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Abstract 11 

Increasing roof albedo (using a “cool” roof) and night ventilation are passive cooling 12 

technologies that can reduce the cooling loads in buildings, but the research has not 13 

comprehensively explored the potential benefit of integrating these two technologies. This 14 

study combines an experiment in the summer and transition seasons with an annual simulation 15 

so as to evaluate the thermal performance, energy savings and thermal comfort improvement 16 

that could be obtained by coupling a cool roof with night ventilation. A holistic approach 17 

integrating sensitivity analysis and multi-objective optimization is developed to explore key 18 

design parameters (roof albedo, night ventilation air change rate, roof insulation level and 19 

internal thermal mass level) and optimal design options for the combined application of the 20 

cool roof and night ventilation. The proposed approach was validated and demonstrated 21 

through studies on a six-story office building in Xiamen, a cooling-dominated city in 22 

southeast China. Simulations show that combining a cool roof with night ventilation can 23 

significantly decrease annual cooling energy consumption by 27% compared to using a black 24 

roof without night ventilation and by 13% compared to using a cool roof without night 25 

ventilation. Roof albedo is the most influential parameter for both building energy 26 

performance and indoor thermal comfort. Optimal use of the cool roof and night ventilation 27 

can reduce the annual cooling energy use by 28% during occupied hours when air-28 

conditioners are on and reduce the uncomfortable time slightly during occupied hours when 29 

air-conditioners are off. 30 
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Nomenclature   

English symbols  
  
A Alternative 
B Attribute 
C Relative closeness to the ideal solution 
E Solar spectral irradiance 
H Hour 
I Benefit attributes 
i, j Summation index 
J Cost attributes 
M Number of alternatives 
N Number of data points 
N Number of attributes 
P Interval 
Q Simulated data 
R Measured data 
   Average of the measured data 
S Matrix 
  Solar spectrum 
S Separation of each alternative from the ideal solution 
T Temperature 
Wf Weighting factor 
W Weight of normalized value 
  
Greek symbols  
  
Ρ Albedo (solar reflectance) 
Λ Wavelength 
  
Abbreviations  
  
AC Air conditioner or air conditioning 
ACH Air changes per hour 
BEPS Building energy performance simulation 
COP Coefficient of performance 
CV(RMSE) Coefficient of variation of root mean square error 
HVAC Heating, ventilation and air conditioning 
LHS Latin hypercube sampling 
MBE Mean bias error 
MCA Monte Carlo analysis 
NSGA-II Non-dominated sorting genetic algorithm II 
Oh Occupied hours in a specified period 
PCM Phase change material 
POR Percentage outside the range 
TMY Typical meteorological year 
TOPSIS Technique for order of preference by similarity to ideal solution 
SRC Standardized regression coefficient 
CTF Conduction transfer function 
CHMFE Combined heat and moisture finite element 
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1 Introduction 34 

The energy consumption of buildings has increased rapidly in recent years due to several 35 

factors including the increased population, the increased demand on indoor thermal comfort 36 

and global climate changes. Approximately 40% of global energy is consumed by buildings 37 

[1], while total energy consumption by the building sector is projected to increase by 15.7% 38 

between 2013 and 2035 [2]. In China, the building sector accounts for around 25% of China’s 39 

total primary energy consumption and 18% of all greenhouse gas emissions [3]. Therefore, 40 

many passive technologies have been developed to address the challenges of high building 41 

energy demands. 42 

The total roof surface in the urban world is estimated to be around 380 billion m
2
, while the 43 

roof surface accounts for over 20% of the global urban area [4]. For low or mid-rise buildings, 44 

the heat gains from roofs account for 5-10% of the annual cooling energy consumption of a 45 

building and more than 40% of the cooling energy consumption of top-floor rooms [5]. 46 

Therefore, the thermal performance of the roof is an important factor affecting the thermal 47 

comfort and the energy use of low or mid-rise buildings. Solar-reflective roofs, also known as 48 

“cool roofs”, provide an effective way to reduce the energy use in buildings by reducing the 49 

solar heat gain conducted through the roof assembly [6]. The coatings in the roofs are 50 

characterized by high solar reflectance (ability to reflect sunlight, spectrum 0.3-2.5 μm) and 51 

thermal emittance (ability to emit thermal radiation, spectrum 4-80 μm) [7]. Those 52 

characteristics enable the roof to reduce solar radiation and dissipate the accumulated heat, 53 

compared with conventional building materials. Therefore, this contributes to mitigating 54 

against the increased cooling demand, reducing the energy consumption with heating 55 

penalties in conditioned buildings and improving the thermal comfort in unconditioned 56 

buildings [8]. Gao et al. [9] revealed that adopting the cool roof reduced the daily air 57 

conditioning energy use by 9% in a conditioned office building and the lower room air 58 

temperature by 1-3 °C in a naturally ventilated factory. Pisello et al. [10] also observed that 59 

cool roofs can decrease the roof bottom temperature about 10 °C and the indoor air 60 

temperature of the office area by 2-4 °C. 61 

Night ventilation is an economical passive technique that can significantly improve thermal 62 

comfort without increasing the electricity demand [11][12]. This technology allows the 63 

outdoor cooler air to pass through the building at night so as to dissipate unwanted internal 64 

heat from buildings. Meanwhile, the building mass can be cooled during the night, which can 65 
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be regarded as providing a heat sink to reduce the daytime cooling load  [13]. Field and 66 

laboratory studies [14][15] illustrated that the use of night ventilation in unconditioned 67 

buildings may decrease the peak indoor air temperature of the following day up to 3 °C.  For 68 

the conditioned buildings, the estimated cooling energy saving can be more than 30% [16][17], 69 

depending on the location, climatic conditions, building operation and ventilation efficiency. 70 

Both adopting the cool roof and night ventilation may be integrated with other strategies.  71 

Chung et al. [18] evaluated the potential for reducing roof surface temperature to control 72 

urban heat island effects using the cool roof with phase change materials (PCM). Similarly, 73 

night ventilation has been applied in different climatic zones worldwide with different 74 

applications of PCMs [19][20][21]. For instance, Seong et al. [22] pointed out that the 75 

combination of PCMs with night ventilation could decrease annual cooling loads, the peak 76 

cooling load and the peak indoor air temperature by 9.3%, 11% and 0.85 °C, respectively. 77 

Some previous studies [23][24] also performed field experiments integrating night ventilation 78 

with green (vegetative) roofs for space cooling. The results show that the night ventilation can 79 

significantly mitigate the insulation effect of green roofs. AboulNaga et al. [25] investigated 80 

the optimum configuration of the wall-roof solar chimney to improve nighttime ventilation in 81 

low-rise buildings. However, the combined cooling effects of the cool roof and night 82 

ventilation have rarely been investigated. Cool roofs and night ventilation can be highly 83 

complementary and coupled techniques, particularly when they are applied to cooling-84 

dominated areas. Increasing the roof albedo can reduce the radiative heat gain at daytime, 85 

while night ventilation can remove the indoor redundant heat during night-time.  86 

In addition, the cooling effects of both the cool roof and night ventilation are affected by the 87 

insulation level and thermal mass level of buildings. Kolokotsa et al. [4] showed that the 88 

increased thermal mass can significantly reduce the sensible heat, while the increase of the 89 

insulation level decreased the integrated summer sensible heat and the peak indoor air 90 

temperature in European summer climates. Ran et al. [26] also presented that the energy-91 

saving potentials of night ventilation for the building with good wall insulation are better than 92 

the building with poor wall insulation. However, previous studies focused on effects of the 93 

single input variable (e.g. envelope insulation or thermal mass) on the energy/thermal 94 

performance of the building, while the interactions among different input variables are not 95 

considered comprehensively.   96 

This study, therefore, proposes a systematic approach to evaluate and quantify the thermal 97 

performance, cooling potential and thermal comfort improvement of combined use of the cool 98 
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roof and night ventilation. A six-story office building located in a cooling-dominated city 99 

Xiamen, China is selected for both experimental and simulation studies. A global sensitivity 100 

analysis was carried out to explore the effects of roof albedo, night ventilation rate, roof 101 

insulation and internal thermal mass on the energy and thermal performance of the building. 102 

The results also offer optimal design alternatives of the aforementioned four parameters for 103 

the combined use of the cool roof and night ventilation. The organization of this paper is as 104 

follows. Section 2 introduces an overview and major steps of the thermal/energy performance 105 

evaluation and design optimization of two technologies. Section 3 presents and gives a 106 

discussion of the experimental and simulation results, including the energy-saving potential, 107 

influential design parameters and optimal design alternatives. Section 4 summarizes the 108 

conclusions are summarized. 109 

2 Methodology  110 

2.1 Outline of the quantitative study 111 

A systematic approach is proposed to evaluate and quantify the combined cooling effects of 112 

the cool roof and night ventilation and to optimize the influential parameters concerned by 113 

these two technologies, as shown in Fig. 1. In the first step, the roof thermal performance and 114 

energy performance are preliminarily explored through measurements in a six-story office 115 

building. In the second step, the experimental data is used to validate the building model 116 

created for EnergyPlus [27] before simulating the annual energy-saving potential of using the 117 

cool roof and night ventilation. In the third step, a global sensitivity analysis is conducted to 118 

investigate the influences of the main design parameters on energy and thermal comfort 119 

performance of the building. In the fourth step, the multi-objective design optimization is 120 

conducted to find solutions offering superior building energy/thermal comfort performance. 121 
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 122 

Fig. 1. Analysis flowchart for thermal/energy performance evaluation and design optimization 123 

of cool roof and night ventilation. 124 

2.2 Experimental study 125 

The experimental study uses a research and development centre of a company (i.e. mainly for 126 

office use), located in an industrial estate in a cooling-dominated city Xiamen. The building is 127 

actually a mid-rise building with a total of six floors. The first to four floors are used for 128 

offices while the fifth and sixth floor are used as staff dormitories and experimental rooms. 129 

The buildings in this industrial estate (i.e. in a suburb district) are generally low or mid-rise 130 

buildings (i.e. most of the buildings are not taller than six stories). Therefore, the building 131 

selected in this study can be representative of the building stock in this region. Table 1 shows 132 

the building parameters and characteristics. 133 

Table 1 Building parameters and characteristics. 134 

General information 

Location Xiamen, Fujian Province, China (24.48° N 118.08° E) 

Entire roof area 987.1 m
2
  

Orientation of long 

axis 
North-south 

Building envelope  

Building

model

V
a

li
d

a
te

Building 

energy 

simulation

Building Simulation

EnergyPlus

Parametric study

jEPlus

Generate jep file

Collect 

simulation results

Create 

jobs list

Calculate 

indicators 

values

Sensitivity analysis

SimLab

Input scenarios 

Regression method

Impacts of
parameters

Experimental study

Thermal and energy 

performance of the 

test rooms

Experimental setup

jEPlus+EA

Generate populations

Design optimization

Design parameters 
and their ranges

Minimum 
objectives

No

Optimal design

Energy-saving

Yes

Data collection and 

processing

NSGA-II

LHS
sampling

potential

Input design parameters

Calculate 

objective 

values
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Window-to-wall 

ratio on the north 

wall 

0.43 

Wall 
Three layers (insulation, brick, plasterboard) with combined thermal 

transmittance 0.96 W/m
2
·K 

Roof 
Layers as depicted in Fig. 2a with combined thermal transmittance 

0.86 W/m
2
·K 

Floor One layer (concrete) with thermal transmittance 4.24 W/(m
2
·K) 

Window Double glazing with thermal transmittance 2.91 W/(m
2
·K) 

Three top-floor experimental rooms with the same dimension and orientation were selected to 135 

evaluate the combined cooling effects of the cool roof and night ventilation. The roof area of 136 

each experimental room is 31.5 m
2
. The roofs of two rooms were painted with reflective 137 

coatings (white and yellow respectively) and the other one was painted with a black coating 138 

for the purpose of comparison as shown in Fig. 2b. Roofs with three types of coatings were 139 

investigated to consider the effects of high, medium and low albedo roof on the building 140 

energy performance. The investigation of roofs with three coatings also ensures that there are 141 

sufficient measurements for model validation. For high-reflective coatings, the main materials 142 

include R-930 (white coating)/ PY 74 (yellow coating) titanium dioxide pigment, silicone-143 

acrylic resin, glass beads, water and other additives. For the black coatings, the main materials 144 

include carbon black pigment, acrylic resin, water and other additives. 145 

 146 

Fig. 2. (a) Cross-sectional and (b) external view of the roofs in the case-study building. 147 

(a) (b)

Concrete slab (100 mm)

Sloping layer (30 mm)

Cement mortar screed-coat (20 mm)

Water proofing membrane (2 mm)

Extruded polystyrene foam
insulation board (30 mm)

Fine stone concrete (40 mm)

Cement brick (20 mm)
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2.2.1 Properties of selected coatings 148 

To test the optical and thermal characterization of three types of coating, the coatings were 149 

firstly sprayed on smoothly polished concrete tile samples (100 mm × 100 mm × 10 mm). 150 

Following ASTM E903-12 [28], a UV-VIS-NIR spectrophotometer (PerkinElmer Lambda 151 

950) equipped with a 150 mm snap-in integrating sphere was used to measure the initial solar 152 

reflectance of the white, yellow and black coatings. The spectral reflectance of these three 153 

coatings (painted on specimens) was measured from 300 to 2,500 nm (shown in Fig. 3) and 154 

the albedo of each coating was then calculated according to Eq. (1).  155 

   
            

        

                                              (1) 156 

where ρ(λ) is the spectral reflectance at wavelength λ,   is the solar spectrum (300 – 2,500 nm) 157 

and E(λ) is the standard solar spectral irradiance specified in ASTM Standard G173-03 (i.e. 158 

standard air mass 1.5 direct normal and hemispherical spectral solar irradiance for 37° sun-159 

facing tilted surface) [29].  160 

The initial thermal emittance of coatings was measured with a portable emissometer AE1 161 

(Model Devices & Services Co. Dallas, TX) following ASTM C1371-15 [30]. The initial 162 

albedo and thermal emittance of the white, yellow and black coatings are measured as shown 163 

in Table 2. The white coating has the highest initial albedo (0.79), followed by the yellow 164 

coating (0.57) and black coating (0.05). The measured values of the thermal emittance for 165 

white, yellow and black coatings are 0.86, 0.88 and 0.90, respectively. It is worth noting that, 166 

the thermal emittance of three coatings is very close. Virtually all construction materials 167 

except shiny and bare metals have high thermal emittance (0.80 to 0.95) [31]. 168 

 169 
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Fig. 3. Spectral reflectance of coatings over the solar spectrum (300-2,500 nm). 170 

Table 2 Initial values of albedo and thermal emittance of three coatings. 171 

Coating type Albedo Thermal emittance 

White coating 0.79 0.86 

Yellow coating 0.57 0.88 

Black coating 0.05 0.90 

2.2.2 Instrumentation, data acquisition and monitoring period 172 

The monitored rooms were equipped with data acquisition systems which connected all 173 

sensors and recorded the measured data at a 5-min interval. The meteorological parameters 174 

(solar radiation, air temperature, air relative humidity, wind speed and rainfall) were obtained 175 

using a smart weather station. The station uses sensors placed on a 1.5 m high weather mast 176 

that is located directly on the rooftop of the building. Thermal monitoring of three rooms was 177 

performed by measuring the top and bottom surface temperature of roofs, indoor air 178 

temperature and electricity consumption of the air conditioners (ACs). Table 3 and Fig. 4 179 

respectively present the specification of instruments and the layout of the sensors. 180 

Table 3 Specifications of instruments. 181 

Instrument Make Model Measured parameter Range Accuracy 

Thermal 

resistance 

Fuyuan 

Feike 
FY-PT100 

Top and bottom 

surface 

temperature of 

roofs 

-20 to 50 °C ± 0.2 °C 

Temperature Data 

Logger 
Inste TH12R 

Indoor air 

temperature 
-20 to 70 °C ± 0.2 °C 

Smart power 

meter 
Letrue 

LCDG-

DDSD113 

Electricity 

consumption of AC 
0 to 60 A Class 0.5 

Smart weather 

station 

Fuyuan 

Feike 
FY-QBX 

Outdoor temperature -50 to 80 °C ± 0.2 °C 

Outdoor relative 

humidity 
0 to 100 % ± 2% 

Wind speed 0 to 70 m/s ± 2% 

Wind direction 0 to 360° ± 3° 

Horizontal solar 

radiation 

0 to 2000 

W/m² 
± 2% 

     182 
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 183 

Fig. 4. (a) Vertical view and (b) side view of sensor location in the monitored rooms. 184 

Three different scenarios were conducted to evaluate the thermal performance of cool roofs 185 

and natural ventilation in the transition season (31 March to 26 April 2015) and energy 186 

performance of cool roofs in summer (11 August to 21 August 2015). The windows were set 187 

close from 31 March to 14 April and open from 15 April to 26 April under uncontrolled 188 

conditions. The windows were closed under controlled conditions in summer. The AC 189 

operated 24 hours a day and no people worked in the office room during the test period. The 190 

AC operates 24 h/day to obtain more operational data including the AC performance data 191 

with/without the influence of solar radiation, for better validation of the building AC model. 192 

In order to reduce the influence due to the variances of occupancy, the experiment is carried 193 

out without occupancy. This is due to the fact that the occupant schedule and activity level are 194 

difficult to maintain the identical during the experiment, while the occupancy would be 195 

considered in the simulation study as further elaborated in Section 2.4.  196 

2.3 Model validation 197 

Before conducting the simulation analysis, a prototype building modelled for EnergyPlus was 198 

validated using the experimental data. The building model (Fig. 5a) has the same construction, 199 

layout, dimension and equipment as the case-study office building. The hourly measured 200 

meteorological data was also used as the weather input data in the simulation. To simplify the 201 

set-up procedure of the building model, the adjacent rooms (excluding the tests room) are 202 

regarded as a single thermal zone (Fig. 5b). 203 

(a)

Air temperature data logger Surface temperature sensor

Smart weather station Smart power meter

(b)3.8 m 3.8 m 3.8 m

8
.3
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A
C

A
C

A
C
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1
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1
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3
.3
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1
.1
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 204 

 205 

Fig. 5. (a) View of the building simulation model and (b) layout of the top floor in the 206 

building model. 207 

As with the experimental setup, the windows of the top-floor rooms in the model were closed 208 

from 31 March to 14 April and half-open with one sliding window from 15 April to 26 April 209 

2015. A multi-zone airflow network model in EnergyPlus was used to simulate the single-210 

sided natural ventilation using the measured wind speed and direction data from 15 April to 211 

26 April. The discharge coefficient of windows was set as 0.5 referring to [32] and was 212 

validated by the experimental data on the premise that other parameters of windows related to 213 

the natural ventilation were set correctly. The wind pressure coefficient was calculated 214 

automatically through the surface average calculation algorithm [33]. To validate the energy-215 

saving benefits of using cool roofs and the performance of ACs in summer (11 August to 21 216 

August), the AC model settings were based on the specification and operation mode of the 217 

spilt air conditioners in the tested rooms, as shown in Table 4. It is worth noting that since 218 

Zone 1
White 
roof 

room

Yellow 
roof 

room

Black 
roof 

room
Zone 2

Zone 4   Corridor

Zone 3

Zone 5 Zone 6

Room 605Room 601 Room 602 Room 603 Room 604 Room 610Room 606 Room 607 Room 608 Room 609 Room 611 Room 612 Room 613 Ware house

Room 617Stair hall Room 614 Room 615 Room 616 Room 622Room 618 Room 619 Room 620 Room 621 Room 623 Room 624 Room 625 Room 626

(b)
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Xiamen is a cooling-dominated city, only the measured cooling energy data was used for 219 

validating the AC model while the heating energy was not available for the model validation.  220 

Table 4 Specifications of air conditioners. 221 

Make Model Specifications Unit Value 

GREE 
KF-35GW/K 

(35356) A4C-N3 

Cooling capacity W 3,520 

Rated cooling power W 1,105 

Maximum input power W 1,550 

Circulating air m
3
/h 630 

Coefficient of performance (COP) W/W 3.2 

Cooling set point ℃ 26 

The thermal performance of the building/room model was validated by comparing the 222 

simulated and measured top and bottom surface temperature of roofs and indoor air 223 

temperature in the transition season (i.e. from 31 March to 26 April). Meanwhile, the energy 224 

performance of the air-conditioners inside rooms was validated by comparing the simulated 225 

and measured AC electricity consumptions during the test period in summer (i.e. from 11 226 

August to 21 August). Several acceptance criteria are commonly used for calibrating building 227 

energy performance simulation (BEPS) models [34]. The mean bias error (MBE) and 228 

coefficient of variation of root mean square error CV(RMSE) were computed using Eqs. (2) 229 

and (3) respectively. 230 

         
        

  
   

     
  
   

                                                        (2) 231 

             
         

  
   

 

   

  
                                               (3) 232 

where ri and qi are the measured and simulated data points for each model instance ‘i’ 233 

respectively, Np is the number of data points at interval ‘p’.    is the average of the measured 234 

data points. In this study, the performance of the present building model was assessed using 235 

the hourly criteria in ASHRAE Guideline 14, as shown in Table 5 [35].  236 

Table 5 Acceptance criteria for calibration of BEPS models. 237 

Standard/guideline 
Monthly criteria (%)  Hourly criteria (%) 

MBE CV (RMSE)   MBE CV (RMSE)  
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ASHRAE Guideline 14 5 15  10 30 

 238 

2.4 Simulation analysis 239 

2.4.1 Annual energy simulation analysis 240 

Xiamen is a cooling-dominated city where the cooling-only air-conditioners (i.e. no heating 241 

function) are commonly adopted and there is usually no heating system available in winter. 242 

Therefore, the annual energy consumption analysis only includes the AC cooling energy 243 

consumption in this study. To investigate the annual energy-saving potentials of cool roofs 244 

combined with night ventilation, the settings of the validated building model (in Section 2.3) 245 

were updated as followings. i). The entire roof of the model was set with a uniform albedo to 246 

eliminate the heat transfer between roofs with different albedos in the previous model. ii). The 247 

roof albedo was set to 0.6 or 0.1, representing an aged cool roof and an aged black roof, 248 

respectively [36]. iii). Typical meteorological year (TMY) data [37] of Xiamen was used as 249 

weather input. 250 

A typical office (room 603) was used as the simulation object. It was set to be occupied by 251 

four people with a clothing thermal resistance of 0.5 clo in summer according to EN 15251 252 

[38]. The hourly operational schedules for people, lights and electric equipment were set as 253 

1.0 during the occupied period (08:00-18:00) and 0 for the remaining period. Internal 254 

partitions between the concerned room and adjacent zones were set adiabatic, assuming all 255 

adjacent zones have similar working conditions. Typical internal heat gains were added to the 256 

concerned rooms [39], as shown in Table 6.  257 

Table 6 Internal heat gains per unit floor area in room 603. 258 

Internal heat gains  Unit Value 

Person (4 people) W/person 75 

Lights W/m
2
 7 

Electric equipment W/m
2
 9 

Total W/m
2
 25.5 

The AC operated during working hours (08:00–18:00) on weekdays when the indoor air 259 

temperature exceeded 26 ℃, while the night venting schedule was 18:00-08:00 (+1) on 260 

weekdays. It is worth noting that the night venting was only available during the hot days 261 

when the AC was required to operate on the following day. The outdoor air flowrate during 262 
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occupied hours was set to 30 m
3
/(h·person) [40]. Night mechanical ventilation and night 263 

natural ventilation were selected for comparison. The model settings of the natural ventilation 264 

system and the ACs were the same as the previously validated model, while the night 265 

mechanical ventilation was set as a balanced system with a supply fan and an exhaust fan. The 266 

specific fan power of night mechanical ventilation system fulfills the recommended “good-267 

practice” from the technical note AIVC 65 [41]. The lower limit of indoor air temperature for 268 

night mechanical ventilation was set as 18 ℃ to avoid overcooling [42], while the temperature 269 

difference between indoor and outdoor air for night ventilation activation was set as 3 ℃ to 270 

achieve effective convection [43]. Since the maximum air change rate per hour (ACH) for 271 

night ventilation should not exceed 10 h
-1

 [44], the design ACH for night mechanical 272 

ventilation was set to 5 h
-1

 and 10 h
-1

, respectively. It is worth noticing that the performance 273 

difference among various strategies, ranging from simple fixed-rules to complicated 274 

predictive algorithms, is small [45,46]. Therefore, a common-used night ventilation control 275 

strategy was adopted in this study. Table 7 summarizes the detailed setup information of night 276 

mechanical.  277 

Table 7 Detailed setup information of night mechanical ventilation systems. 278 

Night mechanical ventilation system 

System configuration Supply fan and exhaust fan 

Total design pressure rise 600 Pa (Both for supply fan and exhaust fan) 

Fan total efficiency 0.9 

Design ACH 5 h
-1

 or 10 h
-1

 

Minimum indoor air temperature 18 ℃ 

Activation requirements Indoor air temperature – outdoor air temperature > 3 ℃ 

2.4.2 Sensitivity analysis 279 

A sensitivity analysis was carried out to explore the key influential factors on energy/ thermal 280 

comfort performance of top-floor rooms. The global sensitivity method was selected to 281 

investigate the influence of a single input variable on the outputs when other input variables 282 

also vary simultaneously, which can explain how much variations of the outputs are 283 

accounted by the input variables. Monte Carlo analysis (MCA) and Latin Hypercube 284 

Sampling (LHS) were selected as the variance-based method and sampling method for the 285 

global sensitivity analysis [47].  286 
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Fig. 1 shows the process of conducting sensitivity analysis (upper right corner) and it is 287 

explained as follows. In the first step, SimLab [48] generates the input scenarios based on the 288 

defined range of main concerned parameters by LHS sampling method. The sample size based 289 

on LHS is 150, as the minimum number of model executions should be at least 10 times the 290 

number of variables. In the second step, jEPlus generates building simulation model 291 

descriptions (jep file) based on the job list created using the input scenarios from SimLab to 292 

run the EnergyPlus. Then jEPlus collects all the simulation results from EnergyPlus and 293 

calculates the indicator values for each scenario [49]. Finally, SimLab can conduct sensitivity 294 

measures based on the selected sensitivity analysis method. Standardized Regression 295 

Coefficient (SRC) based on the regression method is used as the global sensitivity analysis 296 

indicator by assuming the input variables are independent. The sign of SRC indicates whether 297 

the output increases (positive value) or decreases (negative value) as the related input variable 298 

increases. The larger the absolute value of SRC, the more influential the input variable [50].  299 

Four key parameters, including roof albedo, night ventilation air flow rate, roof insulation 300 

level and internal thermal mass level, are considered in the sensitivity analysis, in order to 301 

explore their impacts on the energy and thermal performance of buildings. Table 8 shows the 302 

input parameters and their distributions. Both the parameters are independent and with 303 

uniform distribution. The roof insulation level varies as the thickness of the insulation board 304 

changes, while the surface area of internal mass made by the cast concrete determines the 305 

internal thermal mass level. It is worth noting that the coating thickness was not considered an 306 

influential factor for the following reasons: i). Yarbrough and Anderson [51] illustrated that 307 

optimum albedo of the coatings can be obtained when the thickness greater than a minimum 308 

critical thickness. The thickness of the coatings is sufficient enough to ensure the roofs with 309 

an optimum albedo in this study.  ii).  Roof insulation level is also a design parameter 310 

considered in this study, which covers the influences of the coating insulation due to the 311 

change of coating thickness. Table 9 shows detailed information for performance indicators.  312 

Table 8 Input parameters range for the sensitivity analysis. 313 

Concerned parameters Unit Probability distribution 

P1 Roof albedo - U
a
 [0.1-0.9] 

P2 Night ventilation ACH h
-1

 U
a
 [0-10] 

P3 Roof insulation level mm U
a
 [10-50] 

P4 Internal thermal mass level m
2
 U

a
 [10-80] 

a
 Represents uniform distribution. 314 
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Table 9 Outputs of the sensitivity analysis. 315 

Performance indicators Unit Remark 

O1 
Annual cooling energy 

use 
kWh/m

2
 

During working hours (08:00–18:00) in the design 

summer year, with setpoint 26 ℃ 

O2 
Percentage outside 

range (POR) 
% 

During working hours (08:00–18:00) in non-AC 

operation condition 

Percentage outside range (POR) was selected as a thermal comfort indicator as shown in Eq. 316 

(4).  This indicator accumulates the percentage of occupied hours in the non-AC operation 317 

time when the simulated thermal comfort level exceeds the specified comfort range in 318 

corresponding standards [52].  319 

    
         

  
   

     
  
   

                                                      (4) 320 

Here wfi is a weighting factor depending on the comfort range. hi represents the occupied 321 

hours and Oh is the occupied hours in a specified period. If the thermal comfort parameter 322 

exceeds the corresponding comfort range, the wfi would be 1, otherwise it would be 0. The 323 

80% acceptability status of ASHRAE 55 adaptive thermal comfort model applied to calculate 324 

the values of POR [53]. Larger POR indicates the indoor thermal environment is far from 325 

satisfactory.  326 

2.4.3 Design optimization 327 

To investigate the optimal design parameters to improve the building energy/thermal comfort 328 

performance, a multi-objective design optimization was conducted by using jEPlus+EA 329 

software [54]. One of the common-used evolutionary algorithm Non-dominated Sorting 330 

Genetic Algorithm II (NSGA-II) that adopts non-dominated sorting techniques to offer the 331 

closest solutions to Pareto-optimal solution was selected for multi-objective optimization [55] 332 

in this study. The design variables include roof albedo, night ventilation ACH, roof insulation 333 

level and internal thermal mass level. It is worth noting that, in the real applications, the ACH 334 

of night natural ventilation is determined/influenced by several factors including space 335 

orientation, wind speed and direction, ventilation control system, window open factor and 336 

discharge coefficient. Due to the dynamic characteristics of some parameters, it is difficult to 337 

quantify the ventilation effectiveness precisely. The focus of this study is to evaluate the 338 

effects of night ventilation ACH on the indoor thermal comfort/AC energy consumption; 339 

therefore, the ACH of night natural ventilation was set directly for simplicity. Annual cooling 340 
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energy use and POR during occupied hours without AC operation are the two objectives to 341 

optimize (Table 9).  342 

The process of conducting design optimization shown in the lower right corner of Fig. 1 can 343 

be explained as follows. In the first step, the NSGA-II optimizer generates the populations 344 

(sets of design parameter values) within the predefined searching ranges of the design 345 

parameters and a job list is created based on the generated design parameters. The ranges of 346 

design variables are set the same as the parameters in Table 8. In the second step, jEPlus 347 

generates building simulation model descriptions for EnergyPlus (jep files) based on the job 348 

list. jEPlus then collects all the simulation results from EnergyPlus and calculates the 349 

objective values for each scenario. Finally, the NSGA-II optimizer in jEPlus+EA further 350 

calculates the objective values until the optimization reaches convergence tolerance. For the 351 

optimization setting, the population size, maximum generation number, crossover number, 352 

mutation number and tournament selector size are set as 10, 200, 1.0, 0.2 and 2 respectively 353 

by compromising the computational cost and the accuracy of the Pareto front solutions.  354 

The optimum solution for the multi-objective design optimization is selected by employing 355 

Technique for Order of Preference by Similarity to Ideal Solution (TOPSIS) decision-making 356 

method. The TOPSIS is based on the concept that the chosen alternatives should have the 357 

shortest geometric distance from the positive ideal solution and the longest geometric distance 358 

from the negative ideal solution [56]. The TOPSIS technique is detailed in Appendix A.  359 

3 Results and discussion 360 

3.1 Experimental results and model validation  361 

3.1.1 Weather conditions 362 

31 March to 26 April and 11 August to 21 August 2015 were selected as representative days 363 

in the transition season and summer, respectively. Most selected days are sunny days and Fig. 364 

6 shows the solar irradiance, outdoor air temperature and relative humidity. From 31 March to 365 

14 April, under window-closed conditions, the daily mean outdoor air temperature oscillated 366 

between 14.7 °C and 29.0 °C and the daily maximum value of global horizontal solar 367 

irradiance varied between 221 W/m
2
 and 1,231 W/m

2
. From 15 April to 26 April, under 368 

window-open conditions, the daily mean outdoor air temperature oscillated between 19.8 °C 369 

and 26.9 °C and the daily maximum value of global horizontal solar radiation varied between 370 

176 W/m
2
 and 1,243 W/m

2
. From 11 August to 21 August, under controlled conditions (i.e. 371 
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air-conditioners are on), the daily mean outdoor air temperature oscillated between 27.5 °C 372 

and 32.3 °C and the daily maximum value of global horizontal solar radiation varied between 373 

402 W/m
2
 and 1,370 W/m

2
.  Due to the humid climate characteristic in Xiamen, the relative 374 

humidity is high, with average values of 72% in the transition season and 84% in summer, 375 

receptively. The statistical analysis of the wind direction and wind speed from 15 April to 26 376 

April is presented by the wind rose diagram as shown in Fig. 7. Each concentric circle 377 

represents a different fraction of time that the wind blows from this particular direction, 378 

starting from zero at the center and increasing towards the outer circles. Most of the prevalent 379 

wind directions at the site are the east and west. All the measured weather data is, therefore, 380 

used as the inputs when the building simulation is conducted. 381 

 382 

Fig. 6. Global horizontal solar irradiance, outdoor air temperature and relative humidity 383 

measured by smart weather station (sensors at 1.5 m height from the rooftop). 384 
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  385 

Fig. 7. The wind rose diagram from 15 April to 26 April 2015 in the experimental site. 386 

3.1.2 Thermal performance in the transition season 387 

Fig. 8 shows the measured data of exterior roof surface temperature, interior roof surface 388 

temperature and the indoor air temperature of the monitored rooms in the transition season (31 389 

March to 26 April). During this period, the top of black roof peaked at 68.6 °C, while the tops 390 

of the white roof and yellow roof were up to 27.2 °C and 20.3 °C cooler, with peak 391 

temperatures of 41.4 °C and 48.3 °C, respectively. The bottom (room-facing surfaces) of the 392 

white roof and yellow roof were up to 3.1°C and 2.8°C cooler than the bottom of the black 393 

roof, respectively. 394 

The introduction of natural ventilation influences the indoor thermal environment as shown in 395 

panels c and g of Fig. 8. The indoor air temperatures measured in white roof room and yellow 396 

roof room were 1.2 °C and 0.9°C lower than that observed in black roof room when windows 397 

were closed (31 March to 14 April). When the windows were open (15 April to 26 April), the 398 

maximum indoor air temperature decrease in both these rooms (white roof room and yellow 399 

roof room) are both around 1.3 °C lower than that observed in the black roof. In addition, the 400 

mean indoor air temperatures of white roof and yellow roof rooms are both around 25 °C, 401 

which are 0.6°C lower than that of the black roof room. This indicates the unwanted internal 402 

heat gains (i.e. the difference of heat gains between the white roof room and yellow roof room) 403 
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of the yellow roof room can be removed through natural ventilation. The natural ventilation 404 

contributes to the dissipation of unwanted internal heat from the buildings. 405 

Fig. 8 shows the measured and simulated data, including the exterior roof surface temperature, 406 

interior roof surface temperature and indoor air temperature. The mean bias error (MBE) (%) 407 

and coefficient of variation of root mean square error CV(RMSE) (%) between the measured 408 

and simulated data are calculated as shown in Table 10. The MBEs and CV(RMSE)s between 409 

the measured and simulated temperature vary between -1.8% and 3.1% and between 2.5% and 410 

9.2%, respectively. When the uncertainties (i.e. ±0.2 ℃) of temperature sensors in Table 3 is 411 

taken into consideration, the MBEs and CV(RMSE)s between the measured and simulated 412 

temperature also fulfill the acceptance criteria of model calibration shown in Table 5. This 413 

indicates the present building model is well-established and can be used to precisely simulate 414 

the thermal performance of rooms. The discrepancies between simulated and measured data 415 

could attribute to the following reasons: 1) The meteorological data (e.g. the solar irradiance) 416 

was set as a one-hour interval, which cannot fully represent the actual weather conditions and 417 

2) The long-wave radiation and shadings from surrounding buildings were neglected.   418 

 419 

Fig. 8. Measured and simulated thermal performance in the monitored rooms.  420 

 Table 10 Model validation of thermal performance in the transition season by MBE (mean 421 

bias error) and CV(RMSE) (coefficient of variation of root mean square error). 422 

10

20

30

40

50

60

70

80

18

20

22

24

26

28

30

32

04-15 04-17 04-19 04-21 04-23 04-25

18

20

22

24

26

28

30

32
18

20

22

24

26

28

30

32

10

20

30

40

50

60

70

80

03-31 04-02 04-04 04-06 04-08 04-10 04-12

18

20

22

24

26

28

30

32

 

T
e
m

p
e
ra

tu
re

 (
°C

)

 Measured (White)    Measured (Yellow)    Measured (Black)  Simulated (White)    Simulated (Yellow)    Simulated (Black)

 

(f) Interior roof surface temperature-window open

T
e
m

p
e
ra

tu
re

  
(°

C
)

Date

 

(g) Indoor air temperature-window open

 

T
e
m

p
e
ra

tu
re

  
(°

C
)

Date

 

T
e
m

p
e
ra

tu
re

  
(°

C
)

(a) Exterior roof surface temperature-window closed

    

 

(e) Exterior roof surface temperature-window open 

T
e
m

p
e
ra

tu
re

  
(°

C
)

 

(c) Indoor air temperature-window closed

(b) Interior roof surface temperature-window closed  

T
e
m

p
e
ra

tu
re

  
(°

C
)



Page 22 of 37 

 

Performance 

indices (%) 

Window 

status 

Exterior surface temperature Interior surface temperature Room temperature 

White Yellow Black White Yellow Black White Yellow Black 

MBE 
Closed 

3.1 2.3  2.3 2.1 1.4 0.6 1.7 1.4 1.1 

CV (RMSE)   4.6 6.1 9.2 4.5 3.8 5.0 3.0 2.6 2.7 

MBE   
Open 

1.7 0.8 -0.8 -1.2 -1.2 -1.8 -0.6 -0.6 -0.8 

CV (RMSE)   3.3 4.6 6.0 4.6 3.9 4.4 2.7 2.5 2.5 

3.1.3 Energy performance in summer 423 

Fig. 9 shows the measured hourly electricity consumption of air conditioners in three rooms 424 

from 11 Aug to 21 Aug. Normalized by room roof area, the air conditioner in white roof room 425 

and yellow roof room consumed about 99 Wh/m
2
·day and 82 Wh/m

2
·day less electricity than 426 

that in black roof room, for a daily savings of about 30% and 25%, respectively. 427 

Fig. 9 also shows the measured and simulated AC electricity consumption. Table 11 428 

summarizes the mean bias error (MBE) (%) and root mean square error (RMSE) (%) between 429 

the measured and simulated electricity consumption of air-conditioners. It can be seen that the 430 

MBEs and CVRMSEs between the measured and simulated temperature vary between -7.6% 431 

and -4.7% and between 27.9% and 29.0%, respectively. The precision of the BEPS model is 432 

within the acceptable ranges as shown in Table 5. Therefore, the building model with the 433 

configured air-conditioning system can be used to further assess the energy-saving potentials 434 

of the cool roof and night ventilation. The discrepancies between simulated and measured data 435 

of AC electricity consumption attributes to the reason that the AC operates intermittently in 436 

the real-time environment that may consume additional energy consumption.  437 
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 438 

Fig. 9. Measured and simulated hourly AC electricity consumption a) white roof, b) yellow 439 

roof and c) black roof. 440 

  Table 11 Model validation of AC hourly electricity consumption in summer. 441 

 White roof room Yellow roof room Black roof room 

MBE (%) -4.7 -7.6 -7.0 

CVRMSE (%) 27.9 28.9 29.0 

3.2 Simulated annual energy-saving potential 442 

The energy performances of adopting different roof albedos and night ventilation modes in 443 

Typical Meteorological Year (TMY) are simulated and compared as shown in Fig. 10. The 444 

case of using the black roof only (i.e. the albedo of 0.1) is set as a base case for the purpose of 445 

comparison.  446 

Compared with using black roof only (base case), applying the cool roof (i.e. the albedo of 0.6, 447 

case 4) on buildings can significantly reduce the annual AC electricity consumption by 6.2 448 

kWh/m
2
 (16%). The combined use of cool roofs and night mechanical/natural ventilation on 449 
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buildings contributes to less AC electricity consumption as the night ventilation can remove 450 

the excess heat stored at daytime. However, when taking the fan energy use at night into 451 

account, the total cooling energy savings (i.e. considering both AC and fan electricity use) of 452 

case 5 and case 6 are only 1.5 kWh/m
2
 (4%) and 4.0 kWh/m

2
 (10%) respectively compared to 453 

the base case. It is worth noting that the overall cooling energy consumption adopting night 454 

mechanical ventilation and cool roof can be even higher than that of case 4 (i.e. only using the 455 

cool roof). Also, the total cooling energy use increases when the ACH of night mechanical 456 

ventilation increases. The reason is that the annual mean outdoor air temperature at night in 457 

Xiamen is relatively high, resulting in low night cooling energy-saving potential.  458 

It can also be seen that adopting the night natural ventilation can reduce AC energy 459 

consumption and the AC energy savings are close to that of adopting the 10-ACH night 460 

mechanical ventilation. Combining the cool roof with night natural ventilation (case 7) can 461 

save 10.5 kWh/m
2
 (27%) compared with that of the base case and 4.3 kWh/m

2
 (13%) 462 

compared with case 4 equipped with the cool roof. It indicates that night natural ventilation 463 

contributes to more energy savings.  464 

Integrating the black roof with night mechanical ventilation (case 1 or case 2) also consumes 465 

more total cooling energy, compared to the base case. Although the black roof combined with 466 

night natural cooling (case 3) can save cooling energy compared with the base case, its energy 467 

consumption is still 1.2 kWh/m
2
 higher than that of using the cool roof only (case 4).  468 

  469 

Fig. 10. The comparison of electricity consumption using different strategies. 470 
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The indoor air temperatures adopting different strategies in a typical summer night (1 June to 471 

2 June) are compared (Fig. 11) to explain the differences of energy-saving potentials among 472 

different strategies. On the selected day, the average wind velocity was 4.9 m/s and the 473 

prevailing wind was from the south-east direction. It can be seen that after turning off the AC 474 

at 18:00 on June 1, the indoor air temperatures of all scenarios rose fast. After 20:00, the 475 

indoor air temperatures of using the cool roof only and using black roof only vary slightly, 476 

remaining about 26.5 ℃ and 30.7 ℃ respectively. The cool roof room has lower indoor air 477 

temperature at night compared with that of black roof room. One possible reason is that the 478 

excess heat stored in the building elements at daytime was released to the indoor environment 479 

and black roof room had more accumulated heat. However, when using the night ventilation, 480 

the indoor air temperatures were lower and the trend followed the profiles of outdoor air 481 

temperature. For both the cool roof and black roof rooms, using 10-ACH night mechanical 482 

ventilation yielded the lowest indoor air temperature at night, followed by using night natural 483 

ventilation and 5-ACH night mechanical ventilation. This indicates that adopting 10-ACH 484 

night mechanical ventilation can reduce the AC energy use at daytime. The combined use of 485 

the cool roof and 10-ACH night mechanical ventilation has the lowest indoor air temperature 486 

among all scenarios, with an average temperature of 26.5 ℃ at night. 487 

 488 

Fig. 11. Indoor air temperature comparison of adopting different strategies in a typical 489 

summer night (1 June to 2 June). 490 

3.3 Impacts of concerned parameters on energy and thermal comfort performance  491 
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(R
2
=0.95). It can be seen that the roof albedo has the most significant impact on the annual 494 

cooling energy use, followed by the night ventilation ACH, roof insulation level and internal 495 

thermal mass level. The roof albedo also has the most significant impact on the POR, 496 

followed by the roof insulation level and internal thermal mass level. The SRC values of roof 497 

albedo indicate that increasing the roof albedo can significantly decrease the annual cooling 498 

energy use but increase the POR. This is due to the high-reflective roof which can reduce 499 

solar heat gains and the indoor air temperature, thus reducing the energy consumption in hot 500 

days and increasing the indoor uncomfortable time in cold days. It is worth noticing that 501 

although the increasing roof albedo can improve the indoor thermal comfort in some days in a 502 

transition season, it would also lower the indoor thermal comfort level in non-AC operation 503 

periods. In addition, due to the solar heat gain through the roof is high for top-floor rooms, the 504 

roof albedo can affect the indoor environment of top-floor rooms significantly. Compared 505 

with roof albedo, night ventilation ACH has smaller impacts on the annual cooling energy use 506 

and near no influence on the POR. The reason is that the night ventilation cooling potentials 507 

are restricted to the days that have cooling demand, while the night ambient temperature in 508 

those days is relatively high in Xiamen. 509 

The increase of roof insulation results in more cooling energy use, but to improve the indoor 510 

thermal environment during occupied hours in cold days. Although the high roof insulation 511 

level can reduce the indoor heat gain at daytime, it prevents the indoor heat dissipation at 512 

night. Therefore, the indoor air temperature at next daytime would be higher, which consumes 513 

more cooling energy in hot days but reduces the uncomfortable time in cold days. 514 

Furthermore, the internal thermal mass has only a slight influence on building energy and 515 

thermal comfort performance. Improving the internal thermal mass level is not a preferable 516 

choice for buildings under the climate conditions in Xiamen. One possible reason is that the 517 

high-level thermal mass stores excess heat gains that cannot be fully removed by night 518 

cooling, resulting in more cooling energy use in the following day. Another reason is that the 519 

high thermal mass would reduce the fluctuation of indoor air temperature by absorbing and 520 

storing the heat energy, resulting in a lower temperature during occupied hours in cold days.  521 

Xiamen’s weather is dominated by a monsoonal humid subtropical climate [57], with an 522 

annual mean relative humidity of 70.5% [37]. The high indoor air relative humidity in Xiamen 523 

may influence the thermal property of thermal mass, thus affecting the process of charging 524 

and discharging heat of thermal mass in practical applications. In this study, a common heat 525 

balance algorithm namely “Conduction Transfer Function (CTF)”, which only considers the 526 
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sensible heat and ignores the moisture storage or diffusion, was selected rather than the 527 

“Combined Heat and Moisture Finite Element (CHMFE)” heat balance algorithm [33]. The 528 

first reason is that further material properties related to the moisture transfer or diffusion are 529 

required when adopting the CHMFE algorithm, which are difficult to obtain without material 530 

testing. The second reason is that most research related to the night ventilation mainly focus 531 

on the charging and discharging of the sensible heat in the thermal mass, such as the common 532 

night ventilation control strategy shown in Table 7. The third reason is that the simulation 533 

adopting the CHMFE algorithm may increase the computational cost than the CTF algorithm 534 

would. In addition, building energy simulations were conducted to investigate the influence of 535 

the indoor air relative humidity on the internal thermal mass energy performance. Two cases 536 

were analysed: one case adopted CHMFE algorithm and the other case did not adopt CHMFE 537 

algorithm. The internal thermal mass was equipped with the required material properties of 538 

one concrete retrieved from an original example in EnergyPlus. The results show that the 539 

increase of internal thermal mass level would consume more cooling energy in both two 540 

cases. However, the energy increased ratios (defined as the increased annual cooling energy 541 

use of using the heavy thermal mass to that using the light thermal mass) are very close in two 542 

cases. Therefore, as the SRCs of the internal thermal mass for the energy and thermal comfort 543 

performance were both only 0.1, the influence of the indoor air relative humidity was not 544 

taken into consideration. 545 

 546 

Fig. 12. Standardized Regression Coefficients (SRC) of concerned parameters. 547 
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3.4 Design optimization results 548 

The multi-objective optimization approach was also applied to optimize the concerned 549 

parameters that would influence the energy and thermal-comfort performance of the buildings. 550 

Fig. 13 shows the best Pareto-front sets obtained are shown in. The two objectives – annual 551 

cooling energy use and POR during occupied hours without AC operation are inversely 552 

proportional, representing the conflicts between the pair of objectives. Two optimal solutions, 553 

which achieve minimum annual cooling energy use and POR respectively, are chosen as 554 

representative design alternatives for designers. The two solutions are marked as A and B in 555 

Fig. 13 and listed in Table 12.  556 

Solution A offers superior energy performance and worst indoor thermal comfort among all 557 

the solutions, while Solution B offers superior indoor thermal comfort and worst indoor 558 

energy performance among all optimal solutions. In Solution A, the roof albedo is the high 559 

bound value (0.9), while the insulation level and internal thermal mass level are the low 560 

bound values. In contrast, in Solution B, the roof albedo is the low bound value (0.1), while 561 

the insulation level and internal thermal mass level are high bound values. It is worth noting 562 

that night ventilation ACH in Solution A is 9.5 h
-1

 that is close to the high bound value of 10 563 

h
-1

, while the night ventilation ACH in Solution B is 7 h
-1

. The night ventilation ACH is 564 

required to be set at relatively high values among all solutions. 565 

 566 

Fig. 13. The optimal solutions on the Pareto front. 567 

Table 12 Selected optimal solutions of the design optimization. 568 

Solution Roof 

albedo 

Night 
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level (m
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2
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A 0.9 9.5 10 10 18.2 77.7 

B 0.1 7 50 80 35.2 6.6 

Fig. 14 shows the objective values under different weights (w1) of normalized annual cooling 569 

energy use (Eq. 7) using the TOPSIS decision-making method. The weight of normalized 570 

POR (w2) equals to (1-w1). The building designers or owners can select the optimal solutions 571 

based on their own requirements and which objective they concern more. In this study, the w1 572 

of 0.5 is selected to obtain the optimal design parameters and corresponding objective values 573 

as shown in Table 13. For the purpose of comparison, the parameters of the base case were set 574 

as roof albedo of 0.1, night ventilation ACH of 0 h
-1

, roof insulation level (represented by the 575 

thickness of the insulation board) of 30 mm and internal thermal mass level (represented by 576 

the surface area of the cast concrete) of 50 m
2
. It can be seen that the values of the two 577 

objectives are both lower than that of the base case (i.e. reduction of 10.9 kWh/m
2
 (28%) 578 

annual cooling energy use and 0.2% uncomfortable time). The solution indicates that the night 579 

ventilation ACH, roof insulation level should be as high as possible, while the internal thermal 580 

mass level should be as low as possible. The roof albedo of 0.6 can make a compromise 581 

between the energy and thermal comfort performance of buildings.  582 

 583 

Fig. 14. The objective values under different weights (w1) of normalized annual cooling 584 

energy use. 585 

Table 13 Optimum design parameters and corresponding objective values (w1=0.5). 586 
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Night ventilation ACH h
-1

 0 10 

Roof insulation level mm 30 50 

Internal thermal mass level m
2
 50 10 

Objective Unit Base case Optimum design 

Annual cooling energy use  kWh/m
2
 39.2 28.3 

POR % 14.5 14.3 

4 Conclusions 587 

This study proposes a systematic approach to quantitively evaluate and optimize the cooling 588 

potential through the combined use of cool roofs and night ventilation. A six-story office 589 

building located in Xiamen, located in a cooling-dominated region, is selected for both 590 

experimental and simulation studies. An energy simulation based on the validated model from 591 

the experimental data was conducted to investigate the annual energy-saving potential of 592 

adopting the cool roof with night cooling. Then, a global sensitivity analysis was carried out 593 

to explore the effects of roof albedo, roof insulation, building thermal mass and night 594 

ventilation air change rate on the energy and thermal performance of the building. The key 595 

design parameters are then optimized. Based on the results of the case study, the following 596 

conclusions can be made. 597 

 The experimental study shows that applying cool roofs can significantly reduce the top and 598 

bottom surface temperatures of roofs, the indoor air temperatures in the unconditioned 599 

rooms and the cooling energy use in the conditioned rooms. In a transient season, the tops 600 

of the white roof and yellow roof can be up to 27.2 °C and 20.3 °C cooler, respectively, 601 

than the top of the black roof. The bottom (room-facing surfaces) of the white roof and 602 

yellow roof can be up to 3.1°C and 2.8°C cooler, respectively, than the bottom of the black 603 

roof. The integration of the natural ventilation and cool roof can dissipate unwanted 604 

internal heat significantly. In the hot summer from 11 August to 21 August 2015, the white 605 

and yellow roof can reduce room cooling energy consumption by 30% and 25% (99 606 

Wh/m
2
·day and 82 Wh/m

2
·day) respectively compared with the black roof. 607 

 The annual energy simulation results show that the combined use of the cool roof and night 608 

natural ventilation can achieve the energy-saving rate 27% compared to using a black roof 609 

and 13% compared to using a cool roof. Night mechanical ventilation is not energy 610 

conservative because the energy consumed by the fan exceeds the cooling energy saved. 611 
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 The global sensitivity analysis indicates that the roof albedo is the most influential 612 

parameter for building energy performance and indoor thermal comfort. The night 613 

ventilation air change rate has also significant impacts on the annual cooling energy use but 614 

nearly no influence on the POR. Although more cooling energy use is required, the indoor 615 

thermal comfort can be improved through increasing roof insulation level. Improving the 616 

internal thermal mass level is not a preferable choice for buildings under climate conditions 617 

such as Xiamen. 618 

 The optimum alternative using TOPSIS decision-making method shows that the night 619 

ventilation ACH and roof insulation level should be as high as possible, while the roof 620 

internal thermal mass level should be as low as possible. The roof albedo should be 621 

properly set by compromising the indoor thermal comfort and annual cooling energy use. 622 

Additionally, the results of multi-objective optimization obtained by TOPSIS decision-623 

making method shows that the annual cooling energy use decreases greatly 10.9 kWh/m
2
 624 

(28%) and the POR brings down slightly 0.2% respect to the base design case. 625 

In this study, thermal/energy performance evaluation and design optimization of these two 626 

technologies are conducted in the climate conditions of Xiamen. For cities with similar 627 

climatic conditions, the applications of the coupled technologies are expected to have similar 628 

energy-saving potentials. However, the expected energy-saving potentials of combined use of 629 

cool roof and night ventilation are limited to actual climatic conditions. For other climatic 630 

conditions, the performance and optimal design alternatives of utilizing these two 631 

technologies can be further explored using the quantitative methods proposed in this study. 632 

For instance, for a climate where the heating system is available for buildings in cold seasons, 633 

the increased heating energy use caused by high roof albedo may outweigh the cooling energy 634 

saving caused by high roof albedo. The cool roof technology may not be suitable for the 635 

application in buildings. The annual HVAC (heating, ventilation and air conditioning) source 636 

energy use/cost would be the only objective to be optimized since the HVAC system would 637 

regulate the indoor thermal comfort. For a climate with hot summer days and cool summer 638 

nights, where night ventilation might be more useful than that in Xiamen, the night 639 

mechanical ventilation may save energy. The thermal/energy performance of the combined 640 

use of these two technologies under different climate conditions are required to be 641 

investigated.  642 
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Appendix A. Technique for Order of Preference by Similarity to Ideal Solution 651 

(TOPSIS) 652 

The TOPSIS technique involves the following five steps to choose the best alternative nearest 653 

to the positive ideal solution and furthest from the negative ideal solution. The best one of 654 

sorting would be the best alternative. 655 

    Step 1: A multiple attribute decision can be expressed in a matrix S with m alternatives and 656 

n attributes. In this study, n is the number of objectives needed to be optimized and m is the 657 

number of optimal solutions on the Pareto front. An element xij in the matrix represents the 658 

numerical value of i th alternative, Ai, with respect to the j th attribute, Bj, calculated by Eq. 659 

(A-1). The matrix S can be normalized to value rij by Eq. (A-2).  660 

  

 

 
 
 

    

        

  

  

 
  

   

   

 
   

   

   

 
   

   

    
     

 
 
 
 

   

   

 
   

 
 
 
 

   

  

   
   

   

 
    

 
 
 

                                    (A-1) 661 

    
   

     
  

   

                                                         (A-2) 662 

    Step 2: The weighted normalized value vij is calculated by Eq. (A-3), where wj is the weight 663 

value of jth attribute and    
 
     . In this study, w1 means the weight of normalized 664 

annual cooling energy use, while w2 represents the weight of normalized POR during 665 

occupied hours without AC operation. 666 

                                                                     (A-3) 667 
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    Step 3: Determining the positive ideal (A
+
) and negative ideal (A

-
) solutions by Eq. (A-4) 668 

and Eq. (A-5).  669 

      
    

      
                                                         (A-4) 670 

      
    

      
                                                         (A-5) 671 

where: 672 

  
                                                                  (A-6) 673 

  
                                                                  (A-7) 674 

where I and J are the benefit attributes and cost attributes, respectively. A larger value of I or 675 

smaller value of J indicates better performance. In this study, the two objectives both belong 676 

to the benefit attributes.  677 

    Step 4: Calculating the separation of each alternative from the positive and negative ideal 678 

solution, which can be measured by the n dimensional Euclidean distance as follows: 679 

  
           

    
                                                (A-8) 680 

  
           

    
                                                 (A-9) 681 

Step 5: Defining the relative closeness to the ideal solution and ranking the preference order 682 

by Eq. (A-10). Where the value of ci it in the range from 0 to 1. Based on the relative 683 

closeness value, then ranking the preference order. The larger the value of ci, the better the 684 

performance of the alternatives as it is closer to the positive ideal solution. 685 

   
  

 

  
    

                                                     (A-10) 686 
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