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Abstract 

In this work, the Complex Fast Fourier Transform (CFFT) method is introduced to predict the roof temperature and heat gain in 
the tropical country of Singapore. The cost-effectiveness of cool paint and roof ventilation are evaluated through life-cycle analysis. 
Cool paint and roof ventilation can provide annual cooling energy savings of 33-57 USD/m2 for the top-floor residential units. The 
payback period of cool paint is shorter than 2 months in unventilated roof and shorter than 6 months in ventilated roof. Both cool 
paint and roof ventilation are very energy-efficient and cost-effective in tropical climate. 

© 2016 The Authors. Published by Elsevier Ltd. 
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1. Introduction 

The geographical location of Singapore is 1° north of the equator having hot and humid climatic conditions 
throughout the year. In order to maintain thermal comfort inside buildings under this climate, air-conditioning is so 
widely used that space cooling load accounts for nearly 40% of energy use in buildings. The Building Construction 
Authority (BCA) of Singapore launched a green building master plan in 2006, aiming to turn at least 80% buildings 
into “green” by 2030. Both passive and active design strategies have been implemented on green buildings depending 
on whether the external mechanical or electrical devices are required. In general, due to the high electricity demand 
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and implementation cost coming along with active technologies, passive techniques are more recommended as the 
primary way to achieve thermal comfort and energy savings in buildings. 

In recent years, the potential benefits of using cool roofs or coatings that have high solar reflectance and high 
infrared emittance were reported in many experimental studies. For example, from the field measurement on a 700 m2

roof during the cooling season in Sicily of Italy, Romeo and Zinzi [1] found that the application of cool paint reduced 
the cooling energy demand by 54%, and reduced the peak temperatures of roof surface and indoor air by 20°C and 
2.3°C respectively. In United States, Akbari et al. [2] monitored the effects of cool roofs and found that increasing the 
solar reflectance of roof by 0.33-0.60 reduced the peak temperatures by 33-42°C in six types of commercial building 
roofs in California. Moreover, the daily cooling energy consumption was reduced by 4% in a cold storage facility, 
18% in a school building and 52% in a retail store building. In nine Florida houses, Parker and Barkaszi [3] found that 
the application of reflective coatings on the gray roofs reduced the electricity use for air-conditioning by 19% on 
average, and reduced the peak cooling load by 12-38% in summer. Hildebrandt et al. [4] reported that the daily cooling 
loads were reduced by 17%, 26% and 39% in an office, a museum and a hospital building respectively, after the 
application of white roof coatings in Sacramento. Akridge [5] reported that the cooling energy use was reduced by 
28% after applying the white acrylic coatings on the galvanized roofs of a school building in Georgia. Under the hot 
humid climate in Hong Kong, Cheng et al. [6] found that the peak air temperature in a black scaled test room was 
12°C higher than that in a white test room. Simpson and McPherson [7] measured the temperatures of four scaled 
roofs with different colors, and they found that increasing the solar reflectance of roof surface may not reduce the roof 
surface temperature if the infrared emittance was also reduced. Although the benefits of using cool roofs or coatings 
were revealed in many experimental studies, one major disadvantage of cool material is that its solar reflectance tends 
to degrade over time due to the aging and weathering [8, 9].  

Theoretical studies were also conducted to analyze the impacts of solar reflectance and infrared emittance on the 
thermal performance of roofs. For example, cooling energy savings of 10-20% were estimated if the solar reflectance 
of roofs was increased in United States [10-12]. Shariah et al. [13] simulated the building energy performance using 
the computer program ANSYS. They found that increasing the solar reflectance of roofs from 0 to 1 reduced the 
energy loads by 32% and 26% in the buildings with un-insulated and insulated roofs respectively in the mild climate, 
and the reductions increased to 47% and 32% in the hot climate. In addition, several online tools were developed to 
estimate the energy savings as a function of the solar reflectance, building characteristics, local climate and cooling 
equipment, such as Energy Star Roofing Comparison Calculator [14] developed by the U.S. Environmental Protection 
Agency, and Cool Roof Calculator [15] developed by U.S. Department of Energy. Although these studies 
demonstrated the potential benefits of using passive roofing technologies, few works were dedicated to evaluate the 
cost-effectiveness. 

In this work, the Complex Finite Fourier Transform (CFFT) method developed by Yumrutas et al. [16] is adopted 
to predict the transient roof temperature and transmitted heat flux across the multilayer roofs. Based on the predictions, 
life cycle analysis is also conducted to evaluate the cost-effectiveness of using cool paint in the unventilated and 
ventilated concrete roofs under the tropical climate in Singapore. 

Nomenclature 

 thermal diffusivity of roof layer 
COP coefficient of air-conditioning system 
Cenr energy cost (USD) 
Cini initial cost of roofing technology (USD) 
Cel  electricity cost (USD/kWh) 
E solar irradiance (W/m2)
g inflation rate 
ho, hi overall heat transfer coefficients at the exterior and interior roof surfaces (W/m2 K) 
I, I* interest rate and adjusted interest rate 
k thermal conductivity of roofing material (W/mK)  
L length of roof layer (m) 
PWF present worth factor 
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p payback period of roofing technologies 
q transferred heat flux (W/m2)
Q(c) daily cooling load (Wh/m2)
Q annual heat gain (kWh/m2)
 solar reflectivity of exterior roof surface 

Tn(x, t) transient roof temperature at distance x within the nth roof layer (K) 
To, Ti outdoor and indoor air temperature (K) 
t time (S) 

2. CFFT Model to Predict the Transient Roof Temperature 

Considering a multilayer roof consisting of N parallel layers, its exterior surface is exposed to the outdoor solar 
irradiance E(t) and dry-bulb air temperature To(t), and its interior surface is exposed to indoor temperature Ti(t), as 
shown in Fig. 1. 

Fig. 1. Schematic representation of a multilayer roof. 

The transient roof temperature at distance x within the nth roof layer is denoted as Tn(x, t).The heat flow across the 
multilayer roof is assumed one-dimensional, and the roof is made up of homogeneous material layers. Following the 
CFFT method [16], the transient heat flow across the roof is governed by the transient heat conduction equation given 
as
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A periodic solution of transient roof temperature is obtained as 
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The roof temperature is given as 
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heat flux into the building interior becomes 
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and the daily roof heat gain per unit area is 
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The CFFT model was validated by a field experiment on residential roofs in Singapore [17]. The tested roof is a 
typical residential roof consisting of four layers from top to the below, namely a 3-cm ferrocement slab as the 
secondary roof, a 22-cm air gap, a 15-cm concrete slab as the primary roof and 0.5-cm cement plaster. In this 
experiment, the roof surface temperatures were measured by resistance temperature detectors. The mean bias error in 
the ceiling surface temperature prediction was found less than 4%. 

3. Life Cycle Analysis 

In this section, the potential benefit of applying cool paint on the concrete-based roofs subjected to typical 
Singapore weather is evaluated. 

3.1. Typical weather in Singapore 

Fig. 2. Hourly air temperature of each month in the TWY. 

In order to obtain the typical climatic characteristics, the typical meteorological year (TMY) of Singapore was 
generated by Finkelstein–Schafer statistical method [18] based on history meteorological data from 1985 to 2009. The 
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hourly-averaged dry-bulb air temperature for each calendar month is generated based on the generated TMY, as shown 
in Fig. 2. However, it is found that the maximum temperature difference is less than 3°C between the hottest (May) 
and coolest (December) month. It is reasonable to neglect the monthly changes and assume that the weather conditions 
are constant throughout a year in Singapore. 

The weather condition on a single typical weather day (TWD) is thus used to represent the typical climate in 
Singapore [17], as shown in Fig. 3. It is generated by averaging the hourly-averaged solar radiation and dry-bulb air 
temperature in each month of TMY. In addition, constant indoor temperature of 25°C is used to represent the indoor 
condition. 

Fig. 3. Solar irradiance and air temperature on TWD. 

3.2. Life cycle analysis of cool roofs 

Despite that cool paint contributes to cooling energy savings, it also comes with an initial cost for purchase and 
implementation. From the techno-economic perspective, life cycle analysis is highly desirable. 

Table 1. Daily heat transmission, annual energy savings and the payback periods of roofs. 

Roof  (a) Daily heat gain 
(Wh/m2)

(b) Annual savings 
(USD/m2)

(c) Payback period 
(month) 

(1) 15-cm concrete+ 0.5-cm plaster 503  2 

(2) cool paint + 15-cm concrete + 0.5-cm plaster 320 33 1.4 

(3) 3-cm ferrocement + air-gap + 15-cm concrete + 0.5-cm plaster 277 40 6.7 

(4) cool paint + 3-cm ferrocement+ air-gap + 15-cm concrete + 
0.5-cm plaster 

183 57 5.6 

As listed in Table 1, the cost-effectiveness of four common roofs in Singapore are evaluated in this study. Roof (1) 
is a basic unventilated concrete roof with 15-cm concrete slab and 0.5-cm cement plaster. Roof (2) is an unventilated 
roof coated with cool paint. Roof (3) is a ventilated roof with roof ventilation but without cool coating. Roof (4) is a 
ventilated roof coated with cool paint. The thermo-physical properties of roofing materials are given in Table 2. As 
shown in Fig. 4, the hourly heat flux transferred across the four roofs into building interior is calculated. It is found 
that the peak heat flux across the roof is reduced from 43 W/m2 in Roof (1) to 25 W/m2, 19 W/m2 and 13 W/m2 in 
Roofs (2), (3) and (4) respectively. 
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Fig. 4. Hourly heat flux transferred across different roofs. 

Table 2. Properties of the roofing materials. 

Material Conductivity (W/m K) Conductance (W/m2 K) Thermal diffusivity 
(m2/sec)  

Cement plaster 0.533 - 3×10-7

Reinforced concrete 1.442 - 7.5×10-7

22-cm air gap - 5.01** 1.5×10-4

Ferrocement 0.836  5.2×10-7

All property values are taken from Singapore Code on Envelope Thermal Performance for Buildings [19]  except ** is estimated. 

The yearly cooling energy cost Cenr
 of each roof induced by the roof heat gain is calculated by 

Cenr (n)
Q(n)
COP

Cel n 1, 2, 3, 4  (12) 

where Q(n)  is the annual heat gain of Roof (n) per unit area in kWh/m2, COP is the coefficient of air-conditioning 

system and 
elC  is the electricity cost in USD/kWh. The total cooling energy cost over a lifetime of Y years is calculated 

by multiplying the yearly cooling load with the present worth factor PWF given as 

PWF 1
I *

[1
1

(1 I*)Y ] (13) 

where I* is the adjusted interest rate depending on both inflation rate g and interest rate I. It is defined as [20] 
)1/()(* IIgI   (14) 

The initial purchase costs of roofing materials are shown in Table 3. The costs are calculated from quotations 
provided by local suppliers in a previous study [17]. 

Table 3. Parameters used in life cycle analysis. 

Parameter Value 

Cost of 3-cm ferrocement 22.5 USD/m2

Cost of cool paint 3.72 USD/m2

Cost of electricity  2.21 USD/m2

Average interest rate I 1.7% 

Average inflation rate g 2.8% 

COP 4.7 
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The payback periods p of Roof (n) are calculated by equating its initial cost with the present value of achieved 
cooling energy saving in comparison with the basic Roof (1) 

Cini (n)
1
I *

[1
1

(1 I*)P ] [Cenr (n) Cenr (1)] 43,2,n  (15) 

The obtained annual energy saving and payback period of each roof are listed in Columns (b) and (c) of Table 1. It 
is revealed that the application of cool paint is quite effective and contributes to 34% reduction of daily roof heat gain 
in both unventilated and ventilated roofs. Compared with the unventilated roof (1), the individual application of cool 
paint and roof ventilation provides the annual energy savings of 33 USD/m2 and 40 USD/m2 on Roofs (2) and (3) 
respectively. The combined use of cool paint and roof ventilation provides energy saving of 57 USD/m2 on Roof (4). 
The annual saving of 33-57 USD/m2 is quite substantial but reasonable considering the hot climate in Singapore 
throughout the year. The potential cooling energy savings brought by cool paint are substantial, if air- conditioning is 
used all year along in the top-floor residential units. 

In terms of cost-effectiveness, the payback periods of Roof (2)-(4) are all less than 7 months. The implementation 
cost of cool paint is paid back within the shortest period of less than 2 months in Roof (2), while that of roof ventilation 
is paid back within the longest period of 6.7 months in Roof (3). In the long run, Roof (4) combined with both cool 
paint and roof ventilation is expected to achieve the largest energy cost saving. 

4. Conclusions 

In this study, a series of work has been done to study the cost-effectiveness of cool paint on the concrete-based 
roofs in tropical areas. The CFFT method is introduced to predict the ceiling temperature and roof heat gain in 
Singapore. The cost-effectiveness of implementing cool paint and roof ventilation on concrete roofs is analyzed. The 
results of life cycle analysis show that the single and combined use of cool paint and roof ventilation contribute to 
cooling energy savings of 33-57 USD/m2 per year. The cool paint is very cost-effective with its implementation cost 
being paid back within 2 months in unventilated roof and within 6 months in ventilated roof. 

References 

[1] C. Romeo M. Zinzi, Impact of a cool roof application on the energy and comfort performance in an existing non-residential building. A Sicilian 
case study, Energy and Buildings, 67 (2013) 647-657. 

[2] H. Akbari, R. Levinson, L. Rainer, Monitoring the energy-use effects of cool roofs on California commercial buildings, Energy and Buildings, 
37 (2005) 1007-1016. 

[3] D. S. Parker, S. F. Barkaszi Jr, Roof solar reflectance and cooling energy use: field research results from Florida, Energy and Buildings, 25 
(1997) 105-115. 

[4] E. W. Hildebrandt, W. Bos, R. Moore, Assessing the impacts of white roofs on building energy loads, ASHRAE Technical Data Bulletin, 14 
(1998). 

[5] J. M. Akridge, High-albedo roof coatings—impact on energy consumption, ASHRAE Techical Data Bulletin, 14 (1998). 
[6] V. Cheng, E. Ng, B. Givoni, Effect of envelope colour and thermal mass on indoor temperatures in hot humid climate, Solar Energy, 78 (2005) 

528-534. 
[7] J. R. Simpson, E. G. McPherson, The effects of roof albedo modification on cooling loads of scale model residences in Tucson, Arizona, Energy 

and Buildings, 25 (1997) 127-137. 
[8] A. Hashem, A. B. Asmeret, M. L. Ronnen, G. Stanley, F. Kevin, H. D. Ana, et al., Aging and Weathering of Cool Roofing Membranes, 2005. 
[9] R. Levinson, P. Berdahl, A. Asefaw Berhe, H. Akbari, Effects of soiling and cleaning on the reflectance and solar heat gain of a light-colored 

roofing membrane, Atmospheric Environment, 39 (2005) 7807-7824. 
[10] J. K. Steven, A. Hashem, P. Melvin, G. Sasa, M. G. Lisa, Cooling energy savings potential of light-colored roofs for residential and commercial 

buildings in 11 US metropolitan areas, 1997. 
[11] J. K. Steven, A. Hashem, Energy savings calculations for heat island reduction strategies in Baton Rouge, Sacramento, and Salt Lake City, 

2000 ACEEE Summer Study on Energy Efficiency in Buildings, 2000. 
[12] H. Akbari, S. Konopacki, Energy effects of heat-island reduction strategies in Toronto, Canada, Energy, 29 (2004) 191-210.
[13] A. Shariah, B. Shalabi, A. Rousan, B. Tashtoush, Effects of absorptance of external surfaces on heating and cooling loads of residential 

buildings in Jordan," Energy Conversion and Management, 39 (1998) 273-284. 
[14] (2014). EPA. Energy Star Roofing Comparison Calculator. Available: http://rsc.ornl.gov/ 
[15] (2004). DOE Cool Roof Calculator. Available: http://web.ornl.gov/sci/roofs+walls/facts/CoolCalcEnergy.htm 



399 Zhijun Zhang et al.  /  Procedia Engineering   169  ( 2016 )  392 – 399 

[16] R. Yumrutas, M. Unsal, M. Kanoglu, Periodic solution of transient heat flow through multilayer walls and flat roofs by complex finite Fourier 
transform technique, Building and Environment, 40 (2005) 1117-1125. 

[17] S. Tong, H. Li, K. T. Zingre, M. P. Wan, V. W. C. Chang, S. K. Wong, et al., Thermal performance of concrete-based roofs in tropical climate, 
Energy and Buildings, 76 (2014) 392-401. 

[18] A. L. S. Chan, T. T. Chow, S. K. F. Fong, J. Z. Lin, Generation of a typical meteorological year for Hong Kong, Energy Conversion and 
Management,. 47 (2006) 87-96. 

[19] Code on Envelope Thermal Performance for Buildings, Building Construction Authority, Singapore, 2008. 
[20] A. Hasan, Optimizing insulation thickness for buildings using life cycle cost, Applied Energy, 63 (1999) 115-124. 


