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ABSTRACT

In Southeast Asia with tropical climates, Chinese Shophouse (CSH) as a type of vernacular architecture is
usually equippedwith small intermediate air-well type courtyards, also known as ‘Tianjin’, tomoderate the
indoor thermal environment. This paper investigates the effectiveness of air-well type courtyards as passive
design strategies on moderating indoor thermal environments in two CSHs located in Malacca, Malaysia.
The study used a field survey and a CFD simulation. Statistical analyses of indoor air temperature and heat
index (HI) measured at different locations of the CSHs show that intermediate spaces next to the air-wells
had significantly lower air temperature and HI. Cross ventilation through the openings on the walls and
air-wells resulted in a significantly lower normalizedmean age of air and higher air velocity. The air-well is a
suitable passive design strategy to reduce overheating during daytime and to increase cooling of building
structure during night-time. The air-well courtyards should be arranged in alignment with the prevailing
wind to maximize the cross ventilation and passive cooling.
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Introduction

In tropical climates cooling and dehumidification accounts for a

major portion of energy consumptions in buildings (Kubota and

Toe 2008). Traditionally natural ventilation has beenwidely used

in tropical vernacular architecture to regulate the indoor ther-

mal environments (Givoni 1998). The main climatic concern for

buildings in tropics is high temperature, humidity and solar radi-

ation (Olgyay 2015). The core temperature of the human body is

maintained at a particular set point through various physiolog-

ical processes managed by the hypothalamus (Bluyssen 2013).

Under warm conditions vasodilation increases blood flow to the

skin which results in sweating; if ambient humidity is also high,

discomfort occurs due to skin wetness. Therefore, in hot humid

climates increasing ventilation helps enhance sweat evapora-

tion by removing saturated ambient air. Higher air velocities also

provide a psychological cooling effect to occupants and reduce

the discomfort caused by the subjective feeling of skin wetness.

Therefore, tropical vernacular architecture adapts scatter build-

ing layouts to increase wind induced ventilation (Olgyay 2015).

The depth of a building has a significant impact on the effec-

tiveness of natural ventilation. For single-sided ventilation, the

effective depth for natural ventilation is approximately twice

the floor to ceiling height and for cross ventilation the effective

depth is up to five times the floor to ceiling height (CIBSE 2005).

These passive design principles advocate a narrow floor plan for

naturally ventilated buildings.

The Chinese Shophouse (CSH) is a popular vernacular hous-

ing form found in the old cores of tropical port cities in Southeast

Asia (Figure 1). The main design characteristic of a shophouse is

a narrow frontage, deep rears, five-foot-wide covered walkway

CONTACT Zhonghua Gou gouzhonghua@gmail.com, z.gou@griffith.edu.au School of Environment, Griffith University, Southport, Australia

at the front and small internal courtyards. The width is approxi-

mately 4–6mwhile the length couldbearound30–36 m(Hassan

and Yahaya 2012). The primary ventilation openings of a CSH

are located at front and rear walls (Wang and Jia 2016). Natu-

ral ventilation in this deep and compact house type is assisted

by a small courtyard type termed as ‘Tianjin’ also known as ‘air-

well’ or ‘sky-well’ (Hassan and Yahaya 2012). These air-wells are

used between the functional spaces. Their verticality exceeds

their horizontal dimension to avoid excessive solar radiation. The

areapercentageof anair-well on the footprint of aCSH is approx-

imately 5–7% (Knapp and Ong 2013). The functional spaces of

a CSH are symmetrically organized with an axis across several

air-wells and divided vaguely by non-structural partitions or air-

wells. In contrast to the accepted passive design principles in

tropical climates, CSHs are typically arranged in a dense row

layout (Firley and Stahl 2009) (Figure 1) (Figure 2).

The air-well type courtyard found in the SoutheastAsianCSHs

has been identified as a fine component of vernacular architec-

ture which extracts passive techniques to moderate the indoor

thermal environment (Zakaria, Kubota, and Toe 2015). The pas-

sive performance of an indoor courtyard in a tropical climate is

primarily dependent on shading and ventilation (Hoseini et al.

2014). In hot humid climates, increased ventilation attributed to

indoor courtyards can enhance sweat evaporation and physio-

logical cooling of the building occupants. Increasing nocturnal

air exchange accelerates the cooling of high thermal mass struc-

tureof abuilding. Thiswill consequently result in lower indoor air

temperatures during afternoon peak hours (Givoni 1998). Ven-

tilation and infiltration during night and morning hours is the

most favourable strategy to increase structural cooling of high

© 2017 Informa UK Limited, trading as Taylor & Francis Group
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Figure 1. A typical Chinse Shophouse in Penang, Malaysia (by courtesy of Wang and Jia 2016).

Figure 2. Street layout of Chinse Shophouses in Singapore (adapted from Firley
Q13 and Stahl 2009).

thermal mass materials in tropical climates (Sadafi et al. 2011).

Air-well type courtyards used in CSHs that have a height towidth

ratio greater than 0.65 may be considered sheltered from the

direct impact of prevailingwinds perpendicular to its axis (Jayas-

inghe and Attalage 1999). Therefore, these types of courtyards

may not be able to fully harness the passive cooling attributes

related to wind induced ventilation in the tropics. However, per-

vious research demonstrated that the use ofmultiple connected

air-wells with staggered form, i.e. courtyards situated between

buildings of different heights, was able to improve cross ventila-

tion and to increase indoor air velocity of intermediate spaces in

the CSH with deep plan (Kubota et al. 2017).

Ventilation could also result from the stack effect. Stack effect

is the movement of air due to the difference of indoor and

outdoor air density as a result of temperature and moisture

differences (Khanal and Lei 2011). In architecture, stack effect

could come from the variation of temperature in courtyards and

the outdoors. As outdoor air temperature tends to be lower

than indoors at night-time, higher temperatures in courtyards

than the outdoors can enhance the stack effect at night-time

(Rajapaksha, Nagai, and Okumiya 2003). Toe and Kubota (2015)

demonstrated the stack effect in air-well type courtyards in the

CSH (Figure 3). At night-time, cooled air from the air-well open-

ing flow into the building and cool the internal high thermal

mass structure. During daytime, shading from direct and dif-

fused radiation in the air-wells help to retain the cool air at

lower level for a longer time period. Less-heated air at lower

levels of the air-well prevented vertical air exchange with hot

outdoor air. This results in lower indoor air temperature during

daytime peak hours. In tropical climates as larger and shallower

courtyards result in more heat gain and higher indoor air tem-

peratures of adjacent spaces during the afternoon peak hours,

deeper andmore elongated courtyardswith higher shadingper-

centage is preferable (Martinelli and Matzarakis 2017). In these

regions, the shading of the courtyard is mainly dependent on

its depth rather than its elongation (Muhaisen 2006). A com-

parison study of thermal environments in 16 air-well courtyards

in Malacca reveals that daily maximum air temperature in the

air-well is mainly influenced by its openness and depth (Kubota

et al. 2017). Closed and deep air-wells with higher shading were
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Figure 3. Conceptual illustrations of passive cooling by air-well type courtyard: (a) daytime and (b) night (adapted from Toe and Kubota 2015).

able to maintain lower indoor air temperatures during daytime

peak hours.

The air-well type courtyards used in the Southeast Asian CSHs

compliments its long narrow form. These air-wells have some

features which are climatically appropriate for the hot humid

regions, aswell as some featureswhichmay hinder the optimum

thermal comfort performance of an indoor courtyard in this cli-

mate. Research is needed to understand the effectiveness of the

air-well type courtyard on moderating indoor thermal environ-

ment in these tropical CSHs. This study uses a filed investigation

to explore variations of indoor thermal environment attributed

to air-well courtyards in CSHs. Furthermore, a CFD (Computer

Fluid Dynamics) simulation is used to investigate the impact

of prevailing wind on passive cooling potential of the air-well

courtyards.

Methodology

The city ofMalacca and selected shophouses

Malacca is a tropical city located at 2°11′45′′ N, 102°14′25′′ E.

According to the city’s weather record, climate variables, such as

temperature and relative humidity, do not show large monthly

variations (Toe and Kubota 2015). However, many variables

exhibit prominent diurnal variations from hour to hour, indicat-

ing the strong influence of solar radiation on the local climate.

The seasonal climatic change is dominated by the monsoons.

Malacca was once a small and remote fishing village and

began to develop as a port city in the fourteenth century. Many

CSHs which date back to the seventeenth and eighteenth cen-

tury can be found within the core zone of this historic city. Sev-

eral categories of CSHs’ are found in Malacca, and their spatial
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Figure 4. Ground floor layout plan of CSH: (a) CSH in Malacca (adapted from Tan 1988), (b) CSH in Singapore (adapted from Davison and Tettoni 2011), and (c) CSH in
Penang (adapted from Omar and Syed-Fadzil 2011).

Figure 5. House 1 and 2: (a) Location; (b) front exterior view (Source: Google Earth, imagery dated on 18 January 2015).

planning, form and architectural design are comparable (Tan

1988). The CSH found in Malacca typically has two or more halls

with intermediate air-wells and a fenced backyard (Davison and

Tettoni 2011). These CSHs’ like others found in the old cores of

tropical port cities such as Singapore, Penang and Batavia have

simple elongated plans, multiple air-wells and narrow corridors

(Omar and Syed-Fadzil 2011) (Figure 4).

Two CSHs are selected for this survey; they are located at

54–56 Jalan Tun Tan Cheng Lock in the core of the city. The

two houses are adjoined by a party wall (Figure 5). House 1 has

two air-well type courtyards and a large backyard. House 2 has

one air-well type courtyard and a backyard. The two houses are

inter-connected on both levels. The two houses are located in

a cluster of CSHs with similar configuration (Figure 6). It is a

densely built up neighbourhood, with a gross building cover-

age ratio of 76%. There are no high-rise buildings surrounding

the site. The prevailing wind is in parallel to the building ori-

entation. Therefore, the influence of the incoming wind from

the surrounding environmentwas considered relatively insignif-

icant. The two shophouses were donated to the Department of

Architecture, National University of Singapore to function as a

Centre for Asian Architectural and Urban Heritage in Malacca.

They have been well preserved to emulate the original spatial

planning, form and architectural design of a typical CSH found

in most tropical port cities in Southeast Asia.

Figure 6. Site condition and prevailing wind (drawn by the authors).

Fieldmeasurement

The field measurement was conducted in April 2016. The mea-

sured period can be considered as a representative of a fair

weather day in Malacca. For the purpose of this study, a fair

weather day in a month is used as a representation of aver-

age conditions in terms of air temperature in Malacca city. Fair

weather days include clear and intermediate sky conditionswith
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Figure 7. House 1 and 2: layout plans, sections, measurement points and equipment used for measurement.

relatively constant high outdoor air temperatures during the

daytime.

The air temperature and relative humidity were measured

at nine locations on first floor level and two locations at sec-

ond floor level in the two houses for 26 consecutive hours in

April 2016. The measured locations are indicated in Figure 7.

All measurements were taken at 0.4m height above floor. Data

were logged using HOBO data logger U12-012 at 30 second

intervals. The technical specifications of the instruments used

for field survey are summarized in Table 1. The instruments

have been calibrated and certified by Shanghai Institute of

Metrology Technology (SIMT), a Chinese authority certifying

meteorological instruments. Positions of doors and windows

were kept same throughout the survey. All doors and oper-

able windows of front walls and doors between House 1 R1

and R2 were kept closed during the survey. Description of

each courtyard and backyard is summarized in Figure 8 and

Table 2.
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Table 1. Monitored data and technical specifications of measuring instruments.

Monitored parameters Instrument name Measurement range Accuracy Resolution Response time

Air temperature HOBO U12−012 −20–70°C ±0.35°C 0.03°C 6 min
Relative humidity HOBO U12−012 5–95% RH ±2.5% RH 0.05% RH 1 min

Figure 8. Courtyards and backyards in House 1 and 2: (a) 1-AW1, (b) 1-AW2, (c) 1-BY, (d) 2-AW1, and (e) 2-BY.

Table 2. Description of air-wells and backyards in House 1 and 2.

Location Abbreviation
Width
(m)

Length
(m)

Height
(m)

Height/
length

House 1 Air-well 1 1-AW1 3.5 4.11 7.29 1.77
Air-well 2 1-AW2 3.9 4.37 7.29 1.67
Backyard 1-BY 10.7 12 2.80 0.23

House 2 Air-well 1 2-AW1 2.5 4.11 7.72 1.87
Backyard 2-BY 4.5 8.9 7.72 0.87

Air�ow simulation

The buildings are oriented in parallel to the predominant wind

direction of Malacca which is southwest and northeast. In this

research 2D modelling was selected. Prevailing wind parallel

to the buildings in southwest and northeast direction across

section A-A and B-B are used to quantify the mechanisms of air

exchange. Three different scenarios in each buildingwere inves-

tigates: the doors and operable windows on the front and rear

walls opened (V1), the doors and operable windows on the front

walls closed and the rear opened (V2), the doors and operable

windows on the front and rear walls closed (V3).

The air velocity and normalized mean age, as two important

natural ventilation performance indicators are used to quantify

the freshness of the air of the particular space. Normalizedmean

age of air is used to explain the air change efficiency of a space.

Age of air measures how old the air is in a space. The values

for mean age of air are adjusted to a notionally common scale.

The CFD simulation was conducted using Fluent with mesh size

down to 0.15m for all the building boundaries including walls,

floors and roofs to capture the smallest detail of windows and

eaves. A coarser mesh is used in areas far from the building

boundaries, with a growth rate of 1.05. The building has a com-

plex geometry therefore a hybrid mesh is used. A structured

mesh is used for the rectangular space in the indoor areas and

courtyards. A quad-dominant mesh is used for the outside areas

with an irregular shape (Figure 9). In Section A-A (House 1) for

scenario V1, V2 and V3, the mesh size is 50K. In Section B-B

(House 2) for scenario V1, V2 and V3, the mesh size is 36K.

The height of the tallest building is H; distance from the inlet

to the building is 8H; distance from the outlet to the building

is 20H; domain height is 10H. A constant incomingwind velocity

of 4m/swhich equals to the average velocity for April inMalacca

from the weather database is applied to all scenarios. Zero nor-

malgradient is applied tooutletwhileno-slipwall boundarywith

standard wall function is applied to roof, floor andwall. The real-

izable k−ε model which is one of the most widely acceptable

turbulence models is used. A user-defined source is released in

all the rooms with a time-average rate (Sc) to calculate the age

of air. The age of air can be calculated by the concentration of

the source (c): c/Sc. The standard scheme is used for the pressure

and velocity coupling. All transport equations were discretized

by the second-order upwind scheme. The simulation was con-

ducted for 10,000 iterations till all residuals become constant

(Figure 10). The residuals are 1e−05 for continuity, 1e−07 for

epsilon, k andall velocity component and1e−08 foruserdefined

age of air.

Thewind tunnel experiment carried out by Karava (2008) was

used for cross comparison with the CFD simulation to check

the validity of the simulation tool. The experiment building
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Figure 9. Computational mesh for Section A-A (House 1).
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Figure 10. Scaled residuals monitored over the first 10,000 iterations of scenario V1.

model was a 100× 100× 80mm box corresponding to a build-

ing of 20× 20× 16m. The computational domain was built

with 11H (9m) in the lateral direction, 6H (4.8m) tall in the

vertical direction and 21H (17m) in the stream-wise direction.

The tested building was placed 5H to the inlet and 15H to

the outlet. Figure 11 shows the dimension of building that

are tested in wind tunnel and modelled in the computation

domain.

The inlet boundary conditions for the simulation were based

on PIV measurement. An incoming wind velocity of 6.6m/s at

a reference height of 0.8m (building height) with a power-law

exponent equal to 0.11 was applied. No-slip wall boundary

conditions were used for building surface, and ground, top and

lateral boundaries of the domain. The pressure outlet bound-

ary condition was used with zero static pressure. As the building

wall was modelled with a thickness of 2mm, a minimum mesh

length of 1mm mesh size was used to capture the details of

the building. The expansion ratio of 1.3 was applied between

two consecutive grids to get a smaller mesh while satisfying the

suggestion in CFDpractice guidelines. Figure 12 shows the com-

parison of wind velocity ratio and velocity vector field between

PIV measurement and CFD simulation. It is clear that there is

good agreement between the result from CFD simulation and

PIV measurement.

Figure 11. Schematic drawing of the tested building in the wind tunnel and computation domain.



841

846

851

856

861

866

871

876

881

886

891

896

901

906

911

916

921

926

931

936

941

946

951

956

8 W. GAMAGE ET AL.

Figure 12. Wind velocity ratio along the centre line throughout the indoor area.

Results

Fieldmeasurement

Figures 13 and14 show temporal variations ofmeasured air tem-

perature at different locations with the corresponding outdoor

weather conditions. For all measured locations, maximum air

temperature is reported between 16:30 and 17:00 h and min-

imum air temperature is reported between 5:30 and 7:00 h.

Among the measured locations, the highest day time air tem-

perature is found in House1-R4 which was located next to a

Figure 13. Temporal variations of measured air temperature and corresponding outdoor weather conditions.



961

966

971

976

981

986

991

996

1001

1006

1011

1016

1021

1026

1031

1036

1041

1046

1051

1056

1061

1066

1071

1076

ARCHITECTURAL SCIENCE REVIEW 9

Figure 14. Statistical summary of measured air temperature and HI in degree Celsius.

large backyard (1-BY). The maximum day time air temperature

in House1-R4 exceeded that of the verandah by a consider-

able value of 6.9 degree Celsius. The lowest day time peak air

temperature and highest night-time air temperature is found in

rooms located at the front of the two houses (House 1-R1 and

House 2-R1). These roomshad the least contactwith the external

environment as the front doors and windows closed during the

filed survey. The rooms located between air-well courtyards and

backyards at ground floor level had lower night-time air tem-

perature by approximately 0.5–0.9°C than those located at the

front of the two houses. Rooms located between air-well court-

yards and backyards also had lower heat gain during daytime

which only resulted in a 0.2–0.6°C increase in daytime peak air

temperature compared to the rooms located at the front of the

two houses. Heat gains from the roof resulted in higher max-

imum daytime air temperatures in rooms on upper floor level

than those at the ground level.

Heat Index (HI) is an index that combines air temperature and

relative humidity, in shaded areas, as an attempt to determine

how hot it would feel if the humidity was some other value in

the shade. The calculation of HI used the equation proposed by

Steadman (1979). Statistical significant difference of measured

mean air temperature and HI between the different locations

is explored using statistical analysis software IBM SPSS statis-

tics provided by the National University of Singapore. One-way

ANOVA and its non-parametric counterpart Welch ANOVA was

used to explore significant difference in means for air tempera-

ture and HI of the different locations. The assumption of homo-

geneity of varianceswas assessed by Levene’s test for equality of

variances. The Levene’s test was statistically significant. There-

fore, equal variance is not assumed and the results are inter-

preted using Welch ANOVA and Games-Howell post hoc test.

Table 3 summarizes the result of One-way ANOVA and

Welch ANOVA tests that investigate the statistically significant

difference ofmeans. Themeasuredmean air temperature andHI

were statistically significantly different between measured loca-

tions. Figure 15 shows the means plot for air temperature and

HI at the different rooms of House 1 and 2. In both houses, the

rooms on ground floor level located between air-well courtyards

and backyards (House 1-R2, R3, House 2-R3, and R4) have signif-

icantly lower mean air temperature and HI than other measured

locations. Verandah has significantly higher mean air tempera-

ture and HI than all other measured locations. The highest mean

difference in air temperature is found between Verandah and

House 2-R3 (0.95, 95% CI [0.85–1.05], p = .0005). The highest

mean difference in HI is found between Verandah and House

1-R3 (1.59, 95% CI [1.36–1.81], p = .0005).

Table 4 summarizes the result for Spearman’s rank-order cor-

relation between indoor air velocity and indoor air temperature

and HI for the whole day and between 20:00 and 9:00 h. Dur-

ing this period of time, when the outdoor air temperature is

expected to be relatively low, temperature and HI show a statis-

tically significant medium and negative association with indoor

air velocity. It indicates lower indoor air temperature and HI at

higher indoor air velocities.

Air�ow simulation

Figure 16 shows the normalized mean age of air in different

rooms of House 1 and 2 based on the three scenarios. Table 5

summarizes the means and standard deviations for normalized

age of air and air velocity for the measured rooms under the

three different scenarios in House 1 and 2. The normalizedmean

age of air and air velocity was analysed for 0.4 and 1.2 mheights

from the finished floor level (FFL) for each room. Statistical sig-

nificant difference of means for normalized age of air and air

velocity in various rooms was explored using One-way ANOVA

and its non-parametric counterpart Welch ANOVA. The Levene’s

Table 3. Results of one-way ANOVA for air temperature and HI for measured locations.

Levene’s test for
equality of variances ANOVA

Robust tests of equality of
means

F Sig. F

df (within
groups)

Sig. (between
groups) F

df (within
groups)

Sig. (between
groups)

Temperature 1595.4 .000 189.38 34319 .000 214.9 13655.56 .000
HI 1134.4 .000 120.90 34319 .000 119.4 13683.34 .000
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Figure 15. Means plot for air temperature and HI (degree Celsius).

Table 4. Result of Spearman’s rank-order correlation for indoor air velocity against
indoor air temperature and HI.

Duration Temperature HI

Velocity Whole day rs −.185** −.144**
n 24968 24968

20:00–9:00 h rs −.406** −.381**
n 12483 12483

**Correlation is significant at the 0.01 level (2-tailed).
correlation coefficient (rs), number (n).

test was statistically significant. Therefore, equal variance is not

assumedand the results are interpretedusingWelchANOVAand

followed up with Games-Howell post hoc analysis.

Table 6 summarizes the result of One-way ANOVA andWelch

ANOVA. Normalized mean age of air and air velocity was statis-

tically significantly different between the measured locations in

both houses. Figures 17 and 18 show themeans plot for normal-

ized mean age of air and air velocity in the different rooms for

the three different scenarios. The rooms which could not main-

tain cross ventilation when the doors and operable windows of

the front and rearwallswere closed (scenario V2 andV3) resulted

in an enormous increase in the mean value for normalized age

of air. In House 1 during scenario V2, the mean value of normal-

ized age of air in R1 was statistically significantly higher than

all other rooms in the house. The highest mean difference is

between R1 and R3 (3879.5, 95% CI [443.4–7315.5], p = .02). In

House 2 during scenario V2 the normalized mean age of air in

R1 was statistically significantly higher than all other rooms. The

highest mean difference is between R1 and R3 (14135, 95% CI

[6650–21719], p = .001). In House 1, during scenario V3, spaces

located between air-well courtyards such as R2 and R5 had sig-

nificantly lower mean for normalized age of air than all other

spaces in the house. The highest mean difference is between

R3 and R5 (2182.3, 95% CI [738.9–3625.6], p = .002). In House

1 when the scenario changed from V2 to V3 a statistically signif-

icant decrease in mean of normalized age of air in R5 of 27.08 (F

[1, 18] = 11.24 p = .004) can be seen at 1.2 from FFL.

Air speeds greater than 0.2m/s can be used to increase the

upper temperature limit of the comfort zone (ASHRAE2013). The

rooms which did not received cross ventilation when the doors

and operable windows of the front and rear walls were closed

(scenario V2 and V3) resulted in still air conditions (< 0.2m/s).



1201

1206

1211

1216

1221

1226

1231

1236

1241

1246

1251

1256

1261

1266

1271

1276

1281

1286

1291

1296

1301

1306

1311

1316

ARCHITECTURAL SCIENCE REVIEW 11

C
o
lo
u
r
o
n
lin

e
,B
/W

in
p
ri
n
t

Figure 16. Normalized mean age of air in different rooms of House 1 and 2 during the three tested scenarios.

Table 5. Descriptive analyses of normalized age of air and air velocity.

Normalized age of air Velocity (m/s)

Mean Std. deviation Mean Std. deviation

Location V1 V2 V3 V1 V2 V3 V1 V2 V3 V1 V2 V3

House 1 R1_a 13.16 3918 1553 3.54 4177 82.81 0.948 0.017 0.048 0.467 0.010 0.018
R1_b 11.49 3489 1736 5.78 3051 53.42 1.74 0.013 0.016 1.31 0.013 0.003
R2_a 14.34 68.23 124.45 1.25 12.65 7.84 0.418 0.066 0.287 0.218 0.034 0.187
R2_b 11.76 51.77 117.4 1.47 6.98 6.16 1.82 0.336 0.561 0.216 0.055 0.102
R3_a 21.03 44.34 2572 1.63 3.86 1046 0.403 0.170 0.015 0.187 0.065 0.010
R3_b 17.40 39.40 2252 2.20 3.69 1570 1.14 0.336 0.013 0.082 0.081 0.007
R5_a 27.59 94.87 73.85 3.54 21.69 3.21 0.438 0.344 0.284 0.203 0.206 0.140
R5_b 24.85 97.42 70.34 2.50 24.89 5.67 0.860 0.200 0.527 0.618 0.206 0.134
R6_a 73.3 50.12 2715 7.06 4.44 1864 0.431 0.140 0.021 0.129 0.061 0.015
R6_b 75.30 39.58 2966 8.22 5.73 3390 0.158 0.385 0.017 0.132 0.118 0.020

House 2 R1_a 19.87 17132 124802 3.67 8268 44850 0.620 0.004 0.001 0.185 0.004 0.001
R1_b 18.71 14162 107786 7.19 7703 41216 0.971 0.005 0.001 0.987 0.004 0.001
R2_a 12.19 1505 26538 1.14 302 13479 1.176 0.018 0.005 0.527 0.011 0.004
R2_b 7.64 1561 28725 2.98 376 20136 2.53 0.044 0.009 0.812 0.047 0.008
R3_a 16.03 31.42 3665 1.55 5.69 1413 0.350 0.185 0.005 0.188 0.114 0.005
R3_b 13.00 27.16 3613 1.59 6.40 1499 1.57 0.356 0.012 0.203 0.064 0.022

Note: a = 0.4-m height from FFL, b = 1.2-m height from FFL.

In House 1 during scenario V2, the mean value for air velocity

in R1 was statistically significantly lower than all other rooms.

The highest mean difference is between R6 and R1 (0.73, 95% CI

[0.26–0.48], p = .0005). In House 2 during scenario V2, themean

value of air velocity in R1was statistically significantly lower than

all other rooms. In House 1 during scenario V3, spaces located

between air-well courtyards such as R2 and R5 had significantly

higher mean air velocities than all other spaces. The highest

mean difference is between R2 and R3 (0.55, 95% CI [0.41–0.68],

p = .0005). In House 1, when the condition changed from V2

to V3 a statistically significant increase in mean air velocity in

R2 of 0.22m/s (F [1, 18] = 37.09, p = .0005) and a statistically

significant increase in mean air velocity in R5 of 0.34m/s (F [1,

21] = 20.10, p = .0005) can be seen at 1.2 m from FFL.

Discussion

This study provides evidence for the potential of cross ventila-

tion of intermediate spaces through the air-well in the Chinse

Shophouse. The complexity of natural ventilation, the influence

of various design parametersmakes it difficult to achieve proper

conclusions based on a single research method: either field
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Table 6. Results of One-way ANOVA for normalized mean age of air and air velocity.

Levene’s test for
equality of Variances ANOVA

Robust tests of equality of
means

Measured
parameter Location Condition F Sig. F df (within groups)

Sig. (between
groups) F df (within groups)

Sig. (between
groups)

Age of air House 1 V1 10.50 .000 426.82 132 .000 229.39 49.99 .000
V2 8.42 .000 11.33 132 .000 25.29 47.31 .000
V3 26.50 .000 8.55 132 .000 2505.7 51.29 .000

House 2 V1 13.15 .000 17.49 62 .000 23.92 27.98 .000
V2 22.46 .000 30.64 62 .000 105.61 27.78 .000
V3 10.016 .000 42.46 62 .000 39.43 27.87 .000

Velocity House 1 V1 42.82 .000 15.57 132 .000 113.91 47.45 .000
V2 5.65 .000 32.54 132 .000 88.17 45.12 .000
V3 31.55 .000 97.07 132 .000 53.58 44.80 .000

House 2 V1 9.21 .000 19.34 62 .000 49.62 28.35 .000
V2 24.73 .000 72.26 62 .000 63.07 26.36 .000
V3 3.63 .006 2.34 62 .052 5.90 26.23 .001

Figure 17. Means plot for normalized mean age of air in rooms of House 1 and 2 at 1.2m height from FFL.

measurement or computer simulation. Therefore, the research

conducted both field measurement and computer simulation,

aiming to take advantage of the two methods to critically dis-

close the environmental performance of the air-well type tropi-

cal shophouse. Combining the two methods, the present study

reveals two important findings.

First, the most desirable thermal environment inside the

house is found in spaces located near the air-well courtyards. In

both surveyedCSHs spaceswhichwere locatedbetween air-well

courtyards and backyards had significantly lower air tempera-

ture and HI. Although larger backyards facilitated lower air tem-

peratures in adjacent semi-open spaces at night, these spaces

had very high air temperatures during daytime peak hours. The

rooms located near air-well courtyards on the ground floor level

had better overall day and night-time thermal environments

compared to all other spaces in the houses. Higher shading

which is characteristic of the air-well courtyard reduced over-

heating of the scant interior in the CSH during daytime peak

hours.

Second, when the prevailing wind flows in parallel to the

longer axis of the building better air circulation and indoor air

velocity can be maintained in intermediate spaces of the CSH

through cross ventilation using several air-well courtyards. Sin-

gle-sided ventilation from air-well courtyards was not effective

to significantly reduce the normalized age of air of intermediate

spaces. Lack of cross ventilation resulted in still air in the rooms.

A significant increase in air velocity of 0.2m/s was observed in

spaces between air-well courtyards (House 1-R2, R5) when the

building was only ventilated from the air-well (V3) as opposed

to supplemented ventilation from rear openings (V2). This is also

reflected by a reduction of normalizedmean age of air when the

tested scenario changed from V2 to V3; however, reduction in
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Figure 18. Means plot for air velocity in rooms of House 1 and 2 at 1.2m height from FFL.

normalized mean age of air is only seen in the upper floor room

(House 1-R5).

The findings from the field measurement echo pervious

research that spaces adjacent to air-wells had better thermal

environments thanother spaces in a CSH (Kubota et al. 2017; Toe

and Kubota 2015). Toe and Kubota (2015) compared the thermal

environment of the same type of CSHs studied in the present

research with those traditional Malay houses under open win-

dow conditions. The thermal environment of the CSH is best

under night ventilation condition; spaces located near air-wells

in CSH had better thermal environments than traditional Malay

house under daytime ventilation condition. The temperature in

spaces near air-wells in the CSH was lower than that in imme-

diate outdoors by up to 5–6°C; while in the traditional Malaya

house the indoor air temperatures was higher than the out-

doors by around 1°C during the daytime peak hours. Kubota

et al. (2017) found that the design characteristics of air-wells

had a significant influence on the daytime thermal environment

of the CSH and did not significantly influence the night-time

thermal environment. CSH which only had deep/closed type

of air-wells (such as those found in the CSH used for this sur-

vey) had better thermal environments than those which had

a combination of deep/closed type and small/staggered type.

The small/staggered type increased ventilation during daytime

which resulted in more heat gain.

Use of naturally ventilated atria to improve the indoor ther-

mal environment is influenced by the design approach such as

atrium components, configurations and ventilation technique.

External variables (Temperature, solar radiation, wind) and inter-

nal variables (internal heat load, expected comfort level) mod-

ify the influence of the design approach (Moosavi et al. 2014).

Ideally tropical climates benefit from night cooling, taking the

advantage of the cooler night-time ambient temperature and

preventing heat gain during the afternoon peak hours. Natural

ventilation due to prevailingwind through the air-wells at night-

time (when all the facade openings are closed) could improve

this stack effect (Chan, Riffat, and Zhu 2010). Use of multiple

air-wells which facilitate cross ventilation is an effective design

strategy to improve natural ventilation in the CSH.

Conclusion

Climate responsive design strategies of vernacular architecture

result from hundreds of years of optimization to provide a com-

fortable shelter in a local climate. The CSH in Southeast Asia

represents a climatic and socio-economic adaption from a sub-

tropical to a tropical climate. The air-well type courtyard is used

in the CSH to regulate the indoor thermal environment of inter-

mediate spaces in a longnarrowplan. This study investigates the

effectiveness of the air-well type courtyard for indoor thermal

environments in a tropical CSH. The study strengthens pervious

research on the passive cooling potential attributed to increased

shading in the air-well type courtyards. The cooling potential

of wind induced ventilation through the air-well courtyard is

apparent when the wind flows in parallel to the longer axis of

the building and the intermediate spaces are cross-ventilated

via several air-well courtyards. Wind induced ventilation could

enhance the passive cooling due to the stack effect whenmulti-

ple air-wells are used. Further research is needed to validate the

effectiveness of wind induced ventilation through the air-well at

different wind speeds and orientations.

The study has two limitations. First, the field measurement

was conducted on one fair weather day. Although in tropical cli-

mates the temperaturedoesnot vary significantly day today and
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month tomonth,moremeasurements on different days are con-

sidered to explore more nuanced thermal environments in the

CSH. Second, this study only focuses on deep and closed air-well

type shophouses. Kubota et al. (2017) classified five air-well type

courtyards found in the CSH according to their forms and char-

acteristics that affect the profiles of their thermal environments.

The selectedCSHs in this research represent the deep and closed

air-well type (Type5)which typically has lowerdaytime tempera-

tures and higher night-time air temperature. This study needs to

be extended to analyse the influence of other air-well typologies

in the CSH and their combined influence on the effectiveness

of cross ventilation through the air-well to improve the indoor

thermal environment of the CSH.
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