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Abstract
This paper examines the effect of building shape, zones, orientation and window to wall ratio (WWR) on the lighting energy 
requirement and the thermal comfort in the naturally ventilated houses in tropical climate. The lighting electricity and the 
adaptive thermal discomfort hours (ASHRAE 55 80% acceptability) of 300 different models of two-storey houses were 
obtained using Design Builder simulation software. The models were developed for three building shapes (square, rectangle 
and L-shaped) and the orientation of each model was changed for 24 orientations and four window to wall ratios. Results 
indicate that the rectangular shape with staircase positioned in the middle of the house will provide higher thermal comfort 
for WWR of 20 and for other WWRs the L-shaped models provide higher thermal comfort when the staircase is positioned 
at the short corner or middle. The square-shaped houses with staircase at the middle have the highest lighting electricity and 
the L shape has the lowest lighting electricity. Further, WWR changes the thermal comfort by 20–55% and the percentage 
change in lighting electricity due to WWR is only 1.5–9.5%. Therefore, thermal comfort should receive more attention in 
deciding the WWR. Moreover, the results show an effect when the zone sizes and location change.

Keywords Energy efficiency · Thermal comfort · Building energy performance · Building shape · Orientation · Window to 
wall ratio

Introduction

The issues related to indoor air quality, energy cost and other 
environmental issues associated with energy generation has 
created an interest in the natural ventilation in buildings 
in the recent literature. In the hot and humid region, the 
intensive solar radiation and the higher humidity level create 
the requirement of using mechanical cooling mechanisms 
which contribute substantially to energy consumption in 
buildings [1]. In most tropical countries, achieving thermal 
comfort without the use of air conditioning is becoming 
difficult due to poor building designs and global warming 
may make the issue worse. The thermal comfort of a poorly 

designed naturally ventilated building is difficult to control 
unlike in air-conditioned buildings, where thermal comfort 
can be achieved with the compensation of higher energy 
consumption.

Energy consumption in the household sector is governed 
by various factors including the building envelope charac-
teristics and consumer behaviour [2]. In most of the tropi-
cal countries, the energy demand is heavily affected by the 
energy poverty, with lack of access to energy or energy 
security. While the usage of energy-consuming equipment 
such as air-conditioning units is restricted due to energy pov-
erty, the only option to achieve the required thermal com-
fort will be the proper design of the building envelope. For 
low-income households, thermal renovation is difficult due 
to poor economic conditions [3–6]. Hence, considering the 
proper design aspects at the initial building design would 
avoid such costs and both thermal comfort and lower elec-
tricity requirement would be met. The effect of consumer 
behaviour on energy consumption has been widely discussed 
in various studies [7–9] and hence this paper will only focus 
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on the aspects of building envelope which affect the energy 
consumption of residential buildings in tropical climate.

Globally, a significant proportion of the building energy 
is consumed for achieving the required thermal and opti-
cal comfort [10–12]. In addition to the building materials, 
the building form and the other associated factors heavily 
affect the indoor thermal comfort and the lighting energy 
of any air-conditioned or naturally ventilated building. The 
most important parameters affecting the thermal comfort and 
lighting energy requirement of the indoor environment are 
the building shape, orientation and the window to wall ratio 
(WWR) of the building [13–20]. These parameters are inter-
related and a proper combination is required to achieve the 
optimal thermal comfort and energy efficiency.

Impact of building form on energy load 
of non‑residential buildings

Several attempts have been made to identify the impact of 
the building form or building shape on the energy load of 
the building. Ourghi et al. [21] provided a simplified analysis 
method to predict the impact of the shape of an air-condi-
tioned office building on its annual cooling and total energy 
use. The simulations were conducted for four locations 
including Rome, Tunis, Cairo and Gabes. The results indi-
cated a strong interdependency between the annual building 
energy use and various basic building features such as build-
ing shape, window size and glazing type.

Caruso and Kampf [22] analysed the optimal three-
dimensional form of buildings that minimise energy con-
sumption (air-conditioning needs) due to solar irradiation 
using the evolutionary algorithm. The results indicate that 
the optimal forms are compact and oriented to a particular 
direction in the sky that depends on the site following a 
sort of self-shading concept. Further, Depecker et al. [23] 
suggested that in a cold climate, the heating load is directly 
proportional to the shape coefficient. Depecker et al. [23] 
defined the shape coefficient as follows.

where Se is the envelope surface area and V is the inner 
volume of the building. The study has focused only on the 
building shape and has ignored the parameters such as cli-
mate, orientation and WWR.

On the contrary, AlAnazi et al. [24] introduced an anal-
ysis method to estimate the impact of building shape on 
the energy efficiency of air-conditioned office buildings 
in Kuwait. The analysis has taken several building shapes 
and forms into account including rectangular, L shaped, U 
shaped, T shaped, cross shaped, H shaped and cut shaped. 
For buildings with low WWR, the total energy use is found 

(1)Cf =
Se

V
,

to be inversely proportional to the relative compactness of 
the building, independent of its form.

On the effect of WWR and orientation on the energy con-
sumption, Alwetaishi [25] conducted a research to identify 
the optimal WWR for educational buildings in various cli-
matic regions and a WWR of 10% is recommended for a hot 
and humid climate region. A study in Teheran suggested that 
the orientation can save up to 105% of the annual energy of a 
building and the WWR has an important role in deciding the 
building orientation [26]. Hence, investigating the impact of 
orientation on energy efficiency is important while determin-
ing the effect of building shape on energy use.

Similar researches have been carried out for cold climates 
with the heating load. Oral and Yilmaz [27, 28] presented a 
methodology to determine the building form which provides 
minimum heat load. Further, Marks [29] studied the opti-
mum proportions of wall lengths, their angles and glazing 
parameters for multistory office buildings in Australia. The 
study was further extended by Jedrzejuk and Marks [30] to 
present a multi-criteria optimisation method of the shape and 
structure of the buildings and optimisation of heat sources. 
For the buildings in tropical climate, Mangkuto et al. [31] 
conducted a simulation study to investigate the effect of 
WWR, window orientation and wall reflectance on lighting 
energy demand and daylight metrics. The optimum solu-
tion derived from Pareto optimisation indicated WWR 30%, 
wall reflectance of 0.8 and south orientation as the optimum 
design.

Impact of building form on energy load 
of residential buildings

The above-discussed studies are much focused on the non-
residential buildings such as office buildings which heavily 
depend on heating and cooling. Residential buildings have 
a different occupancy pattern and the daytime energy con-
sumption is lower compared to non-residential buildings. 
Several studies have been carried out to identify the effect 
of shape, WWR and orientation in residential buildings. 
Hachem et al. [32] demonstrated that the number of shad-
ing facades and the ratio between the shading to shaded 
facade significantly affect the solar radiation on non-convex 
shapes. The study was based on residential buildings in cold 
climate including seven different shapes (square, rectangle, 
trapezoid, L, U, H and T). Bichiou and Krarti [33] conducted 
a research on single-family homes in the USA including five 
different locations. This research considered the building 
shape, WWR and orientation as important parameters for 
the optimisation. Three optimisation algorithms were con-
sidered and the optimal design reduced the life-cycle cost 
by 10–25 % depending on the type of homes and climate.

For naturally ventilated residential buildings, Liping 
et al. [1] investigated the optimum thermal comfort by 



109International Journal of Energy and Environmental Engineering (2019) 10:107–120 

1 3

changing U values, WWR, orientations and lengths of the 
shading device. The research was conducted for a typical 
residential building in Singapore and the results indicated 
that the U value of facade materials for north and south 
should be less than 2.5W∕m2 K  and for east and west U 
value should be less than 2.5W∕m2 K  . Further, the opti-
mum WWR was found to be 24%. However, this research 
has neglected the effect of shape and the lighting energy. 
In Mirrahimi et al. [11], the effect of building form was 
considered for the tropical climate in Malaysia and, in 
addition, other factors such as external walls, roofs, glaz-
ing area and natural ventilation were also evaluated. The 
research aimed mainly at the thermal performance and the 
total energy consumption of high-rise residential buildings 
and the lighting energy was not focused upon.

Most of the studies have been restricted to either air-
conditioned buildings or buildings with one zone [34] and 
the knowledge of the impact of building form on energy 
consumption of the naturally ventilated buildings is rare, 
especially for residential buildings and in hot humid cli-
mate. Bre et  al. [35] conducted a residential building 
design optimisation where some rooms are mechanically 
ventilated, while some are naturally ventilated. In their 
study, a typical residential building in Argentina was 
selected for the case study and, as per the overall results, 
solar absorptance of external walls, thermal transmittance 
of externals walls, orientation and window area fraction 
for natural ventilation were considered as the important 
factors for reducing the cooling demand.

However, in those previous works, the effect of build-
ing shape, WWR, orientation and the zones in residential 
buildings in hot and humid climate have not been suffi-
ciently discussed. Further, the available studies on tropical 
residential buildings have not considered the effect of zone 
sizes or the locations. Furthermore, in most of the studies, 
the lighting energy demand of the residential buildings 
is neglected and the total energy demand is considered. 
Considering the effect of building envelope characteris-
tics on the artificial lighting requirement, it is necessary 
to identify the effect on lighting energy separately. Given 
the lack of studies on the naturally ventilated residential 
buildings, our study aims to investigate the effect of shape, 
orientation and WWR on the lighting energy requirement 
and the thermal comfort of naturally ventilated houses, 
while giving a special emphasis on the zone sizes and the 
zone locations of the houses.

Hence this study is based on two research questions: (a) 
what is the effect of shape, zones, orientation and WWR 
on the lighting energy requirement of naturally ventilated 
residential buildings and (b) what is the effect of shape, 
zones, orientation and WWR on the thermal comfort of 
naturally ventilated residential buildings?

Methodology

Case study models

The model houses in the case study were two-storey 
houses with one living room, one kitchen, one bathroom 
and three bedrooms. The simulations were conducted in 
a hypothetical location at Katuanyake, Sri Lanka, which 
has a tropical hot humid climate (ASHRAE 1A climate 
zone). The family size was selected as four, being the aver-
age number of occupants per house in Sri Lanka [36]. 
Further, for permanent houses, the average living spaces 
per house is 4.4 [36] and therefore the model house was 
selected with three bedrooms, one kitchen and one living 
area (five living spaces). The selection of three-bedroom 
house was further verified using the pilot survey results 
(refer Table 1). Although the majority of the houses are 
single storey in Sri Lanka, two-storey houses (22.3% of 
the total houses in Colombo district [36]) were selected 
for the case study as two-storey houses are more available 
in the urban areas where the energy consumption is high. 
All the models were designed with flat roofs to avoid the 
impact of the roof shading and being the current trend in 
urban areas in Sri Lanka [37]. The total gross area of each 
house is 68m2 and the height of each floor is 3.01 m. The 
external dimensions of the model houses are illustrated 
in Fig. 1. The minimum dimensions for each zone were 
defined using Neufert guide [38] and listed in Table 2.

Table 1  Descriptive statistics of the pilot survey ( N = 120)

Minimum Maximum Mean SD

Number of occupants 2 8 4.47 0.98
Number of floors 1 4 1.52 0.67
Number of bedrooms 1 6 3.59 0.95
Leave home 5.30 AM 10.00 AM 7.14 0.75
Return home 2.00 PM 12.30 AM 5.03 1.14
Light switch on 3.00 AM 8.00 AM 5.01 1.06
Light switch off 8.00 PM 12.30 AM 10.12 1.24

Table 2  Minimum internal dimensions of the zones

Zone Length (m) Width (m)

Kitchen 2.4 2.3
Bedroom 3.6 3.5
Living (including dining area for 

6 people)
4.8 3.3

Bathroom 1.6 1.4
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For the ease of zone arrangement and to maintain the 
same gross floor area, all the three bedrooms were placed 
on the first floor and other zones were moved to the ground 
floor. As all the bedrooms are arranged on the first floor 
the room arrangement allowed to have three different 
shapes as square, rectangle and L shape. For each different 
shape, the staircase location was changed and seven main 
cases were identified according to envelope shape and the 
staircase location as illustrated in Fig. 2. The location of 
the kitchen and bathroom of each case was changed rela-
tive to the staircase location ( refer Figs. 6, 7, 8). For each 
subcase, the zone sizes were started from the minimum 
size (as listed in Table 2) and increased later for space 
utilisation.

Simulation settings

Burnt brick (which is the walling material used by 53.2% 
of the households in Sri Lanka [36]) was selected for the 
envelope and the internal walls for the models as it pro-
vides better thermal comfort in tropical climate [39, 40]. 
The U values and thicknesses of external walls, internal 
walls, roof, floor and glazing are listed in Table 3. The 
entire house was set for natural ventilation (always on) and 
heating and cooling options were disabled. The outside 
air exchange rate was set to 5 ac∕h to provide higher natu-
ral ventilation. The house models were designed for four 
occupants and the activities were set to a template with 
metabolic rate of 123 W per person and 0.5 Clo value. The 

Fig. 1  Samples of case study house models
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occupancy was set as 5 pm to 7 am next day according to 
a result obtained from a pilot survey.

The lighting requirements for a residential building can-
not be easily generalised as it heavily depends on the occu-
pant behaviour and the specific requirements. The aver-
age illuminance levels for various spaces (living, kitchen, 
bedrooms and bathroom) of single-family houses varies 
from 100 to 200 lux [41], and except for the kitchen, all the 
other zones require 100–150 lux illuminance level. Since 
this study is a comparison of the building shapes and zone 
sizes and locations, the same level of illuminance needs 
to be maintained for all the models. For this case study, 
the target illuminance level for all the spaces was set as 
150 lux as a reasonable estimate since high lighting levels 
are not often required. The LEED certification requires 

Fig. 2  Staircase positions of the house models and the seven cases

Table 3  Material details of the construction components

Component Thickness U value 
( W∕m2 − K)

External wall (burnt brick—internal 
surface finished with cement/sand /
limestone motar)

0.137 m 2.997

Internal walls (burnt brick—surfaces 
finished with cement/sand /limestone 
motar)

0.147 m 2.874

Floor 0.3327 m 0.25
Roof 0.3675 m 0.25
Glazing (double pane clear glass) 3 mm 0.9
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the single-family houses not to exceed the lighting power 
density (LPD) of 7.7W∕m2 to get at least 0.5 points for 
reducing the lighting power density [42]. Since there is a 
tendency to move to higher efficacy lighting to reduce the 
lighting energy consumption, the case study used LPD of 
7.7W∕m2 as a reference and 5W∕m2 − 100 lux was used 
as the normalised power density. The interior walls were 
finished with cement/sand/limestone mortar and painted 
white. The lighting control option was set on to control the 
light according to daylighting illuminance. The lighting 
was scheduled from 5 am to 10 pm (according to the pilot 
survey results).

Design Builder V5 software (with Energy Plus sim-
ulation engine) was used for the optimisation. In total, 
300 different models were developed and then they were 
simulated for optimisation using the objectives and design 
variables illustrated in Table 4. All the electricity loads 
except the lighting electricity were removed in the model-
ling and, therefore, minimising electricity was considered 
as the first objective function which reflects only the light-
ing electricity. Furthermore, the occupants of the naturally 
ventilated houses can accept higher indoor temperatures 
and wider temperature variations compared to the occu-
pants of the air-conditioned houses [43]. Adaptive com-
fort models such as ASHRAE 55 can apply a wide range 
of temperatures than steady-state comfort models, as the 
occupants use various adaptive comfort measures to make 
the indoor environment more comfortable [44]. The ther-
mal comfort conditions of the building can be maintained 
without using additional mechanical cooling if the tem-
perature is within the adaptive comfort limits. In ASHRAE 
55 standard, the comfort temperature is calculated using 
Eq. 2 ( R2 = 0.7 ), where tc is the comfort temperature and 
t0 is the prevailing mean outdoor air temperature PMOAT 
(10–33.5 C◦ ) [45]:

To achieve the 80% adaptability comfort limits, ± 3.5 C
◦ is 

added to the comfort temperature. In this study, minimising 
the discomfort hours (ASHRAE 55 adaptive 80% accept-
ability) was selected as the second objective function, as in 
the hot humid climates the adaptive comfort model is more 
suitable for naturally ventilated houses.

(2)tc = 0.31t0 + 17.38.

Results and analysis

Effect of building shape, zone size and zone location

The optimisation solutions with the lowest discomfort hours 
and lowest lighting electricity of each model were identi-
fied and plotted against the model numbers in each case to 
compare the effect of shape and other factors. The effects 
of the shape and the zones on thermal comfort and lighting 
electricity are discussed separately under this section.

Effect of building shape on thermal comfort

As indicated in Fig. 3a, the discomfort hours do not show a 
clear difference with the change in the position of the stair-
case in square-shaped models. In S case 1, the staircase was 
placed at the corner of the house as in Fig. 2a, and in the S 
case 2 it was placed at the middle of the house as shown in 
Fig. 2b. In the rectangular shape, a clear difference in ther-
mal comfortability can be observed in the cases where the 
staircase is in a corner (Fig. 2c) and the staircase is in middle 
(Fig. 2d). The discomfort hours of the rectangular-shaped 
model houses with respect to the position of the staircase is 
given in Fig. 3b. The results indicate that when the staircase 
is in the middle of the house, the thermal comfort is higher 
than it is in a corner. Also when the zone sizes change and 
the zones are moved while keeping the staircase at the same 
place, a difference in thermal comfort can be observed.

The staircase of the L-shaped model was positioned in the 
short corner (Fig. 2e), in the middle (Fig. 2f) and in the long 
corner (Fig. 2g). Similar to the square-shaped model, there is 
no clear difference between the cases in the L-shaped models 
when either the position of the staircase is changed or the 
position of the zones with respect to the staircase is changed 
as indicated in Fig. 3c. However, as per Fig. 3c, when the 
size of the zones changes, a clear difference can be observed 
in the L-shaped model. Figure 3d shows the overall results 
of the models based on the shape of the house. The overall 
results also cannot identify a clear difference or a pattern 
when the shape is changed. However as discussed in pre-
vious sections, the staircase location in rectangular-shaped 
houses and the zone sizes in houses of all the shapes affect 
the thermal comfortability of the houses.

Effect of building shape on lighting electricity

The lighting electricity also does not show a clear change 
with the building shape as shown in Fig. 4d except in the 
square-shaped models, where the staircase is placed at the 
middle (Fig. 4a). In the rectangular-shaped models (Fig. 4b) 
and in L-shaped models (Fig. 4c), there is only a marginal 

Table 4  Objectives and design variables of the optimisation

Objectives Design variables

Minimise lighting electricity Window to wall 
ratio (20, 40, 60, 
80)

Minimise discomfort hours (ASHRAE 55 
adaptive 80% acceptability)

Orientation (0–345◦)
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difference when the staircase position changes. Similar to 
the thermal comfort, variations can be observed within the 
cases when the zone sizes and zone location changes.

Effect of zone size and zone location

Sections 3.1.1 and 3.1.2 do not show a clear difference 
between the cases except in R case 2 for thermal comfort and 
S case 2 for lighting electricity. However, in all the cases, 
there is a variation in thermal comfort and lighting electric-
ity when the size of the zones changes and the zone location 
relative to the staircases changes. Therefore, for each case, 
three size categories were identified and the floor areas of 
kitchen, bathroom and living room of each size category 
for each case are listed in Table 5. In size category 1, the 
floor area of the kitchen and bathroom are minimum and 
that of the living room is maximum for each case. In size 
category 2 and 3, the floor areas of the kitchen and bath-
room are increased, while the floor area of the living room 
is decreased.

The variations in the discomfort hours and lighting elec-
tricity for three size categories for each case are presented 
in Fig. 5. When the zone sizes change, the discomfort hours 
change up to 4.15% and the lighting electricity changes up to 
3.74%. However, a clear correlation cannot be observed for 

all the cases and there is no generalised correlation between 
thermal comfort and the lighting electricity. Further, the 
changing patterns of thermal comfort and the lighting elec-
tricity within the size categories cannot be generalised and 
is specific to each case.

Figures  6,  7 and  8 indicate the variation in discom-
fort hours and lighting electricity when the zone location 
(kitchen and bathroom) changes relative to the staircase 
location for square shape, rectangular shape and L shape, 
respectively. The zone locations are marked as A, B and C in 
the plan layout in each figure considering whether the zones 
are located by the side or away from the staircase. When the 
zone locations change, the thermal comfort can be changed 
up to 2.48% and the lighting electricity can be changed up 
to 9.24%. Similar to the previous case, there is no clear cor-
relation between changing patterns of thermal comfort and 
lighting electricity and they are more case specific.

Effect of window to wall ratio and orientation

The effects of building shape and the zone sizes are analyzed 
in Sect. 3.1, using only the best thermal comfort or light-
ing energy requirement of each model. Therefore, the effect 
of WWR and the orientation was ignored in the analysis 
process. To identify the effect of those factors on thermal 

Fig. 3  Discomfort hours of the model houses based on the position of the staircase
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comfort and lighting electricity requirement, the models in 
the zone size category 1 (refer Table 5) in all the seven cases 
were selected for further analysis.

Effect of window to wall ratio

For the seven models representing the seven main cases, 
the discomfort hours and the lighting electricity results 
were obtained for 20, 40, 60 and 80 WWRs. The results 
indicate a positive correlation between WWR and discom-
fort hours as shown in Fig. 9. To be more precise, the 
percentage change in discomfort hours compared to the 

discomfort hours in the best WWR is listed in Table 6. As 
indicated in Table 6, WWR of 20 gives the best thermal 
comfort (minimum discomfort hours), and when WWR 
is increased to 40, the discomfort hours increase by more 
than 20% except in L case 2 where the increase is 17.8%. 
When the WWR is increased to 60, the thermal discom-
fort increases by 30–40% and in 80 WWR the percentage 
increase in discomfort hours is 45–55% except in L case 2 
where the change is 41.48%. It is further evident that the 
difference in percentage change is only 10% between the 
60 and 80 WWRs, where between other ratios the differ-
ence is more than 20%.

Fig. 4  Lighting electricity (kWh) of the model houses based on the position of the staircase

Table 5  Floor areas ( m2 ) of 
the zones in the three zone size 
categories

Case Zone size 1 Zone size 2 Zone size 3

Kitchen Bathroom Living Kitchen Bathroom Living Kitchen Bathroom Living

S case 1 6.14 2.5 46.92 9.44 3.54 42.64 13.93 5.22 36.33
S case 2 6.05 2.86 46.72 9.87 2.86 43.38 14.78 2.86 38.46
R case 1 5.52 2.52 47.68 7.76 2.52 45.19 11.81 3.36 40.14
R case 2 5.52 2.54 46.97 8.4 4.2 42.16 12.25 4.2 38.17
L case 1 5.52 2.54 46.38 8.04 3.21 42.96 11.85 3.32 38.88
L case 2 5.52 2.54 44.79 8.2 4.38 40.3 12.07 3.34 37.53
L case 3 5.52 2.54 45.09 7.86 2.54 42.82 11.46 4.38 37.23
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Fig. 5  Variation of the thermal comfort and lighting electricity based on the zone size category
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As illustrated in Fig. 10, the best lighting electricity (low-
est value) occurs in 60 and 80 WWRs and the difference 
in lighting electricity between those WWRs is nearly zero. 

WWR of 20 has the highest lighting electricity value, and the 
percentage change in electricity compared to the best WWR 

Fig. 6  Variation of the thermal comfort and lighting electricity based on the zone location relative to the staircase position for square-shaped 
models

Fig. 7  Variation of the thermal comfort and lighting electricity based on the zone location relative to the staircase position for rectangular-
shaped models
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Fig. 8  Variation of the thermal comfort and lighting electricity based on the zone location relative to the staircase position for L-shaped models

Fig. 9  Thermal comfort of the cases for various WWR Fig. 10  Lighting electricity of the cases for various WWR 
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is 1.5–3% in the square case and L case models, whereas the 
change is 8.5–9.5% in the rectangular case models.

Effect of orientation

For the same models discussed in Sect. 3.2.1, the best ori-
entation with the lowest discomfort hours and the best ori-
entation with the lowest lighting electricity were obtained 
separately for each case (refer Table 7). The best orienta-
tion was rotated by 15◦ and 24 different orientations were 
obtained for each case. The discomfort values and lighting 

electricity values for each orientation were obtained and the 
results are presented in Figs. 11 and 12. According to the 
Fig. 11, when the models are rotated 90◦ and 270◦ compared 
to the best orientation, the thermal discomfort will increase. 
However, the increase is marginal in square shape and L 
shapes where the difference is only 1.5–3%, and in rectan-
gular case the percentage difference is 8.5–9.5%. In the case 
of lighting electricity, orientation does not indicate a clear 
effect as illustrated in Fig. 12 where the percentage increase 
compared to the best orientation is less than 0.25% in all the 
cases for all orientations.

Discussion

In the case development, the staircase location was consid-
ered as an important parameter mainly due to two reasons. 
Firstly, the staircase can be used as a reference for the zone 
location and, secondly, there can be several effects on the 
thermal comfort and the lighting energy requirement due 
to the location of the staircase. The thermal comfort of the 
models can be affected by the possible stack effect ventila-
tion created by the staircase [46]. The stack effect ventilation 
occurs through vertical air movement. The cool air in the 
building warms up by human activities and the resulting 
warm air is discharged out through vertical elements such 
as air wells and ducts due to the difference in density [47]. 
Open staircases usually provide stack effect ventilation, and 
in historic buildings the stairways have been used as the 
exhaust stack [48].

Rectangular shape has the best thermal comfort when the 
staircase is in the middle for 20 WWR. Further, in rectangu-
lar shape when the staircase is moved to the middle of the 
house, the discomfort hours is reduced by 6%. The possible 
reason for having high thermal comfort can be the effective 
use of both stack ventilation effect and cross ventilation in 
that configuration. In WWR of 20, square shape and L shape 
do not show a clear difference. However, with the increase in 
WWR, the L case has the best thermal comfort which may 

Table 6  Percentage increase 
in the discomfort hours of the 
cases for various orientations 
compared to the best WWR 

Case S case 1 (%) S case 2 (%) R case 1 R case 2 (%) L case 1 (%) L case 2 (%) L case 3 (%)

20 0.00 0.00 0.00 0.00 0.00 0.00 0.00
40 23.42 21.08 21.34 25.45 20.67 17.80 27.03
60 40.08 37.55 31.29 43.31 35.60 31.78 43.95
80 49.81 47.90 47.26 54.58 45.97 41.48 53.30

Table 7  Best orientations of the 
models in terms of minimum 
discomfort hours and minimum 
lighting electricity

Case S case 1 S case 2 R case 1 R case 2 L case 1 L case 2 L case 3

Discomfort hours 0 270 0 0 60 240 60
Lighting electricity 270 150 90 240 15 0 345

Fig. 11  Thermal comfort of the cases for various orientations

Fig. 12  Lighting electricity of the cases for various orientations
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be due to the self-shading effect. This further validates the 
findings of Liping [1], where the optimum WWR was found 
to be 24 for naturally ventilated residential buildings.

Square shape indicates the highest lighting electricity 
when the staircase is moved to the middle of the house. This 
is mainly due to the blocking of the light by the staircase. 
In this case study, lighting does not show a higher varia-
tion with WWR. This is mainly because of the occupancy 
schedule in the residential buildings. Artificial lights will be 
used only during the occupancy time, which is from even-
ing to the next morning, where the lighting requirement 
will be compensated by daylight in a very short period of 
time. However, for that shorter duration, WWR can result in 
1.2–2.2% energy consumption change.

The zone sizes change the thermal comfort up to 4.15% 
and lighting electricity up to 3.74%. Also the zone locations 
can change thermal comfort up to 3.48% and lighting elec-
tricity up to 9.24%. However, in both cases, the changing 
pattern cannot be generalised and the pattern is case specific. 
Therefore, to have a generalised correlation, a combination 
of multiple factors will need to be considered.

For naturally ventilated buildings, wind direction plays 
an important role in achieving the required thermal comfort. 
In square and L cases, the orientation change affects only 
1.5–3% of the thermal comfort as the wall areas facing that 
direction will be same for all the orientations. However, in 
the rectangular case, the orientation can change the thermal 
comfort up to 8.5–9.5% as the area of the wind-facing wall 
varies with the orientation. Nevertheless, there is no clear 
effect of orientation on the lighting electricity, mainly due 
to the occupancy time and the placement of windows evenly 
in the envelope.

Conclusion

Given the lack of literature on the effect of building shape, 
zone sizes and zone locations on the thermal comfort and 
energy consumption of naturally ventilated houses, this 
study was conducted by analysing 300 different models. 
Four WWR ratios and 24 building orientations were con-
sidered for each model and the discomfort hours and lighting 
electricity were obtained through Design Builder simula-
tions. According to the study results, building shape does 
not show a clear effect on either thermal comfort or lighting 
energy except in special cases. However, the results suggest 
that a rectangular shape with staircase positioned at the mid-
dle will provide higher thermal comfort for WWR of 20, and 
for other WWRs the L-shaped models, where the staircase 
is at the short corner and middle, provide higher thermal 
comfort. Square-shaped houses with staircase in the middle 
have the highest lighting electricity, while L shape has the 
lowest lighting electricity. Irrespective of the building shape, 

the zone sizes and the zone locations affect both the ther-
mal comfort and lighting electricity. Further, WWR changes 
the thermal comfort by 20–55% and lower WWR provides 
higher thermal comfort and higher lighting electricity at 
the same time. However, the percentage change in lighting 
electricity due to WWR is only 1.5–9.5% and therefore ther-
mal comfort should receive more attention in deciding the 
WWR. Further, in this case study, the building orientation 
does not have a clear contribution to the thermal comfort or 
the lighting electricity, mainly due to the occupancy sched-
ules and placing the windows evenly. In future, a parametric 
analysis will be conducted by analysing the significance of 
building shape, zone sizes, zone location, WWR and the 
building orientation individually and collectively.
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