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Abstract 
 

Problem: Roofs receive the most intense solar heat load among all building envelope surfaces in 

Equatorial-region. Solar heat gain through roof contributes to a significant portion of building heat 

load. In tropics where building cooling is needed all-year-round, passive methods to reduce heat 

gain through roof could provide significant cooling energy-savings. 

 

Approach: Currently, the most widely adopted practices to curb the heat flux through roof include 

using thick building material-layer (30-40 cm-thick concrete) or insulation (5-10 cm-thick). This 

study investigates the thermal performance of emerging methods: cool roof and green roof. Cool 

roof works by applying a coating-layer having high-solar-albedo. Green roof works by adding a 

soil-layer and vegetation. This study numerically compares the heat curbing performances of 

these technologies under the tropical climate using an experimentally-calibrated EnergyPlus mod-

el. 

 

Results and discussion: Cool roof performs best in reducing annual net heat gain in tropical 

climate of Singapore, which receives abundant irradiation. Cool roof reduces heat gain during day-

time and promotes heat loss during night-time. Insulation and green roof are effective in curbing 

heat gain during day-time but they prevent heat loss during night-time.  

 

Research limitations: This paper reports the investigation on a flat concrete roof as the base. 

Investigations on other roof base materials, e.g., metal roof, will be reported in future.  

Originality: This is the first study that compares performances of cool roof, green roof and insula-

tion against original concrete roof in tropical climate. 

 

Keywords: Cool roof; green roof; tropical climate; heat flux, EnergyPlus. 

  

Space for a portrait of 

the presenting author  

 

 

Kishor T. Zingre 

Dr. 

Energy Research Institute  

Nanyang Technological University 

Singapore 

kishorzingre@ntu.edu.sg 

 

mailto:MPWAN@ntu.edu.sg
mailto:EHYANG@ntu.edu.sg
mailto:kishorzingre@ntu.edu.sg


Zingre, K  Thermal performance of passive techniques for roofs in tropi-
cal climate 

HealthyHousing2016: 20-24 November, 2016, Queensland University of Technology, Brisbane, Australia   

1. Introduction 
 
Energy consumption in the world is rising at alarming rate. In developed countries, around 40% of 

the global primary energy is consumed by the building sector, which is currently the largest energy 

use sector in the world (Laustsen, 2008; Eicker, 2009; Castelton et al., 2010). A significant per-

centage of the energy consumed in the building sector is used by heating, ventilation and air-

conditioning (HVAC) systems to improve the indoor environment thermal comfort (Kua & Wong, 

2012; Wee et al., 2008; Zingre, 2015). Studies performed In the tropical climate of Singapore 

show that HVAC system consumes up to 57% of total electricity consumption in buildings. A com-

putational study performed in an air-conditioned residential apartment (12-storey) building in Sin-

gapore showed that the heat gains through the opaque envelope (roof and walls) surfaces consti-

tute about 30% of the total electricity consumption for air-conditioning of the building (Zingre et al., 

2015). This highlights the importance of curbing the solar heat gains through opaque envelope 

(roof and walls) surfaces. Among all building envelope (roof and walls) surfaces, flat and low-slope 

roof receives the most intense solar heat load and undergoes the highest temperature fluctuations. 

A study (Nahar et al., 2003) showed that the flat roof can contribute up to 50% of the total thermal 

load of buildings in hot climates. Therefore, lessening the thermal load of roof would lead to a 

considerable reduction of energy consumption, hence mitigation of CO2 emission and urban heat 

island effect (Xu et al., 2012).            

 

An opaque roof surface (exposed to outdoor) receives solar radiation throughout the daytime. Part 

of the incident solar radiation is reflected, and the remaining is absorbed. The generated heat at 

the opaque surface (due to the absorption of incident solar radiation) is dissipated in three parts 

as: stored heat in the material due to its thermal storage capacitance, conducted heat into the 

building and lost heat to outdoor by thermal emission and convection (Akbari et al., 2005). Green 

roof, cool roof and insulated roof are three commonly adopted passive roofing technologies for 

curbing the solar heat gain into buildings (Castelton et al., 2010; Lam et al., 2005, Tong et al., 

2014, Zinzi & Agnoli., 2012). Nevertheless, they have different working principles and different 

energy saving performance. Cool roof are roofs which can emit heat and reflect incident solar 

radiation, maintaining the coolness of the roof when exposed to irradiation. In principle, the inci-

dent solar radiation entering the roof is greatly reduced as the cool roof reflects the incident solar 

radiation. Hence, lesser heat load is entering the building, which results in a reduction in the ener-

gy usage from the active cooling equipment. Green roof refers to a vegetative system, consisting 

of real life plants, built on top of a roof of a human-made structure. It is made up of plants with 

drainage system, waterproofing, filter cloth, root repellent system and a light-growing medium. 

Green roof works by maintaining a steady surface temperature, mirroring the air temperature or 

cooler. The vegetation also provides as insulation from the solar rays and reduces heat gain. The 

plants use a process called evapotranspiration, whereby when the water is evaporated from the 

plant, it reduces the air temperature. Insulated roof works by using a thick layer of high thermal 

resistance materials to limit the heat transfer through the roofs. It acts as a barrier, keeping the 

heat out of the house during hot period and keeping the heat in during cold period. Studies indi-

cated that the three technologies provide different capacities of energy savings (Castelton et al., 

2010; Lam et al., 2005, Tong et al., 2014, Zinzi & Agnoli., 2012). Green roof (Sailor, 2008; Zinzi & 

Agnoli., 2012) was reported to be able to attenuate the heat gain of roof by about 60% when the 

soil is dry with respect to a traditional roofing with an insulating layer, under the weather condition 

of northeast of Italy. Cool roof could decrease the air conditioning energy consumption by up to 52% 

for a retail store building in Sacramento, California during summer time (Akbari et al., 2005). Roof 

insulation layer can reduce the cooling load by more than 50% for a building compared to uninsu-

lated roof (Tong et al., 2014). The studies also suggested that the energy saving benefits of the 

three technologies would vary when the climate or the condition of original roof changes. Simula-

tions were performed for the energy saving benefits of cool roof in 27 cities around the world rep-

resenting different climates. It was found that after increasing the roof solar reflectance from 0.20 

to 0.85, Abu Dhabi observed a saving of 48 kWh/m2, while Mexico City observed a saving of only 

8 kWh/m2 (Synnefa et al., 2007).  
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Several studies compared the energy saving benefits of these technologies. Studies (Zinzi & Ag-

noli, 2012) found applying cool roof (increased the solar reflectance of roof from 0.20 to 0.89) 

saved more energy than adding insulation layer (30mm of polystyrene), under the climate of Crete, 

Greece. Reagan & Acklam investigated the potential energy saving of different combinations of 

green roof plus insulation layer under the climate of Athens, Greece, and found that adding green 

roof could save only 2% of the annual energy of the well-insulated building, while could save up to 

31-44% annual energy when the building is non-insulated. Zinzi and Agnoli (2012) compared the 

energy saving benefits of various sets of green roof and cool roof in the Mediterranean region, 

however, the winter heating penalty occurred in this study suggests that the conclusions may be 

not applicable to the tropical climate. As of now, the thermal performance of all these technologies 

has been not been compared in one paper, based on the same primary roof and the same climate 

conditions. 

 

To fill this research gap, current study investigates the energy saving performance of the three 

technologies (green roof, cool roof and thermal insulation) in the various climates. A computational 

study is performed on a real scale building to investigate the energy savings performance of the 

three technologies in various climates. 

 

2. Computational modelling 
 

In this study, a single-storey building (Hall of residence-4) with a solid flat concrete roof (100-mm-

thick concrete + 10-mm-thick plaster on the ceiling) located in Nanyang Technological University, 

Singapore is used for this comparison study (as shown in Fig. 1). The test building is of rectangu-

lar shape having a total opaque roof surface area of about 40 m
2 

(without any skylight surface). 

EnergyPlus software is used to model the Hall of residence-4 model with detailed and precise 

data inputs such as site location, dimensions, material properties, construction properties, HVAC 

system, as well as compact schedules for internal loads. Before conducting the simulations, an 

accurate model needs to be created. Google SketchUp and OpenStudio plugin comes as an ex-

ternal interface to the EnergyPlus software works work as the 3D modeling tool in this case. 

Google sketch up is a simple modeling tool that helps to input certain input conditions to the model 

at the preprocessing stage such as geometric parameters, thermal zones, as well as material 

properties. It also allows to create the .idf file to be input to Energy plus.  Once the 3D model is 

ready, another EnergyPlus platform called ‘EP Launch” is used to input all the other parameters 

and the TMY weather data of the site to the model. EP launch allows to select huge range of input 

conditions such as HVAC templates, output variables to be simulated, Internal loads, material 

properties, construction details etc... Once the input data is selected and the file is fully pre-

processed, it can be simulated to obtain the desired outputs. However, in order to do any changes 

in to the .idf file EnergyPlus provides a platform called IDF Editor, where the input file can be edit-

ed any time after post processing. 

 

A 3-D model of NTU Hall of residence 4, block 26 and block 27 were created in actual scale and 

precise parameters as the computational model using Google SketchUp and OpenStudio plug-in. 

Since the experiments were conducted to take actual measurements of indoor and outdoor air 

temperature and the solar radiation using a single room at each block in hall 4, the computational 

model included the thermals zones for the particular rooms and input the identical parameters. As 

shown in the Fig. 1 each room of hall 4 contained one east facing window and north facing door. 

PBU is a small rectangular block with surface area of 28.8 m
2
 included one window, a door and a 

flat roof. For both models, the simulations were conducted with conventional type of concrete and 

lightweight concrete. The material properties prescribed by the manufacturers were incorporated 

in EnergyPlus accordingly for the comparison of simulations. 
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Figure 1 Computational model of Hall of residence-4 created using Google SketchUp. 

 

2.1 Physical details of the model 

All Input parameters, weather conditions and desired output variables in EnergyPlus can be set in 

the EPLaunch, preprocessing interface. These weather data has attained from International 

Weather for Energy Calculations (IWEC), which are typical weather data files that contains long 

term compiled data for a particular location using a certain statistical measure. The weather files 

are resulted from about 18 years of hourly weather data archived at the U.S National Climatic 

Data Center. The weather data of a typical metrological year (TMY) for more than 2100 locations 

can be downloaded from EnergyPlus website, and the weather file for a certain location can be 

browsed accordingly in EPLaunch before the simulation is run. The other input conditions such as 

site location, latitude, longitude, time zone, elevation, also can be included under ‘Site Location’ 

tab of EPLaunch. Table 1 shows the physical parameters input in the computational model in the 

simulations. 

 

Table 1 Input parameters of Hall of residence-4 in EnergyPlus modeling 

Location 
Nanyang Technological University, 
Singapore 

South and East facing wall Area 7.2 m
2
 

North and West facing wall Area 13.8 m
2
 

Roof surface Area 11 m
2
 

Terrain Urban 

Latitude and longitude 1.39oN and 103.9oE 

Elevation 35 m 

Air-conditioning system Unitary System (Single coil) On/Off 

Indoor set temperature 24C 

Cooling Capacity 2.5 kW 

COP 3.5 

Power Consumption 0.75 kW  

Occupancy  1 
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2.2 Building material properties 

Material properties for Hall of residence-4 are assigned at the “Materials” tab at EPLaunch, as 

confirmed by the building developer. Certain materials properties such as lightweight concrete and 

cool coating are as referred to the manufacturer’s guide and past research respectively. The 

properties of the materials assigned are shown in Table 2.  

 

Table 2 Material properties of the building (Hall of residence-4) 

Building Materials 
Heat transfer coefficient 

(W/m
2
-K) 

Walls 
Concrete block  (150 mm) 

Gypsum Plaster layer (12 mm) 

21.5 

Roof 
Concrete  slab (150 mm)  

plaster a (12 mm) 

21.5 

Windows 

Clear Glazing a (3 mm)  

Air (13 mm)  

Clear Glazing a (3 mm) 

6.5 

Floor 
Concrete block (300 mm 

Acoustic tile (20 mm) 

18.5 

Doors Wood (30 mm) 6.5 

  

2.3 EnergyPlus model calibration using experimental measurements 

The computational EnergyPlus model created is calibrated by comparing the measured experi-

mental data and the simulation results for the roof surface temperature and the ceiling surface 

temperature. Resistance Temperature Detectors (RTD) were installed on the inside and outside 

surfaces of south, east facing walls and the roof of selected identical rooms at each block as 

shown in Figs. 2 and 3. Experimental measurements were performed at Hall of residence-4 from 

January 2016 and hourly surface temperature measurements were collected weekly basis using 8 

channels RTD temperature recorder. For the safely of the data recorder, and for easy access, it 

was kept inside a metal box and placed outside the room. Humidity and indoor temperatures are 

recorded with a single channel data logger which is kept hanging inside the room. The illustration 

shown below is the experiment setup at Hall of residence-4. Solar radiation measurements were 

taken from the center for Climate Research Singapore (research division of the Meteorological 

Service Singapore). Measurements of global solar radiation were taken by using a Pyranometer 

installed in NTU.   

 

 

Figure 2 Illustration of the EnergyPlus model of Hall of residence-4. 
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Figure 3 RTD sensors installed inside and outside of Hall of residence-4 

Simulations were run based on the different material properties that were used to represent differ-

ent passive cooling technologies. A total of five different set of material properties were used to 

represent the following types of roof, original concrete roof, cool roof, green roof and insulation 

roof material. Table 3 show the five sets of material properties that were used in the simulations. 

 
Table 3 Material properties of the technologies. 

Properties Original (150 mm 
lightweight 
concrete)  

Cool roof 
material 

Green roof 
material 

Insulated 
material 
 

Roughness Medium Rough Medium 
Rough 

Medium Rough Medium 
Rough 

Thickness (m) 0.15 0.15 0.2 0.0508 

Conductivity 
(W/m.K) 

0.49 0.49 0.4 0.03 

Density (kg/m3) 512 512 550 43 

Specific Heat 
(J/kg.K) 

880 880 1000 1210 

Thermal 
Absorptance 

0.9 0.9 0.9 0.9 

Solar Absorptance 0.7 0.2 0.7 0.6 

Visible Absorptance 0.7 0.2 0.75 0.6 

Height of plants (m) - - 0.1 - 

3. Results 

3.1 Computational model calibration 

Collected data from NEA climate research center for month of January was compared with the 

measured data at the NTU Hall of residence-4. For accuracy of the process, two factors were 

taken into considerations which are outdoor air temperature and total solar radiation. By compar-

ing the data, days with similar weather profiles were chosen to precede the calibration of the mod-

el by comparing the measured data and computationally simulated data for the surface tempera-

tures. Roof surface temperature and the ceiling surface temperature for the chosen period of time 

in month of January using the computational model. The simulated and measured temperature 

data profiles were found to be within 5% deviation, as shown in Fig. 4. This calibrated model was 

used in the rest of the analysis. In the test building, the infiltration rate is unknown. In order to 

obtain a proper infiltration rate, computational simulations are run for the same week in April (dur-

ing which the test building measurements were conducted) under different infiltration rate settings. 

Fig. 4 shows the matching between measurements and simulation data after calibration. The 
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simulation results obtained under each infiltration rate setting are compared to the measurements 

results. The roof surface temperature and the ceiling surface temperature are compared in this 

calibration exercise since these two parameters are used in the subsequent calculation of heat 

gain through the roof. An infiltration rate of 0.90 air changes per hour (ACH) gives the best match-

ing between simulation and measurement data with errors fall within 5%. The infiltration rate of 

0.90 ACH is used in all subsequent computational simulations. The calibrated model is further 

used to investigate the effect of solar reflectance and thermal emittance on annual heat gain, 

annual heat loss and annual net heat gain reduction. 

 

 

Figure 4 Comparison of computational simulated temperatures (after calibration) against meas-

ured temperatures for ceiling. 

 

3.2 Effect of cool roof  

In this analysis, simulations are performed on an original roof ( = 0.90, ρ = 0.10) and cool roof ( 

= 0.90, ρ = 0.74). The calibrated model is used for this analysis. Figure 6 shows the annual heat 

gain, annual heat loss and annual net heat gain (summation of annual heat gain and loss) through 

the three roofs. Table 4 compares the effect of solar reflectance properties on annual heat gain. 

 

Table 4 Comparison of effect of cool roof on annual heat gain. 

Reduction  Original roof  Cool roof 

Annual heat gain Reference 79% 

 

The difference between annual net heat gains for original roof and cool roof shows the effect of 

solar reflectance increment of 0.45 (from 0.30 to 0.74) on annual net heat gain reduction. It can be 

observed (from Table 4 and Fig. 5) that the cool roof provides 79% reduction in annual net heat 

gain.  

 
Figure 5 Comparison of annual heat gain, annual net heat gain and annual heat loss for original 

roof and cool roof. 
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 3.3 Effect of green roof 

The green roof method provides passive cooling due to two components: 1) conduction resistance 

offered by the soil layer (about 100-mm-thick) and 2) evapotranspiration by vegetation and evapo-

ration of moisture content in soil. In order to investigate the effect of each component, simulations 

are performed using the green roof model. In this analysis, simulations are performed on an origi-

nal roof and green roof with leaf area indices (LAI) = green roof. It can be observed (from Fig. 6) 

that green roof significantly reduce the annual net heat gain as compared to the original roof.  

 

Table 5 Comparison of effect of green roof on annual heat gain. 

Reduction  Original roof Green roof 

Annual heat gain Reference 47% 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6 Comparison of annual heat gain, annual net heat gain and annual heat loss for original 

roof and green roof. 

 

3.4 Effect of thermal insulation  

Thermal insulation provides additional conduction resistance to the original roof. Extruded polysty-

rene insulation (50-mm-thick) is simulated. In this analysis, simulations are performed on the orig-

inal roof and the thermal insulation. Fig. 7 and Table 6 show the effect of insulation on annual heat 

gain reduction through the original roofs. The comparison between original roof and insulated roof 

(50-mm-thick) indicates the effect of extra thermal resistance due to the insulation layer. 

  

Table 6 Comparison of effect of insulation on annual heat gain. 

Reduction Original roof Insulation (50-mm-thick)  

Annual net heat gain Reference 78% 
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Figure. 7 Comparison of annual heat gain, annual net heat gain and annual heat loss for insula-

tion (50-mm-thick) and original roof. 
 

 
3.5 Comparison between cool roof, green roof and thermal insulation 

Figure 8 shows the annual heat gain reduction due to the application of cool roof, green roof, and 

extruded polystyrene insulation (50-mm-thick) over original roof. It can be observed (from Fig. 8) 

that the increment in solar reflectance (by 0.44) and addition of thermal insulation provide higher 

annual heat gain reduction (about 79%), than green roof.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8 Annual net heat gain reduction brought by the increment in radiation properties, green 

roof properties and thermal insulation. 

 

4. Conclusions 
 

The thermal performance of various passive roofing technologies on a flat concrete roof (cool roof, 

green roof and thermal insulation) is compared by performing computational simulations on an air-

conditioned, single-storey building (Hall of residence-4) in tropical climate of Singapore. The com-

putational model was calibrated using experimental measurements. It is found that for the com-

monly used roofs in tropical climate, the annual heat gain reduction provided by  

- a cool roof is about 79%,  

- adding extruded polystyrene insulation (50-mm-thick) is about 78%, and 

- a green roof is about 47%. 

 

This shows that the annual heat gain reduction provided by cool roof and thermal insulation is 

highest among the three passive cooling technologies in the tropical climate. 
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