due to these reasons, there has been high demand to monitor
the transportation of particulate matters and improve air quality. The monitoring of pollutants
and identification of their type and concentration enables us to track and control their generation
and consequently discover reliable suitable mitigation measures to control air quality at regulated
levels by contaminant source removal. However, the monitoring of pollutants, especially particulate
matter generation and its transportation, is still not fully operated in atmospheric air due to its
open nature and meteorological factors. Even though indoor air is relatively easier to monitor and
control than outdoor air in the aspect of specific volume and contaminant source, meteorological
parameters still need to be considered because indoor air is not fully separated from outdoor air
flow and contaminants’ transportation. In this study, an optical approach using a spectral sensor
was attempted to reveal the feasibility of wavelength and chromaticity values of reflected light from
specific particles. From the analysis of reflected light of various particulate matters according to
different liquid additives, parameter studies were performed to investigate which experimental
conditions can contribute to the enhanced selective sensing of particulate matter. Five different
particulate matters such as household dust, soil, talc powder, gypsum powder and yellow pine tree
pollen were utilized. White samples were selectively identified by the peak at 720 nm for talc and
433 nm and 690 nm in wavelength for gypsum under chemical additives. Other grey household dust
and yellowish soil and pine tree pollen revealed a distinct chromaticity x, y coordinates shift in vector
within the maximum range from (0.22, 0.19) to (0.55, 0.48). Applicable approaches to assist current
particle matter sensors and improve the selective sensing were suggested.

Keywords: optical sensing; particulate matter; sustainable indoor environment; contaminant control

1. Introduction

It has been continuously necessary to control indoor air quality more precisely and with more
detailed information. However, indoor air is quite different from atmospheric air in the aspects of air
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flow characteristics and type of contaminants [1]. Depending on the type of building and purpose of
usage, the contaminant type and its level vary due to different human activities and emission sources.
For a residential house, cooking is reported as a primary factor for the emission of gaseous pollutants
such as formaldehyde, CO and Total Volatile Organic Compounds (TVOC). Particulate pollutant
PM2.5 is also one of the contaminants highly detected in indoor air during cooking [2]. In addition,
human activities such as ironing, vacuum cleaning, lighting candles and smoking are also known
to increase the level of pollutants, and even walking can increase the PM level by resuspension [3].
Relatively large particulate matters such as soil dust, flower pollen and PM10 are well-known to be
transported into the indoors by air flow from the outside and their generation and behavior have been
reported quite differently [4].

Even though various technologies to detect both gaseous and particulate contaminants have
been developed and widely applied to practical fields, any sensing data to inform us with both the
contaminant source and its concentration simultaneously does not exist, and even its accuracy remains
low [5]. Most commercial sensors to detect particulate matters are generally used as dust sensors
and are mostly based on the light scattering principle. As many particles exist in a specific volume
of the sensor when used inside, more light is scattered and reflected to the detector and represented
as particle levels. For this reason, it is necessary to introduce sufficient air containing contaminants
that can represent a statistically mean concentration per volume into the sensor inside by fan or air
compressor for reliable accuracy. The other factor to govern the dust level is the interaction between
the light source and particulate matters. In previous research, light sources such as laser diode, infrared
and LED photodiode were used to examine how light source can influence the sensing of particulate
matters [6–8].

Depending on the light source, single point detection, uniformity issue and brightness difference
were reported to limit the sensitivity of dust sensors [9]. For more accurate concentration, particle
counters utilizing a beta ray absorption method were tested and authorized to report daily data
of particulate matters that have an aerodynamic diameter of less than 10 and 2.5 μm in Korea [10].
According to the purpose of measurement, both optical sensing and beta attenuation monitoring (BAM)
were adopted to research the area or air pollution forecast, but simple light-scattering-based sensors
were mostly utilized in daily life measurement for a single household’s air quality monitoring, including
a dust sensor, air conditioner and air purifier. As recognized in the above explanations, the concentration
of particulate matter is primary information for sensors in monitoring particulate matter contaminants
and is provided relatively sufficiently with various methods. However, other information such as the
type of particle, and the chemical composition to inform us of its origin and where it is generated and
transported from, is still under laboratory level observation [11].

Nowadays, characterization to determine the origin of contaminants, especially for particulate
matters, is a major concern in Korea. This is because daily concentration of particulate matters PM2.5

and PM10 have caused a noticeable increase in the reported number of patients with respiratory
disease, and personal protective equipment (PPE) including air pollution masks, filters and air
purifiers are selling significantly above production amounts [12]. In several reports, particulate matters
are characterized and chemical compositions have reported that PM10 and PM2.5 contain organic
compound and heavy metal ions, which may cause health issues [13]. Furthermore, it is necessary to
analyze particulate matters at the laboratory level to know the source of particulate matters and their
chemical properties that can potentially be harmful to respiratory health. However, chemical analysis
is expensive and it takes a long time to reach to the desired results. As a result, there is at least demand
to identify the types of contaminants using a simple dust sensor at an economic cost as a prescreening
level test.

In this study, two approaches were tested. A small-scale spectral sensor was utilized to find the
feasibility of light wavelength in terms of position and intensity to discriminate the type of particulate
matter. The other approach was to use a chromameter to reveal the color data of particulate matter
in a chromaticity diagram. Five different particles, household dust, soil, pine tree pollen, talc and
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gypsum powder were chosen and tested to find the feasibility of optical approaches using color and
reflected light to distinguish different particulate matters. It is our expectation that the intrinsic color
of particles can be a key parameter to identify particulate matters having unique colors. Particulate
matters which havea tendency to react easily with water and refractive index liquid can be selectively
detected by observing reflected light and characterizing its spectrum. Our study can assist current
light-scattering-based sensors to identify the type of particulate matter contaminants and concentration
with higher accuracy for reliable indoor environment management.

2. Materials and Methods

Five different particulate matters were collected in Korea and prepared for the characterization as
they were. Household dust was collected by a regular vacuum cleaner from a living room in a typical
apartment complex in Goyang city. Korean pine tree pollen was collected during spring season by
washing a glass plate located under a pine tree bush in Jeongbal mountain, located in Goyang city
for one day. Illite powder, a commonly found yellow soil in Korea, was used for the representative
soil sample. It was purchased from Yong Gung Illite®Inc., and the average size of illite powder was
characterized to be less than 200 μm. Talc powder, a raw material widely used as a construction
material and usually suspended in indoor air during the construction process was purchased from a
chemical company to have the chemical formula Mg3H2(SiO3)4; H2Mg3O12Si4. Gypsum powder was
prepared by grinding gypsum insulation board manufactured by KCC Inc., Korea, which has a 9.5 mm
thickness, 900 mm width and 1800 mm length in general grade. A total of 20 samples for five different
particulate matters were ground and filtered with Whatman®qualitative paper filter having 20 μm
particle retention by flushing with distilled water to exclude the size-induced difference. After drying
at room temperature, the collected powders were used for the experiment. All samples were prepared
by cutting them into pieces small enough to grind and sieve to make a desired powder size of 20 μm.
Those powders were denoted “as prepared” to distinguish between untreated powders and other
powders treated by chemical additives.

Filters and liquid additives to modulate the reflected light of particle samples were tested.
Cellophane filters ranged from red, orange, yellow, green, blue, pink and violet in a visible light range
as shown in Figure 1. Three color filters, dark blue, green and yellow were utilized, having 400–450 nm,
500–550 nm, and 550–600 nm in wavelength, respectively. Two liquid additives, refractive index liquid
(n = 1550, Cargille Inc. Cedar Grove, NJ, USA) and distilled water, were tested.

Figure 1. Color chart of seven cellophane filters in wavelength ranging in visible light from 400 nm to
750 nm. All colors represent the prepared colors of the cellophane filters in a specific wavelength range.

Reflected light was observed in the same 10 cm distance from the sample surface to the detectors,
spectral sensor and chromameter. An 80 W–6500 K white LED light bulb was used for the light source
to provide sufficient light in the visible light range and avoid a light color effect. In addition to this,
a UV light with 365 nm in wavelength was used.

As shown in Figure 2, a schematic (a) and a picture (b) of the experimental apparatus, chromameter
(c) and spectral sensor (d) were prepared. A spectral sensor, Apollo™, developed by NanoLambda
in Korea, was used to differentiate reflected light into the light spectrum in a small chamber and
to examine the applicability to a small-scale sensor. The configuration of the chamber and detailed
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experimental method was described in our previous study [14]. A chromameter CR-400 by Konica
Minolta was used to acquire color data in terms of chromaticity values.

Figure 2. Schematics and pictures of experimental apparatus. (a) A schematic of chamber, (b) Black-coated
closed chamber, (c) Chromameter, and (d) Spectral sensor (20 mm width and 60 mm length).

3. Results

As described in the Introduction, the main purpose of this study was to find the feasibility of optical
approaches in identifying the specific types of particulate matters among whole particulate mixtures in
the air and their influence on other parameters, filters and liquid additives on their selectivity in terms
of light intensity, wavelength and chromaticity value. A spectral sensor and chromameter were tested,
respectively, under the same conditions by liquid additives. Chromaticity values in a chromaticity
diagram are shown in Figures 3–5. Details of the conditions and results are denoted in Tables 1–5.

 
(a) (b) 

 
(c) (d) 

Figure 3. Chromaticity diagram of household dust, and soil dust. All dots are chromaticity values
(Y, x, y) and only x, y coordinates are denoted. Each figure is listed as: (a) as prepared (�) and water
added (�) household dust; (b) as prepared (�) and refractive index liquid (RIL) added (�) household
dust; (c) as prepared (�) and water added (�) soil dust; (d) as prepared (�) and RIL added (�) soil dust.
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(a) (b) 

 
(c) (d) 

Figure 4. Chromaticity diagrams of samples under pink cellophane filter; (a) as prepared (�) and water
added (�) talc powder; (b) as prepared (�) and RIL added (�) talc powder; (c) as prepared (�) and
water added (�) gypsum powder; (d) as prepared (�) and RIL added (�) gypsum powder.

 
(a) (b) 

Figure 5. Chromaticity diagram of pine tree pollen; (a) as prepared (�) and water added (�) pine tree
pollen; (b) as prepared (�) and RIL added (�) pine tree pollen.

105



Sustainability 2020, 12, 10568

Table 1. Chromaticity values of household dust and soil powder samples measured under cellophane
filter conditions.

Chromaticity Values Chromaticity Values

Sample Cellophane Y x y Sample Cellophane Y x y

H
o

u
se

h
o

ld
D

u
st

As
prepared

- 13.40 0.3229 0.3244

S
o

il
P

o
w

d
e
r

As
prepared

- 49.15 0.3576 0.3581

Red 4.87 0.4216 0.3307 Red 7.63 0.4914 0.3031

Orange 8.01 0.4625 0.3576 Orange 18.21 0.5472 0.3697

Yellow 13.47 0.4230 0.4305 Yellow 34.44 0.4687 0.4546

Green 5.08 0.2923 0.3853 Green 8.84 0.2617 0.4733

Blue 3.16 0.2516 0.2058 Blue 4.71 0.2227 0.1778

Pink 9.91 0.4098 0.2624 Pink 16.94 0.4496 0.2458

Violet 4.40 0.2970 0.2686 Violet 3.46 0.3027 0.1933

Water
Added

- 5.18 0.3190 0.3208

Water
Added

- 6.25 0.3824 0.3670

Red 4.43 0.3869 0.3357 Red 4.56 0.3970 0.3341

Orange 6.16 0.4197 0.3508 Orange 6.67 0.4332 0.3524

Yellow 9.02 0.3955 0.4066 Yellow 9.91 0.4103 0.4069

Green 4.41 0.3025 0.3586 Green 4.17 0.3002 0.3711

Blue 3.11 0.2692 0.2320 Blue 3.09 0.2732 0.2384

Pink 8.52 0.4081 0.2856 Pink 8.09 0.4349 0.2858

Violet 4.35 0.3008 0.2851 Violet 4.32 0.3054 0.2890

Refractive
Index

Liquid
Added

- 3.48 0.3163 0.3177

Refractive
Index

Liquid
Added

- 22.23 0.3818 0.3749

Red 4.37 0.3768 0.3369 Red 5.57 0.4647 0.3254

Orange 5.87 0.3859 0.3305 Orange 11.02 0.5044 0.3627

Yellow 8.17 0.3756 0.3864 Yellow 19.05 0.4484 0.4310

Green 3.92 0.3021 0.3635 Green 5.67 0.2814 0.4245

Blue 4.29 0.2800 0.2699 Blue 3.24 0.2475 0.2012

Pink 7.38 0.4170 0.2834 Pink 12.04 0.4501 0.2742

Violet 3.39 0.3080 0.2797 Violet 3.34 0.3145 0.2454

Table 2. Chromaticity values of talc powder and gypsum powder samples measured under cellophane
filter conditions.

Chromaticity Values Chromaticity Values

Sample Cellophane Y x y Sample Cellophane Y x y

T
a
lc

P
o

w
d

e
r

As
prepared

- 74.79 0.3127 0.3191

G
y

p
su

m
P

o
w

d
e
r

As
prepared

- 79.97 0.3157 0.3213

Red 7.53 0.4932 0.3040 Red 8.52 0.5498 0.3143

Orange 22.17 0.5568 0.3732 Orange 24.57 0.5630 0.3738

Yellow 50.31 0.4682 0.4770 Yellow 53.23 0.4719 0.4763

Green 12.40 0.2337 0.5337 Green 12.90 0.2382 0.5213

Blue 3.84 0.1888 0.1134 Blue 3.99 0.1816 0.1021

Pink 20.73 0.4025 0.2020 Pink 20.89 0.4078 0.1989

Violet 4.57 0.2687 0.1634 Violet 3.74 0.2681 0.1400

Water
Added

- 47.39 0.3136 0.3205

Water
Added

- 19.09 0.3065 0.3134

Red 6.69 0.4999 0.3211 Red 5.07 0.4332 0.3300

Orange 15.50 0.5189 0.3610 Orange 9.48 0.4626 0.3495

Yellow 32.18 0.4565 0.4669 Yellow 16.81 0.4224 0.4363

Green 8.73 0.2529 0.4859 Green 6.00 0.2818 0.4111

Blue 3.61 0.2012 0.1323 Blue 4.44 0.2431 0.2094

Pink 14.18 0.4069 0.2127 Pink 10.71 0.4011 0.2453

Violet 3.57 0.2783 0.1835 Violet 4.35 0.2906 0.2543

Refractive
Index

Liquid
Added

- 15.30 0.3225 0.3297

Refractive
Index

Liquid
Added

- 56.70 0.3159 0.3217

Red 4.91 0.4221 0.3310 Red 7.34 0.5239 0.3181

Orange 8.70 0.4525 0.3457 Orange 18.51 0.5450 0.3724

Yellow 14.58 0.4276 0.4370 Yellow 37.61 0.4629 0.4703

Green 5.23 0.2828 0.4115 Green 9.90 0.2457 0.5043

Blue 3.21 0.2443 0.1962 Blue 4.91 0.2043 0.1460

Pink 7.38 0.4170 0.2834 Pink 17.27 0.4064 0.2135

Violet 3.39 0.3080 0.2797 Violet 3.54 0.2757 0.1664
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Table 3. Chromaticity values of pine tree pollen measured samples under cellophane filter conditions.

Chromaticity Values Chromaticity Values

Sample Cellophane Y x y Sample Cellophane Y x y

P
in

e
tre

e
P

o
lle

n

As
prepared

- 32.77 0.3938 0.3796

P
in

e
tre

e
P

o
lle

n

Water
Added

- 28.76 0.3926 0.3846

Red 6.79 0.4714 0.3017 Red 6.28 0.4887 0.3205

Orange 14.02 0.5200 0.3524 Orange 12.88 0.5247 0.3614

Yellow 24.74 0.4745 0.4402 Yellow 23.08 0.4626 0.4336

Green 6.84 0.2764 0.433 Green 6.30 0.2746 0.4422

Blue 4.52 0.2479 0.2204 Blue 3.25 0.2432 0.1983

Pink 13.51 0.4823 0.2669 Pink 13.54 0.4722 0.2769

Violet 3.40 0.3286 0.2329 Violet 4.42 0.3174 0.2579

Refractive
Index

Liquid
Added

- 22.62 0.3892 0.3804
Refractive

Index
Liquid
Added

Green 5.88 0.2844 0.4117

Red 6.06 0.4374 0.3039 Blue 4.39 0.2589 0.2374

Orange 11.17 0.5106 0.3595 Pink 11.28 0.4708 0.2735

Yellow 19.14 0.4601 0.4351 Violet 3.35 0.3240 0.2506

Table 4. Peak positions of detected reflected light of samples as a function of wavelength by spectral
sensor under experimental conditions.

Sample Conditions As Prepared Water Refractive Index Liquid

Filter Measurement Materials

N
o

fi
lte

r

Peak Intensity Low High Other Low High Other Low High Other

Peak Positions (nm)

Pine tree pollen 421 681 601 421 681 591 421 676 721

Soil 421 681 597 421 677 721 421 681 -

Household Dust 420 678 - 420 677 720 420 677 -

Talc 420 677 720 420 680 720 420 677 720

Gypsum 420 679 - 433 691 - 433 690 -

P
in

k
fi

lte
r

Peak Intensity Low High Other Low High Other Low High Other

Peak Positions (nm)

Household Dust 440 - - 440 - - 440 - -

Talc 430 - - 430 490 - 430 - -

Gypsum 439 820 - 453 - - 453 - -

Table 5. Peak intensity ratio of detected reflected light of samples as a function of wavelength by
spectral sensor under experimental conditions.

Sample Conditions As Prepared Water Refractive Index Liquid

Filter Measurement Materials

N
o

fi
lte

r

Peak Intensity Low High Other Low High Other Low High Other

Peak Intensity
Ratio

Pine tree pollen 1 10.46 0.98 1 8.75 0.14 1 5.86 0.81

Soil 1 8.51 0.14 1 4.61 0.41 1 8.12 -

Household Dust 1 9.31 - 1 6.31 0.44 1 9.56 -

Talc 1 6.32 0.45 1 4.51 1.41 1 6.21 0.68

Gypsum 1 9.63 - 1 9.65 - 1 9.71 -

P
in

k
fi

lte
r

Peak in Intensity Low High Other Low High Other Low High Other

Peak Intensity
Ratio

Household Dust 0.48 - - 0.30 - - 0.39 - -

Talc 0.21 - - 0.08 0.06 - 0.21 - -

Gypsum 0.36 0.13 - 0.40 - - 0.44 - -

3.1. Color Detection

Chromaticity diagrams of five samples are shown in Figures 3–5. As denoted in these Figures,
all samples were prepared as dried, water added and refractive index liquid added. Water and refractive
index liquid were utilized to investigate the additional effect of additives on the reflected light by
also predicting changes to the refractive indices and associated colors. A cellophane filter was used
to block a specific range of wavelength depending on its color. Details of the wavelength and color
of each cellophane filter were drawn in consecutive color bars as shown in Figure 1. The prepared
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samples, denoted as circles in the diagram, were located with the coordinates x, y, Y in the diagram
using matching color circles according to the color of the cellophane filter.

Here, coordinates; x, y, and Y represent the color space and luminance value, respectively, of the
reflected light [15]. Details of the chromaticity values for household dust, soil, talc, gypsum and pine
tree pollen are summarized in Tables 1–3, which correspond to the chromaticity diagram in Figures 3–5.
Water-added samples and refractive-index-liquid-added samples were depicted as a square and filled
triangle, respectively, as in the above manner. Prior to a detailed explanation, the five samples can be
simply divided into two groups, a white group and non-white group (grey and yellowish samples)
after the bare-eye observation. Talc and gypsum powders belong to the white group and household
dust, soil and pine tree pollen are regarded as part of the non-white group.

All chromaticity values in the tables represent the positions in the diagram. Seven colors of
cellophane filters and no filter case were denoted. For household dust, the initial coordinates of x and
y were recorded, ranging from (0.3163, 0.3177) to (0.3229, 0.3244) for the prepared sample. Most cases
were observed in x and y ranges between (0.25, 0.2) and (0.45, 0.45), close to the center white regions
regardless of the color of the filters. Indices in the range represent the boundary limit of the x and
y coordinates. Even with the additions of water and refractive index liquid, no significant shift in
coordinates value were measured. For soil dust, the initial coordinates of x and y were observed
to be slightly close to the yellowish region as (0.3157, 0.3213), and coordinates corresponding to the
seven filters were found to spread out to locate at each color region, which range from (0.22, 0.19) to
(0.55, 0.48). For additive cases, the movements of the coordinates in the vector scale from the initial
point were different depending on water and refractive index liquid and an increased shift was found
in the case of the refractive index liquid. This might be attributed to the intrinsic yellowish color of soil
dust and deep yellowish color of refractive index liquid.

In Table 2, the white color group, talc and gypsum powders are characterized. The intensity of
color, Y values for the as prepared and additive cases under the yellow filter and no filter were found
to be highest and similar to the previous soil dust case. This is also due to the intrinsic color of the two
powders. White can easily reflect the colors of the yellow filter and refractive index liquid. Starting
points (black dots) of white color powders were noticed to similarly position at (0.3127, 0.3191) and
(0.3157, 0.3213), which are closer to the center white region than in previous cases. Seven color points
were also found to locate at their own color region in the range of (0.18, 0.11) to (0.56, 0.54) for talc,
and (0.18, 0.10) to (0.57, 0.53) for gypsum. Interesting results were observed for the additive cases.
In the case of water, not much movement in the coordinates in the vector was seen in both cases, but a
noticeable amount of shift was found for the refractive-index-added cases. As noted in the Figures
of the talc and gypsum powders, the coordinates of the refractive-index-added cases ranged from
(0.24, 0.19) and (0.46, 0.44) for talc and (0.20, 0.14) and (0.55, 0.48) for gypsum, respectively. The only
exception was for the yellow filter in used condition and this was due to the similar color of the filter
and refractive index liquid. Pine tree pollen was also characterized and it has a yellowish natural
color. As expected, the initial coordinates were found to be around the yellow region in the diagram as
(0.3938, 0.3796). Its intrinsic color is strong yellow. Thus, it appears that the influence of color and
additives did not have an impact on the modulating of the coordinates in the diagram. The indices
varied in a relatively narrow band from (0.24, 0.22) to (0.52, 0.45) for the as prepared, from (0.24, 0.19)
to (0.53, 0.45) for water and (0.25, 0.44) for refractive index liquid.

Based on the coordinate value analysis, a noticeable difference was measured for the white-colored
powders such as the talc and gypsum samples. For the white-colored powders, more distinct shifts to
each color region were measured than for the yellowish pollen, soil and grey household dust. This may
be attributed to the intrinsic color of the powder being close to white, more light reflected to the detector
and induced to increased intensity to the spectral sensor. Meanwhile, other non-white, yellowish and
grey powders were detected at lower intensity.

In addition, overall chromaticity values for the yellowish powders were observed to shift
into the yellow region in the diagram, in an upper left direction from the central white region.
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Similar experiments were studied by Dang et al. In their report, the chromaticity value of five different
colored inorganic pigments of drawing points revealed corresponding measured chromaticity value
according to their color [16]. For water- and refractive-index-liquid-added cases, obvious differences
in chromaticity values were observed. In Figure 3a,b, household dust revealed to shift more in the
yellow and red regions, which correspond to a long wavelength range in the light spectrum. However,
soil samples as shown in Figure 3c,d were detected to have more movement in the red and green
regions. In the case of the pollen sample, no significant change in chromaticity values were observed
under additive conditions. For the talc and gypsum powders, an obvious shift for the talc was observed
only for the refractive-index-liquid case and chromaticity values were centered in the white region
more than any other samples as shown in Figure 4a,b. This is well described in the previous study
and in accordance with results [17]. This means that more white light is reflected to the chromameter
detector. For the comparison with talc, the same experiments were executed for the gypsum powder
as shown in Figure 4c,d. Under the chromameter measurement, no noticeable difference was observed.
This means that similar intrinsic colors and particle shapes can be hardly differentiated under the
chromameter study.

3.2. Light Spectrum Detection

A spectral sensor was used to characterize the light spectrum of samples under experimental
conditions. Figure 6a,b shows the spectrum of reflected light for household dust and talc powder as a
function of wavelength. The same measurement was performed under different conditions. Details of
the measurements are summarized in Tables 4 and 5 according to peak position and peak intensity
ratio. As shown in Tables 4 and 5, five samples revealed obvious difference in terms of peak position
and peak intensity after the additive treatment and cellophane filter usage.

Figure 6. (a) Spectrum of reflected light of household dust according to the sample as prepared (black),
pink filter(red), water + pink filter (blue), and RIL + pink filter (green); (b) Spectrum of reflected light
of talc powder according to sample status as: as prepared (black), water added (red), RIL added (blue),
pink filter (green), water + pink filter (violet), and RIL + pink filter (brown).

In Table 5, peak intensity at each wavelength was calculated in a ratio. The peak intensity values
at low wavelength for samples are regarded to “1” as a base, then, peak intensities at other higher
wavelengths were divided by base peak intensity. After pink filter usage, the overall light intensity
decreased and was calculated with the same method for three household dust, talc and gypsum samples.
Therefore, a higher ratio value means a relatively strong peak and vice versa. Two representative
samples, household dust and talc powder, were graphed to scrutinize the light spectrum changes by
additives and filter and compared by peak position in wavelength and peak intensity as well. In the
case of household dust as shown in Figure 6, two peaks at 420 and 678 nm in wavelength were observed.
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Under the pink filter, the peak at 678 nm was observed to be removed and a peak shift from 420 to
440 nm was also observed. This is due to the light filtering at a long wavelength range by the pink
cellophane. Even when water and refractive index liquid are added, no significant shift was observed.
These results correspond well with the measured chromaticity values under additives. Chromaticity
values are previously discussed in Figure 3,b; overall values are centered to the white region with
relatively more shifts for the blue, red, and yellow regions observed after refractive index liquid was
added. Meanwhile, the talc powder revealed slightly different results than that of the household dust.
The light spectrum for as prepared talc powder shows three peaks at 420, 677, and 720 nm, respectively.
Two peaks at 420 and 677 nm showed a relatively low ratio value of 6.32, but no noticeable changes
were observed for both additives, which show ratio values of 4.51 and 6.21 in Table 5. Considering the
combined conditions of the pink filter and water addition, a peak shift from 420 to 430 nm and an
additional peak was observed at 490 nm. Other peaks at a long wavelength range were filtered the
same as previously. For comparison, similar gypsum power was also characterized under pink filter
and additives conditions. The peak at a short wavelength region shifted from 420 to 453 nm, but this
was a big difference from the additional peak observed for the talc case at approximately 490 nm,
which was not detected. Instead, an additional peak at approximately 820 nm was detected for the
water-added gypsum sample. These results appear to be correlated with the absolute amount of shift
in the chromaticity values which are larger for gypsum than for the talc powder.

4. Discussion

From the analysis of color and reflected light of five different particulate matters according to
different liquid additives, chromaticity coordinate values in the diagram were effective by measuring
the shift amount in the vector under the refractive-index-liquid-added case to identify the non-white
color group particulate matters including yellowish pine tree pollen, soil dust and grey household
dust from the white color group particulate matters. Soil dust under refractive index liquid and
cellophane filters revealed the largest movement in coordinates. Talc and gypsum powder belonging
to the intrinsic white color group were identified by comparing the peak at around the reflected
light spectrum. For the light spectrum cases, peaks of approximately 420 nm can be regarded as
the guideline peak to determine the influence of the filter and additives according to the type of
sample. Relative peak intensities of the other peaks were compared with a ratio of the peak intensity
at 420 nm. The peak at approximately 720 nm in wavelength was solely observed for talc powder.
Water and refractive index liquid could selectively shift the peak at approximately 420 nm and 679 nm
to 433 and 690 nm, respectively, only for gypsum powder. More distinct dependency on filter color was
observed for gypsum powder rather than household dust, pollen, soil and even similar talc powder.
This was in good agreement with the method called the “browning index” used in other color and
light characterization methods using a spectrophotometer [18].

In this study, we were concerned with indoor particulate matters, which possibly can be generated
by daily activities such as cooking, vacuum cleaning and installed construction materials, or transported
from outdoors by daily activity. It was our intention to find the feasibility of an optical approach
to assist in the identification of the source of particulate matters. In cases where a large portion of
particulate matters are observed to inflow from outdoor sources, people can be air showered at the
front door and contaminants are pre-removed before transporting these into the indoors. In other cases,
more indoor sources are found to contribute to indoor air contamination, and mechanical ventilation
can be operated with a priority to outflow the indoor air to maintain the air quality level. Our study
can at least contribute to this decision making as the first stage at a pre-screening level, but results
showed that it has limitations in distinguishing the similar intrinsic color of powders. Light intensity
was also vulnerable to the light bulb’s source (>6500 k) and power. In addition, other particulate
matters such as organic compounds and black carbon, generated from combustion, should be studied
to assist in supporting these methods. In future studies, other chemical additives should be tested to
reveal different colors after their reaction with white particulate matters. Another approach can be
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attempted to combine the presorting method by using a camera according to its color and shape to
improve the identification rate by a simple method.

5. Conclusions

Color- and light-spectrum-assisted optical sensing of particulate matters was operated on a
laboratory scale and under controlled experimental conditions. The chromaticity values and reflected
light spectrum in terms of wavelength and intensity revealed the difference between samples according
to color and water or refractive-index-liquid additives. Noticeable results can be summarized as below.

Five different particulate matters such as household dust, soil dust, pine tree pollen,
talc and gypsum powders were optically characterized under as prepared, water-added and
refractive-index-liquid-added cases combined with seven colors of light filter.

Depending on the intrinsic color of the as prepared sample, the non-white color group particulate
matters including grey household dust, yellowish soil dust and pine tree pollen were selectively
detected by observing the amount of chromaticity value shift in the vector. The white color group
samples such as the talc and gypsum powders were distinguished by observing the unique peak
positions in wavelength using a spectral sensor.

The intrinsic color of particulate matters can be the distinct point for identifying the types of
non-white group samples such as household dust, soil dust and pine tree pollen under chromameter
characterization rather than for the white color samples. Under the combined conditions of a cellophane
filter and refractive index liquid, yellowish soil dust and pine tree pollen showed relatively large shifts
in the chromaticity diagram in the vector. However, white color samples including talc and gypsum
powers did not reveal a noticeable change. This was attributed to the intrinsic white color of powders
under the xenon lamp.

In light spectrum measurements, the white color group samples showed more meaningful results
than previous color measurements. All samples had consistent peaks at approximately 420 nm and
680 nm in wavelength. At other positions, a unique peak was observed depending on the type of
particulate matter. Talc powder was the only sample that did not show any change in spectrum
regardless of the additives and under no light filter conditions. An additional peak was observed at
approximately 720 nm with water.

In the case of the pink filter, the gypsum sample revealed an obviously unique result in that a
distinct peak at approximately 820 nm was detected for the as prepared case and peak position shifts
from 439 nm to 453 nm were observed. When both water and the pink filter were used, the peak at
approximately 490 nm was the index peak for talc powder. It can be concluded that the light spectrum
study was more effective to identify white color powders and distinguish them from other non-white
group powders in terms of distinct peak position and peak shift.

Two approaches using a chromameter and spectral sensor were attempted and meaningful results
were observed. Simple color and reflectance change by water or refractive index liquid were able
to draw the noticeable differences in observation. However, these still have limitations in intuitive
observation, such as the way of the camera. Post analysis was inevitable to perform chromaticity value
sorting and calculation.

It was our observation that there is a noticeable relationship between the intrinsic color of the
particulate matter and the appropriate approach, whether it is chromaticity value, shift or the peak of
the reflectance spectrum. In addition, water or refractive index liquid were found to be effective to
enhance the relative deviation in color or reflected light depending on the type of particulate matter.
An appropriate combination of chromameter and spectral sensor can be an alternative approach
to detect particulate matters with higher selectivity. In future studies, various colors of particulate
matters are required to be characterized to determine the relationship between the intrinsic color
of particles and optical identification. It is also our hope that particulate matters less than 10 and
2.5 μm in aerodynamic diameter should be separated to investigate their size dependence under the
above approaches.
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assessment of a real-time particle monitor against the reference gravimetric method for PM10 and PM2.5 in
indoor air. Atmos. Environ. 2012, 54, 358–364. [CrossRef]

6. Kelly, K.E.; Whitaker, J.; Petty, A.; Widmer, C.; Dybwad, A.; Sleeth, D.; Martin, R.; Butterfield, A. Ambient and
laboratory evaluation of a low-cost particulate matter sensor. Environ. Pollut. 2017, 211, 491–500. [CrossRef]

7. Vázquez, L.; Zorzano, M.; Jimenez, S. Spectral information retrieval from integrated broadband photodiode
martian ultraviolet measurements. Opt. Lett. 2007, 32, 2596–2598. [CrossRef]

8. Li, H.; Sang, X. LED array light source illuminance distribution and photoelectric detection performance
analysis in dust concentration testing system. Sens. Actuators A Phys. 2018, 271, 111–117. [CrossRef]

9. Vaca-Oyola, L.S.; Marín, E.; Rojas-Trigos, J.B.; Cifuentes, A.; Cabrera, H.; Alvarado, S.; Cedeño, E.; Calderón, A.;
Delgado-Vasallo, O.A. Liquids refractive index spectrometer. Sens. Actuators B Chem. 2016, 229, 249–256.
[CrossRef]

10. Shin, S.; Jung, C.; Kim, Y. Analysis of the measurement difference for the PM10 concentrations between
beta-ray absorption and gravimetric methods at gosan. Aerosol Air Qual. Res. 2011, 11, 846–853. [CrossRef]

11. Sówka, I.; Chlebowska-Sty’s, A.; Pachurka, Ł.; Rogula-Kozłowska, W.; Mathews, B. Analysis of particulate
matter concentration variability and origin in selected urban areas in Poland. Sustainability 2019, 11, 5735.
[CrossRef]

12. Jo, E.J.; Lee, W.S.; Jo, H.Y.; Kim, C.H.; Eom, J.S.; Mok, J.H.; Kim, M.H.; Lee, K.; Kim, K.U.; Lee, M.K.; et al.
Effects of particulate matter on respiratory disease and the impact of meteorological factors in Busan, Korea.
Respir. Med. 2017, 124, 79–87. [CrossRef]

13. Zhang, K.; Shang, X.; Herrmann, H.; Meng, F.; Mo, Z.; Chen, J.; Lv, W. Approaches for identifying PM2.5

source types and source areas at a remote background site of South China in spring. Sci. Total Environ. 2019,
691, 1320–1327. [CrossRef]

14. Ahn, H.; Jung, B.K.; Joo, J.C.; Park, J.R. Spectral sensing of asbestos according to concentration in various
asbestos containing materials. Appl. Mech. Mater. 2014, 627, 7–11. [CrossRef]

15. Mortimer, R.J.; Varley, T.S. Quantification of colour stimuli through the calculation of CIE chromaticity
coordinates and luminance data for application to in situ colorimetry studies of electrochromic materials.
Displays 2011, 32, 35–44. [CrossRef]

16. Dang, R.Y.; Liu, Y.; Liu, G. Chromaticity changes of inorganic pigments in Chinese traditional paintings due
to the illumination of frequently-used light sources in museum. Color Res. Appl. 2018, 43, 596–605. [CrossRef]

112



Sustainability 2020, 12, 10568

17. Steuber, F.; Staudigel, J.; Stössel, M.; Simmerer, J.; Winnacker, A.; Spreitzer, H.; Weissörtel, F.; Salbeck, J. White
light emission from organic LEDs utilizing spiro compounds with high-temperature stability. Adv. Mater.
2000, 12, 130–133. [CrossRef]

18. Ferrer, E.; Alegría, A.; Farré, R.; Clemente, G.; Calvo, C. Fluorescence, browning index and color in infant
formulas during storage. J. Agric. Food Chem. 2005, 53, 4911–4917. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

113





sustainability

Article

Dynamic Energy Performance Gap Analysis of a University
Building: Case Studies at UAE University Campus, UAE

Young Ki Kim 1,*, Lindita Bande 1, Kheira Anissa Tabet Aoul 1 and Hasim Altan 2

Citation: Kim, Y.K.; Bande, L.;

Tabet Aoul, K.A.; Altan, H. Dynamic

Energy Performance Gap Analysis of

a University Building: Case Studies at

UAE University Campus, UAE.

Sustainability 2021, 13, 120.

https://dx.doi.org/10.3390/

su13010120

Received: 1 December 2020

Accepted: 22 December 2020

Published: 24 December 2020

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2020 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Architectural Engineering, United Arab Emirates University, Al Ain 15551, UAE;
lindita.bande@uaeu.ac.ae (L.B.); kheira.anissa@uaeu.ac.ae (K.A.T.A.)

2 Department of Architecture, Faculty of Design, Arkin University of Creative Arts and Design, Kyrenia 99300,
Cyprus; hasimaltan@gmail.com

* Correspondence: kim9519021@gmail.com; Tel.: +971-3-713-5330

Abstract: As a result of an increasing demand for energy-efficient buildings with a better experience
of user comfort, the built environment sector needs to consider the prediction of building energy
performance, which during the design phase, is achieved when a building is handed over and used.
There is, however, significant evidence that shows that buildings do not perform as anticipated. This
discrepancy is commonly described as the ‘energy performance gap’. Building energy audit and
post occupancy evaluation (POE) are among the most efficient processes to identify and reduce the
energy performance gap and improve indoor environmental quality by observing, monitoring, and
the documentation of in-use buildings’ operating performance. In this study, a case study of UAE
university buildings’ energy audit, POE, and dynamic simulation were carried out to first, identify
factors of the dynamic energy performance gap, and then to identify the utility of the strategy for
reducing the gap. Furthermore, the building energy audit data and POE were applied in order to
validate and calibrate a dynamic simulation model. This research demonstrated that the case study
building’s systems were not operating as designed and almost a quarter of the cooling energy was
wasted due to the fault of the building facility management of the mechanical systems. The more
research findings were discussed in the paper.

Keywords: energy performance gap; dynamic energy performance gap; building energy audit; POE
study; dynamic building simulation; simulation model validation and calibration

1. Introduction

More than a third of global energy consumption and CO2 emission are associated with
the building sector [1]; and awareness of the importance of buildings’ energy performance
related with CO2 emissions has increased worldwide. The International Energy Agency
(IEA) describes energy efficiency as the “first fuel” [2] and may be more important than any
energy-generating technologies. Furthermore, Cullen et al. stated that one of the greatest
potentials for improving energy efficiency and reducing CO2 emission lies in the building
sector [3]. However, as the demand for buildings has become increasingly complex, with
design criteria such as multi-purpose plans, larger sizes and higher standards for services
and user comfort in terms of Heating, Ventilation, Air Conditioning (HVAC), lighting,
acoustic, and data processing [4], the analysis and evaluation of the energy performance of
buildings have become more intricate than ever before. With the introduction of the first
building regulations in the 1970s, energy conservation in general and later the interest in
building energy consumption and its energy efficiency have increased multifold into the
late 1990s and 2000s [5]. This strong interest and necessity have led to the development
of a wide range of methodologies for predicting, analyzing, evaluating, and validating
the energy performance of buildings. To date, numerous studies have shown that while
in use, buildings usually do not perform as predicted [6–13]. This discrepancy is referred
to as the ‘Energy Performance Gap’ and is typically demonstrated through an energy
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audit exercise. This is even more critical, given the global call to reach Zero Energy
Buildings, i.e., a building that combines passive building designs and highly energy
efficient systems to minimize the heating, cooling, ventilation, lighting and electricity
demand and consumption with on-site energy generation system, such as PVs, combined
heat and power (CHP), wind turbines to recover the energy demand and consumption
from the building to achieve the energy balance [14]. Regardless of how energy-efficient
a building is designed to be and an efficient system being applied, zero energy buildings
cannot be achieved if there is an energy performance that is different from the plan in the
operation stage of the building, which further heightens the need to underhand the reason
behind the energy performance gap in order to better control it.

The main purpose of an energy audit is to identify opportunities to improve the energy
efficiency of a building and it typically takes a whole building assessment approach from
building envelope to mechanical systems, operations and maintenance, and building sched-
ules. Therefore, wholesale building audits provide the most accurate picture of existing
conditions as well as an understanding of energy savings’ opportunities in buildings. The
American Society of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE)
defines three levels of audit to assess the building inside and out. They are: Level 1: Site
assessment or preliminary audits, Level 2: Energy survey and engineering analysis audits,
and Level 3: Detailed analysis of capital-intensive modification audits [15]. The aim of post
occupancy evaluation (POE) is to assess the performance of a building after it is occupied
and to address any performance and energy gap issues. It will also help the designers with
valuable feedback on its actual performance as opposed to its assumed one and to improve
the building mechanical design process. Moreover, by using the POE study data to predict
the energy performance of the in-use building, it will help calibrate a building energy
model to actual operating conditions [11]. Detailed dynamic simulation models (DSMs)
are able to obtain more accurate predictions of energy performance/consumption in build-
ings. The DSMs are more often used in the study of commercial buildings’ performance
because they allow the collection of extensive input data, and a database for materials and
systems [16]. Nonetheless, it must be recognized that despite these attributes and many
other additional features, there are still significant differences between the expected and
actual energy consumption of non-domestic buildings.

In this case study, a university building’s energy audit and a POE assessment were
carried out. The results were analyzed to identify the underlying factors of the energy per-
formance gap. In addition, the energy audit data and POE analysis were used to calibrate
and validate a dynamic simulation model. Finally, a gap reduction achievement after the
energy audit and POE analysis was evaluated using a dynamic simulation. Through this
research, it shows, first, that the energy audit is an effective way to identify the underlying
causes of the dynamic energy performance gap, and second, that the POE is able to produce
more accurate dynamic energy simulation models with an indication for the potential in-
crease in the indoor environmental quality, especially users’ thermal comfort. The research
findings will be implemented to reduce the energy consumption while improving user
comfort for case study building under study as well as in other university buildings.

2. The Energy Performance Gap

2.1. The Energy Performance Gap Review Status

A number of studies show that in-use buildings do not necessarily perform as de-
signed [6–13]. Findings from the PROBE studies (post occupancy review of buildings and
their engineering) addressed that actual energy consumption when in-use could be twice as
much as predicted [9]. Low Carbon Building Programme and Carbon Trust’s Low Building
Accelerator have studied that in-use energy consumption could be up to five times higher
than prediction [11].

Figure 1 shows that the energy performance gaps in between prediction and actual
electricity consumption in three building sectors in the UK: schools, general offices and
university buildings. The value of energy consumption was averaged for each sector.
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As it can be seen in Figure 1, the actual electricity consumption could be 60–70% higher
than predicted in schools and general offices, and even over 85% higher in university
campuses [17]. Another study by Chris et al. [18] is summarized in Table 1, which gathered
the reported case studies of the discrepancies in the energy usage in different types of
buildings which are located in different climates, different building types with an average
performance gap between the predicted and actual energy consumption. It also confirms
that gaps between the design/prediction and actual buildings energy consumption have
become a matter of fact.

Figure 1. CarbonBuzz median electrical consumption per-sector: predicted vs. actual (Source: [11]).

Table 1. Discrepancy in different buildings.

Building Type Gap Average Total Number of Reported Cases

Office 16% 25
School 67% 11

Multipurpose 45% 8
University 67% 3
Laboratory 32% 2
Restaurant 31% 2

Retail 37% 2
Supermarket −10% 2

Library 8% 2

Again, Figure 1 and Table 1 show the energy performance gap average from different
studies and building types. In order to satisfy Zero Energy Building/Net Zero Energy
Building (ZEB/NZEB), it seems really important to reduce the energy performance gap
that occurs in the actual operation of the building. Without reducing this gap, well planned
buildings to reduce energy consumption and renewable energy technologies planned to
cover the reduced energy would be meaningless. Therefore, reducing the gap between the
design/prediction and actual buildings’ energy consumption needs to be considered.

2.2. Classification of the Gap

Figure 2 shows an overview of the common root causes of performance discrepancies
that exist at each stage of a building’s life cycle. Based on the S-curve visualization of a
building performance proposed by Bunn and Burman [19], the performance gap can be
classified in three categories: ‘Perceived gap’, ‘Static gap’, and ‘Dynamic gap’ [18]:
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• Perceived gap: compares predictions from compliance modeling to performance
modeling energy consumption;

• Static gap: compares predictions from performance modeling to measured energy use;
and

• Dynamic performance gap: utilizes calibrated predictions from performance modeling
with measured energy use taking a longitudinal perspective to diagnose underlying
issues and their impact on the performance gap.

Figure 2. Three possible performance gaps throughout the life cycle of a building (s-curve visualiza-
tion was adapted from [19]).

These classifications can help identify the underlying causes of the energy performance
gaps throughout the life cycle of a building and highlights specifically in each phase of the
building’s life the potential needs to reduce the performance gaps. In this research, the
‘Dynamic performance gap’ has been adopted to identify the underlying cause of the gaps
as described below.

2.3. Sources of the Daymic Performance Gap

The dynamic performance gap between the predicted and actual energy performance
in buildings results from several causes. Causal factors for prediction and actual per-
formance aside, the current predictions tend to be unrealistically low, while the actual
energy performance is generally unnecessarily high. This can ultimately be associated with
the lack of feedback for the actual use and operation of the building and its associated
energy consumption. Currently, there is a great lack of information on the actual energy
performance of existing building sectors [20]. Such a great lack of information leads to an
increase in the gap between prediction and in-use, and an evident failure to achieve the
reducing energy performance gaps in the built environment [21].

The study by the Lawrence Berkeley National Laboratory studied 85 commercial
buildings in the US and listed over 3500 deficiencies from the case study buildings and 53%
of them were related with the dynamic performance gap and 32% to the overall HVAC
system (Figure 3) [22]. The most common deficiencies in the case study buildings were
modifications of set-points, scheduling, control sequences, calibration, mechanical fixes
and equipment replacements. This shows that operation and control, and management
and maintenance, need focusing to reduce the dynamic performance gap during the in-use
phase of life cycle of the buildings.
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Figure 3. Number (%) of deficiencies identified by in-use building system (Source: [22]). EMCS:
Energy Management Control System.

3. Materials and Methods

Taking a case study approach, this research analyzes the energy performance of a
university building in the United Arab Emirates University (UAEU), located in Al Ain,
UAE. As discussed earlier, this research was guided by ASHRAE Building Energy Audit
Level 1 methodology, followed by POE monitoring study. Results from the energy audit and
POE monitoring data were used to calibrate and validate the dynamic energy simulation
model, aiming to produce more accurate predictions of energy consumption and finding
the source of discrepancy of dynamic energy performance gap to reduce the gap with the
objective to propose recommendations for an improved indoor environmental quality.

3.1. Case Study Building Description

The case study building is known as the ‘F1 Building’ (Figure 4) and is located in the
male side campus of UAEU. The current building houses three colleges and 13 departments
located in three wings of three floors each (e.g., College of Engineering, College of Science,
and College of Food & Agriculture) with over 600 occupants and a total building area of
21,360 m2.

Figure 4. Floor plan and a view of the case study building, UAEU Campus (Source: Author).

It was planned and constructed as an energy efficient building and was completed in
2011. The building is fully air-conditioned by 13 rooftop Air Handling Units (AHUs) which
provide cooling and fresh air to all floors and atrium. Variable Air Volume systems (VAVs)
were part of the design strategy to save energy when the building is not fully occupied
during weekends, holidays and vacations (Table 2).
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Table 2. Detail of the case study building.

Name
Total Number of
Reported Cases

Architecture

Site Al-Ain, UAE
Programs Offices, laps and lecture rooms

Building area 7120 m2

GFA (Gross Floor Area) 21,360 m2

Mechanical
Cooling plant Campus District cooling

Cooling system 13 AHUs on rooftop
System control VAVs

Electrical
Lighting T5 flounce lamp (offices, laps, lecture rooms),

energy efficient light bulbs (circulation)

Target illumination 400–500 Lux (Offices), 200–300 Lux
(circulation)

Renewable N/A

3.2. Energy Audit and POE Monitoring

ASHRAE Energy Audit Level 1, which is ‘Site Assessment or Preliminary Audits,
was carried out to assess the case study building. Typically, energy audits take a whole
building approach by examining the building envelope, building systems, operations and
energy consumption, especially the electricity usage. The energy data were provided by
the Facility Management department but only monitored total electricity consumption.

The monitoring of POE data was conducted for one calendar year from January to
December 2019 via walkthrough inspections with hand-carrying devices to measure the
Lux and noise level, and the fixed unit measuring data logger for measuring temperature,
Relative Humidity (RH), noise (Db), lighting (lux), CO2, Particulate Matter (PM) 2.5, PM 10
and Total Volatile Organic Compounds (TVOCs) on every floor (Figure 5). Table 3 shows
the details of the energy audit and POE study in this research. The energy audit data were
used for making an accurate energy simulation model that reflects the actual state of the
building, such as the building envelope information (U-value and construction details),
HVAC systems, level of airtightness, and building operation and schedule, and it shows in
Table 4. In the case of POE data, it was being used to implement the indoor environment of
the actual building in the simulation model. Internal temperature, RH, and lighting data
especially will be used to define the input data for the simulation model, such as set the
indoor target temperature and lighting power density according to the operating schedule.
Both the energy audit and POE were used for identifying the dynamic performance gap,
management problems, and other aspects that may have negative impacts on indoor
environmental quality.

Figure 5. Floor plan and a view of the case study building, UAEU Campus (Source: author).
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Table 3. Detail of the energy audit and post occupancy evaluation (POE) study.

Measurements Devises Monitoring Image

Energy Audit

Building envelops
HVAC system and

operation
Energy consumption

Testo 872
Testo 440 dp

-
-

Surface temperature
Airleakage

MEP CAD files with FM
team interviews

2019 energy consumption
was provided by FM team

POE Study

Thermal comfort HOBO

Temperature (◦C)
RH (%)

Lighting (lux)
Every 15 min

Acoustic and lighting PRECISION GOLD
Environment Meter

Acoustic (dB)
Lighting (lux)

Spot measurement

Indoor Air Quality
(IAQ) Air Mentor Pro

Temperature (◦C)
RH (%)

PM 2.5 (μg/m3)
PM 10 (μg/m3)

CO2 (ppm)
TVOC (ppb)
Every 15 min

MEP CAD: Mecahnica, Electrical, Pluming Comupter-aided Design; FM: Facility Management; PM: Particulate Matter; TVOC: Total Volatile
Organic Compounds

Table 4. Simulation models’ specifications and input data.

Baseline Model
(ASHRAE 90.1)

Abu Dhabi Code
(National Code)

As-Designed Model
(Prediction)

In-Use Model
(Current)

Wall
Roof
Floor

Window

0.705 (W/m2·K)
0.360 (W/m2·K)
1.986 (W/m2·K)
6.81 (SHGC 0.25)

0.329 (W/m2·K)
0.329 (W/m2·K)
1.823 (W/m2·K)
2.2 (SHGC 0.25)

0.537 (W/m2·K)
0.403 (W/m2·K)
1.423 (W/m2·K)
2.2 (SHGC 0.25)

0.537 (W/m2·K)
0.403 (W/m2·K)
1.423 (W/m2·K)
2.2 (SHGC 0.25)

HVAC Package Rooftop DX,
CAV (System 3)

Package Rooftop DX,
CAV

Package Rooftop DX,
VAV

Package Rooftop DX,
CAV **

Cooling Set Temp 24 ◦C (28 ◦C *) 24 ◦C (28 ◦C *) 24 ◦C (28 ◦C *) 21 ◦C **(23 ◦C *)

Airtightness 0.6 ACH 0.6 ACH 0.6 ACH 1.5 ACH **

Lighting 9.7 W/m2 9.7 W/m2 9.7 W/m2 9.7 W/m2 ***

* cooling setback temperature (ASHREAE Standard 55); ** input data from the energy audit and POE studies; *** lighting power density
remains the same for all cases. However, the in-use model’s schedule is set as ‘24 h on’; CAV: Constant Air Volume; AHC: Air Change Hour.

3.3. Dynamic Energy Simulation

A dynamic simulation energy model was developed for the case study building based
on the findings generated by the energy audit and POE study. The simulation model was
calibrated with the actual performance including indoor environmental condition, HVAC
operation, airtightness and lighting schedule. To define the energy performance gap in case
study buildings, four different simulation models were developed and each of the models
was named as the baseline model as based on ASHRAE Standard 90.1–2007, Abu Dhabi
code, the as-designed model for prediction and in-use model for current building. Each
model’s specifications and input data are shown in Table 4. The input data and building
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specifications for in-use model were based on the energy audit and POE data analysis
results.

In this research, the dynamic performance gap due to the operation method of the
building system and management was investigated. In order to investigate the dynamic
energy performance gap, the Scenario C and D’s basic building external envelopes’ thermal
performance, lighting power density, and HVAC system were modeled in the same way
(Table 4). Basically, the energy consumption of the building due to changes in the operation
method of the HVAC system from VAV to Constant Air Volume (CAV), with the internal
temperature setting from 24 to 21 ◦C during occupied hours—with the operation schedule
of the lighting equipment in the corridor and the remaining entrance doors open—was
investigated. All these operational and managing changes were based on the energy audit
and POE studies.

To perform the dynamic energy simulation, this study used the Trane TRACE 700 v
6.1 which was designed to simulate the building energy performance check, especially
the detailed HVAC systems. The TRACE 700 complies with ASHRAE Standard 90.1–2007
and 2010 Appendix G for the performance rating method for Leadership in Energy and
Environmental Design (LEED) analysis. The Trace 700 is validated by ASHRAE Standard
140–2011 and 2014 for using the dynamic simulation to study the energy consumption
of whole building with a detailed energy consumption breakdown of HVAC systems
and plants [23]. A computer model for dynamic energy simulation was created using
REVIT 2017, which was converted to a gbXML file and imported into TRACE700. The
computational model and the interface of TRACE 700 is shown in Figure 6.

Figure 6. Energy simulation model and TRACE 700 interface.

In the case of the simulation model, it was largely divided into the conditioned zone
and unconditioned zone. In the case of the conditioned zone, it was defined as the area
cooled/conditioned by HVAC systems such as offices, corridors and stairs, storages and
toilets. For the unconditioned zoned, it was defined as the area not conditioned by HVAC
systems such as the emergency stairs and emergency exits in this paper. As can be seen in
Figures 4 and 5, the simulation study was considered as a whole building simulation. A
baseline model was developed based on ASHRAE Standard 90.1–2007 Appendix G method
and this baseline was used to evaluate the expected energy performance of the case study
building in international standards. The American Society of Heating, Refrigerating and
Air-Conditioning Engineers (ASHERAE) standard, which was in effect when the building
was designed, was the latest version in 2007. Therefore, the ASHRAE version used to create
the baseline in this study was 2007. The benchmark model is the ‘as-designed model’ which
was not a calibrated model, by adapting the energy audit and POE data for calibration.
After calibrating with the energy audit and POE data, which is the ‘in-use model’, it shows
the actual building energy performance. To compare the ‘as-designed model’ against the
‘in-use model’, it is able to identify the dynamic performance gap in the case study building
during the in-use life cycle phase (Table 5).
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Table 5. Dynamic simulation scenario.

Scenarios Purpose

Simulation

A: Baseline Define the level of energy consumption at international level.
B: National Code Define the level of energy consumption at current national level.

C: Benchmark Define the level of energy consumption at as-designed level.
D: Actual Building To identify the dynamic performance gap in actual building.

a) Defining the level of energy consumption in international level

b) Defining the dynamic energy performance gap

4. Results and Discussion

The energy audit and POE were conducted for one calendar year from January to De-
cember 2019, and a dynamic simulation was carried out for an annual energy consumption
study. From these studies, several deficiencies of energy performance gap were found in
the case study building and are reviewed below.

4.1. Energy Audit Analysis

Through several stages of energy audit, four major deficiencies were found. One was
during HVAC operation and performance check, the AHU fans were operated as CAV
(constant air volume) rather than VAV (variable air volume), which would increase the
operation time and the energy consumption from a supply air fan. These fans continuously
work with full power and supply air sets air temperature between 11.5 and 13.2 ◦C, which
was also quite low due to satisfying the internal setting temperature during occupied hours
(measured at 21.5 ◦C), and even during unoccupied hours (measured at 23.8 ◦C). Similar
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problems were indicated in lighting controls and scheduling. The lighting remained turned
on during the daytime in the corridors.

The light fixtures are located next to the curtainwall in the case study building (Figure
7d) and it is almost 13% of the circulation lighting. Another similar operation and mainte-
nance problem was the exit doors located in the exterior envelope. These doors remained
widely open during occupied hours (Figure 7a,b), with the expected loss of airtightness and
return air to AHUs for maintaining mixed air temperature with indoor target temperature.
Figure 5 shows some examples of IR images of the current situation.

Figure 7. Deficiencies from energy audit.

Table 6 shows that the location of the open doors and images taken by the IR camera
and how much conditioned air escaped from the exterior building doors. This building has
a total thirteen air conditioners installed on the roof of the building and supply 203,557
cubic feet per minute (CFM), about 30% (59,350 CFM) of which is supplied from the outside
air, and the remaining 70% (144,200 CFM) is reused. To measure the escaped air from
the doors, TESTO 440 dp was used and every 15 min an average CFM was measured
at three of the doors which, all year round, remained open during the occupied hours.
Based on the measurement, it is noticed that 10% (21,072 CFM) of supply air could escape
from the building and 15 and 36% of the return air and the outside air, respectively. This
direct air leakage from the doors affects the cooling energy consumption of the building
and it can also affect on operating hours and energy consumption for AHU fans. These
measurement data were used to calibrate the simulation model (Scenario C) to increase the
model accuracy for validating the simulation model’s (Scenario D) airtightness rate from
0.6 to 1.5 ACH which corresponds to the actual building.

4.2. POE Study Anlysis

Table 7 summarizes the results collected by the mobile and fixed monitoring data
logger and devices. During the occupied hours, the indoor temperature was around
21.5 ◦C in both enclosed and open-plan offices. The monitored indoor temperatures were
significantly lower than the ASHRAE Standard 55-recommended temperatures, which are
24 ◦C for occupied hours and 28 ◦C for unoccupied hours. This indoor setting temperature
could have an effect on the energy performance gap in the case study building. To define
the level of performance gap by setting the different indoor temperatures between as-
designed model and in-used model, the monitored indoor temperatures were applied
as indoor setting temperatures for in-use simulation model and ASHRAE-recommended
temperatures for the as-designed simulation model. Except for the indoor temperature, the
rest of the air quality measures such as noise, lighting, CO2, TVOCs, PM 2.5 and PM 10 are
within the comfort and safe ranges based on the WELL Building Standard recommendation.
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Table 6. Infiltration of air from the opened doors.

Supply Air Return Air Outside Air Escape Air

CFM 203,557 144,200 59,350 21,072

Table 7. Summary of Indoor Environment Quality (IEQ) data from the POE study.

Temperature (◦C) RH (%)

Range Whole Average Occupied Average Range Whole Average Occupied Average

East enclosed/private?
Office 19.9–23.1 20.8 20.9 44.9–9.9 52.6 53.5

East open-plan offices 21.2–23.3 22.3 22.3 39.9–53.5 47.5 48.4

West private? Office 21.2–23.8 22.2 21.9 39.7–55.9 49.1 50.9

West open-plan offices 20.2–23.2 21.5 21.1 40.9–59.3 51.1 53.3

Corridor 20.9–23.7 21.6 21.5 45.6–58.8 52.7 53.8

4.3. Energy Performance Gap in the Case Study Building

The overall energy consumption with end-use results for each simulation model is
illustrated in Figure 8. This indicates that the baseline model, which used the ASHRAE
90.1 Appendix G method, was the most energy consumed and the best case/benchmark
was the as-designed model. To compare the energy consumption between the baseline
model and the Abu Dhabi code, which showed a 7.4% lesser consumption per the Abu
Dhabi code, where the reduction was mainly related to enhanced building envelopes only.

To improve the accuracy of the energy simulation models, the in-use model was
calibrated with energy audit analysis and POE data such as internal target temperature,
HVAC supply air fans operation method, corridor lighting schedule, and airtightness.
After calibrating the model, in-use building consumed almost 25% more energy than the
as-designed model (Figure 8). From this comparison study, it was noted that the dynamic
performance gap could not be ignored as part of the life cycle of the buildings. The main
discrepancies from this study were mainly related to operation and management issues
such as doors remaining open, lights kept on during daytime, VAVs working as CAVs, and
these issues can be solved without increasing the cost or extra investment to update the
existing mechanical and operating systems.
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Figure 8. Dynamic energy simulation results.

After finding the dynamic energy performance gaps from the case study building
through the series of simulation scenarios, it was simulated with a detailed dynamic
simulation to investigate the degree of dynamic energy performance gaps of each end-use
in the case study building. The energy consumption was increased by 29.7% for lighting use
due to failing to operate the correct lighting schedules in the corridors, by 39% for fan power
due to operating the VAV systems as CAV systems, and by 24.8% increased by cooling
energy consumption and it was associated with an incorrect internal temperature setting,
an incorrect operation of the HVAC systems and the failure to secure the airtightness of
the case study building (Figure 9). A previous study from Papadopoulos et al. also found
one major operational issue in the university building which was related to the thermostat
setpoints [24] and showed the same recommendation found in this study.

Figure 9. Energy performance gap by deficiencies.

The comparison between the total dynamic energy performance gap in the as-designed
model and the in-use model was confirmed by the fact there was almost 25% of the gap.
This shows that a building system with the correct operation with schedule, and careful
management scheme would certainly reduce the energy consumption to bring it closer
to the as-design level, and at the same time, it could improve the indoor environmental
quality of the building.

5. Conclusions

More than a third of global energy consumption and CO2 emission is generated by
the building sector and the awareness of the importance of buildings’ energy performance
related to CO2 emissions has increased worldwide. Improving energy efficiency is one
of the key policy directions for the UAE government to tackle energy security, energy
conservation, and climate change. As a direct response, to increase energy efficiency
in the building sector in the UAE, substantial steps have been taken in recent decades
such as setting up the minimum levels of U-values for building envelopes, introducing
building rating systems, and improving HVAC systems’ efficiency. However, there is still
an extensive evidence which shows that the buildings usually do not perform as well
as predicted whilst in-use and this discrepancy is commonly referred to as the “energy
performance gap”.
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The focus area of this research is using the building energy audit data and the POE
and to reduce the dynamic energy performance gap in one of the university buildings in
the UAEU, UAE. To achieve the main objective of this study, the energy audit data and
the POE, followed by a detailed dynamic simulation method, were applied to several
simulation scenarios. Identifying the cause of discrepancies between the as-designed and
actual building, and to increase the accuracy of the simulation model, POE and energy audit
data were used for calibrating the simulation model (Scenario C) to validate (Scenario D).

The research clearly indicated that the case study building in-use condition was not
operated as designed and almost a quarter of the cooling-related energy was wasted by
mismanaged and poorly understood building’s active system operations and management.
This type of performance gap is commonly found in the UAE and can be easily solved
without increasing the cost or extra investment for systems upgrade. This method is able
to use the calibration of the actual conditions of the building with a computer-generated
energy simulation model to improve the accuracy of the simulation model, and efforts to
identify the underlying causes of the gap between numerical/computational predictions
and actual usage as well. This research method is very cost effective, and less than one year
of the return of investment could be achievable. It also shows that the energy audit and
POE study are possible to reduce the dynamic energy performance gaps in the building
sector by improving the indoor environment quality, especially after the buildings are
occupied as in-use phase.

Author Contributions: Y.K.K. conceived the presented idea and developed the theory and performed
the computations. Y.K.K. and L.B. verified the analytical methods. K.A.T.A. and H.A. encouraged
Y.K.K. to investigate the POE study and supervised the findings of this work. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by the UAEU, grant name and numbers: 2018 Start-UP (31N380).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to the case study building is govern-
mental facility.

Acknowledgments: The authors would like to thank the UAEU for supporting the study and
allowing for the measurements to take place.

Conflicts of Interest: The authors declare no conflict of interest and the funders had no role in
the design of the study; in the collection, analyses, or interpretation of data; in the writing of the
manuscript, or in the decision to publish the results.

References

1. International Energy Agency. Total Energy Use in Buildings Analysis and Evaluation Methods. International Energy Agency,
2016. Available online: https://www.iea-ebc.org/Data/publications/EBC_PSR_Annex53.pdf (accessed on 24 December 2020).

2. International Energy Agency. Capturing the Multiple Benefits of Energy Efficiency. International Energy Agency, 2014. Available
online: https://webstore.iea.org/capturing-the-multiple-benefits-of-energy-efficiency (accessed on 24 December 2020).

3. Cullen, J.M.; Allwood, J.M.; Borgstein, E.H. Reducing energy demand-What are the practical limits. Environ. Sci. Technol. 2011, 45,
1711–1718. [CrossRef] [PubMed]

4. Pérez-Lombard, L.; Ortiz, J.; Pout, C. A review on buildings energy consumption information. Energy Build. 2008, 40, 394–398.
[CrossRef]

5. Davies, H. Tracing the Continuing Development of Part L. Modern Building Services, 2013. Available online: http://www.modbs.
co.uk/news/fullstory.php/aid/12062/TracingthecontinuingdevelopmentofPartL.html (accessed on 24 December 2020).

6. Demanuele, C.; Tweddell, T.; Davies, M. Bridging the gap between predicted and actual energy performance in schools. In
Proceedings of the World Renewable Energy Congress XI, Abu Dhabi, UAE, 25–30 September 2010.

7. Bordass, B.; Cohen, R.; Field, J. Proceedings of the International Conference on Improving Energy Efficiency in Commercial
Buildings, Frankfurt, Germany, 19–20 April 2004.

8. Probe Archive Held by the Usable Buildings Trust (UBT). Available online: http://www.usablebuildings.co.uk/Pages/
UBProbePublications1.html (accessed on 15 December 2020).

127



Sustainability 2021, 13, 120

9. Bordass, B.; Cohen, R.; Standeven, M.; Leaman, A. Assessing building performance in use 3: Energy performance of probe
buildings. Build. Res. Inform. 2001, 29, 114–128. [CrossRef]

10. Carbon Trust. Closing the Gap-Lessons Learned on Realising the Potential of Low Carbon Building Design CTG047; Carbon Trust:
London, UK, 2011.

11. Menezes, A.C.; Cripps, A.; Bouchlaghem, D.; Buswell, R. Predicted vs actual energy performance of non-domestic buildings:
Using post-occupancy elvaluation date to reduce the performance gap. Appl. Energy 2012, 97, 355–364. [CrossRef]

12. Burman, E.; Mumovic, D.; Kimpain, J. Towards measurement and verification of energy performance under the framework of the
European directive for energy performance of buildings. Energy 2014, 77, 153–163. [CrossRef]

13. Cohen, R.; Bordass, B. Mandating transparency about building energy performance in use. Build. Res. Inform. 2015, 43, 534–552.
[CrossRef]

14. Igor, S.; Assunta, N.; Karsten, V. Net zero energy buildings: A consistent definition framework. Energy Build. 2012, 48, 220–232.
15. U.S. Department of Energy. Energy Efficiency & Renewable Energy Building Technologies Program: A Guide to Energy Audits.

Pacific Northwest National Laboratory, 2011. Available online: https://www.pnnl.gov/main/publications/external/technical_
reports/PNNL-20956.pdf (accessed on 15 December 2020).

16. Raslan, R.; Davies, M.; Doylend, N. An analysis of results variability in energy performance compliance verification tools. In
Proceedings of the Eleventh International IBPSA Conference, Glasgow, Scotland, UK, 27–30 July 2009.

17. Hamilton, I.; Steadman, P.; Bruhns, H. CarbonBuzz-Energy Data Audit; UCL Energy Institute: London, UK, 2011.
18. van Dronkelaar, C.; Dowson, M.; Burman, E.; Spataru, C.; Mumovic, D. Review of the Energy Performance Gap and Its Underlying

Causes in Non-Domestic Buildings. Front. Mech. Eng. 2016, 1, 17. [CrossRef]
19. Bunn, R.; Burman, E. S-curves to model and visualize the energy performance gap between design and reality-first steps to a

practical tool. In Proceedings of the CIBSE Technical Symposium, London, UK, 17 April 2015.
20. Lowe, R.; Oreszczyn, T. Regulatory standards and barriers to improved performance for housing. Energy Policy 2008, 36,

4475–4481. [CrossRef]
21. Oreszczyn, T.; Lowe, R. Challenges for energy and buildings research: Objectives, methods and funding mechanisms. Build. Res.

Inform. 2010, 38, 107–122. [CrossRef]
22. Evan., M.; Hannah., F.; Tehesia., P.; Norman., B.; David., C.; Tudi., H.; Mary., A.P. The Cost-Effectiveness of Commercial-Building

Commissioning: A Meta-Analysis of Energy and Non-Energy Impacts in Existing Buildings and New Construction in the United States;
Lawrence Berkeley National Laboratory: Berkeley, CA, USA, 2004.

23. Trane TRACE 700. Available online: https://www.trane.com/commercial/north-america/us/en/products-systems/design-
and-analysis-tools/trace-700.html (accessed on 15 December 2020).

24. Sokratis., P.; Constantine., E.K.; Alex., V.; Elie., A. Rethinking HVAC temperature setpoints in commercial buildings: The potential
for zero-cost energy savings and comfort improvement in different climates. Build. Environ. 2019, 155, 350–359.

128



sustainability

Article

Analysis on Operation Modes of Residential BESS with
Balcony-PV for Apartment Houses in Korea

Jiyoung Eum and Yongki Kim *

Citation: Eum, J.; Kim, Y. Analysis

on Operation Modes of Residential

BESS with Balcony-PV for Apartment

Houses in Korea. Sustainability 2021,

13, 311. https://doi.org/10.3390/

su13010311

Received: 25 November 2020

Accepted: 29 December 2020

Published: 31 December 2020

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2020 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Green Building Research Center, Korea Institute of Civil Engineering and Building Technology,
Goyang 10223, Korea; eumjiyoung@kict.re.kr
* Correspondence: kimyk@kict.re.kr; Tel.: +82-31-910-0490

Abstract: The integration of battery energy storage systems (BESS) with renewable energy is a
potential solution to address the disadvantages of renewable energy systems, which is irregular and
intermittent power. In particular, residential BESS is advancing in numerous countries. The residential
BESS connected to the photovoltaic system (PV) can store the PV power in the battery through
charging, and supply the PV power, which was stored in the battery, to the load through discharging
when there is no PV power. Therefore, the utilization of residential BESS with PV reduces the daily
electric power consumption and the electricity bills that households have to charge. However, it is
understood that there is no case of installing and using residential BESS in Korea yet. Most residential
houses in Korea are apartment houses, and thus residential BESS can be used with balcony PV.
This paper presents operation modes of residential BESS with balcony PV for apartment houses.
The BESS capacity was estimated by considering the balcony PV capacity, which can be installed in
households, and power consumption. The applicability of the residential BESS was analyzed through
performance and economics evaluation under current and various conditions. The operation modes
of BESS were divided into four types according to PV power supply priority and battery charging
source, and a test took place in a demonstration house. The risk of fully discharging the battery has
been discovered when PV power is first charged to the battery or when only PV power is charged
with the battery. As a result, preferential charging of the battery with PV power and then with PV
and grid power was found to be the most optimal operation mode. In addition, additional functions
were proposed for residential BESS in apartment households. The results will contribute to effective
application of residential BESS with balcony PV in the near future.

Keywords: BESS (battery energy storage system); balcony photovoltaic system; apartment houses;
operation modes; zero-energy houses

1. Introduction

With increasing interest in zero-energy buildings, which minimize energy consump-
tion in buildings, a battery energy storage system (BESS) along with a renewable energy
system is also attracting attention for their efficient energy management [1,2]. Among
renewable energy systems, photovoltaic systems (PVs) are most commonly installed in
buildings to reduce energy consumption. However, PVs have a disadvantage in that they
supply power only during solar radiation time. By connecting BESS, PV power can be
stored and supplied at other times [3,4]. In particular, the market for residential BESS is ex-
panding internationally in regards to zero-energy houses. The operation of the residential
BESS with PV can show the effect of reducing the daily electric power consumption and
the electricity bills. In addition, it can increase the rate of self-sufficiency electric power in
the household.

North America, Europe, and Japan are encouraging dissemination by offering a
variety of benefits, such as subsidies and tax reductions for the residential BESS. However,
it was investigated that there is no market for residential BESS in Korea yet because of the

Sustainability 2021, 13, 311. https://doi.org/10.3390/su13010311 https://www.mdpi.com/journal/sustainability

129



Sustainability 2021, 13, 311

high price of residential BESS, low electric rate, progressive rate system, and limited PV
capacity [5]. The residential BESS used overseas is for detached houses and has a capacity
of 3–10 kWh, so at least 1–3 kW of PV capacity is required. In contrast, most residential
houses in Korea are apartment houses. Individual households of apartment houses use
a small capacity balcony PV of around 1 kW, and not a rooftop PV. Further, the surplus
PV power remaining after it has been supplied to the load cannot be sold in households.
Therefore, BESS implemented overseas cannot be readily used in Korea.

Research topics for using the residential BESS with PV are typically operation schedul-
ing, capacity calculation, economic analysis, etc. Research related to this was conducted
under variable electric power rate conditions such as Time-of-Use (TOU) pricing and Real-
time Price (RTP), which are demand-managed options. Yoon et al. performed simulations
for the control of a residential BESS using energy generation and consumption data for
64 residences with the Pecan Street Project in the United States and a range of seasonal
dynamic price tables [6]. Hassan et al. developed a model to optimize FiT (PV generation
and export tariff) revenue streams of PVs with BESS and simulated it as residential data [7].
Vieira et al. modeled and simulated BESS with PV with real data and MATLAB/Simulink
for residential buildings in Portugal, showing a reduction on the energy sent and consumed
from the grid, as well as the energy bill [8]. Jung et al. developed an optimal scheduling
model of BESS with PV in residential buildings using the electric power and electricity price
variables in Korea through simulation using a Python and Cplex solver [9]. Ratnam et al.
organized the optimization approach methods for the scheduling of BESS with residential
PVs to assess the customer benefit under incentives, such as time-of-use (TOU) pricing,
feed-in-tariffs, and net metering [10]. Cucchiella et al. proposed the economic feasibility of
residential lead-acid BESS combined with PV panels in Italy and the assumptions at which
these systems become economically viable combined of electric power prices, investment
costs, tax deduction and etc. [11]. Stelt et al. assessed and compared the technical and
economic feasibility of both Household Energy Storage (HES) and Community Energy
Storage (CES) in Netherlands using a mathematically optimized Home Energy Manage-
ment System (HEMS) schedules scenario [12]. Koskela et al. analyzed the profitability and
sizing of a photovoltaic system with an associated BESS from an economic perspective for
an apartment building and detached houses in Finland [13]. Mulleriyawage et al. tried
to calculate the optimal capacity for the fiscal benefits based on the TOU (Time-of-Use)
tariff scheme because it is difficult to use residential BESS due to its expensive price in
Australia [14]. These studies were based on the entire building, not the unit of apartment
households.

This paper presents operation modes of residential BESS with balcony PV for indi-
vidual households of apartment houses in Korea. An experiment on various operation
modes was conducted in a demonstration house. The results of this experiment show that
some functions need to be added for residential BESS to be made applicable to individual
households of apartment houses in Korea.

2. Experiment Method

2.1. System Configuration

BESS connected with a PV consists of a battery pack, Power Conversion System (PCS;
included DC/DC converter and AC/DC Inverter), Battery Management System (BMS),
and Power Management System (PMS). The BMS is installed inside the battery pack to
protect and control the battery, and the PMS manages the PCS and the BMS. The residential
BESS installed in a residential building are typically connected to the PV module, with
the load and grid as shown in Figure 1 [15]. In particular, as this load is a battery load
separate from the grid, the battery discharge power is supplied only to the home appliance
connected to the load line. The load is supplied with the PV or battery power, and the
remaining PV power can be stored in the battery and supplied at the required time.
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Figure 1. Schematic diagram of battery energy storage system (BESS) with photovoltaic system (PV).

As mentioned earlier, Korea has many apartment houses and the PV capacity that can
be installed in individual households is limited. The capacity of the balcony PV is about
300 W (PV module 1ea) per household and it can be larger by connecting the PV modules
in series [16]. Therefore, BESS should be designed and operated in consideration of the
environment used. The operation mode of the residential BESS can basically charge the
battery with PV power and the PV power can be set preferentially to either load or battery.
The battery is charged with grid power when the battery is in system check or the SOC
(state of charge) level of the battery is at an emergency level.

2.2. Experiment Apparatus and Method

In order to analyze the operation modes of the residential BESS connected with the
balcony PV, an experiment was conducted in one household of a demonstration house in
Goyang City. The experimental apparatus included a 2.016 kWh BESS prototype (48 V
42 AH LiFePO4 Battery, 1 kW PCS, All-in-one type, efficiency 93%), a 1.2 kW balcony
PV (300 W module 4 series connection, efficiency 18%, south facing, installation tilt angle
70◦), and an electric fan (power consumption 260 W). The BESS capacity was estimated by
considering the capacity of the balcony PV, which can be installed in individual households,
and the total household power consumption. For data collection, a PCS monitoring
software (SolarPower) was used for the PV, battery, and load side. On the grid side, data
were collected using a power meter (Wattman Power Meter) and a power monitoring
software (Wattman Viewer). The inclined solar radiation and temperature were measured
using a pyranometer (EKO MS-602), a thermocouple (TC-T), and a data logger (GRAPHTEC
260-16CH). The items data that were measured are PV generation power (kW), battery
voltage (V) and current (A), load power (kW), grid power (kW), solar radiation (W/m2),
PV module temperature (◦C), and outdoor temperature (◦C). The data sampling/recording
time was 1 s/1 min (average 60 s). Figure 2 shows the apparatus used in the experiment.

Figure 2. Photographs of the building and experiment apparatus.
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The basic settings for BESS operation were set to battery bulk charge voltage 58.4 V,
battery discharge cut-off voltage 41 V, and battery re-charge voltage 44 V. The experimental
procedure was to set four operation modes for 3 days and to connect the electric fan as a
load at 13:00 on the first day of changing the operation mode.

According to the PV power supply priority and battery charge source, the operation
mode of BESS was divided into four, as shown in Table 1. Mode 1 preferentially supplies
PV power to the load and charges the battery only with PV power. Mode 2 supplies PV
power to the load first and charges the battery with PV and grid power. In mode 3, the
battery is preferentially charged with PV power, and only the PV power is supplied. Mode
4 preferentially charges the battery with PV power and then with PV and grid power.
Figure 3 is a schematic diagram of PV power supply priority and battery charge source.

Table 1. Operation modes of BESS.

Operation Mode PV Power Supply Priority Battery Charge Source

Mode 1 Load PV only
Mode 2 Load PV and Grid
Mode 3 Battery PV only
Mode 4 Battery PV and Grid

   
(a) (b) (c) 

Figure 3. Schematic diagram of BESS operation: (a) PV power supply to load first; (b) PV power supply to battery first;
(c) battery charge source.

3. Experiment Results

The power data per day were analyzed for each operation mode of BESS. The experi-
ment lasted about 3 months from 21 August 2019 to 8 November 2019. In order to check
the charging and discharging results, the experiment was conducted on all days except
rainy days and days that the apparatus were checked. This paper describes by selecting an
experimental date that representatively showed the characteristics of the modes. In this
experiment, the connection load was an electric fan with a power consumption of 260 W,
but it actually consumed 200 W. For reference, the PV power differed between day to day
due to weather effects. Table 2 summarizes the experiment date, weather, load, and BESS
states for each mode.

Table 2. Experiment schedule, weather, and state by BESS operation mode.

Mode Date Weather BESS State

Mode 1
2019.08.23 (Fri.) Sunny Load connection at 13:00
2019.08.24 (Sat.) Cloudy Full discharge
2019.08.25 (Sun.) Sunny

Mode 2
2019.08.27 (Tue.) Rainy Load connection at 13:00
2019.08.28 (Wed.) Cloudy -
2019.08.29 (Thu.) Rainy -

Mode 3
2019.11.05 (Tue.) Sunny Load connection at 13:00
2019.11.06 (Wed.) Partly Cloudy Full discharge
2019.11.07 (Thu.) Sunny

Mode 4
2019.09.17 (Tue.) Cloudy Load connection at 13:00
2019.09.18 (Wed.) Sunny -
2019.09.19 (Thu.) Sunny -
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Under mode 1, the experiment was conducted for a total of 3 days from 23 to 25
August 2019. The weather was cloudy. Figure 4 shows the graph of time variations of
the daily PV, battery, grid and load power, battery voltage, and battery capacity (SOC)
in mode 1. For reference, the grid power in the graph was expressed without distinction
between supply and demand based on households. Charging started at 06:18 and was
completed at 09:54 on 23 August 2019. The power was fully discharged about 10 h after the
battery began to discharge. The discharge power was 1.854 kWh (discharge peak power
of 0.199 kW), and the load power at this time was 2.037 kWh. An intermittent discharge
occurred between 15:00 and 17:00, but the start and end times of discharge were at 17:33
on 23 August 2019 and at 03:36 on 24 August 2019. About 92% of the battery capacity
was discharged and about 91% of the load was supplied to the battery. In this mode, the
battery voltage reached about 33 V, which is the full discharge voltage range. Therefore,
the battery could not be used because the battery voltage could not be maintained until the
next PV charge.

Mode 2 was designed to charge with grid power when the battery voltage drops below
the reference voltage while PV charge is not possible. The experiment was conducted for
a total of 3 days from 27 to 29 August 2019. The weather was rainy and cloudy. Figure 5
shows the graph of time variations of the daily PV, battery, grid and load power, battery
voltage, and battery capacity (SOC) in mode 2. The battery began to discharge at 17:41 on
27 August 2019 and ended at 03:38 on 28 August 2019. It remained discharged for about 9 h
and 45 min. The total discharge power was 3.733 kWh (discharge peak power of 0.249 kW),
and the load power at discharge was 3.875 kWh. Similar to mode 1, intermittent discharge
occurred between 16:00 and 17:00, before the discharge start time. On 28 August 2019,
the battery voltage fell at 4:00, but the battery voltage was maintained without further
dropping due to the charging of the grid power. The battery was charged with 0.365 kWh
of grid power. Since PV power is supplied to the load with priority, it is impossible to
charge the battery if there is no remaining PV after being supplied to the load. Therefore, it
is necessary to prevent the discharge by reducing the battery idle time and charging the
grid power.

Under mode 3, the experiment was conducted for a total of 3 days from 5 to 7 Novem-
ber 2019. The weather was sunny and partly cloudy. Figure 6 shows the graph of time
variations of the daily PV, battery, grid and load power, battery voltage, and battery ca-
pacity (SOC) in mode 3. Charging started at 07:38 on 5 November 2019 and full charge
was reached at 11:31 on 5 November 2019. The battery was fully discharged about 9 h
and 30 min after the battery discharge began at 17:38 on 5 November 2019. The discharge
power was 1.739 kWh (discharge peak power of 0.199 kW), and the load power at that
time was 1.867 kWh. The battery was completely discharged and battery voltage was not
maintained until the charge of PV power the next day. The next day’s PV power was sent
to the load and grid.

Under mode 4, the experiment was conducted for a total of 3 days from 17 to 19
September 2019. The weather was cloudy and sunny. Figure 7 shows the graph of time
variations of the daily PV, battery, grid and load power, battery voltage, and battery
capacity (SOC) in mode 4. The battery is preferentially charged by PV power, and then by
grid power when there is no PV power and the battery voltage reaches the full discharge
protection voltage. In other words, if the battery is likely to be discharged, the battery is
charged with grid power. The battery started to recharge at 04:03 on 18 September 2019,
about 9 h and 30 min after it was first discharged at 18:31 on 17 September 2019. 18 On
September 2019, the battery voltage fell at 4:00, but it was not fully discharged due to the
charging of the grid power. Based on the 2-day data, the total discharge power was 2.894
kWh (discharge peak power of 0.199 kW), the load power at this time was 2.916 kWh, and
the total power charged from the grid was 0.214 kWh.

In the modes where PV power was supplied to the load first (mode 1 and 2), the
charge/discharge of the battery is determined by the load. Therefore, charge/discharge
may occur frequently and the battery may not be sufficiently charged. As the battery
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voltage drops rapidly after complete discharge, it is necessary to reduce the battery idle
time between discharge and charge. On the other hand, in the modes where PV power
was supplied to the battery first (mode 3 and 4), PV power is supplied to the load after the
battery is fully charged. The graph of mode 4 (18 September 2019) representatively shows
this characteristic. The modes, in which the battery was charged only with PV (mode 1 and
3), risk full discharge in the absence of PV. Therefore, the ability to maintain battery voltage
is required to use this mode. If the battery charge sources are PV and grid (mode 2 and 4),
the battery is charged by grid power to maintain the battery voltage. The graphs of mode 2
and mode 4 show the charge of the grid power before and after the PV time. Further, in
this mode, full discharge did not occur even on the third day of the experiment period.

Figure 4. Performance characteristics of BESS prototype with balcony PV based on mode 1 (23–24 August 2019).

Figure 5. Performance characteristics of BESS prototype with balcony PV based on mode 2 (27–28 August 2019).
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Figure 6. Performance characteristics of BESS prototype with balcony PV based on mode 3 (5–6 November 2019).

 
Figure 7. Performance characteristics of BESS prototype with balcony PV based on mode 4 (17–18 September 2019).

As an additional experiment, mode 4 was applied by changing the load to an air
conditioner (power consumption of 2280 W). The experimental results are shown in
Figure 8. The set temperature of the air conditioner was 22 ◦C, and the actual power
consumption was about 1400 W. Based on the PV generation time, it was confirmed that
the battery was charged by PV power and discharged to the load.

The operation modes of the residential BESS with the balcony PV were confirmed in
individual households of apartment houses through experiments for each operation mode
of the residential BESS. The results suggest that mode 4 is the most appropriate among
the four operation modes of BESS. Nevertheless, some functions are still required to apply
the scheme to individual households of apartments. First, the load connected with BESS
should be the total power consumption in the household, not the power consumption
of the home appliances connected to a separate load line. When only the balcony PV is
installed, the PV power is supplied to the household through the plug of the inverter to
reduce the total power consumption. In order to use the residential BESS to reduce total
power consumption, such as the balcony PV, it is necessary to integrate the grid and load
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lines that are currently separated. Second, the battery must maintain the minimum voltage
using the grid power before reaching an unusable battery condition. The charge of grid
power is a concept that maintains the battery voltage at the minimum current rather than
the normal charge. Third, it should be possible to set the voltage range or time for the PV
charge. The BESS stops the grid power charge because it recognizes that PV can charge the
battery when PV generation starts. However, there is a risk that the battery will reach a full
discharge state because the PV power is unstable and cannot maintain a constant charge.

Figure 8. Performance characteristics of BESS prototype with balcony PV applied the air conditioner’s load (7 July 2019).

4. Conclusions

In this study, several experiments were conducted with different operation modes
to suggest optimal operation modes of residential BESS with balcony PV in Korea. The
experiment apparatuses were a 2.016 kWh BESS, a 1.2 kW balcony PV, and an electric fan.
The operation mode of BESS was divided into four types according to PV power supply
priority and battery charge source.

The results show that if PV power was supplied to the load first, the charge/discharge
of the battery was determined by the load (mode 1 and 2). However, when PV power was
supplied to the battery first (mode 3 and 4), PV power was supplied to the load after the
battery was fully charged. Furthermore, if the battery was only charged with PV, there was
a risk of full discharge in the absence of PV (mode 1 and 3), but charging with the grid
prevented this (mode 2 and 4).

Based on the characteristics of each operation mode, it was determined that mode 4,
in which PV power preferentially charges the battery and then charges the battery with PV
and grid power, is appropriate for the BESS operation mode of individual households of
apartment houses. However, some functions need to be added to ensure applicability of
residential BESS to individual households of apartment houses in Korea. First, the load
connected with BESS should be the total power consumption in the household, not the
power consumption of home appliances connected to a separate load line. Second, the
battery must maintain the minimum voltage using the grid power before reaching an
unusable battery condition. Third, it should be possible to set the voltage range or time
for PV charge. By satisfying the above conditions, BESS with balcony PV is expected to
be used efficiently for individual households of apartment houses in Korea. Furthermore,
it is believed that it will contribute to zero energy in houses by improving the energy
independence rate of households.
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Abstract: In addition to electrical energy generation, photovoltaic/thermal (PVT) systems utilize
heat from building-integrated photovoltaic (BIPV) modules for domestic hot water and space heating.
In other words, a PVT system can improve the electricity efficiency of BIPVs while using the waste
heat of BIPVs as a source of thermal energy for the building. By generating thermal and electrical
energies simultaneously, PVT systems can improve the utilization of solar energy while enhancing
the energy performance of buildings. To optimize the performance of an air-type PVT collector, it is
necessary for the system to extract more heat from the PV module. Consequently, this approach
decreases PV temperature to improve PV electrical energy generation. The thermal and electrical
performance of an air-type PVT collector depends on its design, which affects airflow and heat
transfer. Moreover, the performances of the PVT collector can differ according to the coupled facility
in the building. In this study, the thermal and electrical performances of an advanced air-type PVT
collector with a direct expansion air handling unit (AHU) were analyzed experimentally. For this
purpose, six prototypes of an advanced air-type PVT collector were developed. Furthermore, a direct
expansion AHU with a heat recovery exchanger (HRX) was designed and built. The advanced PVT
collectors with a total capacity of 740 Wp were installed in an experimental house and were coupled
to the direct expansion AHU system with a maximum airflow of 700 CMH. The performance of
PVT collectors was analyzed and compared with the BIPV system. Results showed that building-
integrated photovoltaic/thermal (BIPVT) collectors produced 30 W more power than the BIPV
system. When operating the AHU system, the temperature of the BIPVT collector was generally
lower than the BIPV. The maximum difference in temperature between BIPVT and BIPV was about
22 ◦C. During winter season, the BIPVT collector supplied preheated air to the AHU. The supplied
air temperature from the BIPVT collector reached 32 ◦C, which was 15 ◦C higher than outdoor
air temperature.

Keywords: BIPVT (building-integrated photovoltaic/thermal); air-type PVT collector; AHU (air han-
dling unit); mock-up experiment; thermal and electrical efficiency

1. Introduction

One of the biggest problems of a building-integrated photovoltaic (BIPV) system is
the degradation of photovoltaic (PV) module efficiency. The efficiency of the PV module
decreases by about 0.4–0.5% when the temperature of the PV module rises by 1 ◦C at a PV
module temperature of 25 ◦C [1]. To solve BIPV power loss due to PV temperature rise,
a building-integrated photovoltaic/thermal (BIPVT) system has been developed.

The BIPVT system is one of the solar energy systems that produce electricity and
heat simultaneously. The PV module of the PVT system produces electricity, and the heat
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generated from the PV module can be used as a heat source for heating and domestic
hot water (DHW) in buildings. By using heat from the PV module as a heat source for
the building, the PVT system can prevent the rise of PV module temperature and the
related power degradation [2,3]. Kazem et al. [4] conducted an outdoor test of three water
cooling PVT systems that had variable flow channels (web type, direct type, spiral type)
and compared them with conventional PVs in terms of electrical performance. In their
results, the proposed PVT systems reduced the PV cell temperature by an average of
3 ◦C. The electrical efficiencies of the PVT systems were higher than conventional PVs.
The conventional PV module had an electrical efficiency of about 7.8%, while the highest
achieved PVT electrical efficiency was found to be 9.1% for a spiral flow collector.

BIPVT systems can be categorized into air type, liquid type, and hybrid type, depend-
ing on the heat transfer medium used. BIPVT, which uses air as a heat medium, has an
advantage of being the easiest to apply and maintain in building systems. The performance
of the air-type PVT system is affected by a number of factors such as airflow, flowrate,
absorber configuration, baffle shape and arrangement, and so on. Bakari [5] conducted
an experiment to analyze the effect of different numbers of baffles. In the study, air solar
collectors that were integrated with 2, 3, 4, and 8 baffles were evaluated and compared
with a conventional flat plate collector. The results showed that the collector with 2, 3, 4,
and 8 baffles had an efficiency of 29.2%, 31.3%, 33.1%, and 33.7% respectively, whereas the
efficiency of the air collector without baffle was 28.9%. Furthermore, the impact of the
shape and arrangement of baffles and absorption plates on air-type PVT performance has
been evaluated through experimental and numerical analyses [6–9].

In addition to baffles and absorber plates, some studies have presented various factors
that affect the performance of the PVT system such as nanoparticles, PCM, and coolant.
Many researchers have shown that the efficiency of the PVT system can be improved by
using metallic nanoparticles together with a PCM. In addition, some results showed that
the thermal performance of the coolant is one of the key elements that has potential to
improve the PVT system [10,11]. Various related studies have focused on the application
of PVT systems together with building facilities. Boutina et al. [12] studied an air-type PVT
collector integrated with a chimney tower, and the effects were analyzed through CFD
simulation. The proposed PVT collector improved heat transfer rate by approximately
78% over conventional air-type PVT collectors. Tiwari et al. [13] designed and tested a
greenhouse dryer using heat sources from an air-type PVT collector. The thermal efficiency,
electrical efficiency, and overall thermal efficiency of the air-type PVT collector were found
to be 26.68%, 11.26%, and 56.30%, respectively. In addition, the air-powered PVT collectors
were approximately twice as cheap as electric dryers. Fan et al. [14] proposed an air-
conditioned PVT-SAH (solar air heater) model with heat pipes. The payback period of
the proposed system was evaluated at be 5.7 to 16.8 years. The thermal efficiency of
the system was 12% higher, and it was found that the temperature of the PV module
decreased effectively. In a previous study, Kim et al. [15] studied the energy performance
of a building’s heating system combined with BIPVT collectors that used water as a heat
medium. For their study, a water-type unglazed BIPVT collector was developed and
installed on the roof of an experimental house; it was then combined with a heating system
consisting of a thermal storage tank, an auxiliary boiler, an inverter, and a fan-coil unit
in order to use the thermal energy of PVT collectors. Results confirmed the thermal and
electrical efficiencies of BIPVT collectors to be 30% and 17%, respectively. In particular,
the electrical efficiency showed a high performance of more than 16% when the heating
system was running. The BIPVT increased the water temperature in the thermal storage
tank by 40 ◦C, and thus it can be utilized as a heat source for heating.

Aside from the energy saving potential, connecting an air handling unit (AHU) system
to an air-type PVT collector can help improve the performance of the AHU systems.
Especially during the winter season when very cold outdoor air enters the AHU system
directly, damages to the AHU equipment can occur. However, the connection between the
BIPVT system and the AHU can protect the AHU system by using warmer air through
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PVT collectors instead of the outdoor cold air directly. Moreover, the use of the warmed air
can reduce the energy used to heat the cold outdoor air.

In this study, the performance of air-based BIPVT collectors that are connected to an
AHU system in the experimental building is evaluated. Firstly, the electrical performance
and the temperature characteristics of the developed BIPVT collector are evaluated by
an outdoor test. To compare the performance of the BIPVT collector, the BIPV system is
manufactured and tested together. The electrical and thermal characteristics of the BIPVT
collector and the BIPV system are analyzed. After this, the performance of the AHU system
with BIPVT is evaluated. The temperature characteristics of the BIPVT collector is analyzed
through operating the AHU system. In addition, with the AHU system connected to the
air-type BIPVT collector, the energy saving potential of the building can also be analyzed.

2. Experimental House of the AHU System with BIPVT Collector

For this study, an air-type PVT collector was designed, as shown in Figure 1. In pre-
vious studies, the PVT collectors were developed using conventional PV modules with
little gap between PV cells [1–3,11,12]. For this study, the developed PVT collector was
integrated with a glass-to-glass PV module, and the PV module was designed to keep a
constant gap between PV cells to improve the thermal performance of the PVT collector.
The spacing between PV cells allows more solar heat to enter the collector than conven-
tional collectors. Moreover, below the gaps, the absorber plates which have high thermal
conductivity were installed. Absorber plates that have high thermal conductivity is one of
the main parameters affecting the thermal performance of PVT system [16,17]. By placing
the absorber plate below the space between PV cells, the temperature inside the collector
can be increased by directly transferring the solar heat to the absorber plate. The installed
absorber plates have a round bending shape, and they works as internal baffles that can
improve heat collecting efficiency [18]. When air passes through the PVT collector from the
inlet to the outlet, the absorber plates lengthen the airflow pathway and create turbulence
inside the collector. The lengthened air pathway and turbulence both help to increase heat
transfer and improve the thermal performance of the PVT collectors [19].

  
(a) (b) 

Figure 1. Designed air-type photovoltaic/thermal (PVT) collector: (a) Schematic diagram; (b) Prototype of the PVT collector.

The designed BIPVT collectors were connected to a direct expansion air handling unit
(AHU) and installed in an experimental house. Figure 2 shows the experimental house
and the connection of BIPVT collectors and the AHU system. Six BIPVT collectors were
installed on the south side; the BIPVT collectors, top and bottom, were connected as one
set. Outdoor air enters the inlet below the BIPVT collectors and then is heated by passing
through the BIPVT collectors.
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(a) 

 
(b) 

Figure 2. Experimental house: (a) Experimental house and equipment system; (b) Schematic diagram
of the air handling unit (AHU) system with building-integrated photovoltaic/thermal (BIPVT) collec-
tors.

3. Experimental Setup

For the analysis, the BIPVT collectors were evaluated on two bases. One focus is on
the BIPVT collector side, and the other one concerns the overall system of the AHU with
BIPVT collectors. First, the performance of the BIPVT collector was compared with the
BIPV system. Then, the energy savings of the AHU system with the BIPVT collector was
investigated. The experiment was evaluated in Cheonan, Republic of Korea (36.815◦ N,
127.114◦ E).

3.1. Comparison of BIPVT and BIPV System

In order to analyze the performance of the BIPVT collector, a BIPV system was made
as shown in Figure 3. The BIPV system was composed of an insulation behind the PV
module to satisfy the performance of the building exterior wall. The temperature of the PV
module was measured by thermocouples, and the temperature characteristics of the BIPVT
and BIPV system were analyzed.
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a  

b

Figure 3. Experimental house: (a) BIPV system; (b) Experimental house with BIPVT system.

The specification of the PV modules are summarized in Table 1. For the experimental
measurements, the associated sensitivity and inaccuracy of measuring equipment should be
considered. In this experiment, the uncertainties of the measuring devices were considered.
The detailed specification of measuring instruments including uncertainties is presented in
Table 2.

Table 1. Specification of the PV module for the BIPVT collector and the BIPV system.

Specification BIPVT Module BIPV Module

PV cell type Mono-crystalline silicon
PV module efficiency 7.6% 16.2%

Maximum power 123.3 W 265.08 W
Maximum voltage 15.08 V 31.01 V
Maximum current 8.18 A 8.55 A

Open circuit voltage (Voc) 19.05 V 38.53 V
Short circuit current (Isc) 8.61 A 9.05 A

Collector size 1584 × 1031 × 84.5 mm 1084 × 1031 × 84.35 mm

Table 2. The range and accuracy of the measuring instrument.

Description Measurement Range Accuracy

Humidity and temperature
transmitter

−50 to 100 ◦C
0 to 100% RH

±0.8%RH at 23 ◦C
±0.1 K at 23 ◦C

Pyranometer (nonlinearity) 0 to 2000 W/m2 ±1.2% at <1000 W/m2

Thermocouple −250 to 500 ◦C ±0.5 ◦C

Power meter 15–600 V
0.5–20 A

0.1% of the reading
0.1% of the range

Data logger −10 V to 10 V, 20 mA 0.003% DCV
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3.2. AHU System with BIPVT Collectors

BIPVT collectors that were installed in the experimental building were connected
to the AHU system. The heated air through the BIPVT collectors passed through the
outlet and entered the supply air channel of the AHU. It was controlled with a fan and
a damper, and there are two operation modes as shown in Figure 4. When the heating
for space is not required, such as during summer season, the damper is closed in order to
block the channel between the PVT collector and the AHU, and the heated air is exited
outdoors. This prevents overheating of the PV module, which can also improve the
electrical efficiency of the PV module by decreasing the temperature of the PV module
in summer. During winter when heating is required, the damper is opened to allow the
heated air to enter into the AHU as supply air. By using the warmed air as supply air
for the AHU, the energy needed to heat the cold outdoor air in the AHU system can be
reduced. In order to analyze the energy savings for the AHU system, a test was conducted
in the heating season. For the test, the temperature of the PVT collector outlet, the supply
air temperature for the room, and the outdoor air temperature were measured.

  
(a) (b) 

Figure 4. Operation mode of the AHU system with PVT collectors: (a) Nonheating season; (b) Heating season.

4. Results and Discussions

The experimental data were collected in the heating period from February to March.
When the BIPVT and BIPV system were compared, the heated air of the BIPVT collector was
extracted outdoors. During the experiment of the AHU system with the BIPVT collector,
the AHU system with the BIPVT collector was run in heating mode. The air heated by
BIPVT collectors was fed into the outdoor air (OA) channel of the AHU unit instead of the
cold outdoor air.

4.1. Comparison of Performance with the BIPVT and BIPV Systems

The daily electricity yield of the BIPVT collector and the BIPV is shown in Figure 5.
When solar radiation was lower than 600 W/m2, the PV power of the BIPV was higher
than the BIPVT collector. However, when solar radiation increased to more than 600 W/m2,
the PV power of the PVT increased more than that of the BIPV. In particular, it was found
that during the highest solar radiation around midday (12–2 pm), the difference in PV
power generation between BIPVT and BIPV was the largest.

The reason for the difference in PV power between the BIPV system and the BIPVT
collectors can be explained with reference to Figure 6. Figure 6 graphically compares
the average temperature of the PV module in the BIPV and BIPVT systems. The graph
shows that the PV module temperature fluctuated according to changes in solar radiation.
The PV module temperatures increased as the solar radiation increased. The PV module
temperature of both the BIPVT and BIPV system increased according to increasing solar
radiation, but the PV module temperature of the BIPVT collector was lower than that of
the BIPV. The temperature of the BIPV was within a range of 15–58 ◦C for one day, and that
for the BIPVT collectors ranged between 12 and 41.8 ◦C. The lower PV temperature of
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the BIPVT system was attributed to the exiting heat with air; this can help to prevent
degradation of PV power generation caused by temperature increase of the PV module.

Figure 5. Daily PV power generation of the BIPV and BIPVT collector.

Figure 6. Effect of time on PV temperature and solar radiation on the BIPVT and BIPV systems.

Figure 7 compares the electrical efficiency of the PV module in the BIPV and BIPVT
systems. The efficiency was calculated by Equation (1) [20]:

ηe f f =
V × I

Apv × G
(1)

where ηe f f , V, I, Apv, and G are the electricity efficiency, the maximum voltage (V), the max-
imum current (A), the PV area (m2), and the global solar radiation (W/m2), respectively.
In the case of the BIPV system, when solar radiation increased to more than 600 W/m2,
the electrical efficiency decreased. This was due to increasing the PV module temperature
concurrently with high solar radiation. However, for the PVT system, even though solar
radiation increased, the electrical efficiency was kept steady without degradation.

4.2. AHU System with BIPVT Collector

Figure 8a shows the temperature of the BIPVT collector and the BIPVT outlet. The out-
let temperature of the BIPVT outlet was similar to the midrange temperature of the BIPVT
collector. The PV module temperature of the PVT collector was about 25–40 ◦C, depend-
ing on the changes in solar radiation. In addition, the extraction temperature preheated
through the BIPVT collector was 22–38 ◦C, which was 10–20 ◦C higher than the outside
temperature. In Figure 8b, when the temperature of the supply air delivered to the room
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through the AHU system was about 40 ◦C, the temperature of outlet air from the BIPVT
collector was about 32 ◦C. When the outlet temperature was 32 ◦C, the outdoor temperature
was 17 ◦C, which was lower by 15 ◦C compared to the supplied air from the BIPVT. In the
existing AHU system, the cold outdoor air (OA) entered the AHU unit, then it was heated
to supply the warm air for the room. By connecting the BIPVT collector with the AHU
system, the preheated air from the BIPVT collector can be supplied. It was found that the
heating energy of the AHU system was saved by using the BIPVT collector.

Figure 7. Effect of time on PV temperature and solar radiation on the BIPVT and BIPV systems.

 
(a) 

 
(b) 

Figure 8. Operation mode of the AHU system: (a) Nonheating season; (b) Heating season.
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5. Conclusions

In this study, an air-type BIPVT collector was manufactured and installed in a real-
scale experimental house, and its electrical performance and temperature characteristics
were investigated and compared with a BIPV system through experiments. In addition,
the effect of energy savings was analyzed when the BIPVT was connected to an AHU
system. The key findings are as follows:

(1) The air-type BIPVT collector can prevent the degradation of PV power generation that
is often caused by increasing PV temperature. During experimental tests, the BIPVT
collector produced electrical energy of about 200 W when the solar radiation was more
than 800 W/m2, which was 30 W more than the total electrical energy produced by the
BIPV system. Moreover, the BIPVT collector was kept at a lower PV temperature than
the BIPV, where the maximum difference of PV module temperature was about 22 ◦C.

(2) Air-type BIPVT collectors were found to maintain electrical efficiency even when
solar radiation increased. During midday when solar radiation was the highest,
PV electrical efficiency of the BIPV decreased up to 12% due to an increased PV
module temperature. However, the electrical efficiency of BIPVT was steady at 14%.

(3) Through tests in the experimental building, it was found that the connection of the
BIPVT collector with the AHU system can save energy for heating. In the heating
period, BIPVT collectors can supply preheated air to the AHU unit, and the AHU
system can save energy to heat the cold outdoor air. The temperature of the preheated
air from the BIPVT collector was 32 ◦C, which was 15 ◦C higher than the outdoor air.

Based on these results, the performance of the BIPVT collector and related energy-
saving effect by connecting to an AHU system in the building can be seen. It is expected
that this study can be used as a foundation for further study on building systems integrated
with BIPVT collectors.
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Abstract: Since 2001, South Korea has experienced sustained lowest-low fertility. This phenomenon
has persisted despite the implementation of several social policies aimed at increasing fertility rates.
The purpose of this study was to quantitatively analyze the demographics, socioeconomics, housing
situation, residential environment, and housing expectation of newlyweds in terms of their fertility
intentions in South Korea (within 5 years of marriage) in order to help the development of more
effective housing policies. We extracted the factors on the basis of fertility theories and previous
related studies and identified differential characteristics of the impact on fertility intentions for
the first and for additional child(ren). The results show that fertility intention was higher in non-
metropolitan and rental households. There was also a significant relationship between the anticipated
period of a home purchase and fertility intention. In particular, for one-child families, the second
child fertility intention was significantly affected. In conclusion, we quantitatively confirmed various
factors that significantly impact the fertility plans of newlyweds. We suggest that the government
implements housing policies on the basis of economic stability, the number of children, and the
residential environment of newlywed couples.

Keywords: newlyweds; fertility intention; demographics; socioeconomics; housing situation; resi-
dential satisfaction; housing expectation; housing policy

1. Introduction

In 2001, South Korea recorded a total fertility rate of 1.30, becoming the lowest-low
fertility society, with this social phenomenon persisting to this day—the total fertility rate
was 0.98 in 2018, 0.92 in 2019, and is expected to drop to 0.86 by 2021 [1]. In response,
the government implemented several policies to address these low fertility issues, such
as the “Third Master Plan of Low Fertility Aged Society” and “Housing Special-Provision
Policy”. However, most of these policies focused on multi-child families with three or
more children, while fertility support for households with less than three children has
been excluded.

According to the 2015 Newlyweds Panel Analysis of Housing Conditions by the
Ministry of Land, Infrastructure and Transport, 16.2% of newlyweds currently do not
have children, with more than 74.9% of households delaying their fertility plans due
to difficulties in their careers, the burden of parenting, and economic circumstances [2].
Moreover, the average number of children of newlyweds is 1.16. Although the birth of a
first child after marriage is most common for newlyweds, considering that newlyweds
(defined as within five years of marriage) are the population group having children, it is
necessary to implement targeted residential environment and housing policies to increase
the fertility rate of newlyweds [3].

Recently, the residential environment has experienced rapid changes due to alterations
in the social environment. The residential patterns of housing type, housing expenses,
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housing tenure type, and residential period have had a significant influence on marriage
and fertility [4,5]. Moreover, socio-cultural problems such as insufficient childcare support,
parenting expenses, and marriage delays have been suggested as the cause of lowest-low
fertility. Among these causes, housing issues are a critical factor directly contributing to
the low fertility problem in South Korea.

Previous studies analyzed social, economic, and residential behavioral impacts on
the fertility intention of married women to prepare measures counteracting low birthrates.
Chun examined the cause of low fertility and the current state of housing policies related
to fertility support and emphasized a necessity of the compatible residential setting for
work and childcare, housing provision to support childcare and housework, social interest,
and a shifted perception in the direction of residential policy for revitalizing the fertility
rate [5]. In addition, Chun proposed that residential policies are the basis for supporting
childbirth by empirically identifying the effects of housing policies on fertility support
and the influences of residential charges on the birth rate [5]. Jeong critically reviewed
the contents and problems of counter plans against the low fertility and highlighted the
importance of political promotion to create an advantageous setting for childbirth via the
reduction of childcare responsibility, the expansion of public childcare services, and the
initiation of parental leaves [6]. Seo suggested age, parental value, the burden of costs, and
career responsibility as the principal factors influencing the fertility intention of married
women, i.e., the number of planned children [7]. Moreover, Seo underlined the significance
of selective approaches across the number of born children, in contrast to a comprehensive
approach, in order to deal with the issue of low fertility, as the beneficial capacity and child
value were found to vary when women with a child plan to have additional children [7].
Jeong noticed the need for policies to alleviate the burden of delivering and parenting a
child and the necessity of plans to promote the family support system to aid parenting,
as suggested by the fertility age for the first child, educational levels, health status, and
marriage satisfaction as the major influencing factors for the second childbirth [8]. Kang
highlighted the necessity to create an overall environment that can reduce education and
child-rearing costs, rather than temporary support, on the basis of a survey revealing that
factors for the intention of the subsequent fertility were age, academic background, income,
family make-up, and the number and gender of children [9].

These studies have crucial implications not only from an academic perspective but
also from a political perspective, for what kind of and how much housing will affect
marriage or fertility. However, housing itself has an impact, i.e., via residential patterns,
rather than influencing marriage and fertility. Park et al. analyzed the relationship between
housing and fertility [10]. Describing housing stability and parenting affinity as positive
influencing factors on the fertility intention, Park states that facilities related to childbirth
and parenting should meet the aspect of life convenience and increase the overall birth rate
because these factors directly impact the fertility rate. Lee highlighted that the impact of
housing on marriage and fertility differs depending on house ownership, housing type,
residential period, housing purchase cost, and housing size, and that, thereby, differen-
tiated housing policies should be approached by the types of housing [11]. Mulder and
Billari investigated the association between fertility rates and homeownership regimes in
Western countries [12]. They analyzed four types of homeownership regimes in terms of
the owner-occupied housing and mortgage accessibility, and argued that countries with
homeownership regimes with a high share of owners and low access to mortgages have the
lowest fertility rates [12]. Masanja et al. studied factors driving the decrease in fertility rates
in urban and rural areas in Tanzania [13]. The authors suggested the need for appropriate
government policies and programs to match social changes that affect the fertility rate,
such as small family sizes, improving the level of children’s education, and a change in the
social status of women. Vignoli et al. investigated the relationship between the fertility rate
and the economic situation [14]. They found that the psychological stability of residents in
the current residential environment is an important factor in fertility intentions. In addition,
they argued that social and economic policies should be supported to increase the fertility
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rate because employment security and economic conditions are related to a sense of stabil-
ity in the residential environment. Sági and Lentner studied Hungarian pro-birth policies
and reported a policy gap in housing subsidies [15]. The authors evaluated family policy
interventions such as housing support, tax allowances, and other child-raising benefits and
concluded that an optimal mix of family policy incentives could maintain sustainable level
of birth rate levels, but not necessarily increase them.

Previous studies exploring the factors influencing fertility intention and childbirth
planning have focused on demographic factors such as wife’s age, income, education
level, and family composition [8,9]; socioeconomic factors such as income and childcare
expenses [5–7,13]; and housing factors such as housing type, size of housing, housing
satisfaction, and housing costs [4,10–12,14,15]. In addition, the studies explored parental
leave, employment stability, childcare-friendly environment, social awareness trends, and
economic activities of women [5,6,10,13]. Table 1 summarizes the outcomes of prior studies
on fertility and its effects on demographics, socioeconomics, and housing. Most of these
previous studies analyzed influencing factors on the fertility intention on the basis of
ordinary families, although the main subjects of pregnancy planning and childbirth.

Table 1. Previous studies on fertility and the influences of demographics, socioeconomics, and housing.

Major Study Focus Authors Influences

Demographics
Jeong [8] Educational levels and period, healthy status, marriage satisfaction

Kang [9] Age, educational background, income, family composition, number of
children, the gender of children

Socioeconomics

Chun [5] Income, values of marriage and family, women’s economic circle, parenting
expenses, housing expenses

Jeong [6] Reduction of childcare responsibility, expansion of public childcare services,
activation of parental leave

Seo [7] Women’s age, income, child value, parental value, charge of expenses, the
approval rating of policy, beneficial capability

Masanja et al. [13] Women’s empowerment, social transformation, differentials in education

Housing

Lee [4] Housing tenure, housing type, extent of parental support for housing
purchase, housing size, residential period

Park et al. [10] Satisfaction in the community environment, residential satisfaction, stability,
life convenience, childcare-friendly environment

Lee [11] House ownership, housing type, residential period, housing purchase cost,
housing size

Mulder and Billari [12] Housing purchase cost, housing ownership

Vignoli et al. [14] The psychological stability in the current residential environment

Sági and Lentner [15] Housing prices, regulatory gap in the housing market, family
policy incentive

To overcome the limitations of previous studies, we first based our study on the
influences commonly emphasized in fertility theories and previous studies. Available
variables were extracted; classified into the characteristics of demographic, economic, and
residential environments; and used for analysis. Second, factors affecting the fertility
intention and plans of newlyweds, the main subjects of counter plans against low fertility,
not ordinary households, were considered on the basis of national survey data. Third,
to deal with low fertility issues, it is more important to selectively approach the number
of born children rather than to comprehensively approach the fertility intention. On the
basis of these assumptions, we identified whether there are differentiated characteristics
between the influences on the period of the initial childbirth planning and the affecting
factors on the plans for the first and second child.
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The remainder of this study is structured as follows. Section 2 presents the research
method, the selected model for empirical analysis, selected variables and the data analysis,
and a descriptive analysis of the variables. In Section 3, on the basis of the influences
revealed in prior fertility theories and studies, we extract and analyze the characteristics of
demographics, socioeconomics, housing situation, residential environment, and housing
expectation as derived from the Newlyweds Panel Analysis of Housing Conditions dataset.
In Section 4, the significance of this study and future research directions are highlighted.

2. Materials and Methods

Publicly available microdata from the 2015 Newlyweds Panel Analysis of Housing
Conditions released by the Ministry of Land, Infrastructure and Transport (https://mdis.
kostat.go.kr) was used in this study [1,2]. In total, data on 2702 first-married couples within
5 years of marriage were selected for the analysis, whose marriages were reported from
1 January 2010 to 31 December 2014. Factors, such as the characteristics of demographics,
socioeconomics, housing situation, residential satisfaction, and housing expectation were
extracted on the basis of influences revealed in prior fertility theories and studies [3–6,14].

The demographic characteristics were categorized by the age of the wife, the dura-
tion of the marriage, and the residential region (metropolitan/non-metropolitan). The
Republic of Korea is divided into 5 districts as follows: Seoul area (Seoul Metropolitan
City), Gyeongin area (Incheon, Gyeonggi-do, Gangwon-do), Chungcheong area (Daejeon,
Sejong Special Self-Governing City, Chungcheongnam-do, Chungcheongbuk-do), Jeolla
area (Gwangju, Jeollabuk-do, Jeollanam-do, Jeju-do), and Gyeongsang area (Daegu, Ulsan,
Busan, Gyeongsangbuk-do, Gyeongsangnam-do). The metropolitan region includes Seoul
city, Incheon city, and Gyeonggi province. The wife’s age value was generated by convert-
ing the date of birth. Economic characteristics were defined as income, mortgage (monthly
expenses), and dual-income status. Pre-tax gross annual salary statements were used for
income, and mortgages were applied to the analysis on the basis of mortgage statement as
an average monthly expense.

The residential attributes were defined as housing ownership, rental status, and
apartments or non-apartments. Residential satisfaction consisted of the satisfaction of the
housing setting and environment of residential area. The housing setting satisfaction was
based on the house location, housing condition, and management cost. The satisfaction of
the environment of residential area was surveyed on satisfaction with local safety, local
markets, transportation, neighboring nature, and child-friendly environment. The value of
residential environment was calculated by averaging the satisfaction of housing setting
and environment of residential area. The newlyweds’ expected years of house purchase
was classified as follows: less than 1 year, 1 to 3 years, 3 to 5 years, 5 to 10 years, more than
10 years, impossible, and unknown. Further residential circumstances were applied for the
analysis using statements of the anticipated period for housing purchase.

We set up model 1, model 2, and model 3 to analyze factors affecting the fertility
intention of newlyweds. Model 1 analyzed whether newlyweds had the intention to plan
their fertility in particular situations, regardless of whether they have a child. Via model 2,
the factors influencing the fertility intention for the first child were identified, and model
3 was applied to analyze the factors influencing additional childbirth, on the basis of
first-married couples with one child only.

We used a binomial logistic regression for our statistical analysis. Logistic regression
analysis was developed to alleviate the challenge of calculation, which is a disadvantage of
the Probit model, with logistic regression being a model of selected probability assuming
that the probabilistic utility is an independent distribution with a Weibull distribution. The
purpose and procedure of the analysis are similar to linear regression analysis but differ
in that ostensible-typed variables are applied as dependent variables. Logistic regression
analysis utilizes odds, a ratio between the probability of occurrence and the probability
of non-occurrence. The corresponding formula is expressed as Odds = p/(1 − p). The
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concept of odds cannot be used for the general regression analysis with values between 0
and 1.

The concept of odds has 2 problems: the first is that it does not have negative (-)
values, and the second is that the relationship among probabilities reveals an asymmetry
around 1. As a method to solve these problems, natural logs are assigned to the values
of odds, which is called logit. On the condition of a given explanatory variable, if the
S-shape of a logistic function with a maximum value of 1 and a minimum value of 0, which
represents the probabilities that a particular choice occurs or not, is converted to logit, it
appears linearly. The formula is expressed as follows:

Odds =
p

1−p = exp
[
α+ B1X1 + B2X2 + · · ·+ BpXp

]
,

ln
(

p
1−p

)
= α+ B1X1 + B2X2 + · · ·+ BpXp

The concept of the odds ratio is used in the interpretation of the logistic regression anal-
ysis. The odds ratio refers to a change as Xi increases by a unit, given that the explanatory
variable is constant. The formula is expressed as follows:

Odds Ratio =
Exp

(
a + B1X1 + · · ·+ Bi(Xi + 1) + · · ·+ BpXp

)

Exp
(
a + B1X1 + · · ·+ BiXi + · · ·+ BpXp

) = Exp(Bi)

If the odds ratio is less than 1, the explanatory variable Xi has a negative (-) impact
on the dependent variables, and if the odds ratio is larger than 1, Xi has a positive (+)
influence. All analyses were performed using IBM SPSS Statistics ver. 22.0 (IBM Corp.,
Armonk, NY, USA).

3. Results

3.1. Descriptive Analysis

The descriptive analysis results of the 2015 Newlyweds Panel Analysis of Housing
Conditions are shown in Table 2. The average age of the wives of the newlyweds was
32.24 years. The average annual income for households was 4810.5 million won (approxi-
mately EUR 38,262) for households, and the average monthly mortgage was 28.5 million
won (approximately EUR 226). Note that the average basic rate of exchange in 2015 was
used for the currency conversion (Korean Statistical Information Service, https://kosis.kr).

According to the characteristics of newlyweds, the proportion of households living in
a rental relationship (70.6%) during the study period was higher than that of households
owning their home (29.4%), and the proportion of households living in an apartment
(61.7%) was higher than that of households living in a non-apartment (38.3%). Although
this can be interpreted as newlyweds tending to prefer to live in an apartment, it is regarded
as due to the surveys being conducted in urban areas in which many of the participants
resided under the identified characteristics of newlyweds [2].

3.2. Factors Influencing Fertility Intention of Newlyweds

Whether newlyweds have fertility intentions in particular situations, regardless of
already having children, was analyzed using model 1 (Table 3). The results show that
during the study period, the fertility plan was correlated with the age of the wife and
marriage duration. Non-metropolitan residents had a 1.369 times higher fertility plan
than residents in metropolitan areas. This can be interpreted as being a result of economic
factors, such as high housing costs, child support expenses, education expenses, and
income instability, despite the relatively large proportion of young people in their 20s and
30s living in metropolitan areas [10,16–18].
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In terms of housing characteristics, the fertility plans of newlyweds living in rental
households were 1.614 times higher than those of newlyweds living in their own homes.
More specifically, newlyweds living in rental households had fertility intentions 1.680 times
(1–2 years of marriage) and 1.521 times (3–5 years of marriage) higher than those who
owned their home. Although this is inconsistent with the general perception that renting
would more negatively impact fertility than owning a home, these results are consistent
with the data (24.4% of owners, 43.9% of renters) of the 2015 Newlyweds Panel Analysis
of Housing Conditions, which examined whether newlyweds planned on having a child
according to housing tenure type [2,16].

Our analysis shows that households with a short anticipatory period for home pur-
chases and/or those that are satisfied with their residential area are more likely to have
children. This can be explained by the fact that housing stability for raising children is
closely related to fertility rates.

3.3. Factors Influencing Fertility Intention of Newlyweds for the First Child

Model 2 shows the factors affecting the fertility intention of the first child (Table 4).
Demographic characteristics have shown that the age of the wife and the marriage duration
have a significant effect on the birth of their first child. This is in line with results of
previous studies, which have shown that ordinary households, including newlyweds, have
lower birthrates and newlyweds are older on average when they get married [2,18].

As shown in Table 4, the fertility plans of non-metropolitan residents were 1.483 times
higher than of those living in metropolitan areas. Regardless of marriage duration (1–2
and 3–5 years of marriage), plans for the first child depended on the housing charac-
teristics, with rental residents having 1.529 times higher birth plans than homeowners.
Non-apartment residents had 1.623 times higher birth plans than apartment residents.

3.4. Factors Influencing Fertility Intention of Newlyweds for Additional Children

The factors affecting the fertility plans for additional children of newlyweds with
a child were analyzed using model 3 (Table 5). Although there were differences in the
fertility plans for an additional child in terms of the level of income of the newlyweds,
specific patterns were unclear. In the past, an increase in the level of income was generally
recognized to increase the fertility rate due to the younger age of the couple getting married
and of the wife at childbirth. However, the phenomenon of giving up on an additional
child with an increase in income observed today is considered to be caused by a higher
desire for an increased quality of life than for additional children [14]. A more in-depth
analysis is required between these economic variables and family planning.

According to the results of the 2015 Newlyweds Panel Analysis of Housing Condi-
tions, newlyweds without children showed a large difference regarding income, with 6.0%
of single-income households and 31.5% of dual-income households having no children [2].
This difference indicates difficulties associated with the newlyweds’ working life, respon-
sibilities of raising children, and economic causes. As an increasing number of women
enter the social circle, new subsidy fertility policies are required to promote childbirth
and reduce the burden of parenting. We also found that a higher level of satisfaction with
the environment of the residential area, such as safety, childcare facilities, and the living
and transportation infrastructure, have a positive impact on having additional children. A
healthy work–life balance between work and childcare is important for the overall fertility
rate, as shown in the analysis of the relationship between family characteristics, residential
regional environment, and the rate of additional child fertility [16].
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4. Discussion and Conclusions

This study was conducted to identify the factors affecting the fertility rate of new-
lyweds in South Korea. On the basis of our quantitative research, we suggest that the
following policies should be considered to increase the fertility rate of newlyweds:

First, housing policies promoting economic stability of their first home should be
ensured for newlywed couples who plan their first child. For newlywed couples who plan
additional children, customized policies are necessary to improve the residential environ-
ment, which is directly related to fertility intention. Newlywed households planning to
start a family should be targeted by a housing policy that provides economic stability for
their initial settlement, and newlyweds who already have children should be targeted by
customized policies to improve the residential environment in the area that they live in.

Second, flexible mortgage plans must be implemented for newlyweds in their first
1–2 years of marriage because they generally have few economic assets. It is necessary to
lower the interest rate and raise the mortgage limits for long-term rental deposits or home
purchases. In particular, increasing the mortgage limit and extending the payment term
length is crucial to reduce the burden on metropolitan households [19]. If the government
were to loosen the marital income standards for mortgages, more double-income newlywed
couples could benefit from mortgages. In order to improve the fertility rate of apartment
residents, it is necessary to take measures to ease the interest rate on loans from rent
subsidy programs for housing purchases. Furthermore, regarding the period of housing, to
induce multiple births through housing stability, as in some Organization for Economic
Co-operation and Development (OECD) countries, an institutional mechanism is required
to suppress excessive increases in monthly rent.

Third, appropriate residential and economic policies based on income status should
be supported. For example, the results showed that the fertility intention of newlyweds in
rental households was higher than that in own households, which can be explained by the
complex influence of income, the women’s educational background, and the residential
environment in which children can be raised [20]. Our data show that the income of newly-
weds in self-owned households was higher than that of newlyweds in rental households.
The higher the income, the higher the women’s educational levels and the higher their will-
ingness to engage in social activities, resulting in a lower fertility intention of newlyweds
who own their own households. On the contrary, a higher proportion of newlyweds in
rental households had a lower income. Since the women’s educational level and frequency
of social activities were found to be lower than those in self-owned households, the fertility
intention was relatively higher [21]. Therefore, personalized support policies based on the
income status are needed, such as extended support of childcare expenses for low-income
households and a safe environment and daycare facilities for high-income households.

Forth, it is necessary to establish a maternity-friendly urban residential environment
since fertility plans of newlyweds are influenced by residential satisfaction. In a previous
study, the parenting-friendly urban residential environment was defined as “a convenient
and safe environment for individual households to decide whether to have children” [22].
Recently, local governments have made efforts to establish locally differentiated policies by
developing “maternity environment indicators” [4].

Comparing South Korea and Japan, the time when the birth rate declined below the
replacement fertility level (≈2.1) and the time when the low birth rate policy commenced
occurred roughly 10 years earlier in Japan. Still, there are many similarities to Korea, such
as housing policy trends. Japan’s population policy to respond to low birthrates began with
the Angel Plan in 1996, but the active policy began after the enactment of the Basic Act on
Countermeasures for Small Self-Socialization in 2003. In Japan, the children’s allowances
are universally paid, adequate housing is provided on the basis of income status, and
childcare facilities are installed near the place of residence to create a better environment
for raising children. Moreover, the government supports the costs of constructing or
remodeling childcare facilities or playgrounds through the multi-dwelling unit certification
system [23].
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On 15 December 2020, Korea announced the “4th Basic Plan for Low Fertility and
Aged Society”. The government plans to pay the infant allowance and provide a lump
sum of 2 million won (approximately EUR 1486, in terms of average basic rate of exchange
in 2020) for childbirth to solve the low birthrate problem [24]. However, it is difficult to
rebound the fertility rate simply by reducing the burden of childcare because fundamental
solutions related to the labor problem are missing. Although the government has set
up an additional support policy for parents with children under 12 months of age that
pays up to 3 million won (approximately EUR 2229) per month (100% of normal wages)
for a parental leave of 3 months, most of parents are unable to take parental leave due
to their working environment. Additionally, the low fertility rate issue is the result of
a complex combination of various factors, such as unstable employment, the burden of
education costs, and gender discrimination experienced by young people. Labor market
gaps, unstable employment problems, and low wages are factors that hamper marriage
and childbirth. The gender-discriminatory structure in which women are burdened with
parenting and housework also contributes to the low birth rate [13]. It is important not
only to raise the fertility rate but to prepare a new vision and adaptative policy for society.

This study has the following limitations. First, since we focused on married couples,
the factors affecting the marriage and fertility of unmarried couples were not analyzed.
Therefore, follow-up studies are needed on the fundamental factors of unmarried people.
Second, the low birthrate problem is a complex result of various factors in addition to
demographic, social, and residential environment factors [23]. Therefore, follow-up studies
are warranted on socio-structural causes and solutions on various aspects, such as labor,
economy, and politics.

We quantitatively confirmed various factors such as demographics, socioeconomics,
housing situation, residential environment, and housing expectation that significantly
impact the fertility intentions of newlyweds. Housing policies, such as lower interest
rates, higher loan limits, extended repayment periods, and eased loan qualifications, could
help newlyweds settle in the early stages and increase their fertility intentions. Childcare
support policies should be improved, such as the expansion of reliable childcare facilities
and the introduction of an equal parental leave system that enables joint parenting of
couples. Since the low birthrate problem is the result of complex factors such as population,
society, economy, and housing, an integrated policy should be implemented that considers
various aspects of the issue, not just one-time support for subsidies. The results of this
study are expected to substantially contribute to raising the fertility rate of newlyweds in
South Korea by meeting the needs of families that have children and reinforcing housing
policies in the future.
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Abstract: The built environment accounts for the highest share of energy use and carbon emissions,
particularly in emerging economies, caused by population growth and fast urbanization. This phe-
nomenon is further exacerbated under extreme climatic conditions such as those of the United Arab
Emirates, the context of this study, where the highest energy share is consumed in buildings, mostly
used in the residential sector for cooling purposes. Despite efforts to curb energy consumption
through building energy efficiency measures in new construction, substantial existing building stock
and construction quality are left out. Construction defects, particularly in the building envelope, are
recognized to affect its thermal integrity. This paper aims, first, to detect through thermography field
investigation audit construction defects bearing thermal impacts in existing and under-construction
residential buildings. Then, through a qualitative analysis, we identify the resulting energy, cost,
and health impacts of the identified defects. Results indicate that lack or discontinuity of insulation,
thermal bridging through building elements, blockwork defects, and design change discrepancies
are the recurrent building and construction defects. The qualitative review analysis indicates sub-
stantial energy loss due to lack of insulation, thermal bridging with cost and health implications,
while beneficial mitigation measures include consideration of building envelope retrofitting, skilled
workmanship, and the call for quality management procedures during construction.

Keywords: building envelope thermal defects; construction defects; thermography; qualitative
analysis; new construction; existing building; construction quality; thermal bridging; impacts; energy;
housing; UAE

1. Introduction

The quest for energy efficiency in the built environment has driven substantial research
and technology advances to curb the ever-increasing energy demand needed to service
human needs. Developing countries and emerging market economies, in particular through
population and economic growth, drive the demand for fossil fuel [1], which certainly
brings more prosperity but, at the same time, aggravates the resulting impacts of climate
change [2]. The building industry accounts for the largest percentage of the total energy
use and carbon emissions globally [3], a fact often further exacerbated by extreme climatic
conditions and late or inadequate implementation of building energy efficiency measures.
Nevertheless, the worldwide agenda of an energy-efficient built environment has been
embraced globally, yet with different contextual challenges and variable accomplishments.

The United Arab Emirates (UAE), the context of this study and similar to many
fast growing economies, has witnessed high population and economic growth and an
extremely fast urbanization in the last four decades, a result of its immense oil revenues.
The UAE population stands at 9.8 million in 2020 from a mere 1 million in 1980 [4]. The
total population of Dubai, for example, has grown by 1000% over the last 40 years alone [5].
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Most of the population (over 85%) lives in urban settings [6]. The result has been an
unprecedented urban growth with, however, minimal consideration for non-renewable
resources and energy-related repercussions until 2010 [7]. The construction sector in the
UAE stands as a leading economic sector that has garnered global interest regarding the
quality and energy impacts of the resulting booming construction. In terms of energy
usage, the built environment in the UAE accounts for 70% of energy consumption, mainly
used in cooling, compared to the global average of 40% [8]. For instance, Abu Dhabi,
the largest emirate, contributes up to 22% of active projects and 38% of the total value
of projects [9]. The Abu Dhabi region occupies the first position in terms of the number
of constructed buildings in the UAE, where around 80% of electricity consumption is
attributed to buildings alone [10], a fact that has positioned the UAE as one of the world’s
largest energy consumers per capita, with a demand trend expected to intensify [11].

Amid the country’s overall growth, the main component of the urban fabric in the
UAE is the residential sector, which leads the way in energy usage and carbon emissions.
The residential market sector is mainly in the form of extensive government-sponsored
housing programs and large privately developed rental developments [10]. Within the
residential sector a significant amount includes existing and newly constructed detached
or semi-detached houses, amounting to about 65% of the urban fabric, according to the
National Statistics Center [10], widely recognized as the most demanding type of buildings
in terms of cooling, especially under the local extreme hot climate [12]. The UAE’s desert
climate, characterized by extreme high summer temperatures, with a maximum annual
temperature average of 45 ◦C in August, high solar radiation, and high humidity on the
coastal zones, imposes serious challenges to both designers and owners alike. The design
and construction challenges reside in adapting the intended building to the extreme hot
climate of the UAE, while building owners have the challenging task to alleviate the high
running energy cost. This climatic condition, along with building design, construction
type, quality and materials, plays a critical role in the overall building energy performance.
Unlike the climatically adapted vernacular houses, contemporary internationally styled
houses in the UAE have disregarded the climatic construction methods and cultural context
and relied on active cooling and ventilation systems for thermal comfort. The construction
methods and materials used in housing were not controlled until rather recently, despite the
harshness of climate and its impact on a building’s cooling needs and increasing electrical
demands [13].

The central government acknowledged the importance of targeting building energy
use as key to reducing both the country’s energy consumption and carbon emission
and introduced several energy conservation measures and control procedures that apply
to new construction. In fact, it was not until 2010 that the Urban Planning Council in
the Emirate of Abu Dhabi established Estidama, the local sustainability framework [14],
which aims at achieving sustainability and energy conservation in buildings through the
provision of guidelines for newly constructed buildings. Similarly, the Green Regulations
and Specifications in the Emirate of Dubai (2011) was established as a first step toward
implementing green building strategies. It came into effect in 2011 as mandatory for
governmental buildings while remaining voluntary for private ones. The focus in both
resides in the specification of minimum U-values for walls and roofs. For example, in
Dubai, Green Building Regulations limit U-values for the roof and walls to a maximum of
0.3 W/m2 K and 0.57 W/m2 K, respectively; whereas in Abu Dhabi, the Estidama PEARL
code prescribes (at its lowest rating) maxima for roof and wall U-values of 0.14 W/m2 K
and 0.32 W/m2 K, respectively [15]. Alongside an active regulatory implementation of the
required measures in new constructions, there has been a wide government call to address
the existing building stock in a collective target to reduce energy demand by 30% by
2030. Recently, in 2017, the Ministry of Energy introduced the political feasibility of policy
options for the country’s Energy Transition. It announced a new UAE Energy Strategy 2050
that outlines a number of energy targets for 2050, including: energy efficiency targeting
a 40% improvement relative to the current annual growth in electricity. Additionally,
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it targets increased implementation of energy efficiency (EE) standards with monitored
building performance and audits to achieve greater EE technology adoption and demand
site management [16].

The momentum to address building energy efficiency in UAE targeted first and
foremost new constructions with a primary focus on wall and roof insulation, leaving out
the status and performance of the relatively new but extensive existing building stock and
construction quality and processes. Further, rapid growth puts building and construction
quality under pressure but contextual research has so far focused on issues affecting delays
and cost [17–19]. Under the UAE climate, the building envelope highly contributes to the
total heat gain in a building [20]. This factor is important as the building envelope can
contribute 50% or more of the embodied energy distribution in major building elements in
residential buildings and between 50 to 60% of the total heat gain [21].

Construction defects in housing, specifically the ones occurring in the building enve-
lope, are recognized to contribute to the energy performance gap of the building [22,23]
The generally accepted definition of construction defects refers to a deficiency in the con-
struction process, from either design, materials and systems, or workmanship, that leads
to some form of failure (financial, safety, performance, or other). The construction defects
are extensively addressed in the literature from identification of type, classification and
standardization [24,25]; source of the defect (design, workmanship) and origin of defect
(change, error, omission, damage) [26,27]; type of defects including missing, misaligned
or incorrect installation in different building elements [24,25,28] or, of more relevance, the
relationship between quality defects and thermal performance of buildings [22].

However, in the UAE context, research within housing defects, especially those occur-
ring in the building fabric, are extremely limited. The nature, type, and origin of defects
have not been explored, either in existing buildings to identify and prioritize mitigation
strategies or in the new construction to ensure code and standards deliver as per target.
Hence, the aim of this paper is to first identify construction defects that may affect the ther-
mal integrity of the building’s envelope in both existing and under-construction residential
buildings via thermal imagery diagnosis. Second, through a qualitative analysis we explore
the energy, economic, and health impacts of the identified defects. The intent is to open
up ways of addressing them either in terms of optimal retrofitting measures for existing
buildings or construction quality processes during construction. Identifying defects in
existing buildings caused by building age, deterioration, and workmanship defects may
guide or prioritize actions and type of retrofitting measures, yielding optimum benefits.
Defects identified and categorized in housing during construction can assist in establishing
adequate and early mitigation strategies during the construction process.

2. Materials and Methods

This study comprises a field investigation and a qualitative review analysis. First,
the field investigation through Infra-Red Thermography (IRT) auditing in both existing
residential buildings and under-construction housing units is presented. Thus, thermal
imaging rationale, validity, and procedure are presented first. Then the various impacts of
the identified construction defects are assessed through a qualitative review analysis.

2.1. Thermal Imaging and Building Envelope

Infra-Red Thermal (IRT) imaging is a non-destructive technique utilized to perform
qualitative and quantitative tests on the building envelope to identify various defects
that contribute to energy loss [29]. IRT is used to obtain empirical data for building
envelope performance in heat loss/gain, air leakage, and moisture problems through
thermal images that indicate external and internal surface temperature differences. Kylili
et al. [30] recognized IRT as one of the most appropriate nondestructive imaging techniques,
a widely used tool to quickly identify potential building defects among researchers and
practitioners [30]. Since IRT is used to obtain empirical data for the actual thermal bridging,
it has become particularly useful at the post-construction stage in assessing energy efficiency
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where the designed U-values are compared to the measured values [31]. Further, in
already built structures walkthrough internal thermography assessments were found
to substantially detect more defects than other IRT approaches [32]. It can also be a
useful tool for retrofitting, thus enabling grant-providing authorities to assess gains in
thermal performance of the retrofitted building envelope. [33]. As such, Hopper et al. [34]
investigated the possibilities and limitations of using IRT as qualitative test method for
assessing the installation of retrofitted external wall insulation to pre-1919 dwellings with
solid exterior walls [34].

IRT has also been used in under-construction buildings to detect defects. The applica-
tion of thermography at various phases of the construction process has mainly emerged
from field tests on housing projects in Wales, UK [35]. The scope for four types of “in-
construction” tests was identified in: (a) making early stage checks on the installation of
insulation, (b) identifying air leakage through the building envelope, (c) assessing insula-
tion continuity and the severity of thermal bridges, and (d) investigating the performance
of building services [35]. Similarly, Littlewood [36] developed the in-construction testing
protocol using thermography to inspect the dwelling envelope under construction, aiming
to identify when defects occur that detrimentally affect operational energy use for heating.

2.2. Case Studies

All case studies considered in this study were single-family, detached, or semi-
detached residential buildings in the city of Al Ain located in the Emirate of Abu Dhabi.
Al Ain city is located inland and is characterized by an extremely hot and arid climate.
The case studies included existing buildings and construction sites at different stages of
the construction process. Two main types of residential buildings in Al Ain dominate the
landscape. The first one is in the form of detached private villas, mostly for nationals,
whereas the private rental market is dominated by housing developments of relatively
similar layouts. This research investigated both housing typologies for construction defects
spread across different sites within the city (Figure 1).

 

Figure 1. Site locations of the investigated residential units in Al Ain city (UAE).

The dominant construction method in the housing sector, present in six of the seven
test sites, is concrete blockwork infill with a reinforced concrete post and beam structural
system. This is also the dominant construction method across the Mediterranean and Gulf
region. Site 7 is an exception, as it uses precast concrete structure, which is a rare occurrence
in the UAE housing sector. The existing building sites (Site 1 and Site 2) were built over
10 years apart (Figure 2) and were selected to identify the impact of time, workmanship,
and construction quality on the building envelope thermal efficiency. These housing units
were built before the implementation of the Estidama Building Regulation Code [14],
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therefore, the exterior walls and roofs were likely to lack any kind of thermal insulation,
a shortcoming which is duly expected to highly affect the house energy consumption.
In the considered two sites, the U-value of the exterior walls and roof were 2.319 and
2.849 W/m2 K, respectively, per submitted values of building permit. On the other hand,
the exterior envelope of the residential units under construction (Figure 3) adhered to
building Estidama energy code [15], where the U-value of the exterior walls and roof
were 0.29 and 0.14 W/m2 K, respectively. Separate thermal thermography investigations
conducted in these buildings are summarized in Table 1.

 
(a) Site 1  (b) Site 2 

Figure 2. Existing residential buildings in (a) Site 1 completed in 1999, (b) Site 2 completed in 2010.

  
(a) Site 6  (b) Site 7 

Figure 3. Under-construction residential units in (a) Site 6 and (b) Site 7.

Table 1. Construction status and residential units’ characteristics in each investigated site.

Building Status General Information Building Phase N. of Tested Units Construction Method

Existing
Buildings

(pre-energy efficiency
code)

Site 1
Attached and semi-attached

units/residential
compound/196 units

Existing building
competed in 1999 5 units Non-insulated concrete

blockwork infill with
reinforced concrete post

and beam structural
systemSite 2

Semi-attached
units/residential

compound/30 units

Existing building
completed in 2011 2 units

Under-construction
buildings

(post-energy
efficiency code)

Site 3 Single-family house/two
levels

Under construction—
blockwork

stage
1 unit

Insulated concrete
blockwork infill with

reinforced concrete post
and beam structural

Site 4 Single-family house/Three
levels

Under construction—
finishing

stage
1 unit

Site 5 Single-family house/two
levels

Under construction—
blockwork

stage
1 unit

Site 6
Semi-attached

units/residential
compound/80 units

Under construction—
blockwork

stage
6 units

Site 7 Detached unit/residential
compound/300 units Handover stage 3 units Insulated precast concrete

panel and frame
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2.3. Testing Procedure

The Infra-Red Thermography (IRT) investigation requires adherence to specific envi-
ronmental conditions. The temperature gradient between the interior and the exterior of
the investigated building should be at least 10 ◦C [37]. In this study, the passive approach
was used as an analysis scheme for the investigation of thermal patterns on the building
envelope to detect temperature differences under natural conditions [30]. Similarly, in
Bauer et al.’s study [38], a thermographic survey using the passive approach was used to
detect defects on ceramic tiles and cracks in the mortar. The most significant outcome of
the study was that the identification of the surface temperature abnormalities depended on
various conditions such as orientation of the building or direction of solar radiation. The
results specified the correct inspection time after the defect type on the surface and correct
direction of heat flow were defined.

The thermal investigation included an internal and external survey of selected ele-
vations of the buildings with close-up thermograms for specific analysis, using a thermal
imaging camera following the infrared methodology of the qualitative detection of thermal
irregularities in the building envelope standard BS EN 13187:1999 [39]. For the existing
building thermal survey, the passive analysis scheme was used; the target is typically
an exposed structural element and measurement was performed from the interior of the
building. Residents were asked to keep the air conditioning on for four hours prior to the
test time to keep the indoor temperature constant. In the thermal investigation of buildings
under construction, the external energy source is the Sun, where buildings are illuminated
by periodically changing solar radiation and exposed in an atmospheric temperature. The
north elevation was selected for investigation for each building to avoid direct solar ra-
diation. The physics of periodic heating/cooling by solar radiation was used by Mathur
et al. [40] to illuminate a concrete slab by a periodic changing of solar radiation and bathing
in an atmospheric temperature [40]. For analyzing and measuring thermal images in this
research, the qualitative analysis was based on the evaluation of differences in measured
radiation by inspection of color patterns within a thermal image [41].

3. Results of Field Investigation: Building Defects Detection through Thermal
Imaging

The thermal imaging audit revealed several recurrent issues in the form of thermal
bridging within the exterior envelope in most of the investigated buildings, as shown in
Table 2. Among the issues encountered, the dominant one found in most buildings was
the non-insulated structural frames, followed by blockworks defects, then non-compliant
design changes. These issues relate to workmanship errors, as well as to design and
construction non-compliant decisions. The thermal investigation of Site 7 showed no
significant areas of concern regarding thermal bridging, given the precast construction
model and the minimal opportunities for workmanship errors or design changes. This
is in line with the acknowledgment that prefabrication has been generally considered a
more sustainable method in the building sector, supported by evidence of the demon-
strated energy-saving potential of prefabrication based on life cycle analysis and thermal
performance evaluation [42].

Table 2. Classification of identified construction defects in the investigated sites.

Construction Defects

Site Construction Quality
Non-Insulated

Structural Elements
Blockwork Defects

Design Change/
Discrepancies

Existing
buildings

Site 1
Site 2

Buildings
under

construction

Site 3
Site 4
Site 5
Site 6
Site 7
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3.1. Construction Quality in Existing Buildings

The audit of selected units from the existing housing in Site 1 and Site 2, which
were built 10 years apart, highlighted a number of common thermal behaviors and some
variations. First, as expected, it identified the absence of insulation in the exposed building
envelope, such as in the roof and exterior walls in both sample units (Figures 4 and 5),
which critically calls for retrofitting as remediation. In the thermogram of the sliding door
opening in the Site 1 unit, the line analysis on the concrete block wall around the opening
showed the average temperature of the concrete block wall was 29 ◦C, while the line
analysis on the concrete block wall around the sliding door opening in the Site 2 unit was
32.1 ◦C. The Site 2 unit showed more thermal anomalies between the sliding door frame
and the exterior wall, compared to the Site 1 unit. This was likely caused by a construction
defect related to poor sealing (Figure 6).

  

(a) Roof junction Site 1 SSW—202.5 (b) Roof junction Site 2 ESE—112.5 

Figure 4. Thermogram of roof junction showing lack of roof insulation in existing buildings of Site 1
and Site 2.

These results highlighted the strong relationship between workmanship, construction
quality, and the thermal behavior of the building’s envelope. Unexpectedly, the results
showed more thermal anomalies in the newer units of Site 2 completed in 2010 than the
older ones (Site 1, built in 1999), thus indicating that the thermal behavior of the two
buildings was more a function of workmanship and construction quality than simply
building age. This further reinforces the need to diagnose defects during construction,
which, although costly, are preventable if detected and remediated early enough.
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(a) Interior face of exterior wall in Site 1 SSW 202.5 

 
(b) Interior face of exterior wall in Site 2 ESE 112.5 

Figure 5. Thermogram showing higher surface temperature of the non-insulated exterior wall in
existing buildings of Site 1 and Site 2.

  
(a) Sliding door Site 1 SSW—202.5 

  
(b) Sliding door Site 2 ESE—112.5 

Figure 6. Thermogram of sliding door in Site 1 and Site 2.
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3.2. Uninsulated Structural Elements

The thermal imaging investigation in under-construction sites indicated primarily the
thermal bridging between the building components where structure composition changes.
The exterior walls of the case study consisted of Autoclaved Aerated Concrete (AAC) blocks
with a U-value of 0.29 W/m2 K that met the required energy efficiency code, and a non-
insulated reinforced concrete frame (2.398 W/m2 K). In Figure 7, the thermogram showed
the interior face of an exterior wall in Site 4 where both the concrete blocks and reinforced
concrete frame indicated different thermal behaviors against absorbed solar energy, which
led to a form of thermal bridging. Another example of an exterior wall can be seen in
Figure 8, with a thermal variation between the concrete blocks and reinforced concrete
frame in the range of 2 ◦C. The cavity-insulated concrete blocks limited the amount of
stored solar energy, while the high thermal mass of the reinforced concrete frame structure
stored and transferred more heat. The impact of such defects was explored by Friess
et al. [13], who evaluated through simulation the role of thermal bridges between concrete
blocks and the reinforced concrete frame of residential villas in Dubai. The results suggest
the importance of adding insulation to the entire opaque envelope.

 

Figure 7. Thermogram of interior face of exterior wall in Site 4 (North façade).

 

Figure 8. Thermal pattern of the exterior wall in Site 4 (North façade).

3.3. Blockwork Defects

In the under-construction sites, the Autoclaved Aerated Concrete (AAC) construction
blocks can offer significant energy savings, thermal bridging control, and air-tightness of
buildings due to their thermal mass and integrated insulation [43]. However, the thermal
integrity of a wall can be compromised by poor workmanship, which would lead to
thermal bridging. The thermal investigation exhibited different types of anomalies in the
otherwise insulated blockwork. These were observed in three sites (Sites 3, 4, and 5) and
the thermal defects were due to oversized service outlets and mortar joints. Figure 9 shows
the thermograph of an exterior wall made of AAC blocks with provision of electricity
outlets. The temperature of the spot check of the electricity outlet area was 38.2 ◦C, while
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the temperature of spot check of AAC block was 37.6 ◦C, with a temperature difference
of 0.6 ◦C. In Figure 10, the thermogram shows a temperature variation of the interior face
of the AAC exterior wall due to different mortar joint sizes. Both cases acted as thermal
bridges that increased transmission loads and reduced wall thermal resistance (R-value).
Al-Sanea and Zedan [44] reported experimental results of the mortar joints effect on R-
value, indicating that for a typical wall with insulation thickness of 75 mm, mortar joints
with Hmj = 10 mm (corresponding to 4.8% thermal bridge area) increase peak, daily, and
yearly cooling and heating transmission loads by 62%, while the wall R-value decreases by
38%, compared to a similar wall with no mortar joints (Hmj = 0) [44].

 

Figure 9. Thermogram showing oversized provisions for electrical services (exterior wall; Site 3).

  

Figure 10. Thermogram showing oversized mortar joints in the blockwork (interior face of exterior
wall; Site 5).

3.4. Design Discrepencies

Another defect identified during the testing of under-construction units was the result
of design change with non-compliant construction details. This was not as frequent but
still a recurring defect. In this investigation, the design change was caused by a client’s
choice, where exterior windows became fake windows kept for aesthetic reasons, but with
non-insulated concrete fill (Figure 11). Thermographs showed discrepancies of the thermal
behavior of the wall as a result of the non-insulted concrete fill and heat gain through
convection of hot trapped air. The average temperature on the concrete block wall was
found to be 34.6 ◦C in Site 6, and the difference between the concrete wall and the fake
window area was 5.5 ◦C. In the thermograph of Site 3, there was a temperature variation in
the range of 4.8 ◦C within the same wall due to the fake window and the non-insulated
fill (Figure 12). Design changes in the construction phase with implementation defects
may well be a main unaccounted-for source of heat gain in otherwise insulated buildings.
Although they are more common than exceptional, their consequences have been largely
ignored in simulations despite their possible significant reduction of the global thermal
resistance of the envelope.
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Figure 11. Construction details, (left) Typical wall construction (Site 6); (right) Heat gain through convection as a result of
non-compliant design changes.

  
(a) Internal wall surface view and its corresponding thermogram showing the closed window in Site 6 

  
(b) Internal wall surface view and its corresponding thermogram showing the closed window in Site 3 

Figure 12. Thermograph of interior face of fake exterior window with non-insulated material fill (Site 6).

Finally, the building and construction defects identified in this field investigation
may be best categorized as per their type, location, origin, possible source of error, and
thermal impacts, as indicated in Table 3. Most of these defects are linked to workmanship,
likely a lack of skilled workers, and insufficient site controls. The current construction
quality control procedure does not include verification of construction thermal defects,
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relying solely on specifications and building energy performance simulations, whereas
field studies and post-construction status highlighted major energy impacts, largely due to
construction defects. The impacts of these defects are explored next through a qualitative
review analysis.

Table 3. Summary synthesis of identified building defects.

Defect Type Location Origin Source of Error Impact

Missing insulation Exterior Walls
Roof

Lack of code
(existing building prior to

energy code
implementation in 2010)

Heat gain

Insulation
discontinuity

Design change
Workmanship

Using non-insulated
blocks Thermal bridging

Structural–wall
junction Exterior Walls Non-insulated structural

elements (column, beam) Thermal bridging

Window–wall junction Exterior Walls Workmanship Poor sealing Thermal bridging

Blockwork defects Exterior Walls Workmanship

Oversize electric
services

Oversize mortar joints
between blocks

Thermal bridging

4. Qualitative Impacts Analysis of Identified Building and Construction Defects

The construction defects identified in the field investigation conducted in the UAE are
not unique, but recurrent in many other countries. A large body of literature shows that
the same construction defects, led by limited energy standards, thermal leaks and bridging,
and design discrepancies, induce multiple impacts. Hence, the qualitative review analysis
carried out next aimed to unveil the relationships between the defects and their impacts,
leading to higher energy consumptions, poor building systems performance, occupants’
discomfort, and additional issues. Table 4 summarizes the literature findings grouped
under the three major construction defects identified through the thermal imaging field
investigation and their respective impacts, which are discussed in detail next.

Table 4. Summary of the literature on impacts of building and construction defects.

Construction Defects Impacts References

Lack of insulation and energy
standards

Energy [13,20,45–51]

Cost [52–54]

Comfort [13]

Thermal bridging

Energy through walls [55–61]

Energy through windows and openings [47,62–64]

Energy through building junctions [29,65–72]

Comfort and health [56,72–79]

Design discrepancies Workmanship quality [24,28,58,80–92]

4.1. Non-Insulated Building Envelope

The audited existing housing built prior to the implementation of the energy build-
ing code in UAE all had non-insulated walls and roof. Lack of insulation is a well-
reported issue in the literature as dramatically reducing the thermal performance of
buildings [22,45,87,93–95]. In the UAE as well as in numerous other contexts, this is
mainly due to the lack or late implementation of regulations that enforce the installation
of thermal insulation [46]. The lack of insulation clearly results in high heat loss or gain,
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leading to high energy consumption [13,20,45,50], high running cost [52–54], increase in
CO2 emissions [20,53] as well as negatively affecting building users’ comfort [96]. The
impact on energy was found to be substantial, ranging from almost 25% [13] to 78% [48].
Even in a less extreme climate, such as the Mediterranean region, the lack of insulation
significantly contributed in raising the energy consumption where the opaque external
elements of the building without insulation contributed approximately 50% of the total
cooling load [52]. Several studies proved that the impact of the missing insulation in the
building walls and roof is not limited to high energy usage, but consequently increases the
annual energy cost [52,54] as well as limits thermal comfort to very short periods [96].

The absence of building insulation is a scenario that calls for multiform actions: at
the forefront, the establishment of rigorous standards and codes that will govern new
construction, a practice that has been embraced in the UAE through Estidama in the
Emirate of Abu Dhabi, with other emirates following the same path [97]. On the other
hand, addressing the low performance of the existing building stock calls for retrofitting
measures [48–51]. Researchers have stressed the importance of establishing high energy
standards and strict regulations for upgrading the existing design to acceptable thermal
insulation requirements. The benefits of using thermal insulation in buildings have been
extensively addressed [20,49]. A study in the UAE estimated, through energy modeling
of an existing villa, a 37.2% reduction in the total annual cooling load when thermal
insulation refurbishment is upgraded to the Estidama 1 Pearl requirements [46]. Similarly,
in another context, Altun et al. [54] estimated that adding insulation to meet current
standards improves the building’s annual heating energy up to 75%, 70% for life-cycle cost,
and 73% for life-cycle greenhouse gas emissions, with a payback period under two years
for the greenhouse gas and under seven years for the initial investment cost [54].

A number of retrofitting measures to mitigate the negative impacts of the lack of
insulation on the energy consumption, cost, and users’ comfort have been commonly
addressed. In their extensive research, Brannigan and Booth [53] addressed the selection
criteria for the most suitable mitigation strategy, taking into consideration cost savings,
minimal disruption during installation process, and resulting aesthetics of the property. The
findings indicate that the challenge resides in the type and the thickness of the insulating
layer [96]. Material types and the thickness of the thermal insulation of exterior walls
exhibited a material-based variable optimal economic thickness [98]. Different thermal
insulation materials have been tested to examine the most effective ones, with a high
agreement on the efficiency of extruded polystyrene in reducing heat loss and saving
energy [13,48,52]. However, the increased insulation may lead to higher levels of indoor
pollutants and condensation issues calling for ventilation upgrades [51].

Heat loss or gain is not limited to the missing thermal insulation in the building
envelope, but as revealed in the thermography diagnosis and supported by the reviewed
literature, thermal bridging in the structural elements as well as at slab–wall junctions,
window–wall junctions and balcony joints is a leading cause of the thermal energy perfor-
mance gap.

4.2. Thermal Bridging

A thermal bridge is a part of the building envelope where, relative to the surrounding
area, the thermal transmittance is considerably greater at the local level [75]. Thermal
bridges are primarily caused by geometric or structural effects or by the discontinuation of
thermal insulation in whole or in part. Thermal bridges are a major cause of poor energy
performance, increasing heating and cooling loads, poor durability, surface damages, poor
indoor air quality, and hygiene problems such as mold growth, surface condensation, and
the staining of surfaces, resulting in different impacts.

4.2.1. Impacts on Energy

The various construction defects identified in the field study lead primarily to thermal
bridging, a result of heat loss or gain that impacts energy usage. Numerical and experi-
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mental studies have assessed the negative thermal impacts of different types of thermal
bridges. The qualitative review presented next analyzed thermal bridges according to the
type of defect and uncovered a pattern of negative impacts within building connections,
windows, walls, and other miscellaneous openings.

The overall effect of thermal bridges in building junctions increased the thermal losses
through the building envelope by about 9% in an experimental building setup in which
infrared thermography assessment was used [29]. In a similar UAE climatic context, a
numerical study for a typical villa in Kuwait showed that due to uninsulated columns
and beams the thermal resistance of buildings can be reduced by 48% [66]. In a milder
Mediterranean climate, a similar conclusion was reached, where the correction of thermal
bridges studied on pillars, balconies, and slab–wall junctions resulted in an overall annual
energy saving of 8.5%. The savings were also reflected in the primary energy needs for
heating, where 25% and 17.5% reductions were achieved for terraced houses and semi-
detached houses, respectively [71]. Similarly, the analysis of a building’s thermal behavior
showed that the design and construction choice of balconies and foundations had the
biggest impact on the value of linear thermal bridges. It was shown that correct design
solutions can improve the value of linear thermal bridges up to 13 times [67]. Moreover, a
study done on Greek single-family houses showed that the impact of thermal bridging on
the overall annual heating load was estimated at 13%. The investigated retrofit solutions
applied to balconies and window edges achieved a decrease of the annual heating energy
requirement from 4 to 10% [69].

A similar pattern of results was reached under extreme climate conditions, cold in this
instance, where the results of the simulation of a high-rise residential building in British
Columbia displayed an increase in the annual heating energy load by 37.4–42.2% from
different thermal bridge connections, such as: intermediate floor junctions, intermediate
wall/window junction, balcony junctions, balcony sliding door junction, partition wall
junction, roof junction, and basement wall junction [99]. The previous results also aligned
with the results found by Jedidi and Benjeddou [65] in which thermal bridges caused addi-
tional heat losses exceeding 40% of the total heat losses through the envelope. Increasing
the insulation on the corners showed a positive effect on thermal bridging [65].

In studies exploring the impact of added insulation on building thermal performance,
the thickness, material type, and insulation location exhibited different results. An increase
of 50% and 100% in the thickness of the insulation considerably decreased the U-value,
linear heat loss coefficient ψ, and surface temperature factor fRsi [65]. Karabulut et al.’s [70]
study indicated that the heat transfer rate did not decrease in the heat bridge region with
internal insulation, while the most suitable insulation model was the outer insulation. The
previous studies were supported by Erdem and Pinar [56], who studied the impact of
internal aerogel retrofitting on the thermal bridges of residential buildings; their findings
confirmed that the simple internal retrofit by insulation is not the optimal solution to
reduce the heat losses from residential buildings if appropriate attention is not paid to non-
insulated building elements [56]. In this regard, another dominant type of thermal bridging
caused by construction defects lies with windows and openings. Marincioni et al. [64] found
that the junctions, particularly window jambs and lintels, show the highest transmission
heat transfer coefficient. Uninsulated corners and side reveals account for 40–52% of the
transmission heat transfer coefficient at junctions for thin walls, while they account for
53–69% for thick walls. When the reveals are insulated, the transmission heat transfer
coefficient is lowered by more than two-thirds [64]. Similarly, Ibrahim et al. [47] highlighted
that the percentage of the windows’ thermal bridge energy load of the total house load is
approximately 4–8% in the case of exterior walls having no interior insulation, and nearly
2–5% in the case of exterior walls having a 5-cm thick interior insulation. Furthermore,
when using more exterior insulation, the relative effect of the thermal bridge was higher.
As a mitigation strategy, applying a layer of 1 and 2 cm of coating on these thermal bridges
lowered the energy consumption by about 36% and 50%, respectively, for the exterior walls
with no internal insulation, and by about 24% and 33% in the situation of exterior walls
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having interior insulation [47]. An increase of the air-tightness level in external windows
can also contribute to the reduction of the annual heating energy consumption per unit
area of the building. Based on simulations and tests done by Liu et al. [62], the heating
energy consumption was reduced by approximately 49%. On another note, the incorrect
positioning of the window frame toward the external side or the internal side of the wall
was found to increase the linear thermal transmittances by 70–75%. Depending on the
jamb’s configuration, the shift from the internal position to the intermediate position can
lower the linear thermal transmittance by 31–50%, considering the wall with external
insulation. Thermal losses can be further reduced by 52–75% by the shift from the internal
to the external position [63].

Walls as diagnosed in the field investigation of this study can be a receptacle of
construction defects that can negatively impact the energy loads within a building. Besides
poor workmanship, these thermal bridges can occur through walls and affect the thermal
gains or losses depending on the construction type of the wall. A study done in the UK
measured the thermal properties of 25 new dwellings and concluded that, in terms of
construction type, the worst performing construction form is partial fill masonry, which can
be particularly susceptible to thermal bypassing and wind washing if it is not assembled
correctly or if the levels of workmanship are poor [58]. Supporting the previous study, an
analysis conducted by Zedan et al. [55] showed that mortar joints in masonry construction
increased the cooling and heating loads almost linearly with the thermal bridge-to-wall-
area ratio in a typical two-story villa in Riyadh. The same study concluded that the effects of
thermal bridges resulting from mortar joints in walls can be eliminated by using tongue and
groove insulated building blocks [55]. In a similar study about commonly used masonry
veneer constructions, Finch et al. [100] revealed that masonry ties occupy 0.04% of the
overall wall area, and the rules within some energy codes would permit such thermal
bridge consequences to be ignored. The findings described in the paper demonstrated that
this code compliance generalization results in exaggerated R-values reaching up to 30%.
Nevertheless, the correct selection of tie material and tie design, such as carbon fiber or
basalt, can reduce the effect of thermal bridging to less than 10% [100].

Comparing the results of traditional wall construction methods with those of the
advanced ones, a study on the effect of thermal bridging in ventilated facades presented
that thermal bridges in metal cladding systems can lower the effectiveness of the ther-
mal insulation if no specific attention is given during the design and the construction
process [57]. The use of a chemical anchor in the ventilated façade can decrease thermal
bridge heat flows up to 10% in comparison to steel anchors. In a comparable type of
construction, Theodosiou et al. [60] studied the magnitude of problems with the thermal
bridge in double skin facades (DSFs). The overall influence on DSFs exceeds 25% of the
total heat flow of the envelope, causing a substantial underestimation of the actual heat
flow through the envelope of the building [60]. An alternative study on the effectiveness of
precast sandwich panel wall construction in four different climatic boundary conditions
showed that air circulation around the diagonal tie connectors between the panels can lead
to an increase of room heating energy demand by about 7.0–10.3% in all studied climatic
regions. Therefore, in precast sandwich panels installation of additional insulation around
diagonal tie connectors (DTCs) is required to prevent natural air convection occurring in
cavities between two insulation sections [61].

Looking at the structural material used in buildings, Real et al. [59] studied the effect
of normal weight concrete (NWC) on thermal bridging and the contribution of lightweight
aggregates (LWAs) in concrete to the reduction of the thermal bridging effect in buildings.
The results indicated that, depending on the type of LWA, the contribution of thermal
bridging in an apartment in Lisbon, Portugal, was 11–19% lower in the case with structural
lightweight aggregate concrete elements than in the case with NWC elements. This finding
emphasized the importance of selecting a high performing aggregate type in the concrete
used in structures to reduce overall thermal bridging in walls [59].
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4.2.2. Impacts on Health and User Comfort

The impact of thermal bridges is not limited to energy and resulting operational
costs; thermal bridges can have an impact on the health and user comfort. Thermal
bridging resulting in lower thermal performance and surface condensation lead to hygiene
problems such as mold growth and the staining of surfaces, which affects the user’s comfort
levels [75].

Lower thermal performance caused by thermal bridging had a negative impact on
building users, as exemplified through a survey conducted in Turkey exploring users’
opinions about air quality conditions in terms of how they feel in winter and summer. Of
all the users, 37% complained about the low heating level in winter, while 41% complained
about overheating in summer. An investigation of the thermal performance of skeleton
structural frame, wall openings, roof, and ground floor was ensued. It was shown that the
thermal effectiveness of the wall was diminished by the thermal bridging in reinforced
concrete structural elements, contributing to the highest heat loss through the wall [72].

Another potential consequence of thermal bridging impacting human comfort is
condensation, which can arise if the internal insulation is improperly installed [73]. Some
air-conditioned buildings in warm climates are susceptible to condensation risk [101]. The
UAE has both arid and hot, humid climatic zones in which the peak average temperature
and humidity can reach 45 ◦C and 85%, respectively [77]. Infiltration of warm, moist
outside air through cracks and holes in the enclosure causes condensation and moisture to
develop on materials that are cooler or have been cooled by air-conditioning systems [102].
Moisture issues are sources for indoor air pollutants in the UAE, which highly affects the
integrity of indoor air quality (IAQ) of a building and severely impacts human health. This
is a critical concern in the UAE where individuals spend most of their time at home due
to extreme temperatures throughout the seasons [103]. In hot and humid climates, the
overall thermal transmittance performance analysis uncovered envelope failure on surface
condensation standards at the present operative conditions, which has also led to mold
growth [75]. Similar studies in different climatic conditions have also investigated the
effect of thermal bridging on the rise of condensation and have agreed upon the criticality
of thermal bridges in terms of surface condensation and mold growth [56,74,75]. An
alternative mitigation strategy to counteract the effect of mold formation in walls due to
thermal bridging is increased thermal insulation, which raises the indoor temperatures
and lowers average relative humidity levels and thus the potential for condensation and
mold growth [76]. Moreover, insulating glazed surfaces, such as employing double-glazing,
can reduce the likelihood of surface condensation occurring due to minimization of the
temperature differential [79].

4.3. Construction Quality and Workmanship

Design changes are recurrent and an expected occurrence in building projects [104].
Design changes are a potential source of building defects, as also identified in the audited
cases. They typically originate from any change in dimension or location of building
elements, change orders, or workmanship quality [80]. Many design defects can be detected
during the project’s construction phase, enabling corrective measures or rework [82].
According to Han et al. [81], design errors and inconsistencies leading to rework and/or
design changes are considered the primary contributor to timeline delays and budget
overruns in construction projects and are non-value-adding efforts. Numerous studies
tried to predict the frequency of occurrence of design discrepancies [27,83–85]. According
to Love and Li [83], 54% of the defect’s costs are attributed to design changes. In addition,
Fayek et al. [84] reported that design changes and engineering reviews constitute 55% of
the defects and 62% of the retrofit expenses. Similarly, Love and Li [83] and Josephson
et al. [85] concluded that 55% of the defects recorded originated from errors related to poor
workmanship during the construction stage.

Similar results were reached by Georgiou [86]. He analyzed the quality defects
observed during the construction and post-handover stages of 100 domestic building
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projects in Australia and concluded that workmanship and incomplete work were the most
frequent defects, accounting for 40% and 20% of the occurrences, respectively. The term
workmanship suggests the same defect nature as inappropriate installation or incorrect
installation, as referred to in other studies [24,87], which is in line with and corroborates the
main findings. According to Forcada et al. [26], omission and workmanship constitute 64%
of the sources of defects discovered at the post-handover stage in Spain’s housing sector.
Although widely accepted as a significant source of defect, Aïssani et al. [88] argued that
workmanship suffers from limitations such as the difficulty to evaluate its impact on energy
predictions due to variations from one construction site to another. In practice, unlike other
industries, the building industry cannot specify performance with zero allowances due to
workmanship discrepancies. In practice, many technical reports and scientific papers have
discussed workmanship anomalies. Most of them are aware that the observed deviation in
building performance is due to faulty workmanship. It is therefore essential to consider
the sources of uncertainty [89].

In terms of the impact of design discrepancies, Zero Carbon Hub [90,91] emphasized
a lack of focus and understanding of the implications of designers’ design decisions on the
building energy performance during the design stage. This lack of awareness of the design
team is likely to impact various aspects of building energy performance [105]. Palmer
et al. [106] investigated a building project of 76 UK homes. They concluded that the lack
of literacy of the design team toward energy-related aspects added to an uncoordinated
approach of the different design disciplines and resulted in non-intended thermal bridges
and constructability issues, which increased the air permeability of the building envelope.
Additionally, authors such as Oreszczyn et al. and Palmer et al. [92,106] suggested that
design defects are related to the quality and accuracy of the information embedded in
construction drawings and details, resulting in incorrect interpretation and unnecessary
amendments by the team working on-site. If not addressed with the right approach, these
misinterpretations can lead to faulty construction details, affecting, in turn, the intended
building energy performance. These changes in the building’s originally designed energy
performance are rarely assessed as part of the process. For instance, Johnston et al. [58]
measured the thermal properties of 25 new dwellings in the UK and concluded that
the whole fabric U-value was 1.6 greater than predicted in the design stage, caused by
discontinuity of the insulation panels due to poor workmanship management. Supporting
that, the analysis of quality failures identified in Northern China cases found that the 10
most common quality failures had poor workmanship sources such as “Incorrect size of
the new window frame and door frame,” or “Untreated wall around the new windows.”
These failures can cause unaccounted losses. The direct costs range from 5 to 20% of the
contract value [107].

Regarding improving design and management to achieve the predicted building
energy performance, the inclusion of an energy professional in the project team should be
considered. This stakeholder would be appointed to monitor the project progress to ensure
ongoing compliance with the relevant energy performance targets during the design and
construction, handover and close-out stages [91]. There seems to be scarce information
in terms of quantifying the variations of workmanship errors and their implications and
which type of defect has a more significant impact in the building energy use, concerning
both the actual contribution to heat loss and in respect to the frequency of occurrence in
construction projects [22].

5. Conclusions

The aim of this paper was first, to diagnose construction defects that may affect
the thermal integrity of the building’s envelope in both existing and under-construction
housing projects in Al Ain in the United Arab Emirates. Second, we intended to identify the
prevailing and subsequent impacts of the identified building defects through a qualitative
review analysis.
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The thermal behavior and construction quality of residential building envelopes
were assessed through an infrared thermography audit performed on several existing
and under-construction residential units under the extreme hot climate of Al Ain (UAE).
The analysis highlighted three major areas of defects: lack or discontinuity in building
envelope insulation, thermal bridging, and discrepancies due to non-compliant design
changes. Unexpectedly, in existing buildings the results exhibited more thermal anomalies
in newer units than in older ones, indicating that building thermal performance was more
a function of workmanship and construction quality than mere building age. The most
frequent recurring defect in units under construction was thermal bridging between the
non-insulated reinforced concrete structural frames and insulated concrete block, which
occurred in all cases examined except in the housing using precast panels, a defect that will
compromise the targeted thermal performance of the exterior walls. Another diagnosed
defect was the oversized service outlets and mortar joints, which were recurring defects
that, in turn, affected the thermal integrity of walls. Finally, non-compliant design changes
in the construction phase with improper or non-compliant implementation resulted in clear
thermal bridging. In the under-construction housing units, the analysis indicated poor
workmanship, absence of coordination during design changes, and incorrect construction
details as the root causes of the defects. Hence, these may well be related to the general
lack of understanding of thermal insulation, scarcity of skilled labor, and insufficient
or inadequate site coordination, supervision, and construction quality control during
construction.

Next, a qualitative review analysis identified the impacts of these defects. The existing
literature provided evidence on the occurrence frequency of the identified defects in
different contexts. The lack of insulation in the building envelope was found to be a
common issue in all pre-code era housing, an expected outcome in context due to the late
implementation of strict building energy efficiency regulations in the UAE that mandated,
from 2010, thermal insulation. This issue dramatically increased heat transfer and energy
consumption while it also affected energy cost and user comfort. Besides the overall
envelope insulation, thermal bridging through walls, roof, and wall openings as well as at
joints and connections was a recurrent issue with numerous measurable negative impacts.
Thermal bridges were analyzed per type of defect, highlighting in all cases the negative
impact on energy loss, increased energy cost, and substantial impact on the health and
comfort of users. Research indicated that the presence of lower thermal performance
and surface condensation led to hygiene problems such as mold growth and the staining
of surfaces, which, in turn, affected the users’ comfort levels. On the other hand, poor
workmanship management and design discrepancies were found to be critical sources
of defects. Predicting and evaluating the impact of the construction workmanship is
difficult; therefore, allowances should be considered in the overall predicted building
energy performance balance.

These results and their multiple impacts on energy, cost, health, and comfort call
for engaging an energy professional to ensure compliance with the targets during all the
construction stages as well as an effective reconsideration of the quality control process
during construction to ensure the designed building meets its intended standards, expected
thermal performance, and users’ well-being.
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Abstract: Today’s architectural design approaches do not adequately address the relationship be-
tween users’ spatial, environmental and psychological experiences. Domestic environmental experi-
ence generally indicates users’ cognitive perceptions and physical responses within dwelling spaces.
Therefore, without a clear perception of occupants’ experiences, it is difficult to identify proper archi-
tectural solutions for a domestic environment. To understand notions of these domestic experiences,
the current study explores the theoretical relationship between spatial and environmental design
factors within domestic settings which led to the concept of “Environmental Experience Design
(EXD)”. Extensive data exploration was conducted using a combination of thirty keywords through
different databases (e.g., Scopus, ScienceDirect, PubMed, Google Scholar, Mendeley and Research
Gate) to categorise the relevant literature regarding thematic study areas such as human perception
and phenomenology, environmental design and psychology, residential environment and design,
health-wellbeing and user experiences. This study has identified theoretical associations between
spatial and environmental design factors of different domestic spaces that can stimulate occupants’
satisfaction and comfort by reviewing eighty-seven studies from the literature. However, occupants’
contextual situations significantly impact domestic spaces, where spatial and environmental design
attributes may be connected to diverse sociocultural factors. The scope of explanation about user
context is limited, to some extent, in environmental design theories. Thus, combining occupants’
contexts with spatial and environmental design factors will be a future research direction used to
explore the notion of “Domestic Environmental Experience Design”

Keywords: domestic environment; spatial factors; environmental factors; occupants’ experiences;
theoretical relationship

1. Introduction

Generally, people spend more than 60% of their time in domestic indoor environ-
ments [1]. In the domestic setting, occupants’ living experiences and household activities
are diverse in every step of their daily lives and there are numerous preferences related to
occupants’ spatial needs and demands [2–4]. These preferences are connected to multiple
aspects of domestic settings and are perceived through occupants’ living experiences. Every
component of the domestic environment has a negative or positive impact on occupants’
psychological responses. Several studies also identified that these factors stimulate humans’
mediative capacities in their living environments [5]. Therefore, it is necessary to explore
occupants’ perceptions and living experiences in domestic settings to enhance their mental
wellbeing [6]. Domestic environmental experience generally indicates users’ experiences of
cognitive perceptions and physical responses in domestic settings [6]. The environmental
design concept may be enriched by integrating rigorous perceptions and systematic data
associated with occupants’ experiences in different spaces of the built environment [7].
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The literature has identified that the domestic environment serves various purposes
and has meaningfulness related to occupants’ spatial and environmental aspects. A do-
mestic setting generally has different spatial zone distributions. Each area has specific
characteristics related to its spatial and environmental factors that affect occupants’ physical
and psychological wellbeing in living environments [6]. Thus, every domestic component
has a significant spatial and environmental relationship that may enhance occupants’ emo-
tions [6,8,9]. These spatial and environmental factors may vary from one space to another,
associated with occupants’ multidimensional preferences (e.g., needs and demands) [6].
Consequently, the valuation of these factors is critical in designing domestic environments
according to different living spaces. However, without a clear perception of occupants’
spatial and environmental experiences of different areas in a domestic setting, it is difficult
to identify overall environmental design solutions to enhance their mental wellbeing.

This study has been conducted using a comprehensive literature review based on
occupants’ domestic environments and their household experiences. Various aspects of
occupants’ spatial and environmental experiences in domestic settings have been elaborated
in this study. This study’s primary research question is “What is the theoretical parametric
relationship for occupants’ domestic environmental experiences that enhance their wellbeing?”
This study’s main objective is to explore the theoretical parametric relationship between
occupants’ spatial and environmental design factors through the household experience
of different areas in domestic settings that may stimulate occupants’ quality of life. To
develop a conceptual framework or associations to identify a correlation among various
spatial and environmental design factors in a domestic setting, emphasising space-wise
household experiences is the primary focus of this study.

2. Literature Selection Criteria and Research Methods

A literature review is a pedagogical study linked to a particular theme or research
question [10,11]. Several studies found significant impacts of domestic environments on
human perceptions [1,6,8,12]. This study explores theoretical relationships of different do-
mestic spaces between spatial and environmental design factors through occupants’ house-
hold experiences based on the literature, which may stimulate living quality. The study
was conducted using a comprehensive background of 30 keywords based on occupants’
domestic environments and their household experiences. The keywords encompassed
domestic environment and occupants’ experiences as well as a diversity of psychological
and behavioral aspects related to residential settings (Figure 1). “Human Perception and
Phenomenology, Environmental Design and Psychology, Residential Environment and
Design, Health and Wellbeing and User Experience” are the main thematic study areas that
were considered to explore occupants’ spatial and environmental experiences in domestic
settings in this study.

The following 30 keywords associated with the thematic study domains have been
used: domestic environment, housing, dwelling, home, occupant experiences, occupant
spatial experiences, occupant environmental experiences, household activities, high rise
residential apartment, dwelling environment, apartment building, residential function,
household functions and activities, space use behavior, occupant psychology, occupant
behavior, residential comfort, residential satisfaction, indoor environment, environmen-
tal quality, mental wellbeing, physical environment, post-occupancy evaluation, human
perception and phenomenology, ecological design, human emotions, feelings and moods,
consumer behavior, user experience, and product user experience.

This study is limited to scholarly research articles published between 1970 and 2020.
An extensive data search was conducted using a combination of different keywords re-
lated to domestic environmental experiences through Scopus, Science-Direct and PubMed
databases to categorise relevant studies based on the research theme, titles, abstracts, key-
words and findings that fell into the thematic study areas. Supplemental cross-searches
were also conducted through Google Scholar, Mendeley, Research Gate and other academic
search engines. All the literature referring to the domestic environment and occupants’
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psychological or behavioral experiences in residential buildings in their title, abstract or
keywords were categorised for screening. The collected studies were separated accord-
ing to the following five criteria: (a) focus on the domestic environment and occupant
perception, (b) occupant experiences in different spaces of a domestic environment, (c)
environmental design and occupant’s psychology in a domestic setting, (d) human factors
in built environments, and (e) peer-review. After the final screening, duplicate and non-
relevant studies were omitted from the selection and the significant relevant references list
was formed according to this study’s scope and limitation.

Figure 1. Literature selection strategies and research methods.

The following sections first analyse the background to spatial and environmental
design factors regarding occupants’ experiences. It then analyses these according to the
different spaces of a domestic environment based on the literature. The review provides a
systematic and comprehensive assessment of the domestic environment and occupants’
experiences regarding spatial and environmental design aspects to enrich the state-of-the-
art of existing knowledge and explore the potential for future investigations into “Domestic
Environmental Experience Design”.

3. Theoretical Background

This literature review mainly explores the theoretical relationships between spatial and
environmental design factors in the domestic living environment, addressing occupants’
wellbeing. In this study, the component considering perceived spatial factors focuses on
users’ spatial experiences linked to user preferences (needs and demands) in their living
environments. The other component, which concerns the environmental design factors,
deals with architectural design elements primarily related to indoor environmental physical
design aspects. It also encompasses not only indoor environmental qualities but also the
psychological aspect of occupants’ feelings. In the following sections, space-related user
preferences (spatial factors) and environmental design components (environmental factors)
were elaborated through the literature to explore the theoretical parametric relationship in
occupants’ experiences in their domestic living environments.
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3.1. Spatial Factors for Occupants’ Experiences

McClure et al. mentioned seven domains: “products, interiors, structures, landscapes,
cities, regions and earth” in the built environment. Every field has its own identity and these
identities closely correlate to each other. The domestic environment design reflects interior
and structure domains as part of the total built environment [13]. Additionally, indoor
architecture’s history suggests that human social, psychological and physical perceptions
attach numerous qualities of living to environments, where the core concern is human
scale and performance [14]. According to Blossom, human nature has two characteristics,
functional and behavior; thus, designers need to realise how the built environmental design
element affects individual perception, considering psychological aspects, for the different
zones, as Hall mentioned [14].

Philosophically, space reflects human perceptions of physical existence. According to
the earliest theoretical perspective of space, perception reflects the human-centric dimen-
sion. German philosopher August Schmarsow addressed the spatial interaction of beings
with the world and quoted space as a place for physical and mental projection [2]. Further,
Edward T. Hall, founder of the study of anthropological space named “Proxemics,” in the
book “The Hidden Dimension”, mentioned the relationship between spatial setting and
human beings [2]. According to environmental psychology, human beings always interact
and perceive their immediate environments by sensory dimensions such as smell, vision,
touch, hearing, haptic and kinesthesia [14]. When experiencing a space or place, sensory
organs play a fundamental role for a human being. In that sense, spatial design attributes
impact human perceptions in numerous ways within the total built environments [2,5].

Again, the literature review shows that place-attachment theory is a vital perception
and the core concept of environmental psychology which affects people and places [15].
Human beings create a robust understanding of place attachment within their immediate
environment, which supports physical and psychological wellbeing [16]. Place attachment
is the personal interaction with the environment and the central concept of human emo-
tional responses [16]. According to Stedman, an individual’s satisfaction is another element
of place attachment, which defines the value of meeting basic human needs in a living en-
vironment [15]. Stokols describes “Home” as a dwelling place where individuals can fulfill
their psychological, physical and social needs to keep themselves connected [17]. Seem-
ingly, Hayward emphasised psychological concepts, with significance given to privacy,
identity, socialisation, continuity and personalisation, as a home attachment [18]. Dovey
highlighted the phenomenon of “Home” considering three themes: order, identification
and dialectic processes, in the article entitled “Home and Homelessness” [19].

While most home environmental studies begin with people who already live in a
home and deal with satisfaction, Rapoport identified a previous question about how they
reach this point. Rapoport observed that the consequence of the environment was ad-
dressed improperly. In reality, the near environment’s real effect on a human being is
habitat selection according to their needs and preferences [20]. In the meantime, Pennartz
described the home atmosphere as focusing on communication, accessibility, relaxation
and individual experiences [21]. Mallett addressed the notion of “Home” in an article
entitled “Understanding Home: A Critical Review of the Literature” considering people’s
relationship with spaces and objects. Home is a dwelling interaction space between people,
places and things associated with a comfortable feeling, intimacy, security, relaxation and
persecution [22]. The importance of human needs and spatial hierarchy, such as territorial-
ity, physical and psychological comfort, privacy and function, provide the designer with
an understanding of human nature and satisfaction [13].

In a nutshell, “Home” as a domestic setting indicates varied meaningfulness, functions,
purposes and aims. Human needs include identity, control, security, privacy, order, variety,
sociability, aesthetics and choice, integrated into environmental psychology and interpreted
by human experiences (Figure 2) [5,23]. However, it is critical to understand the assessing
and prioritising of these human physical and psychological needs [2]. In short, the domestic
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experience is a medium that may connect occupants’ needs and demands with their living
environments.

 

Figure 2. Relationship between spatial factors and occupants’ response. Here, the sign (±) indicates adding/decreasing the
number of factors according to user needs and demands. (Illustration: Author, based on literature)

3.2. Environmental Factors for Occupants’ Experiences

The domestic setting has indoor and outdoor environmental characteristics that reflect
occupants’ spatial needs and demands in their living environments. Several studies indi-
cate that each design element directly or indirectly impacts the occupants’ overall physical
and psychological wellbeing [16]. Several studies focusing on indoor environmental condi-
tions such as noise, lighting, material, air, odors and color; conclude that environmental
psychology bridges design and human response at the indoor environment scale.

Kaplan’s “Attention Restoration Theory (ART)” proposed a framework that differen-
tiates between stress and attentional components of human experiences in their environ-
ments. Emphasising the critical role of natural environments, this integration contributes
towards human-environment interaction. According to Kaplan, experiencing a natural
environment reduces human stress [24]. In addition, Ulrich’s “Stress Reduction Theory
(SRT)”, focusing on the role of nature in wellbeing, indicates an evolutionary perspec-
tive that suggests that natural experiences have an immediate benefit on human mental
wellbeing. Ulrich emphasises affective and aesthetic human responses to the natural
environment [25]. Both Kaplan and Ulrich identify natural settings or environments as
stimulating components for human wellbeing in numerous ways.

In the book entitled “A Home for the soul: a guide for dwelling with spirit and
imagination”, Lawlor describes the interaction of human emotions and feelings with ar-
chitectural design components based on human spiritual perceptions in their dwelling
environments [26]. Lawlor also discussed interconnectedness and perception of human
cognition and architectural design elements such as earth, fire, air, space and water, as five
spiritual elements, through human experiences in their dwelling environments. Conse-
quently, Lawlor reveals how the eight fundamental building elements of architecture can
be related to different aspects of human thinking and feeling. The author mainly explores
everyday household traditions and symbolism, rather than exploring dwellers’ situational
or practical experiences with restrictions or limitations.

Furthermore, Evans argues that every element of the built environment directly or
indirectly affects occupants’ mental health [8]. According to Evans, most research on hous-
ing focused mainly on physical health. Nonetheless, different house types (e.g., highrise)
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and housing quality impact occupants’ mental wellness. Evans identified that the natural
environment affects occupants’ psychological perceptions in highrise residential environ-
ments [8]. Poor quality of housing and indoor environments increases the negative impact
of psychological stress and illness. Still, this is not enough to draw a clear methodological
perception and conclusion.

Ergan et al. examined that occupants’ emotional reactions to color, light, noise, air
quality and crowding are distinctive and momentary in the living environment [27]. Levels
of illumination, pollution and daylight exposure affect occupants’ psychological wellbeing
in numerous ways [8,28]. Several studies and randomised experiments are prioritised to
evaluate the physical environment’s potential role in occupants’ mental wellbeing. As
Evan stated, some methodological problems may create conflicting prejudice, triggering
the undervaluation of housing–wellbeing associations. The author noted that ambient en-
vironmental interactions with architectural components positively impact human physical,
biological and psychological aspects [28]. For instance, noise affects users’ privacy, while
smell impacts human memory [28]. Meanwhile, indoor lighting variation also affects and
triggers human moods, feelings and psychological growth [28].

Moreover, other studies also describe that features of different domestic spaces, such
as the bedroom, kitchen, dining, living, toilet, game room, guest room, guest bath, study,
media room, entrance, utility room, backyard and garage, stimulate occupants’ daily
household activities and interact with emotional states [9,29]. In contrast, crowded enclosed
spaces with no ventilation increase personal psychological stress, while space adjustability
decreases mental stress [9]. Other services and utility facilities also impact the occupants’
mental satisfaction in the residential environment [2]. Seemingly, spatial ergonomics also
affect usability and occupants’ emotional perceptions, such as relaxation and pleasantness
within domestic environments [2].

According to Amérigo and Aragones’ interpretation, domestic satisfaction is essential
for the quality of life and indoor environment elements can stimulate human feelings [30].
In their research, a theoretical approach was applied to explore a general view of a person’s
satisfaction within a residential environment and a conceptual framework of individual
interaction in a residential setting was presented. They developed an empirical model
of residential satisfaction; a question arises regarding the trustworthy dimensions for
residential pleasure or happiness, which might direct future environmental research on
domestic settings. However, the concept of residential quality integrating different human
factors and occupants’ comfortable domestic environments indicates a direction for future
research [30]. Considering the literature reviewed, the environmental experience is a mul-
tilayered phenomenon requiring different kinds of sensory involvement and interaction.
The domestic environment influences occupants’ wellbeing and needs to accommodate oc-
cupants’ daily household activities. As discussed above, the synthesis of previous research
studies leads to major categories of human experiences in various architectural design
spaces. The literature gap still exists in the understanding of how spatial and environmen-
tal design features impact occupants’ experiences in different spaces of domestic settings
according to their household activities.

In Figure 3, a conceptual relationship is derived from the literature describing the
environmental factors that contribute to stimulating occupants’ emotions in their domestic
environments [6,23].
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Figure 3. Relationship between environmental factors and occupants’ response. Here, the sign (±) indicates
adding/decreasing the number of factors according to user needs and demands. (Illustration: Author, based on
the literature).

4. Domestic Spaces and Occupants’ Experiences

4.1. Domestic Environment and Its Functional Aspect

Several psychological and phenomenological studies have been conducted to define
the meaning of “Home” as a domestic environment [31]. According to Pallasmaa, the
phenomenology of “Home” is not just an architectural effort. It has an aesthetic view,
considering physical, psychological and sociocultural phenomenon. Pallasmaa believes
that “Home” has multilayered characteristics, integrating memories, desires, intimacy,
privacy, identity, function and even language [32]. Continuing this exploration, the domes-
tic environment becomes an essential feature of “Self-identification” for peoples, where
privacy, comfort and domesticity are the occupants’ core achievements [31,33]. Moore
and Caan described their views within psychological and sociological debates: domestic
environments reflect numerous human behaviors and preferences because of different
physical, psychological and social contextual human experiences. These experiences are es-
sential to mediating tangible and intangible design aspects in the living environment [2,31].
Considering several studies, the term “Domestic Environmental Experience” was defined
briefly as user experiences of cognitive perceptions and physical responses to their domes-
tic built environment with a diversity of daily household activities [6]. In short, domestic
environmental experience connects occupants’ physical, psychological and social needs
and demands, correlated with different factors of the built environment, such as spatial
and environmental factors.

The above literature identified that the domestic environment has various purposes,
meaningfulness and aims related to occupants’ different spatial and environmental as-
pects. A domestic setting generally has mainly three types of spatial zones distribution.
For example, private areas (e.g., bedroom, study, attached toilet and balcony), used inde-
pendently by family members only; semi-private areas (e.g., family space, kitchen space,
dining room, storage, utility and prayer room), commonly used by only family members;
and public areas (e.g., foyer, living room, guest room, balcony and powder room), used
by guests beyond family members [6]. It has also been identified that these indoor spatial
arrangements can be connected with external additions, such as a balcony, garden and
porch, which fall into private, semi-private or public spaces [6]. A domestic setting is
interconnected with its different areas, for example, the kitchen has close connectivity with
the dining space. The guest room, toilet and dining room have a positive relationship
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with the living room. Each area also has spatial characteristics related to environmental
design factors that accelerate occupants’ physical and mental wellbeing in living circum-
stances [6,9]. Thus, every indoor area of the domestic environment has a significant spatial
and environmental relationship that may enhance occupants’ psychological responses.
These factors, in the domestic setting, are associated with occupants’ needs and demands
and vary from space to space; they are elaborated below according to the literature.

4.1.1. Entrance

The entrance is a transitional space from outside to inside or one room to another
in a dwelling [34]. The front entrance door is the most noticeable demarcation between
the public and private realm, where the inhabitants’ culture or tradition has a strong
impact [35]. The indoor privacy of a residence depends on how people enter it. Internal
privacy is compromised if such a place has too many entrances [36]. Evans, Kalantari
and Shepley identified that the chance of social contact is better when entering residential
units that are adjacent or directly connected to significant pedestrian paths [8,37]. Graham
et al. identified the invitation approach as the most frequently selected ambiance for
an entryway, whereas other factors, such as sophistication, family, quiet and cosy, also
impact human psychology [9]. Ochodo et al. mentioned that the materials (i.e., steel) used
for the entry doors reduce occupants’ stress and susceptibility compared to a wooden
door, regarding safety issues. According to the study, inhabitants living in homes with
wooden entrances experience anxiety and distress from attacks by thieves or robbers at
night [38]. Oswald et al. also mentioned that entrance and accessibility impact occupants’
behavior, significantly enhancing positive wellbeing and satisfaction for aged people and
children in a family. From several studies, the researchers found that negative psychological
symptoms increase among inhabitants because of poor accessibility, which is also noticeably
connected to diverse characteristics of healthy aging [39]. The relationship between spatial
and environmental design factors of the domestic entrance and occupants’ response is
illustrated in Figure 4.

Figure 4. Relationship between spatial and environmental factors of entrance. (Illustration: Author, based on literature).

4.1.2. Living Room

In 1981, Alexander described the living room as the occupants’ relaxation and enter-
tainment space and traditionally, the largest area seen upon entering a dwelling [34]. The
living room is primarily used to meet and share leisurely events with family members
and others [12,40]. Hereafter, interactions and communication are the two main activities
experienced in the living room, where comfort and relaxation are the occupants’ primary
preference [41]. Graham et al. also mapped relaxation, togetherness and comfort as the
main factors in occupants’ desired psychological ambiance in their living room [9].
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Thus, indoor environmental quality and the spatial arrangement of furniture reflect the
family’s personality and preferences in the living room [42]. According to Saruwono et al.,
this space develops interaction opportunities between house owners and guests, where
the room capacity, spatial organisation and furniture arrangement create different physi-
ological responses among the users. Studies found that homeowners can control guests’
communication boundaries through specific furniture layouts [42,43]. Comfort is vital for
inhabitants’ psychological and physical experience in their living room. Consequently,
furniture choice and arrangement affect the occupants’ diverse personal comfort levels and
preferences and encourage social interaction [8]. As space is a primary point of emphasis
in a domestic setting, the living room should also reflect safety for the users. Therefore,
circulation by the flexible spatial arrangement of furniture is considered a priority [42].

In the living room, family members communicate with each other by doing various
activities such as reading, watching television or just chatting [44]. Living room design
is fundamental to supporting occupants’ intimacy and comfort, with colors playing an
essential role in stimulating mental wellbeing. Warm colors perform well in the living
room. These colors evoke a sense of comfort and stimulate dialog [45]. As well as this,
wall materials and lighting fixtures also have a strong correlation with occupants’ overall
satisfaction level in terms of spatial comfort issues [46].

Banaei et al. found that pleasure is an essential human factor for a living room, where
room shape and size play a vital role in enhancing occupants’ wellbeing [47]. According
to the study, PAD correlation identified that daylight and nature-connectedness have a
significant association with enhanced pleasure and arousal for the inhabitants. The author
also found that the curved roof has a vital role in pleasure, affecting the inhabitant’s
emotional experiences [47]. Seemingly, studies also identified that using many curved lines
may create stress. Flexible walls in living spaces enable individuals to create a friendly
environment where people can perform activities and share their experiences with others
according to their preferences [48].

Moreover, views of nature have a diverse effect on aesthetic value and the functional
aspects. They provide cumulative influences and micro-restorative benefits to occupants’
wellbeing in a shared or common space [49]. Built environmental design needs to be
incorporated with nature and its components to improve this integrity [50]. In the housing
context, it has also been proposed that sunlight and a view of nature, indoor potted plants
and photos of plants or small landscapes enhance residents’ sense of satisfaction and
positive emotions [24,51,52]. The literature also identifies that highrise buildings with large
windows may create discomfort, anxiety, stress and unhappiness among inhabitants [27].

Females in low and middle-income families, mainly involved in the indoor household
and outdoor gardening, experience higher emotional wellbeing. However, in a real scenario,
occupants with socioeconomic constraints often remain in compact living spaces and have
limited ability to own indoor greenery [53]. By contrast, residents with higher incomes tend
to reside in homes with more greenery [54]. Furthermore, several studies reported that
room shape and size significantly impacted occupants’ emotions in the smaller domestic
setting during the quarantine period. Indoor gardening in a living space and maintenance
can be one of the most effective enjoyable activities to mitigate social isolation’s stressful
and unpleasant impacts on emotional wellbeing in the COVID-19 situation [53].

Privacy is another essential human factor for male and female guests to maintain
social aspects and safety for occupants and outcomes. Therefore, design interventions
such as entrance door location, window size and position, room height, balconies and
internal courtyard may help to achieve privacy in a living space [35]. Zanjani et al. elabo-
rated on three essential factors, safety, aesthetics and memories, by evaluating participants’
experiences to enhance relaxation feelings. Here, occupants’ traditional values evoke secu-
rity factors, the aesthetics value stimulates occupants’ imagination and fosters individual
personalization, and memories reflect familiar feelings. These factors may shape human
experiences in a living environment [55]. The overall relationship is illustrated in Figure 5.
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Figure 5. Relationship between spatial and environmental factors of living room. (Illustration: Author, based on the literature).

4.1.3. Dining Room

Habitually eating together as a family has a startling impact on occupants’ health
and wellbeing. Family bonds become more vigorous and children adjust better and are
less likely to use drugs where the family members share meals. Therefore, the eating
environment needs to be stimulated by developing a more pleasant dining area (e.g.,
outside view, good air and daylight) that is more accessible from the kitchen and living
room [56].

The dining room is another prominent space where inhabitants gather in a domestic
setting. It is a space to accommodate the activities of eating as well as everyday casual things
like chatting [45]. The dining space is a crucial element of design in a domestic setting. In
general, the dining space acts as a transitional space between the unit’s private and public
zone and indicates the center of activities in a dwelling setting. As the center of activities,
adequate space is necessary for proper circulation to enhance occupant satisfaction [57].
Graham et al. emphasises family togetherness as the prominent psychological ambiance for
occupants in a dining space. According to the study, other psychological ambiances, such
as sophistication, entertainment and relaxation are closely interrelated in this particular
space to the enhancement of occupants’ positive emotions [9].

According to Hendrassukma, the dining room’s indoor color can arouse occupants’
eating habits and inspire conversation between family members and other guests. The
author identified that warm colors such as red could stimulate appetite, whereas yellow
can increase starving [45]. In another experiment, Ritterfeld and Cupchik identified that
a decorative room has a complex and stimulating phenomenon, whereas a sophisticated
room is perceived as logical, contemporary, and relaxed [58]. This perception may help
develop a dining space in a domestic setting to promote occupants’ positive emotions.

Madsen explained that this space is the family’s social gathering place, where fam-
ily members all take a seat, have dinner and make conversation [44]. Relaxing, sitting
comfortably and enjoyment are the most critical factors that enhance occupants’ positive
psychology. Madsen also described that, in a dining space, displaying photos and quotes
promotes homemaking attitudes that contribute to occupants’ emotions and comfort: re-
laxing, reading, watching, drinking, eating, etc. [44]. Studies also identified that a short
depth of space and high-density results in mental distress and social withdrawal. Another
factor found in the literature was the ceiling height, where a room with a higher ceiling
was observed as more spacious than a room with a lower roof, leading to a lower sense of
stress and crowding [8]. The spatial and environmental design relationship of the dining
room is demonstrated in Figure 6.
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Figure 6. Relationship between spatial and environmental factors of dining room. (Illustration: Author, based on the literature).

4.1.4. Kitchen

Alexander, in 1981, elaborated on the cooking space, where occupants of the household
prepare their food and defined it as a kitchen. Today, this place is more prominent and
complicated in the domestic setting, where different household activities occur, such as
food preparation, cooking, storing and garbage. The author identified that easy accessibility,
convenient location, circulation and connection with other spaces within the domestic
environment are the most significant factors to consider in a kitchen’s functionality [34].
The kitchen is one of the homeliest places, where family members do activities together. It
is the place where occupants spend most of their time cooking a meal or getting something.
The kitchen is a space where occupants feel comfort, mostly because they enjoy cooking
after coming home from outside work or activities [44]. Several studies identified that the
kitchen promotes positive interaction and inspires healthy eating among family members.
Food preparation can serve as a mediator of social activity and sufficient cooking space
facilities improve positive collaboration between the occupants [56].

According to Altas and Özsoy, the kitchen’s location in the domestic setting added
value to occupants’ satisfaction with their living environment [36]. Walters mentioned
that an open kitchen (e.g., no wall or door between the kitchen and living-dining spaces)
stimulates positive feelings and facilitates family activities and encourages family members
to spend more time together [41]. Usually, a kitchen mainly consists of two functional
spaces, such as the pantry and central food preparation zone. According to Graham et al.,
spatial organisation and abundance are the prominent factors in creating psychological
ambiance for a pantry. In contrast, spatial organisation, family togetherness, productivity
and richness are the most essential and frequent psychological aspects for the central
kitchen zone [9].

Pleasant lighting is also essential for safety and creating an enjoyable environment in
the kitchen, as well as a view from the windows, which is vital to the occupants’ feeling
of comfort. Studies also showed that suitable daylight levels in kitchen interiors connect
occupants’ moods and behavior during cooking activities [59]. There is a close connection
between the kitchen and dining space, where color can influence the occupant’s feelings.
Preferably, light colors in the kitchen prevent risk during food preparation. Clean paint can
also stimulate passion during food-processing and eating. Cool colors create a hygienic
appearance and warm colors evoke a positive mood when applied to the kitchen walls or
cabinet [45]. In 2011, Cho et al. emphasised the importance of a proper ventilation system in
the kitchen [60]. Without adequate ventilation (opening windows or using extractor fans),
pollution, dampness, mold and fungi growth can be seen, which may create structural
defects and have respiratory effects on children [61,62]. This may also impact the behavior
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of the occupants [63]. Therefore, proper ergonomics, as well as enough maintenance and
waste management facilities, can prevent this problematic scenario [41,64,65]. The overall
relationship is illustrated in Figure 7.

 

Figure 7. Relationship between spatial and environmental factors of domestic kitchen. (Illustration: Author, based on
the literature).

4.1.5. Bedroom

In general, residents use the bedroom for sleeping, dressing activities, quiet retirement
and socialising with dearest friends and family members [66]. However, there are various
debates and complexities regarding the bedroom’s location and function concerning other
spaces and occupants’ psychological aspects in a domestic setting. According to data
from multiple studies, a domestic environment may have three types of bedrooms: the
master bedroom, child bedroom and guest bedroom. There is a psychological interrelation-
ship with each bedroom’s physical environment, which has been described below based
on literature.

Master Bedroom

People in high-density urban residential settings face social pressure in their living
environments, so they prefer a particular space to remain alone when they return home [12].
A master bedroom’s primary function is relaxation, rest and healthy sleep for adults
or parents, where privacy is essential for confirming harmony in family life [12]. The
definition of sleeping space changes over time and usually identifies a bedroom as one of
the most private areas in a domestic environment, where freedom from excessive noise is
desired [34]. It is a space where the occupant can take a step back from various in-house
activities and enjoy privacy and noiselessness [48]. The bedroom also responds to human
circadian rhythms [56]. According to Hendrassukma, the bedroom, for adults or parents,
has the primary purpose of calming activities such as resting or sleeping, where the indoor
environment strongly influences these activities [45].

The bedroom relates to occupants’ feelings of comfort at home. Madsen explained
that when a person becomes sick, the bedroom is the only homely spot in the domestic
environment where the occupant feels comfort and relaxed. The author further described
that suitable sounds and smells also make it a homelier place. If anyone changes the same
bed to a different location, he/she may not feel the same comfort, with space security and
belongingness influencing occupants’ psychology [44]. This is because occupant habits
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such as lying, reading, relaxing, watching and other activities before going to sleep are
closely correlated with existing bedroom scenarios. Consequently, the bedroom indicates
an image of comfort, warmth and relaxation, with the bed as a prominent factor in that
homely spot [44].

On the other hand, room shape and size influence the occupants psychologically
in master bedrooms. A square room seems to be more crowded than a rectangle shape
within an equal area. Not only that, but longitude direction may create vision rigidity
and have a psychological impact [12]. According to Mridha, most developers generally
prioritise making the master bedroom more comfortable and attractive than other domestic
spaces within the apartment unit to attract local clients. In that case, the rooms’ location,
size and shape are essential to design factors in ensuring occupants’ comfort in a master
bedroom [57].

Indoor environmental elements, such as proper daylight, noise level, color and venti-
lation are essential for occupants’ mental wellbeing in a master bedroom. According to
Kennedy et al., noise at night in a bedroom is not desirable and another vital factor to
consider for occupants’ wellbeing. It is directly related to the quality of sound sleep. The
author also recommended well-ventilated bedrooms for sleep health, whereas having a
balcony creates extra facilities for the occupants’ refreshment [67].

For daylight, window location is the most significant criterion for a bedroom. Not
only the wall between the bedroom and balcony, but window louvers and height, and
window glass type and opening system are correlated with ensuring natural ventilation,
daylight and the external vision of a bedroom [41,57]. A room with outer vision seems
more spacious than rooms without such an image—a window connected to the bedroom
to guide people’s sight [12]. Hendrassukma also mentioned that color significantly impacts
occupants’ psychology in personal spaces like a master bedroom [45].

Besides these, several studies emphasised the psychological comfort of familiar objects
and pictures in bedrooms that may retell past events and positive memories. According
to the literature, displaying memories and photographs is an integral part of visual relief
and establishing personal spaces within the domestic setting. Bao also mentioned that
the photos and mirrors on the wall could transfer vision and provide a sense of space
expansion [12]. In personal spaces like bedrooms, occupants have different choices based
on their sex, age and behavior. In general, women tend to beautify or decorate their private
rooms more than men do in their domestic settings. Gosling elaborated that women have
various choices, such as photos, lotions, jewelry, candles and others.

Figure 8. Relationship between spatial and environmental factors of master bedroom. (Illustration: Author, based
on literature).

199



Sustainability 2021, 13, 2982

In contrast, men tend towards CDs, sports equipment and achievement-related items
in personal spaces like bedrooms [68]. Finally, in 2015, Graham mapped occupants’ desired
psychological ambiance in their master bedrooms. According to the authors, romance,
privacy, comfort, relaxation and love are the most prominent and frequent psychological
ambiances of occupants for their master bedrooms [9]. The overall relationship between the
spatial and environmental design factors of the master bedroom is illustrated in Figure 8.

Child Bedroom

According to Bao, self-cognition is an essential design element for the perfect children’s
space, where parents entering the room (e.g., bedroom) by knocking on the door first can
promote children’s positive psychological sense [12]. In that case, the visual contact formed
by a sudden interruption will induce negative emotions due to privacy concerns [12].
Creating an exciting space encourages children to ask questions and learn from their
living environment, such as children’s bedrooms where space flexibility, a dramatic setting,
natural elements and an adequate play area impact their mental wellbeing [69].

Here, the reason for space flexibility and functionality is to provide adaptability to
contextual situations. Space can be utilised proportionately according to function by
altering spatial aspects [69]. For example, a child’s bedroom (space) can be used as a study
room. This space can also be separated into different areas by using portable light dividers
where other functions, such as painting, playing, reading and sleeping, can be applied.
Graham et al. identified the most frequently selected ambiances, such as quiet, productivity,
organisation, privacy and creativity or self-expression, for the study space, which may be
recommended for the bedroom and study area for children in domestic settings [9]. Using
appropriate materials and textures for children’s spaces will enhance their imagination
in living environments [70]. In this case, using natural materials and avoiding artificial
fabrics will encourage originality and develop positive psychology [71].

Many studies found that children living in rigid spaces cannot express their creative
capacities to discover new opportunities. Nevertheless, various shapes, colors and other
indoor environmental factors, including furniture and visual detail, increase children’s
aptitude to learn, realise and cultivate inventiveness in their living spaces [69,71].

In the child’s living space, color has a significant influence and a meaningful correla-
tion with enhancing creative potential [71]. Enjoyable, colorful and stimulating pictures
have been identified as the basis for human creativity and inspiration. The shape, size,
layout and function of the spaces are important factors in social interactions and encourage
skill enhancement in a child’s room [72]. For example, using colored glass, different light
spectrums, proper daylight, and play with water and natural elements may stimulate
children’s curiosity in their living environments [69]. The overall relationship between
spatial and environmental design factors of a child’s bedroom is illustrated in Figure 9.

 
Figure 9. Relationship between spatial and environmental factors of child bedroom. (Illustration: Author, based on
the literature).
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Guest Bedroom

Besides the first two types of bedrooms (e.g., master bedroom and child bedroom),
a guest room generally indicates a bedroom in a house for visitors or guests to stay and
sleep in, attached to the domestic setting’s public zone. Graham et al. also described the
psychological ambiance of guest rooms. According to the authors, an inviting approach is
the primary psychological ambiance of this particular space. Comfort, relaxation, attach-
ment and convenience are other prominent and frequent psychological aspects of guest
rooms [9]. According to the literature, a comfortable bed and functional furniture layout
for closets and luggage are an essential part of a guest room to ensure guest comfort and
privacy. Convenient power outlets, that can be reached without moving furniture around
and easy access to the toilet are other significant issues in designing a guest bedroom. It is
essential to have easy access to enough light in a guest bedroom during nighttime, such
as bedside lighting to read and flexible space layout, especially for older guests [7,9,66].
The overall relationship between spatial and environmental design factors of the guest
bedroom is illustrated in Figure 10.

Figure 10. Relationship between spatial and environmental factors of guest bedroom. (Illustration: Author, based on
the literature).

4.1.6. Bathing and Toilet

Bathing and toilet are the most private areas in a house. According to Alexander,
this space is one of the most prominent functional rooms for its size and quality [34].
Amerigo et al. mentioned that an indoor toilet is the extreme design objective of residential
excellence for specific cultures and socioeconomic levels [30]. In a high-density domestic
setting, the quality, number and location of indoor toilets influence occupants’ behavior,
choice and freedom because of different situational contexts such as crowdedness, limited
resources and usability [12].

Several studies found that increased privacy and cleanliness are the most vital human
spatial factors for occupants’ health and wellbeing in bathroom settings, where there is
always a gender effect [73]. Suitable bathroom and toilet facilities are related to high levels
of unhappiness and depression after changes in gender, marital status, age, engagement and
migratory conditions [63]. Many studies found that occupant panic disorder increases due
to a lack of proper toilet facilities in the living area [38]. According to Graham et al., privacy,
relaxation and rejuvenation are the prominent psychological ambiances for bathing and
toilet, whereas an inviting approach and quietness are also preferred by the inhabitants [9].

Bathrooms are essential for individual hygiene, mainly at the start and end of the
day. Residents become restless if the toilet is inadequate and unhygienic. This situation
creates anxiety, panic disorder and depression regarding the occupants’ safety and personal
privacy, especially in a crowded domestic environment [38]. According to UK GBC,
avoiding moisture, pollutant and mold growth are essential issues when developing good
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indoor quality for bathing and toilet [56]. Cho et al. identified a strong psychological need
for window ventilation in the bathroom to enhance the occupants’ indoor quality [60].
Hendrassukma emphasised that color and lighting design issues are essential to improving
the comfortable atmosphere in the bathroom. According to the author, the occupants need
a relaxed, comfortable and safe atmosphere in the bathroom. Color preferences in the
bathroom can improve the impression of calm, freshness and cleanliness. In that case,
the author suggested a white color choice for a bathroom to enhance the impression of
cleanliness and purity. The combination of white with other cool colors also makes the
occupant feel relaxed and peaceful after bathing.

However, a bathroom should have sufficient indoor lighting to reduce the room’s
moisture and prevent risk caused by a darkened room [45]. Madsen further explained
that a bathroom is a place where people should have a degree of privacy. The author
also emphasised insulation, floor quality and heating systems to provide a high degree
of comfort in the bathroom setting. Therefore, occupants may wear slippers for safety
issues [44]. Mridha mentioned that bathroom size is a dominant predictor of occupants’
satisfaction at present [57]. Several studies focus on accessibility and aesthetic beauty
for bathrooms, which indicates the prominent need and demand among occupants for
new built and modifications or renovations, where fixtures, functional layout, usability
and greening for purification and relaxation need to be considered in detail in the design
process [26,74]. The overall relationship is illustrated in Figure 11.

 

Figure 11. Relationship between spatial and environmental factors of bathing and toilet. (Illustration: Author, based on
the literature).

4.1.7. Study and Work Space

The occupant needs a disturbance-free space, with self-regulating individual noise,
for working, learning and reading in a domestic setting. Without such a space for study,
it may generate stress reactions and negative psychological emotions may be generated
in the occupants. In a high-density domestic environment, living and other rooms can
be utilised for this purpose with an interval according to the occupants’ preferences [12].
According to several studies, privacy, relaxation, functionality and creativity are the main
human psychological ambiances for this particular space [9,56]. Consequently, numerous
studies related to the home office identified that feeling comfortable when working from
home is the occupants’ primary concern, as is a noiseless working zone with a comfortable
furniture arrangement [44]. Ceiling height has an influential role in social engagement
and impacts human focus ability [75]. Research findings noticed that when occupants
reside in a room or space with low ceilings, they perform better on focused works, such
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as reading and studying. In contrast, high ceilings encourage imaginative thinking and
influence social gatherings [8,56]. A recent study investigated ceiling height’s impact
on occupants’ aesthetic perceptions and activity; spaces with high ceilings have higher
aesthetic attractiveness scores than low height spaces [75].

Moreover, in the present pandemic (COVID-19) period, scenarios have changed.
People now need to finish all office activities sitting at home. At present, the working
environment inside the house and people’s psychological relationship with it are critical
when designing a domestic setting. Studies have shown that having an indoor green space
enhances positive emotions for the occupants, particularly those who have socioeconomic
constraints [76]. Insufficient indoor lighting levels, a variation in wall colors, noise and
other physical environmental ambient properties stimulate mental stress by changing
people’s circadian rhythms and troublesome work cycles [27]. Besides these, indoor air
pollution, excessive temperature and lack of ventilation also negatively impact human
efficiency [1,2,77]. The overall relationship is illustrated in Figure 12.

 

Figure 12. Relationship between spatial and environmental factors of study and working space. (Illustration: Author, based
on literature).

4.1.8. Balcony

The domestic setting needs a connection to the outside through intermediate spaces
(e.g., balconies) with views of a neighborhood or communal green areas [56]. A residential
balcony creates a flexible space for the diverse activities of occupants. Significantly, a
balcony permits a connection with the outdoor space without leaving the indoor environ-
ment. The balcony can be attached to a personal space (e.g., bedroom) and public space
(e.g., living room) or semi-private spaces in a domestic setting and becomes a prominent
transitional space between the outside and inside for refreshment, which affect the quality
of life in a residential environment [67]. External vision plays an essential role in the
indoor-outdoor relationships in a domestic setting, where balconies promote occupants’
opportunity to connect with nature (e.g., during COVID-19). A balcony creates a spatial
change in the dwelling plan and makes it more flexible for use as a third room [12].

According to Mridha, a balcony is a changeover space between the outdoors and
indoors and a source of air and light [57]. Madsen mentioned Jacob’s photograph and stated
that a balcony with a proper overhang promotes a healthy balance between daylight and
shadow and the natural ventilation system and indoor comfort in a house [44]. According
to Kim and Kim, despite all the positive uses of sunlight, ultraviolet rays become harmful
to human skin. By removing the balcony space, inhabitants’ chances of being exposed to
indirect sun in a residential apartment increase [78].

According to Kennedy et al., specific physical and spatial design characteristics related
to occupants’ everyday living functions, privacy and indoor environmental comfort are
significant factors to consider in the context of adding a balcony to a domestic setting [67].
The author found that most residents described their functional utilisation of balconies
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for a varied range of household activities, such as preparing foods, gardening, exterior
private space and other mixed attitudes, where privacy is the common phenomenon for
all the inhabitants. Residents do not want to hear and engage with the other residents
or the community noise from their private balconies. In that case, the balcony’s location
is a prominent design factor for the occupants [67]. Drying laundry and storage are also
essential purposes of the balcony. Residents typically use their balconies for changes and
everyday events, such as studying, relaxing, reading, care of pets, physical exercise or
just inactive sitting. Contentiously, some inhabitants smoked on their balconies, annoying
inhabitants of other residences [67]. Sometimes dust and other external pollution may
enter through the balconies and dirty indoor spaces and furniture [67]. Lack of fencing and
bar grills on balcony, windows and doors increased occupants’ weakness to outside attacks
and experience of distress, particularly during the night, due to insecurity [38].

The moisture and condensation consequences due to the balcony space’s poor insula-
tion have been stated in some studies. In a questionnaire survey in Seoul, most residents
complained about mold and indoor dampness problems with a changed balcony. In that
study, health problems among the children and residents were identified where balconies
were removed [79]. Ozaki also discusses some ritual perceptions of a balcony that may
impact the inhabitants, as the domestic environment is closely related to peoples’ symbolic,
private, secular life. The balcony is an individual’s access to open spaces for personal
utility purposes. Still, this space is frequently positioned at the front side of a building and
some unsightly activities traditionally connected with a backyard, for example, laundry,
drying, food preparation and washing, where the occupants prefer high privacy [80]. The
overall relationship between the spatial and environmental design factors of a balcony is
illustrated in Figure 13.

 
Figure 13. Relationship between spatial and environmental factors of balcony space. (Illustration: Author, based on
the literature)

4.1.9. Lobby and Circulation Space

In 1986, Haber considered occupants’ perceptions of a highrise housing lobby and
identified that the need for communal interaction was a critical feature determining the
occupants’ assessment of this space [37]. It also seems that lobby design is an essential factor
for occupants’ communal experiences of highrise residential buildings and comprehensive
research needs to be conducted to investigate influential lobby designs [37].

Consequently, circulation is vital for social interaction, where considering daylight
and external views make circulation an enjoyable experience by offering spatial variation
in the dwelling environment. The spatial enclosure enhances aesthetic and psychological
responses to indoor environments. People generally feel secure in more open indoor spaces
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with better external visual connectivity [75,81]. Confirming suitable dimensions promotes
circulation, enjoyable for less physically able people with an accessibility threshold cri-
teria [56]. The lobby and circulation space are used for social interaction and occupants
can also use this space for physical exercise, particularly children and older adults, who
cannot go outside frequently in highrise residential apartment buildings. This area also
promotes other household activities for women to enhance stress-free living [8]. The overall
relationship is illustrated in Figure 14.

 
Figure 14. Relationship between spatial and environmental factors of lobby and circulation space. (Illustration: Author,
based on the literature).

4.1.10. Storage and Utilities

Generally, a house’s storage and utility facilities refer to a place where various house-
hold necessities are stored. This can be a separate room or an area in the domestic space.
According to Alexander, storage has become critical in housing development in recent years
because houses are getting smaller over time. It is challenging to allocate extra space for
storage and utility facilities in a domestic area [34]. The type of storage facility employed
depends on the inhabitants’ needs and demands in their daily household activities. Alexan-
der mentioned that designers identified that almost twenty-five percent of a domestic space
should be dedicated to storage facilities [34]. Storage and utility provision in a domestic
setting promotes stress-free functional living for the occupants. The functionality of the
storage space depends on the shape, size and location of the room. In many cases, a small
unoccupied area of a dwelling, such as the unused space under the stairs or the top of the
kitchen or toilet, is usually used as a storage space [56].

According to various studies, humidity and ventilation inside the room are very
important for such storage and utility spaces. Without the right amount of light and
ventilation, storage spaces can accumulate various fungi and mold growth, which is
subsequently dangerous for stored goods and technical accessories [28,44,60]. The overall
relationship between the spatial and environmental design factors of storage and utilities
is illustrated in Figure 15.
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Figure 15. Relationship between spatial and environmental factors of storage and utilities. (Illustration: Author, based on
the literature)

4.2. Domestic Environment and Occupants’ Sociocultural Context

In this study, different domestic spaces have been conceptualised according to spatial
and environmental factors, reflecting occupants’ domestic experiences based on the aca-
demic literature. A domestic environment expresses a symbolic connection of occupants’
contextual factors through the user’s life journey [33]. Regardless of the spatial features
and environmental design components, each domestic space provides its dwellers with
senses that serve their individual needs and demands [35]. Therefore, a domestic envi-
ronment comprises individual emotional expression, spatial requirements and contextual
relationships [35,39].

Accordingly, several studies highlighted the status of macro-level features such as so-
ciocultural factors (e.g., climate, profession, culture, education, religion, sex, age, household
compositions) shaping individual perception in a domestic living environment. Hence, con-
textual factors affect occupant’s behavior and perception due to diverse social and cultural
aspects [35]. The sociocultural aspects of spatial characteristics are related to occupants’
lifestyles, which indicate different environmental preferences under different domestic
settings and circumstances [82,83]. Studies also showed that environmental factors are
affected by the varying needs and choices of user groups. According to Lawrence, the
space-use of a dwelling and morphological changes cannot be disconnected from differ-
ences in the sociocultural meaning, as well as household personalisation, which establishes
changes in an occupant’s relationship with the home environment [29]. Therefore, in a
domestic setting, occupants’ personalisation diverges concerning social and cultural factors
and lifestyle behavior [29,33,35,82]. Thus, domestic living concepts synchronise users’
diverse sociocultural relations, along with spatial and environmental preferences that may
enhance occupants’ wellbeing [6,29].

Nonetheless, social and cultural values play an essential role in defining space
identity and rituals, which may affect occupants’ perceptions in their domestic private
spaces [26,29,31,37]. Therefore, identifying the core relationship between spatial, environ-
mental and user contextual factors in domestic spaces is significant in architectural design
to interpret occupants’ experiences (Figure 16.). Several ethnographic studies illustrate
that sociocultural phenomena’ domestic spatial appearance is articulated in numerous
ways, influenced by individual choice according to regional and social code variation.
Hence, a different cluster of user activities may change domestic spaces’ spatial and envi-
ronmental preferences because of a complex sociocultural phenomenon [82,83]. However,
this study mainly indicates the theoretical correlation between spatial and environmental
factors within domestic spaces; combining users’ sociocultural context with a pragmatic
understanding of designing domestic space is suggested for future direction.

206



Sustainability 2021, 13, 2982

 
Figure 16. Relationship between spatial, environmental and sociocultural factors for a domestic
setting. (Illustration: Author, based on the literature).

5. Discussion and Future Research Direction

From the above discussion, occupants living in each space in a household have
different needs and preferences regarding spatial and environmental aspects related to
their psychological and behavioral factors. However, sociocultural factors influence the
occupants’ spatial and environmental attributes, which are closely intertwined, and shape
those relationships. Research into domestic environments’ spatial and environmental
factors usually relies on the inhabitants’ behavioral and psychological attributes [42].
These factors need to be considered to understand domestic spaces’ diversities to enhance
occupants’ feelings of satisfaction and comfort. According to several studies, adequate
knowledge of spatial activities in a household environment tends to access the occupants’
overall behavioral process within a domestic setting [6,9,12,42]. It is also imperative to
determine the occupants’ spatial and environmental experiences in different domestic
settings and utilise them accordingly in the architectural design solution.

According to the literature, this review identified twelve spatial factors for the domes-
tic environment according to occupants’ needs and demands (Table 1). Consistent with
different domestic spaces, attempts were made to explore the correlation of environmental
factors with each spatial factor in view of occupants’ experiences. From this review, it
has been observed that privacy, functionality and aesthetics are the prominent spatial
factors for different spaces in domestic environments that impact occupants’ psychological
experiences, considering their needs and demands. The overall discussion also suggests
that any domestic area’s privacy is related to its environmental design factors such as size,
shape, location, visual connectivity to the external environment and sound, where the
occupants’ lifestyle has a significant impact. For functionality, ventilation, daylight and
outdoor connectivity indicate essential design components, as well as the opening system,
shape and location.

Additionally, space layout and ergonomics also have influential connectivity to oc-
cupants’ psychological perceptions. However, in almost every domestic space, nature
connectivity, natural and artificial light, interior color scheme, smell and the nature of the
material used to accelerate the occupant’s aesthetic perceptions. Subsequently, any place’s
aesthetic features profoundly affect the minds of the people living there. Most studies
have identified that residents value the indoor environment’s quality (e.g., daylight, noise,
ventilation, artificial light spectrums) in domestic spaces, which are closely connected
to the comfortable living concept. Other issues, such as indoor dust, mold, moisture,
pollutants and dampness are directly related to occupants’ physical and mental health.
Occupants prefer to control these issues according to their choices regarding safety and hy-
giene. Looking at the safety–security measures in different domestic spaces, environmental
design phenomena such as opening system, screening, quality of materials, accessibility,
light and color generally indicate the most influential design components according to
occupants’ experiences.

Overall indoor environmental components such as light, color, temperature, materials,
layout, shape, size, height, opening and greenery affect human interactions and emotions.
Research has shown that furniture arrangement in a space significantly affects the behavior
when living there. In that sense, all the elements of a room are closely related to each other.
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In 1986, Pennartz mentioned that a room’s spatial and environmental arrangement affects
occupants’ experience in a domestic environment [21].

Table 1. Occupants’ spatial factors in the domestic environment.

Spatial Factors
En-

trance
Living
Room

Dining
Room Kitchen

Master
Bed-
room

Child
Bed-
room

Guest
Bed-
room

Study
&

Workspace

Bathing
& Toilet

Bal-
cony

Storage
&

Utilities

Lobby
& Circu-

lation
Control
Privacy

Functionality
Usability
Flexibility
Sociability

Accessibility
Aesthetics
Creativity

Variety of Choice
Cleanliness and

Hygiene
Safety and

Security

(Here, the color field indicates the factors’ essentiality for different domestic spaces).

The above study also identified that, in a domestic environment, the public zone can
be divided into subzones, separated by a movable light partition or door and allocated as
the study area, guest room, prayer space or work station, etc. Besides, circulation spaces
or lobbies can be used for children’s play areas or for adults’ physical exercise, where
safety–security and psychological emotions are very important to consider. The essential
aspects in the kitchen are flexibility, functionality and safety–security for users. A kitchen
is a place where, usually, the family members of the house spend most of their time. As
a result, occupant’s emotional issues, as well as other practical and functional issues are
strongly related to this place. The cooking space encourages interaction between family
members. Research has also identified that cleanliness and hygiene are the most significant
factors for residents, whereas adequate lighting, ventilation and layout provide peace
of mind. Other design components, such as furniture, ergonomics and functionality are
closely related to occupants’ psychological satisfaction and comfort.

Furthermore, the relationship with the outside environment through windows, wall
color, room shape and size, balcony and toilet attachments create a spiritual connection
with the human mind. The occupants usually prioritise adequate ventilation systems,
fixture layout, lighting and odor quality when considering bathrooms and toilets in a
domestic environment. The windows of a house create a connection between the occupants’
outside and inner world. Studies on highrise residential buildings have shown that large
windows or window height negatively impact the occupants in many cases. This effect is
especially evident in women and children who live on the top floor of highrise buildings.
The balcony has recreational facilities and some ritual perceptions that may impact the
occupants in their domestic environments. The overall conceptual parametric relationship
between spatial and environmental design factors in different domestic spaces is illustrated,
according to the literature, in Figure 17.

Moreover, during the COVID situation, working from home grew increasingly pre-
dominant. Every home needs an environment where work can be done peacefully. In that
case, the bedroom, study area, dining space or living space can be utilised in a dual way
considering their space usability, functionality and flexibility. Consideration of these design
components depends on the occupants’ contextual status. Users adjust their personal
spaces according to their individual context and try to find pleasure or satisfaction in
their living environments. However, consideration of different dwelling models and the
pragmatic nature of spaces also influence numerous occupants’ perceptions of workability
because of their diverse shapes, sizes and multi-functionalities [84]. In general, residential
satisfaction depends on occupants’ needs and preferences, which are closely related to the
spatial and environmental components in living environments. Consequently, occupants
may achieve happiness by changing or modifying their living environments’ physical
characteristics to create more comfortable settings.
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Figure 17. The overall conceptual parametric relationship of occupants’ domestic environmental experiences.
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After 1970, architectural psychological concepts emerged on human performance,
wellbeing and control in built-environmental research [1,6]. However, these are mainly
limited to evaluating institutional and health care spaces. According to studies, limited
research is conducted on domestic environments and occupant experiences [6]. Nonethe-
less, studies of architecture and environmental psychology concerning residential settings
mainly focus on indoor environmental quality related to occupants’ behaviors and physical
health risks [28].

From the reviews, it is clear that, in any living condition, occupants’ behavior is
affected not only by the spatial and environmental aspects but also the occupants’ percep-
tions, feelings and needs, as well as the users’ sociocultural context [85]. Occupants who
use domestic spaces may have specific values and standards for a given area regarding
meaningfulness, attachment and perceptions. Individuals’ sociocultural contextual situa-
tions may impact different spaces or rooms in a domestic setting, where spatial behavior is
related to various cultural and social factors and user preferences. Today’s architectural
design approaches do not adequately address the relationship between users’ context,
spatial and environmental design factors, along with occupants’ psychological satisfaction
and comfort [6,85].

From the literature, it has also been identified that there is a study gap between two
current theories, “Environmental Deterministic”and “Social Constructivism” that drive
users’ experiences within the built environment [86,87]. Here, the “Environmental Deter-
ministic” theory based on environmental psychology describes the physical environmental
impacts on human behavior. The scope of explanation about user contexts is limited, to
some extent, in this theory. Consequently, the “Social Constructivism” theory describes
cultural and social perceptions as challenging to measure or correlate the effects of the built
environment is limited [85]. However, the position of “Environmental Experience Design
(EXD)” between the two spectra derives from users’ physical and psychological experiences
and addresses users’ sociocultural, spatial and environmental design aspects (Figure 18).

Figure 18. Research gap and future research direction.

This design approach may combine users’ spatial preferences and environmental
design factors, as well as users’ sociocultural context, through their domestic experiences,
which may improve occupants’ mental wellbeing [6,7]. Therefore, this study establishes
a theoretical relationship between spatial and environmental design factors based on the
literature, focusing on occupants’ experiences in different domestic spaces, where a users’
contextual situation plays a critical role in enhancing their wellbeing in domestic settings.
Therefore, combining occupants’ preferences according to their sociocultural context with
spatial and environmental design factors will be a future research direction to explore in
the sustainable notion of “Domestic Environmental Experience Design”.
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6. Conclusions

This study was conducted by a comprehensive literature review based on occupants’
domestic experiences and identified that numerous spatial and environmental design
factors affect occupants’ psychological responses in a domestic setting. This study has
illustrated that the theoretical associations between spatial and environmental design
factors of different domestic spaces can stimulate occupants’ satisfaction and comfort in
domestic living. However, occupants’ contextual situations impact their domestic living
environment, where diverse sociocultural factors such as age, gender, religion, income,
education, occupation and lifestyle shape their household needs and demands, which are
beyond this study’s scope. Each living space has multidimensional uses that are tailored to
the sociocultural context of the occupants. Today’s environmental design approaches, in
the architectural design domain, fail to cohesively address the relationship between user
context and spatial and environmental design factors that may enhance occupants’ mental
wellbeing in a domestic setting. The scope of explanation of users’ contextual situation is
also limited, to some extent, in environmental design theories. Without a clear perception of
occupants’ context, environmental design solutions may be harder to implement to enhance
wellbeing. Thus, the concept of “Environmental Experience Design (EXD)” may combine
users’ spatial preferences and environmental design factors, along with user contextual
factors through their experiences to improve occupants’ mental wellbeing. Therefore, a
combination of occupants’ contextual factors, e.g., sociocultural factors, with spatial and
environmental design factors will be the future research direction to explore the notion of
“Domestic Environmental Experience Design” for the sustainable development of high-density
housing sectors.
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Abstract: The United Arab Emirates is witnessing enormous growth and the sustainability attitude
has become one of the most important priorities in this development. This paper aims to optimize
the environmental sustainability of the Emirate of Dubai communities by adopting an existing
community as a case study. The investigation of the case study is looking at sustainability levels
that consists of two major factors in neighborhood sustainable design, such as livability and thermal
performance. The strategy of enhancing and optimizing the communities’ sustainability starts with
an approach to the applicable modifications and solutions to the existed community master planning,
where the modifications cover the two main urban design variables; (a) building design, and (b) open
and landscape areas. The effect of the adopted scenarios is analyzed to find the improvement in
environmental and thermal performance. The study has adopted two computer software packages,
namely CityCAD and Integrated Environmental Solutions—Virtual Environment (IES-VE), to under-
take the assessments. Furthermore, factors of urban sustainability are evaluated using the United
States Green Building Council (USGBC)’s Leadership in Energy and Environmental Design (LEED)
neighborhood assessment tool. The results have shown that the environmental sustainability levels
can be increased after the adoption of certain suggested scenarios, in order to mitigate the likely
weakness indicated in the livability aspects, covering land-use diversity, accessibility, transportation
system, green and landscape areas, and energy efficiency, and the case study community can be
turned toward “Sustainable Community” by implementing recommended actions and modifications.

Keywords: sustainability and livability of neighborhoods; sustainable urban environments; sustain-
able solar shading; building height diversity; United Arab Emirates

1. Introduction

Cities are numbers of communities and neighborhoods where people can work live
and have entertainment. Day by day cities offer tremendous opportunities for community,
employment, education, excitement and interest. For all of these reasons, cities became at-
tractive areas for living and more than half of the world’s population are living in cities [1].
On the other hand, cities create problems of congestion, noise, and pollution, but most
people do not have the choice, recognizing the trade-offs. How to live and getting the
right balance are parts of the solution. Living in towns and low-density cities has some
advantages, however people may like living in a compact and dense city as far as there
is an equilibrium among the development elements; built area and open spaces, private
and public transportation, using natural and artificial resources [2]. City, community or
neighborhoods could be considered as a system of depending components [3]. The major
variables or components that affect the design of any development are; urban form, trans-
port, landscape, building design, waste management, energy and water supply. The most
sustainable design is about equilibrium among these components [4]. In order to make cities
or neighborhoods more suitable for people, all aspects of viable city and neighborhoods
are required to involve and operate smoothly within design or system equation.
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It is obvious that communities and city growth becomes a key issue in the global
problems of climate change, global warming, greenhouse gas emissions, and depleting
natural resources. Therefore, many studies and publications have explored the relationship
between the sustainability levels required to be achieved and the urban planning of any
development. Many of these studies concentrated on the main urban design factors, such
as urban form, building design, liveability, land use, and transportation system to analyse,
evaluate and develop the sustainability level of cities and developments [5,6]. However,
some of these researchers studied sustainability on an urban scale from the aspect of
resource conservation and pollution reduction. Cities and urban environment pollution
are caused by different factors; density and transport within cities, human activities,
construction and buildings’ effects on nature and landscape areas, atmospheric pollution
by CO2 emissions, and noise pollution [7]. Pollution influences human health and well-
being and can make cities uneasy places to live. Greenhouse gas (GHG) averages constitute
one of the most used air pollution indicators. Greenhouse gas emissions refer to all gases
that trap heat in the atmosphere; the main greenhouse gases in the atmosphere are; carbon
dioxide (CO2), methane (CH4), and nitrous oxide (N2O). These gases are the main reason
for global warming, depleting the ozone layer, and climate change [8]. GHG are emitted
through various fossil fuel burning processes. Fossil fuels (coal, natural gas, and oil) are
burnt for heating, solid waste burning, trees, and wood products; the decay of organic
waste in municipal solid waste landfills, chemical reactions, and manufacturing operations
are some resources of GHG [9].

Furthermore, the building and construction industry, transportation, agriculture, and
industry are the major recourses of these gases. Global warming, urban heat island (UHI),
and the increase in global air temperature are a result of GHG emission. Buildings design,
transportation systems, and open areas significantly affect the sustainability of the urban
level. Buildings contribute to the CO2 emissions by 43%, while the transportation share is
32% [10]. Therefore, cities should be designed in a way that minimizes the GHG averages
and pollution percentages. The new cities should be designed to keep their inhabitants
healthy, secure, and happy. For this aim, a neighborhood must become greener and robust,
with a stable ecosystem. Our built environment at the present time suffers enough and an
integrated approach is urgently needed. Successful solutions depend on understanding
the relationship among the involved sustainability elements; environmental, historical,
social, and economic. The solutions should start from the individual building to the block,
neighborhood, district, city, region, and up towards the globe. Furthermore, adopting
active urban design strategies, such as using renewable energy (PV) solar panels at the
urban level, will enhance the sustainability on an urban and city scale [11].

The terms “Neighborhood” or “Community” refer to a number of residential units and
the related facilities that serve the resident’s needs [12]. Livable, sustainable neighborhoods
are one of the determining and essential factors for developing sustainable environments [13].
The sustainable neighborhood is a neighborhood that integrates the three sustainability pillars
“Environment, Economy and Society”. From the social aspect, providing the required open
areas, landscaped areas, playgrounds, and community facilities will encourage sociality and
people communications [14]. From the economic aspect, those sustainable neighborhoods that
provide all the services and facilities will create livable, healthy independent communities
that will have a positive effect on the individuals and the whole society [15]. However, “The
Sustainable Urban Design” provides a high level of sustainability and efficiency in terms of
major urban design dimensions, such as livability, land use, transportation, buildings design,
landscaped areas, and environmental performance [16,17]. However, “The Sustainable Urban
Design” provides a high level of sustainability and efficiency in terms of major urban design
dimensions, such as liveability, land use, transportations, buildings design, landscaped areas,
and environmental performance.

Urban sustainability is significant to the future of humans; it directly affects people’s
lifestyle, time, effort, health, wellbeing and welfare [18]. Transportation, resources con-
servation, indoor, and outdoor thermal comfort represent some of the sustainable urban
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design factors that have a direct effect on the livable community. The major challenge
for the urban designer is to improve and optimize the relation among the three factors
in urban geometry; density, movement and recourses. Sustainability at the urban level
could be achieved through optimizing the three aspects of, and finding the best design
for, the neighborhood, district and city [19]. The urban areas and communities include
buildings, open and green spaces, water features and road networks. These are the urban
design elements that should be organized in a way that provides vitality and improves the
people’s lifestyle [20].

Creating a liveable environment is one of the sustainable urban design principles, and
the level of urban liveability could be considered important in achieving sustainability
in the urban environment. Urban sustainability can be obtained by creating a liveable
community, neighbourhood, and city [20]. Urban liveability covers a number of factors; it
is a multi-dimensional construct that includes accessibility, number of public parks and
open spaces, walkability, transportation planning, urban density, and land use diversity, all
of which are design elements that could be improved to achieve high levels of liveability
and sustainability [21]. However, it is difficult to define and measure the concept of urban
liveability, and set some principles for liveability measurements, such as safety, equity,
and continuity [12]. Moreover, when it comes to accessibility and inclusiveness of the
previously mentioned indicators [22], accessibility, land use diversity, providing parks
and green areas are of the strategies used when planning a sustainable neighborhood.
Passive design also has an effective role in achieving a green and sustainable community by
offering recourses efficiency [23,24]. The crucial roles of the green space on ecosystem have
already been proven by some researchers [25]. The leakage in accessibility to these areas
and other community services affects the community sustainability level; ensuring a good
accessibility will improve the community sustainability, and this consequently improves
the community social life [25]. The service within the green areas, including sport services,
has an impressive impact on peoples’ wellbeing, and is resulting with good social relations
among the residences [25]. It has been proven that the design and the architecture of the
buildings should collaborate with surrounding nature to create a harmony between the
outdoor and indoor spaces. The concept of human community should be designed to
positively influence the human behavior, health and culture [26]. Other than that, land
use diversity is another factor that forms a sustainable community. Land use diversity
and ensuring a good accessibility to the daily required services would improve peoples’
lifestyle from one side, and have a positive effect on resource saving from the other side [27].
The reduction in the use of transportation and vehicle’s journey will consequently have a
positive impact environmentally, by reducing CO2 emissions [28,29].

Passive design is one of the strategies that the urban planner can adopt for designing
a sustainable community according to its direct effect on outdoor and indoor thermal
performance [30]. The urban air temperature is rising in all cities around the world, as a
result of global warming and the decrease in the natural and greenery area in cities. This
rise in outdoor air temperature consequently affects the thermal performance of the inner
space environment and increases the indoor air temperature averages [30]. The impact
of buildings and urban geometry on the urban heat island phenomena and the outdoor
thermal performance has been proven in many studies [31]. Increasing and enhancing
the sustainability of our developments is an urgent matter when it comes to facing global
warning, resources limitation, and pollution. Implementing the passive and active design
elements on buildings and at the urban level represents a part of the solution [32].

Building design, orientation, and block density are of significant effects in develop-
ment sustainability [33,34]. Creating a desired shading on urban level will have a positive
thermal impact on both outdoor and indoor environments. In the hot climate conditions of
the UAE, the reduction in air temperature and solar gain due to the orientation can reach
1.8 ◦C and 13% respectively. [34]. One of the rule of thumb in urban design is the belief
that energy consumption decreases when the community or city density increases. This
is a challenge to the urban designer to find the best balance between the two variables in
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urban planning; density and energy [35]. Furthermore, optimizing the indoor and thermal
performance on an urban level will have a positive impact on livability, productivity, and
indoor energy consumption [36].

The strong urban structure provides less use or need for transportation and reduces
the path, the cycling transportation in the most preferred plan, and different types of
transportation plays a significant role in changing the traditional urban structure. The
vehicle flow, parking areas, street width, public transportation stations, and many others
related to the transit system are the elements that should be well designed to obtain a
strong structure [37,38]. Consequently, road planning affects the other urban factors such
as gardens and open areas, and playgrounds, which should be counted on during early
design stages. The sustainable land use planning is the significant factor in reducing the
daily transporting cycle, and increasing walkability as one of the sustainable neighborhood
requirements [39]. Furthermore, greenery and landscaped areas could be effective influ-
ences on increasing walkability from one side, reducing air temperatures and enhancing
outdoor and indoor thermal performances from the other side [40].

The impact of communities and developments has been illustrated previously. The
former studies proved the significant impact of sustainable urban design and sustainable
developments on reducing the negative environmental effect caused by continuous ur-
banization. This study aims to contribute to this concept by investigating the potential
of improving the performance of one of the Dubai community's performances towards
sustainable performance. Hence, a community located in the city of Dubai in the United
Arab Emirates (UAE) will be explored, evaluated, and optimized to achieve a sustainable
community that follows the sustainable design standards. Dubai is located in the north
of the UAE, and extended along the Arabian Gulf with a climate that is known with its
humidity during summers, due to its location of the city on Dubai Creek. Generally, the
weather in Dubai is sunny most days of the year; in winter, the average temperature is
25 ◦C, while in summer, the temperature may reach up to 38 ◦C, with a high percentage of
humidity between 20–60%, and a low average of rainy days. The annual air temperature
varied between 17 ◦C in winter and 35 ◦C by a Dubai weather file generated through the
Integrated Environmental Solutions—Virtual Environment (IES-VE) software [41].

2. Methods

A case study method has been used to achieve the research aim and objectives. The
study focused on exploring the urban sustainability in a selected residential community
in Dubai through analysis and evaluation using two separate software packages; (i) IES-
VE [41], and (ii) CityCAD [42]. The study will adopt the following steps:

• Analyzing livability of the community through presenting the quantity of land use,
services and accessibility.

• Calculating the number of units on the long axis within 15 degrees of the east-west axis.
• Presenting virtual images, plans and reports for the existing case study and the modi-

fied scenarios that are suggested in order to optimize the community sustainability.
• Simulating sun path and solar shading analysis using SunCast application.
• Investigating the effect of the suggested modifications on solar gains of the community

units in percentage and hours.
• Investigating the effect of the suggested modifications on air temperatures within the

community units using ApacheSim application.

In addition to the CityCAD and IES-VE software packages, the community sustainabil-
ity has been evaluated with the use of the United States Green Building Council (USGBC)’s
Leadership in Energy and Environmental Design (LEED) rating system.

In this study, LEED for Neighborhood and Developments (ND), version 4 (2014), has
been used [43]. The strategy for the modifications adopted passive urban design solu-
tions to the community master plan, which was also applicable to the existing community.
Five of the urban design parameters have been modified according to three scenarios
in order to enhance the community livability and thermal performance. The modifica-
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tions/scenarios covered; land use, accessibility, and walkability, building design, open and
green areas. Moreover, the effect of the modifications has been analyzed to find out the
improvements on environmental and thermal performance, as well as through enhancing
solar gain performance.

The Existing Community as a Case Study

The case study of this research is represented by Al Waha community, which was
developed by Dubai Properties Group (DPG). The existing residential community located
in “Dubai land” adjacent to the Emirates Road with easy access to Sheikh Mohammed
bin Zayed Road through Al Qudra Road. The community is close to the Arabian Ranches,
Sport and Motor City communities as key developments (Figure 1). The case study “Al
Waha” community consists of 206 semidetached villas where the villas are designed in
three types according to bedroom numbers; two, three and four bedrooms (Figure 2). The
facilities are very limited in the community, covering swimming pool, playground area,
landscape and hardscape.

 

Figure 1. The case study location. Al Waha, Dubai [44].

The total area of the community is approximately 130,000 sqm, while the landscape
covers 15,200 sqm from the community total area. The neighbor community is the Layan
community, from the same developer (DPG), and contains seven G+2 residential buildings
and 588 villas, with small facilities such as small shops and a supermarket.
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(a) (b) 

Figure 2. Al Waha community villa view (a) and layout (b).

3. Background for the Analysis

3.1. Assessing Livability in the Existing Community

The observation and the assessment during the community site visit, and the use of
the CityCAD software for livability analysis showed that there are weaknesses in many
livability aspects. The major weakness is in land use diversity, as the existing land use
variety is very limited. The community consists of three types of semidetached villas,
playground area and a communal swimming pool, with hard and soft landscape. There is
a clear absence of many services required, such as supermarket, laundry, pharmacy, school,
healthcare center and amenity facilities. The livability analysis of the existing case study
using CityCAD shows the average distance from community dwellings to some services
and facilities (Table 1).

Table 1. Assessing this existing case study services and the adopted scenarios with additional
services, namely new services.

Average Distance (m)

Services (Existing Case Study) Scenario One Scenario Two

Green Spaces 30 30 30
Parking Spaces 10 10 10

Playground 50 50 50
Public Space and Swimming

Pool 55 55 55

Shops 1000 200 300
Super market 1000 200 300

Hot Food and Takeaway 1000 200 300
Pharmacy 8000 200 300

Educational Services 8000 200 300
Metro Station (Emirates) 15,000 15,000 15,000
Shopping Mall (Emirates 15,000 15,000 15,000

Hospitals 12,000 12,000 12,000

Average Distance (m)

New Services (Existing Case Study) Scenario One Scenario Two

Assembly and Leisure 8000 200 300
Laundry 8000 200 300

Restaurant and Cafe 8000 200 300
Financial Services 8000 200 300
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The community, as a gated community, provides a good level of safety as one of the
livability requirements [39]. On the other hand, the only one access through the Emirates
Road indicated some weakness in accessibility, which could be enhanced and optimized by
providing more than one access to improve transition and movement.

3.2. Assessing Thermal and Environmental Performance in the Existing Community

Analysis he community layout using integrated environmental solution—virtual
environment (IES-VE) software, and adopting a sun path application and unit orientation
showed that only 40% of the units are extended along the East-West axis. The benefit of
the orientation along the East-West axis is to obtain a minimum amount of solar exposure,
as the long facade is facing the North–South axis [43]. The IES-VE software was used
to analyze the community shading performance and solar gains through the SunCast
application. Figure 3 shows the community layout orientation and the sun path on a
summer day, 1 June.

  
(a) (b) 

Figure 3. The Sun Path analysis during morning and evening along the East-West axis. (a) 1 June, 6:00 a.m.; (b) 1 June,
6:00 p.m.

The community plot is a triangle shape and one edge of the community plot is
extended along the East-West axis, but only 40% of the units extend along the same
direction. Thus, the community urban plan would be more sustainable if the units were
arranged parallel to the side along the East-West axis in an early planning stage. Yet, it
was observed that the compacted form provides more shading and less exposure to solar
radiation for the inner units compared to the outer units (Figure 4).

  
(a) (b) 

Figure 4. Solar attitude in the compact form community during 1 June. (a) Solar Gain in Hours; (b) Solar Gain in Percentage.

Furthermore, the thermal and environmental performance of the community could be
improved through increasing green areas and planting empty/uncultivated areas, which
are about 35% of the community landscape area (Figure 5).
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Figure 5. Uncultivated areas in the community.

As part of the analysis, exploring the potential of enhancing the community per-
formance towards sustainability, three scenarios were adopted to improve the Al Waha
community sustainability. The thinking or the criteria behind these scenarios was to sug-
gest an applicable practice to enhance the community sustainability. Community urban
sustainability is improved from two aspects; livability and environmental or thermal perfor-
mance. Enhancing livability covers a number of parameters; (1) land use, (2) accessibility,
(3) walkability, and (4) open and green areas. While the thermal performance parameters
represented by improving solar shading and reducing total solar gains through adopt-
ing (5) height diversity. The modifications consist of three adopted scenarios to enhance
the community sustainability, which are simulated and analyzed by using CityCAD and
IES-VE. In addition, using LEED (ND) v4 checklist as an overall and integrated urban
sustainability evaluation and assessment tool was to find the sustainability level of the
existing and modified case study.

4. Results

4.1. The Results of the Suggested Scenarios for Enhancing the Community Performance
4.1.1. Scenario One

The community livability could be improved by providing some daily required ser-
vices such as shops, supermarket, pharmacy, restaurant and cafe, financial services, assem-
bly and leisure, hot food and takeaway. This could be obtained by converting a number of
the residential units in the community to provide the missing services. In addition, to add
two stories for these units to increase building design diversity (one of LEED’s requirement
for sustainability) and height diversity as well.

Land use has been improved and a number of facilities were increased by converting
some units into services for the daily important and missing facilities, such as adding
supermarket, laundry and a pharmacy to be within 300 m–500 m for more than 50% of the
community units to fulfill the LEED’s land use diversity requirement.

4.1.2. Scenario Two

The second opportunity is enhancing the community services as well as the accessibil-
ity, by opening new access to the neighbor community, Layan community, as both of these
communities are developed by the same developer (DPG). The new access will allow the
residents to benefit from some services that are already existed in Layan community, such
as supermarket, bookshop, and small cafe. Furthermore, opening new access to Al Quadra
Road will enhance the accessibility and the movement entirely (Figure 6).

Opening new access to Layan community (Scenario Two) would improve the com-
munity livability, even though some services are still indicating a weak performance such
as educational and medical services. This could be resolved by providing these services
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(primary school or medical center) in Layan community, as it is larger in area and has a
number (7) of mid-rise buildings, which could be useful for this type of services (Table 1).

  
(a) (b) 

Figure 6. (a) The existing gated community—one access; (b) New access to the neighbor community enhancing access.

Both scenarios 1 and 2 indicated improvement toward a more sustainable setting, as most
of the mentioned services are within the LEED ND requirements (i.e., 200–300 m) (Table 1),
even though the other services are still at a distance of 12–15 km from the two communities
and therefore not able to fulfill the LEED ND sustainability credit requirements.

4.1.3. Scenario Three

Enhancing livability could also be achieved by increasing the open spaces and green
areas; the open spaces are limited in the community but could be increased when adopting
the new access to the Layan community. On the other hand, the green area could be
increased by planting the uncultivated areas, which are calculated using site surveys and
Google Earth (Pro) [44], while represented in CityCAD by 35% of the landscape area
(Figure 7).

  
(a) (b) 

Figure 7. (a) The existing community walkway beside a road, (b) The pedestrian walkway that could be enhanced by
adding rubber track, shading devices, and sport equipment.

In addition to increasing the number of trees and adding a green belt alongside the
community boundary wall, adding some sports and kids playing equipment to provide
the residents and the kids with a place for relaxation and amenity could allow for social
communication, while also improving social sustainability (Figure 8).
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Figure 8. Options of shading devices for walkways [45].

Furthermore, walkability could be increased by providing a rubber pathway, shaded
walkway [45,46], and a number of benches to encourage people, especially elderly people,
to walk and use the community green areas, as encouraging elderly people to walk is one
of the social sustainability targets [47,48] (Figure 9).

 
Figure 9. Adding benches and enhancing empty areas by using hard and soft landscaping [45,46], and improving walkability
for pedestrians by adding rubber walkways (1.1 m width) and outdoor equipment according to the LEED ND requirements

Moreover, adding a green belt around the community could provide more protection
and shade areas further to increasing the total number of trees, which has an important
role in enhancing the community environmental performance (Figure 10).

  
(a) (b) 

Figure 10. Planting the community boundary wall [42]. (a) Current Setting; (b) After Improvements.

4.2. The Effects of the Adopted Scenarios on Solar Shading and Solar Gains

Running IES-VE simulations with different heights of community units showed the
importance of the height diversity in creating preferable shaded areas for walking people,
in addition to the effect of reducing solar gains from the surrounding units. Figure 11
shows that the solar gains of the surrounding units decreased from 100% to 80% (80 h)
when applying height diversity.
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(a) (b) 

Figure 11. (a) Solar gains and the effect of diversity in building heights on shading parameters; (b) Solar gains and the effect
of planting the boundary wall.

The effect of diversity in building heights for creating comfortable outdoor environ-
ments was proven by Edward (2010). The researcher explored the benefits of the diversity,
dense, and compact form on the outdoor environment, presenting the “Environmental
Diversity Map” to show the effect of diversity on the three microclimate parameters;
temperature, shading and wind on the outdoor environment [23].

A model using IES-VE SunCast analysis to study the effect of planting height and
dense trees along the boundary wall were simulated, as shown in Figure 11b. It is clear
that the boundary units adjacent to the boundary wall are varied in solar gains, and the
exposure percentage between 50–70% depending on the height and the dense of the trees,
with 100% solar gains for the other units.

The effect of the first scenario and the modification in building height diversity
analyzed and explored using one of the community units, Unit No. 91. Unit 91 was
selected for this analysis due to being oriented toward west direction and has maximum
solar gains with 100% in the existing case, and is close to the chosen building, to be
converted to serve for the missing services, which is modified and increased in height by
adding two more stories (to Unit No. 90), and the adjacent Unit 91 could be therefore less
in solar exposure by 20% as it has only 80 h of exposure to the sun (Figure 12).

  
(a) (b) 

Figure 12. Building height diversity and shaded roofs adjacent to the modified building, Unit 91. Less in solar exposure
by 20% and 80 h during the month of June. (a) SunCast solar shading analysis in percentage; (b) SunCast solar shading
analysis in hours.

Moreover, using ApacheSim application within the IES-VE software showed that there
is a reduction in solar gains by 20% for the modified case compared to the existing case
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(Unit 91), and the solar exposure and solar gain hours are 80 h less in total during the
month of June, with a reduction from 420 h to 340 h. Furthermore, the reduction in solar
gains for Unit 91 showed a comparison between the existing case study (Unit 91) and the
new shaded same unit with a reduction of 18.5% in total solar gains on 1 June.

4.3. The Community Assessment Using LEED (ND) Rating Tool

LEED Neighborhood as a sustainability assessment tool was used to evaluate the
community sustainability or greenness, where the tool rating system consists of five
categories, and each category covers a number of requirements. The requirements divided
into mandatory requirements and optional requirements; for optional requirements, LEED
allocates a number of points or credits for each category, as shown in Table 2.

Table 2. LEED (ND) allocated points.

Requirements Points

Smart Location and Linkage 28 Points
Neighborhood Pattern and Design 41 Points
Green Infrastructure and Buildings 31 Points

Innovation and Design Process 6 Points
Regional Priority Credits 4 Points

The total number of points collected indicates the level of each community sustainability according to the
following scale: Certified 40–49, Silver 50–59, Gold 60–69, Platinum 80+.

Using the LEED Neighborhood and Developments checklist to assess Al Waha com-
munity through each of the five categories resulted in the following:

• Smart Location and Linkage: The community fulfill all the five required items and
obtain only 11 out of 25 points allocated to this category, as there is a clear weakness
in community linkage and accessibility.

• Neighborhood Pattern and Design: With regards to the community design, the three
required items related to the pattern are available in community design, and the
community collected 16 out of 41 credit points. The demerits of the community
design indicated in land use diversity, building design and affordability, and open
and assembly areas.

• Green Infrastructure and Buildings: This category indicates a weakness in following
the sustainable design requirements related to water and energy efficiency, solar
orientation, the use of renewable energy, and the requirement of green building
certification; only 4 points obtained out of 31 total points allocated.

• Innovation and Design Process: This category provides points to the new sustainable
innovation not addressed in LEED, and none of the six innovation points were able to
be collected.

• Regional Priority Credits: This category related to the regional practices and material,
and only one regional point out of four was collected.

In total, the community collected only 32 points. This result indicates a low level
of sustainability, and the community could not be certified as a green or sustainable
community according to the LEED (ND) assessment tool. Generally, the weaknesses
are indicated in land use, facilities, accessibility, transportation system, and water and
energy efficiency.

The modified case study according to the three scenarios was assessed using the LEED
assessment tool, and the results for each category are as follows (Figure 13):

• Smart Location and Linkage: In addition to the 11 points that were collected from the
existing case study assessment, providing new access to the community to the main
road and new access to the Layan community, adding four additional points, to be
15 points in total for this category.
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• Neighborhood Pattern and Design: This category has been improved to collect
24 points as the modified community offer a required diversity in land use and
building affordability, further to enhancing walkability, green and open areas.

• Green Infrastructure and Buildings: This category indicates a weakness in follow-
ing the sustainable design requirement, only four points obtained out of 31 total
points allocated.

• Innovation and Design Process: This category provides points to the new sustainable
innovation not addressed in LEED, and none of the six innovation points were able to
be collected.

• Regional Priority Credits: This category was related to the regional practices and
material, and only one regional point out of four was collected.

 
Figure 13. LEED assessment, comparison between existing and modified case study.

Moreover, it is worth mentioning that the aspect of building density has helped to
improve and optimize relations among the factors in urban geometry [4,6], and therefore
emphasizing on this aspect as a key solution in this analyzed context, which should also be
taken into account in different climatic zones.

In total, the community collected 46 points and could be certified as a green community
(Appendix A). This result shows the effect of the applicable practices and modifications to
enhance the community sustainability.

5. Discussion

This study aimed to assess and optimize sustainability on the urban scale by selecting
and evaluating one of Dubai’s communities. The study investigated the potential of en-
hancing the case study neighborhood towards sustainability according to the sustainability
rating system standards. The selected case study community was evaluated, and the likely
weakness was indicated in the livability aspects covering land-use diversity, accessibility,
transportation system, green and landscape area, and energy efficiency. Moreover, assess-
ing the community showed a capability of enhancing the thermal performance, in addition
to the community livability.

Different scenarios were applied in order to improve the community's sustainability on
two levels; livability and thermal performance (Figure 13). The adopted scenarios targeted
improving the livability by enhancing (1) walkability, (2) accessibility, (3) facilities, and (4)
land use diversity [5,13,17]. The thermal performance has been enhanced by increasing the (1)
shading effect (2) and improving greenery and landscape areas [34,39]. However, applying
the suggested scenarios resulted in improving the community sustainability and resulted in
upgrading the community rating level by increasing the number of points that can be achieved
by applying LEED (ND) standards [43]. The community gained an additional 14 points,
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and resulted to be certified as a sustainable community. The study proved the capability of
enhancing the sustainability level of the communities by implementing sustainable design
strategies at the urban level. Improving the community performance will result in a positive
impact on the total environmental performance [34,39,43].

6. Conclusions

Recently, and as part of the future vision, there is a strong trend toward passive
design as an effective part in sustainable design. This is a result of real consciousness
in limited resources, global warning and pollution problems, where sustainability is the
only solution for sustaining our very future in the world. In line with this context, this
study aimed to explore and improve a neighborhood in Dubai, UAE toward a more livable,
sustainable community.

The Al Waha community in Dubai was selected for the analysis, and three scenarios
were adopted for developing and obtaining more sustainable community. Analysis of the
community covered two of the sustainable urban design dimensions (1) livability and (2)
thermal and environmental performance. Livability analysis of the existing case study
showed some clear weaknesses in land use diversity, accessibility, walkability, landscaped
area and building design diversity. These weaknesses were covered in the adopted sce-
narios, through analyses using the two software packages, CityCAD and IES-VE, and the
LEED (ND) checklist, showing clear improvements in all mentioned parameters. Com-
munity improvement strategy and adopted scenarios covered a number of urban design
parameters including; (1) land use diversity, (2) accessibility, (3) walkability, (4) open public
area and green spaces, and (5) building height and design variety, which directly affected
environmental or thermal performance parameters covering solar gains and air tempera-
tures. The effects of the adopted scenarios (with modified computer models) on solar gains
and thermal performances have been studied and analyzed using the IES-VE applications
SunCast and ApacheSim—Vista Pro. The results showed that the livability level of the
community was increased by enhancing the land use diversity, accessibility, walkability,
building height diversity and the green areas. The aspect of building density has played a
key role in the analysed context to help the community livability. Furthermore, the effect of
the adopted scenarios to enhance the community livability showed a clear and positive
effect on environmental and thermal performance by increasing the shading effect and
reducing indoor solar gains and air temperatures. Finally, the modified community that in-
tegrated in the three adopted scenarios have been evaluated using the LEED Neighborhood
and Developments (ND) assessment tool v4, and the community was able to be certified as
a “Sustainable Green Community” through implementing all of the applicable practices.
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Appendix A. LEED Neighborhood & Development, (ND) V4 Checklist
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