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Abstract: The present study aims to further demonstrate the cooling benefits of an extensive green
roof (EGR) and fill the gap existing in the literature in terms of a sensitivity analysis of an EGR,
especially in subtropical areas. First, onsite measurements were performed. The results indicated that
the peak air temperatures in the chamber with the EGR were 4.0 °C and 1.9 °C lower, respectively,
compared to those in the chamber with a bare roof on sunny and rainy days. Moreover, the EGR
decreased the daily electricity consumption from air conditioning by up to 16.7% on sunny days and
6.7% on cloudy days. Second, the measured values were employed to validate the green roof module
(GRM) in EnergyPlus. The results demonstrated that the GRM yielded accurate results in quantifying
the cooling benefits of the EGR. Finally, we selected 16 factors of the EGR, each with four levels,
to perform the sensitivity analysis. Range and variance analyses revealed that the factors that most
significantly impacted the EGR performance were the R-value of roof construction, substrate (soil)
thickness, the thermal conductivity of dry substrate, the leaf area index, leaf emissivity, and the solar
absorptance of the substrate. These factors contributed 90.8% to the performance index.

Keywords: extensive green roof; cooling benefits; onsite measurements; numerical simulation;
sensitivity analysis; subtropical area

1. Introduction

According to reports published by the United Nations Environmental Program, more than 40%
of global energy consumption and around 30% of global greenhouse gas emissions are related to
buildings [1]. During the hot season, people use air conditioning to offset rising indoor temperatures,
thereby increasing electricity consumption. Air conditioning can substantially contribute to peak
electricity demand, depending on local climatic conditions, a building’s parameters, and the air
conditioning operating mode. Developing high-performance cooling technologies is one of the
approaches to achieve energy efficiency in buildings.

Building roofs constitute approximately 20% of urban surfaces [2-4]. Among a building’s
envelopes, the roof receives more solar radiation than that received by a vertical wall, which causes
excessive heat flow into the room. In hot areas, nearly half of a building’s cooling load originates
from the roof [5,6]. Thus, an increasing number of researchers are working toward the development
of energy-efficient roof systems, such as reflective [7], radiative [8,9], evaporative [10], and green
roofs [11].

The cooling benefits of a green roof come from the shading and transpiration of a vegetation
layer and the evaporation and insulation of a substrate layer, mimicking the earth’s natural methods
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of cooling. A green roof acts as a thermal buffer and can reduce a room’s heat gain in summer and
heat loss in winter by approximately 70-90% and 10-30%, respectively [12]. Moreover, the vegetation
and substrate layers of a green roof decrease and delay the roof’s peak temperature, thereby keeping
indoor conditions comfortable.

One of the most common green roof systems is the extensive green roof (EGR), which has the
following characteristics: shallow substrates (<20 cm thickness), relatively lightweight components,
and low cost [13]. The EGR is a very suitable technology for subtropical areas, and many studies have
examined the use of the EGR in hot and humid climates, which are amenable to the growth of the
necessary vegetation.

Most previous studies have focused on the thermal performance of the green roof and its impact
factors. Lin et al. explored the impacts of climatic conditions on the thermal effectiveness of the
ERG. Their research indicated that daytime cooling effectiveness was relatively high in tropical island
climates in summer, while nighttime insulation effectiveness was more pronounced in subtropical
climates. They also found that rainfall led to a decrease in the temperature of the reference roof;
therefore, the cooling effectiveness of the extensive green roof was not as high as that observed on
sunny days [14]. Huang et al. compared the effects of green roof vegetation on reductions in rooftop
temperature and heat amplitude under hydroponic and soil culture conditions in a subtropical city
(Taichung, Taiwan). They found that hydroponic roofs with varying water depths, with or without
plants, could significantly decrease rooftop temperatures due to the evaporation and insulation of
water [15]. Moreover, soil-based green roofs have more cooling potential because of the reflective,
photosynthetic, shielding, shading, and evapotranspiration effects from their vegetation layers and the
insulation, absorption, and evaporation effects from their growth medium layers [16]. Additional work
has suggested that further research could explore other types of growth mediums to enhance the
cooling effect of green roofs, given that most of the temperature reduction was attributed to the
growth medium layer rather than the vegetation layer [16]. Jim performed a field experiment on the
air conditioning electricity consumption of residential buildings in humid/subtropical Hong Kong,
which has different roof schemes, including bare roofs, thermal insulation roofs, and two kinds of
EGRs. The study considered sunny, cloudy, and rainy weather. The results indicated that the cooling
effects from green roofs on sunny days were more significant than those on cloudy and rainy days.
Additionally, it was found that the thermal performance of the EGR was directly influenced by
vegetation, substrate composition, thickness, and water content. [17-19]. Jiang and Tang conducted
field measurements to investigate the thermal performances of bare and green roofs. They found that
green roofs provided an advantage in the daytime, but a disadvantage in the nighttime during summer
because they acted as an insulation layer [20]. Yang et al. carried out a comparative study on the
thermal performance of two new green roofs compared to three existing roofs in Guangzhou, China:
a subtropical climatic region. In addition to the significant cooling effect produced by the green roofs,
they further found that increasing the planting soil thickness from 100 mm to 200 mm seemed not to
be able to significantly improve the thermal and indoor environment performance of the rooms [21].
Feng et al. analyzed the energy balance of the EGR and presented a simple but practical energy balance
model. They carried out a field experiment in Guangzhou, China, to validate the accuracy of this
model [22]. Peng and Jim studied the effects of a community-scale green roof on air temperature
and human thermal comfort in five typical residential neighborhoods of subtropical Hong Kong.
The results demonstrated that green roof cooling effects were not restricted to rooftops, but extended to
the ground to improve the neighborhood microclimate [23]. Costanzo et al. performed a comparison
between cool roofs and green roofs in three different climatic conditions in Italy. They found that the
sensible heat fluxes released by the roof to the outdoor environment could be cut down by up to 75%
by using green roofs. Moreover, from the aspect of the annual primary energy demands of buildings,
green roofs are more preferable than cool roofs because of the shading and insulating characteristics of
the former [24].
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Despite the abovementioned cooling benefits, several obstacles have been encountered when using
green roofs in the real world. A common obstacle against the selection of green roofs is the relatively
higher initial investment when compared to a conventional roof system. A long-term cost-effectiveness
analysis of green roofs should be performed to assist building designers and owners in making a
reasonable decision. To this end, an accurate and reliable prediction of the energy saving rates of green
roofs is needed, which can be achieved by using building energy simulation software. For example,
the green roof module (GRM) in EnergyPlus, which is a new-generation building energy simulation
program developed by the US Department of Energy [25], considers the impacts of thermal behaviors
from vegetation and substrates on building energy consumption. In the GRM, a generic green roof
system is described by a total of 16 parameters. Of these, five parameters are used to describe vegetation
layer characteristics, including the height of plants (HP), the leaf area index (LAI), leaf reflectivity (LR),
leaf emissivity (LE), and minimum stomatal resistance (MSR). Another 11 parameters are related to the
substrate layer, namely substrate roughness (SR), substrate thickness (ST), the thermal conductivity of
dry substrate (TCDS), the density of dry substrate (DDS), the specific heat of dry substrate (SHDS),
the thermal absorptance of the substrate (TAS), the solar absorptance of the substrate (SAS), the visible
absorptance of the substrate (VAS), the saturation volumetric moisture content of the substrate (SVMCS),
the residual volumetric moisture content of the substrate (RVMCS), and the initial volumetric moisture
content of the substrate IVMCS). Accurately obtaining all 16 parameters is challenging because of
the inhomogeneity of the vegetation and substrate layers. Therefore, a sensitivity analysis should
be performed to determine which green roof parameters are the most important and have the most
significant impact on the performance index. To this end, Zeng et al. explored the optimal properties
for green roofs in different zones in China and then compared properties between different cities.
They selected three parameters, namely ST, HP, and LAI, from the 16 input parameters in the EnergyPlus
GRM as the main properties affecting the energy savings of green roofs [26]. Rakotondramiarana et
al. developed a hygrothermal green roof model and integrated it into a thermal model of buildings
to dynamically assess the impact of green roofs on the energy performance and thermal comfort of
buildings in Madagascar. From the simulation results, they found that plants with greater values
of the LAI and the vegetation coverage ratio significantly improved the energy performance of the
buildings during summer days, and a moderate additional substrate thickness could help decrease the
heating demand [27]. However, previous research may not fully reflect the impacts of green roof design
factors on building energy consumption because limited green roof design factors were considered in
the research.

In summary, although the effects of green roofs on the thermal and energy performances of
buildings have been reported in many studies, research concerning green roofs in subtropical areas is
still inadequate. To better understand the cooling benefits from the EGR, the accuracy of the GRM
in EnergyPlus, and the significance order of the design parameters of a green roof in subtropical
areas, this study makes new contributions, including the following: (1) we further investigated the
cooling benefits of the EGR in sunny and rainy weather conditions through onsite measurements;
(2) we verified the GRM in EnergyPlus by calculating the mean bias errors and cumulative variation
of the root mean square errors between the simulated and measured values; and (3) we performed a
sensitivity analysis to determine which green roof parameters had the most significant impact on the
performance index.

This paper is organized as follows: Section 2 describes the methodology employed; Section 3
presents our analysis of the cooling benefits of the EGR and examines the accuracy of the GRM in
EnergyPlus, including the significance levels of green roof factors on building cooling load; and finally,
Section 4 summarizes the main conclusions.
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2. Methods

2.1. Onsite Measurements

Onsite roof measurements were conducted in subtropical Guangzhou, which is located in southern
China (latitude: 23.1° N, longitude: 113.3° E). The climate type of Guangzhou is Cfa (C: temperate,
f: humid, a: hot summer) according to the Képpen climate classification [28].

The experimental system was installed on the rooftop of the Building Energy Efficiency Research
Center at the South China University of Technology and consisted of one buffer chamber and two
test chambers (Figure 1). The buffer chamber was used to house a computer and data acquisition
devices. During the measurement process, air conditioning was operated in the buffer chamber with
a constant air temperature of approximately 24 °C. As for the two test chambers, only the roof and
the west wall of each were exposed to the outdoor environment. The other walls were connected to
the buffer chamber to eliminate the effect of orientation on the chambers’ heat gain. The walls and
the floors were composed of white-color-coated steel sandwich panels with 100-mm-thick expanded
polystyrene (EPS) board cores. The roofs were composed of blue (external surface) and white (internal
surface) coated steel sandwich panels with 25-mm-thick extruded polystyrene (XPS) board cores.
Twelve 0.5 m X 0.5 m x 0.1 m (1 X w X h) modular green roof trays were placed on the roof of the second
test chamber. The vegetation used in this experiment was Sedum lineare, a plant in the Crassulaceae
family, which was approximately 0.1 m high. The substrate was approximately 0.1 m thick, as shown
in Figure 1.
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Figure 1. Schematics of the experimental system and measuring points (unit: mm). (a) Plan drawing;
(b) A-A cross-section drawing. Here, t,},: air temperature of the chamber under a bare roof;
tsg: air temperature of the chamber under the green roof; ¢y, and f;,;: external and internal surface
temperatures of the bare roof; fse, tgre, and torit external surface temperature of the substrate,
external surface temperature of the green roof, and internal surface temperature of the green roof;
qpri+ internal surface heat flux of the bare roof; g, ;: internal surface heat flux of the green roof.

We used two HOBO temperature sensors (Onset Computer Corporation, USA) to record the
external surface temperatures of the green roof substrate. The average temperature value was used to
characterize the temperature variation of the substrate. Six T-type thermocouples were placed on the
external and internal surfaces of the experimental roof (i.e., three on the external surface and three on
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the internal surface). In addition, three heat flow sensors were placed on the internal roof surfaces.
As a control, six T-type thermocouples were placed on the external and internal surfaces of a bare roof,
with three heat flow sensors placed on the internal surface of the bare roof.

Two air temperature test points were placed at the center of both test chambers. The local
meteorological data, including the air temperature, relative humidity, wind speed and direction,
rainfall, and solar radiation, were recorded by a weather station near the measurement site. Table 1
lists the measurement sensors used. All sensors were calibrated before use.

Table 1. Measurement devices and parameters.

Measurement Range

Measurement Points Sensor Type and Accuracy
Direct normal radiation CHP1 pyrheliometer with SOLYS2 sun tracker 0-4000 W/m?, +0.5%
Global horizontal radiation CMP3 pyranometer 0-2000 W/m?, +5.0%
Diffuse horizontal radiation CMP3 pyranometer 0-2000 W/m?, +5.0%

Outdoor wind speed . . . 0-40 m/s, +1%
Outdoor wind direction 81000 three-dimensional ultrasonic anemometer 0.0-359.9°, +2°

Outdoor dry-bulb temperature —40-70 °C, +0.4 °C

Outdoor relative humidity CS215 temperature and relative humidity probe 0-100%, +2%

Surface temperature ®0.2-mm T-type thermocouple —200-150 °C, £0.1 °C

Substrate temperature HOBO temperature sensor —40-70 °C, £0.18 °C

Chamber air temperature HOBO temperature sensor —40-70 °C, £0.18 °C
Heat flux Heat flow sensor —2-2 kW/m2, +3%

A data logger was used to collect and transfer the temperature and heat flux data to a personal
computer via an RS-232 interface. The time interval of data collection was set to 5 min. Hourly data
were used to analyze the thermal performance of the green roof and examine the differences between
the measurements and the simulations.

2.2. GRM in EnergyPlus

EnergyPlus was employed for the green roof simulation analysis. The GRM integrated in
EnergyPlus is based on a study by Sailor [11], which utilized a slightly modified version of the fast
all-season soil strength methodology developed by Frankenstein and Koenig [29,30]. The required
simulation input parameters include the substrate characteristics and the vegetation features.
Sailor evaluated the model confidence using comparisons of means and observations [11]. For a
detailed description of the model, the reader is referred to the EnergyPlus technical documentation [25].

In order to evaluate the accuracy of the GRM in Guangzhou's subtropical climate, we compared the
measured results from the experimental system (as shown in Figure 1) to the simulated values. As shown
in Figure 2, the building model for the simulation was identical to that of the experimental system.

Table 2 summarizes the building envelope parameters for the simulation. The green roof parameters
for the GRM are listed in Table 3. The parameters of the vegetation layer are from the literature [22].
The parameters of the substrate are from the laboratory measurements. The EnergyPlus energy
simulation settings are presented in Table 4.

Table 2. Building materials and their thermophysical parameters.

Thermal

Building Material (from Outside Thickness . . Density Specific Heat
Components to Inside) (mm) Conductivity (kg/m®) (J/kg'K)
P (W/mK) 5
Wall Expanded polystyrene board 0.1 0.0624 30 1260
Roof Extruded polystyrene board 0.025 0.046 30 1210

Floor Expanded polystyrene board 0.1 0.0624 30 1260
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Figure 2. Schematics of the building model for the validation (and measuring points): (a) plan drawing;

(b) axonometric drawing.

Table 3. Green roof parameters for the simulation.

Green Roof Parameters Values
Height of plants (m) 0.1
Leaf area index (-) 4.6
Leaf reflectivity (-) 0.17
Leaf emissivity (-) 0.99
Minimum stomatal resistance (s/m) 180
Substrate roughness (-) Medium rough
Substrate thickness (m) 0.1
Thermal conductivity of dry substrate (W/m-K) 0.1
Density of dry substrate (kg/m3) 550
Specific heat of dry substrate (J/kg-K) 600
Thermal absorptance of the substrate (-) 0.95
Solar absorptance of the substrate (-) 0.7
Visible absorptance of the substrate (-) 0.7
Saturation volumetric moisture content of the substrate (-) 0.5
Residual volumetric moisture content of the substrate (-) 0.01
Initial volumetric moisture content of the substrate () 0.3
Table 4. EnergyPlus simulation settings.
Object Description
EnergyPlus version 8.4

Inside surface convection algorithm
Outside surface convection algorithm
Heat balance algorithm
Zone air heat balance algorithm
Number of timesteps per hour
Run period
Internal gains
Zone air-conditioning system
Cooling setpoint temperature

Thermal Analysis Research Program
DOE-2
Conduction transfer function
Third-order backward difference
60

Identical to that of the experimental system

None
Ideal load air system
Identical to that of the experimental system




Energies 2019, 12, 4278 7 of 22

The meteorological data recorded by the weather station were utilized as the weather files in
the EnergyPlus simulations. The following equations were used to calculate the horizontal infrared
radiation intensity:

Ri =500 Ty, €Y

Ta

Se = [0.787 + 0.764- ln( 73

)](1 +0.02245, - 0.003552 + 0.00028S?), 2)

where R; is the horizontal infrared radiation intensity in W/m?; s, is the sky emissivity; o is the
Stefan—-Boltzmann constant; T, is the dry-bulb temperature in K; T is the dewpoint temperature in K;
and S, is the opaque sky cover.

Two error indices, namely the mean bias error (MBE) and the cumulative variation of the root
mean square error (CV(RMSE)), were used to evaluate the accuracy of the GRM. The MBE indicates
how well the simulation results fit the measured data. Positive values indicate that the simulation
results underpredict the measured data. In contrast, negative values indicate that the simulation results
overpredict the measured data. The overall uncertainty in the simulation prediction is indicated by the
CV(RMSE). This value is always positive, and a low value indicates that the simulation results are
close to the measured data. The equations for the MBE and the CV(RMSE) are as follows:

N
N (M-S,
MBE = —21:1; : ), (3)
21'21 Mz'
Zg\il(Mi_Siy
CV(RMSE) = W (4)
’:I\] !

where M; is the measured data at instance i; S; is the simulated data at instance i; and N is a count of
the number of values used in the calculation.

2.3. Sensitivity Analysis

We conducted the sensitivity analysis by selecting 16 green roof factors, each with four levels
(Table 5). In Table 5, except for the R-value of roof construction (RRC), the other 15 parameters are
input parameters for the green roof module in EnergyPlus. Although the IVMCS is also one of the
parameters for the GRM, it was not considered in the sensitivity analysis because it cannot be larger
than the SVMCS during the parameter input process. The RRC took the place of the IVMCS because
the thermophysical properties of the roof construction under the substrate layer also influence the
cooling effect of the vegetation and substrate layers. Over 4 x 10° combinations needed to be simulated
if the full factorial simulation were to be utilized in the present study. The full simulation would have
required a large amount of computing resources and a large number of simulations; hence, a fractional
factorial simulation, which selects representative combinations from the full factorial simulation,
was used. A suitable sampling method is important for the fractional factorial simulation, and three
sampling methods are commonly utilized to generate representative combinations: the orthogonal
array (OA), Latin hypercube (LH), and Monte Carlo (MC) methods [31]. We employed herein OA
sampling methods to generate representative combinations.

An OA denoted as Lgg (4%') was used as the scheme for conducting the simulations. This OA
contained 21 columns, 16 of which denoted green roof design parameters, and five other blank
columns were used to estimate the influence of random factors on the target index. Random factors
are those that cannot be technically controlled, and they are usually considered to be statistically
independent variables. Each row of the OA represented a run with a specific set of simulation levels,
and 64 simulations were run.
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Table 5. Green roof parameters and their levels.

Green Roof Parameter Levels
Parameters ! L1 L2 L3 L4
HP (m) 0.050 0.350 0.650 0.950
LAI(-) 0.15 1.75 3.35 495
LR (-) 0.150 0.250 0.350 0.450
LE (-) 0.810 0.870 0.930 0.990
MSR (s/m) 60 130 200 270
SR (-) Very rough Medium rough Medium smooth Very smooth
ST (m) 0.060 0.260 0.460 0.660
TCDS (W/m-K) 0.250 0.650 1.050 1.450
DDS (kg/m?) 400 900 1400 1900
SHDS (J/kgK) 520 1010 1500 1990
TAS (-) 0.810 0.870 0.930 0.990
SAS (-) 0.410 0.570 0.730 0.890
VAS (-) 0.510 0.670 0.830 0.990
SVMCS (-) 0.150 0.250 0.350 0.450
RVMCS (-) 0.015 0.040 0.065 0.090
RRC (m2-K/W) 0.11 0.25 0.61 1.45

1HP: height of plants; LAI: leaf area index; LR: leaf reflectivity; LE: leaf emissivity; MSR: minimum stomatal resistance;
SR: substrate roughness; ST: substrate thickness; TCDS: thermal conductivity of dry substrate; DDS: density of dry
substrate; SHDS: specific heat of dry substrate; TAS: thermal absorptance of the substrate; SAS: solar absorptance
of the substrate; VAS: visible absorptance of the substrate; SVMCS: saturation volumetric moisture content of the
substrate; RVMCS: residual volumetric moisture content of the substrate; RRC: R-value of roof construction.

In the present study, we used the experimental system on the rooftop of the Building Energy
Efficiency Research Center at the South China University of Technology to validate the accuracy of
the Green Roof Model in EnergyPlus under Guangzhou'’s climate conditions. However, it should be
noted that the experimental system is not a typical civil building because the chambers in the system
do not have external windows and the space in the chambers is too small to be utilized in the real
world. In order to make the results more applicable, we selected a real building model instead of the
experimental system for the orthogonal simulations and the subsequent sensitivity analysis of the
green roof.

The real building model was a typical top-floor dwelling in Guangzhou. The dwelling had two
bedrooms, a study room, a living room, a dining room, a kitchen, and two balconies. Its floor area was
approximately 86 m?, and its main facade had a southern orientation, as shown in Figure 3.
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Guest || room
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Figure 3. The building model for the orthogonal simulation: (a) plan of a top-floor dwelling; (b) the
EnergyPlus model.

Table 6 summarizes the building envelope specifications. All zones were air-conditioned, with the
exception of the kitchen and bathrooms. Table 7 lists the thermophysical parameters of the building
envelope; the setup of the heating, ventilation, and air conditioning (HVAC) system; and the internal
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gains of people, equipment, and lights consistent with the “Design Standard for Energy Efficiency of
Residential Buildings in Hot Summer and Warm Winter Zones” [32].

Table 6. Building materials and their thermophysical parameters.

Building Material (from Thickness Therm? 1. Density Specific
Components Level Outside to Inside) (mm) Conductivity (kg/m?3) Heat
P (W/m-K) J/kg'K)
Cement mortar 0.02 0.93 1800 1050
Reinforced concrete 0.12 1.74 2500 920
Cement mortar 0.02 0.93 1800 1050
L1 R-value
(m2K/W) 0.11
U-value
(W/m2K) 3.70
Cement mortar 0.02 0.93 1800 1050
Aerated concrete 0.03 0.22 700 1050
Reinforced concrete 0.12 1.74 2500 920
Cement mortar 0.02 0.93 1800 1050
L2
R-value 0.25
é (m2K/W) '
= U-value
é (W/m2-K) 244
g Cement mortar 0.02 0.93 1800 1050
- EPS 0.015 0.03 28.5 1647
é Reinforced concrete 0.12 1.74 2500 920
L3 Cement mortar 0.02 0.93 1800 1050
R-value 0.61
(m?-K/W) '
U-value
(W/m2-K) 1.30
Cement mortar 0.02 0.93 1800 1050
EPS 0.04 0.03 28.5 1647
Reinforced concrete 0.12 1.74 2500 920
Cement mortar 0.02 0.93 1800 1050
L4
R-value 1.45
(m2-K/W) '
U-value
(W/m2-K) 0.62
Cement mortar 0.02 0.93 1800 1050
Aerated concrete brick 0.19 0.22 700 1050
Cement mortar 0.02 0.93 1800 1050
Wall R-value
(m2K/W) 0.91
U-value
(W/m2-K) 0.93

Floor Adiabatic floor - - - _
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Table 7. EnergyPlus simulation settings.

Object Description
EnergyPlus version 8.4
Inside surface convection algorithm Thermal Analysis Research Program
Outside surface convection algorithm DOE-2
Heat balance algorithm Conduction transfer function
Zone air heat balance algorithm Third-order backward difference
Number of timesteps per hour 60
Run period 1 May to 31 October
Window U-factor = 2.45 W/m?2-K
Solar heat gain coefficient = 0.42
Internal Gains None
Zone air-conditioning system Ideal load air system
Cooling setpoint temperature Always 26 °C

We used the ratio of the total cooling load of the building zones under a green roof to that under
the same roof construction without vegetation and substrate layers as the target index, as shown in
Equation (5). As this equation indicates, the higher the values of the target index are, the higher the
cooling load saving rates resulting from a green roof are:

Cloud,br
Findex = ’ (5)
Cload, gr

where t;;,4. is the target index; Cjyuq by is the total cooling load of the building zones under the bare roof
in kW; and Cpg,¢r is the total cooling load of the building zones under the green roof in kW.

Range analysis was utilized to investigate the most sensitive factor affecting the target index.
The range analysis determined the relative significance of a given factor P (Dp) by using Equations (6)
and (7). A factor with a larger Dp is one with greater importance [33].

Dp = max(Vp,L) - min(Vp/L), (6)

Vpr = Vpy/kp, )

where Dp is the range value of a given factor P; Vp| is the average targeting value of each simulation
factor at the same level L; Vp; is the sum of the target indices of all levels in each factor P; and kp is the
total number of levels for the corresponding factor P.

The range analysis intuitively showed the order of influential factors on the target index. However,
a range analysis cannot distinguish whether the fluctuation of the target index results from the varying
levels or from the random factors. In addition, it cannot provide a standard to assess whether the
impact of a factor is noticeable. To resolve this issue, it is necessary to carry out a variance analysis to
obtain the magnitudes of the influence of the factor on the target index.

In an analysis of variance (ANOVA), the total impacts were divided into two parts: impacts from
the simulation conditions and impacts generated from the random factors. The ratio of the sum of
squares of each factor’s mean deviation to that of the random factors was indicated by the significance
value (F) for each factor [33]. Therefore, we used an F-test to analyze the simulation data and employed
an F-value to assess the impact degree of a factor, which could be calculated by the following formulas:

4
zZ= ZL:l VL, ®)

14 ., 72
DRy =23 Vo~ To ©)
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N4, 22
DRy = ZLZl Vil o (10)

where DRp is the difference in the simulation results caused by the change in every level of factor P;
DRp reflects the influence of factor P on the simulation results; and L is the level number.
The variance Vp of factor P is presented as follows:

DRp
dfp ’

where dfp is the degree of freedom of factor P, which is defined as the number of comparisons between
impact factor P. For example, a three-level impact factor counts for two degree of freedom. In the
present study, since each factor had four levels, dfp is equal to 3. Correspondingly, dfr is the total
degrees of freedom of the simulation, which is equal to the simulation times minus 1 or 63 (in this case).

Vp should be compared to Vp (the blank columns in the OA Ly (421) were designed to record the
random factors V) before calculating the Fp value to improve the F-test reliability. The F-value of each
factor P could be expressed as

Vp = (11)

Fp=— (12)

where Fp is the F-value of factor P; Vp is the variance of factor P; and V3 is the variance of the
blank column.

For a specific orthogonal simulation (certain f1, f2), Fa(f1,/2) is a constant defined as the critical
value of Fp for different inspection levels, which can be found from the F distribution table. The influence
of factor P on the experimental results is significant when Fp is larger than Fa(f1,2). Conversely,
the factor’s effect on the results is insignificant if Fp < Fa(f1,2).

Moreover, op can be used to quantitatively assess the degree of a factor’s effect, expressed as

op = g—ﬁi % 100%, (13)
where op is the percentage contribution of the factors to the sum of the squared deviation.

The value of op could be used to indicate the importance of a factor. A factor with a larger op
has a more significant impact on the results. Moreover, op is also used to verify the validity of the
orthogonal simulation and results. If the percentage contribution of the random factors (of) is less
than 15%, the results of the OA simulation can be considered to be reliable, and no important factor
is omitted. In contrast, if of is higher than 50%, some important factors are omitted or the random
factors are excessive. The results in the latter case should be discarded. If of is between 15% and
50%, the results of the OA simulation are probably less reliable. The whole simulation must then be
repeated, or the OA needs be redesigned, considering other factors [33].

3. Results and Discussion

3.1. Cooling Benefits of a Green Roof

The onsite measurements were divided into two stages. The measurements during the first stage
occurred from 1 to 5 September, during which time the air conditioning in both test chambers was
not operated. The second stage was performed from 8 to 13 September, during which time the air
conditioning in both test chambers was turned on and set to 24 °C.

The weather conditions during each measurement stage were subdivided into sunny and rainy
days, with the latter defined as days in which any amount of precipitation occurred. The first three
days in the first measurement stage were sunny with intense solar radiation, as shown in Figure 4.
Taking the results from 1 September as an example, the global solar radiation on the horizontal surface
increased from 29.5 W/m? at 07:00 to its peak value of 842 W/m? at 13:00. The infrared radiation on the
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horizontal surface, outdoor air temperature, relative humidity, and wind velocity fluctuated between
386 and 434 W/m?2, 26.0 and 35.2 °C, 49.0% and 88.3%, and 0.8 and 3.2 m/s, respectively.
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Figure 4. Meteorological data in the non-air-conditioning experimental conditions. R: global horizontal

solar radiation; R;: horizontal infrared radiation intensity from the sky; R;: direct normal solar radiation;

Ry: diffuse horizontal solar radiation; ry;: relative humidity; ¢,: air temperature; and p;: precipitation.

The latter two days of the first measurement stage were rainy days with a total precipitation of
154.9 mm. Solar radiation decreased before the rain, approximately equaling zero during the rain
events. The peak global solar radiation on the horizontal surface decreased to 286 W/m?, and the
ratio of diffuse radiation to global solar radiation approached 100%, demonstrating that normal direct
solar radiation was approximately zero. The infrared radiation on the horizontal surface, outdoor air
temperature, relative humidity, and wind velocity fluctuated between 382 and 413 W/m?, 25.2 and
30.5 °C, 80.2% and 98.7%, and 1.1 and 3.6 m/s, respectively.

As shown in Figure 5, for the second measurement stage, the weather for the first three days was
cloudy with occasional rain: 21.9 mm total precipitation was also recorded. The peak value of the
global solar radiation on the horizontal surface was 690 W/m?. The infrared radiation on the horizontal
surface, outdoor air temperature, relative humidity, and wind velocity fluctuated between 386 and
418 W/mZ2, 25.7 and 31.8 °C, 67.5% and 97.3%, and 0.8 and 3.1 m/s, respectively.
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solar radiation; R;: horizontal infrared radiation intensity from the sky; R;;: direct normal solar radiation;

Ry: diffuse horizontal solar radiation; ry,: relative humidity; ¢,: air temperature; and p;: precipitation.
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The latter three days of the second measurement stage were cloudless with high solar radiation.
The peak values of global and normal direct solar radiation were observed on 12 September and were
888 W/m?2 and 711 W/m?Z, respectively. The infrared radiation on the horizontal surface, outdoor air
temperature, relative humidity, and wind velocity fluctuated between 393 and 435 W/m?, 26.8 and
35.1°C, 52.8% and 96.5%, and 0.8 and 3.1 m/s, respectively.

As shown in Figure 6, the cooling benefits of the green roof during the first measurement stage
were very obvious on the sunny days. The external surface temperature of the bare roof was as high
as 75.5 °C at 13:00 on 1 September because of the intense solar radiation and the low surface albedo.
The internal surface temperature of the bare roof reached a peak value of 46.7 °C 1 h later because of
the small thermal storage capacity of the insulation material. The highest air temperature recorded in
the chamber under the bare roof was 39.5 °C at 16:00.
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Figure 6. Cooling benefits of the green roof in the non-air-conditioning experimental conditions.
trebs trip, and t, p: external surface, internal surface, and chamber air temperature of the bare roof,
respectively; tre g, trig, and t,¢: external surface, internal surface, and chamber air temperature of the
green roof, respectively; ;i : internal surface heat flux of the bare roof; and 4, ;: internal surface heat
flux of the green roof.

Benefitting from the shading and transpiration of the vegetation, as well as the evaporation and
insulation of the substrate, the peak values of the external surface, internal surface, and chamber
air temperature of the green roof were 42.7 °C, 10.9 °C, and 4.0 °C, respectively, lower than the
corresponding values of the bare roof. Moreover, compared to the corresponding values of the bare
roof, the average external surface, internal surface, and chamber air temperature of the green roof
during the daytime (7:00-19:00) decreased by 19.6 °C, 5.8 °C, and 2.4 °C, respectively.

However, the average external surface, internal surface, and chamber air temperature of the green
roof during the nighttime (1:00-6:00 and 20:00-24:00) were 5.3 °C, 1.7 °C, and 0.5 °C, respectively,
higher than the corresponding values of the bare roof. This result implies that the green roof acted as
an insulation layer conducive to decreasing the room heat gain during the daytime, but was averse to
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heat dissipation during the nighttime. Combining the green roof with night ventilation can help solve
this problem [20], but this topic is beyond the scope of the present study.

As for the results of the latter two days in the first measurement stage, the cooling benefits from
the green roof were not as significant as those observed during the sunny days because of the rainy and
cloudy weather. The peak values of the external surface, internal surface, and chamber air temperature
were 15.1 °C, 4.8 °C, and 1.9 °C, respectively, lower than the corresponding values of the bare roof.

The internal surface heat flux values were also used to analyze the cooling benefits of the green
roof. The internal surface heat flux was positive when the heat flow moved from the external surface
to the internal surface of the roof construction; otherwise, the internal surface heat flux was negative.
The internal surface heat fluxes of the bare roof from 1 to 3 September were positive during the daytime
and negative during the nighttime, in contrast to the bare roof. The accumulated internal surface heat
fluxes of the bare roof and the green roof within these three days were 1037.1 W/m? and —11.2 W/m?,
respectively, indicating that the green roof reduced the chamber heat gains and the corresponding
room cooling demand

For the results from 4 to 5 September, the accumulated internal surface heat fluxes of the bare roof
and the green roof were 117.6 W/m? and 29.3 W/m?, respectively. The difference in the heat fluxes was
not as obvious as that found from 1 to 3 September, which can be explained by considering the heat
flux decreases of the bare roof that resulted from the rainy weather.

The results of the second measurement stage are plotted in Figure 7. The air conditioning in
both test chambers was turned on and set to 24 °C. The average measured air temperatures in both
chambers were 23.8 °C and 23.3 °C, respectively.
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Figure 7. Cooling benefits of the green roof in the air-conditioning experimental conditions. tye1,, trip,
and t,,: external surface, internal surface, and chamber air temperature of the bare roof, respectively;
tregs trigs and f,¢: external surface, internal surface, and chamber air temperature of the green roof,
respectively; gy p: internal surface heat flux of the bare roof; and g, ¢: internal surface heat flux of the
green roof.
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Similarly to the results in the first measurement stage, the differences between the temperatures
of the bare roof and the green roof were related to the weather conditions. The average external
surface temperature of the green roof during sunny and rainy days was 10.0 °C and 3.5 °C lower,
respectively, compared to that of the bare roof. As for the average internal surface temperature of the
roof construction, the differences between the bare roof and the green roof during the sunny days and
rainy days were 1.9 °C and 0.8 °C, respectively.

For the bare roof, the maximum values of the differences between the external and internal surface
temperatures during the rainy and sunny days were 29.6 °C and 43.2 °C, respectively, which resulted
in internal surface heat fluxes of 53.6 W/m? and 78.8 W/m?, respectively.

For the green roof, the maximum values of the differences between the external surface and internal
surface temperatures of the roof construction during the rainy and sunny days were 4.8 °C and 6.2 °C,
respectively, which resulted in internal surface heat fluxes of 8.7 W/m? and 11.2 W/m?, respectively.

Table 8 shows the electricity consumption of the air conditioning in the test chambers under the
bare roof (ECp,) and the green roof (ECg). The electricity saving potential of the green roof was more
obvious on sunny days because the cooling effect from the shading and transpiration of vegetation
and the evaporation and insulation of the substrate were more significant on sunny days than on
rainy days. Compared to the corresponding values of the bare roof, the air-conditioning electricity
consumption in the chamber under the green roof during the sunny days (11-13 September) was
decreased by 15.0%, which was more than thrice the electricity savings rate (4.6%) of the green roof on
rainy days (8-10 September).

Table 8. Electricity consumption of the air conditioning.

EC, ECg (ECp, — EC)/ECy, ECp ECg (ECp, — ECg)/EC,,
Date Date
kWh kWh % kWh kWh %
9/8 39.1 36.5 6.7 9/11 68.3 59.4 13
9/9 41.7 40.1 3.8 9/12 85.5 71.2 16.7
9/10 339 32.8 3.2 9/13 74.8 63.8 14.6
Total 114.7 109.4 4.6 Total 228.6 194.4 15.0

3.2. Accuracy of the GRM

We compared the simulated values to the measured results from the experimental system to
validate the accuracy of the EnergyPlus GRM under southern China’s climate conditions. As for the
first measurement stage (1-5 September), the air conditioning in the chamber with the green roof was
not operated. The simulated values of the external surface temperatures of the green roof substrate,
internal surface temperatures of the roof construction, and chamber air temperatures were compared
to the results measured during this period. For the second measurement stage (8 to 13 September),
the air conditioning in the chamber with the green roof was turned on and set to 24 °C. The simulated
values of the chamber air temperatures were constant at 24 °C. Therefore, besides the external surface
temperatures of the green roof substrate and internal surface temperatures of the green roof, the internal
surface heat flux of the green roof was employed as one of the comparison indices.

Figures 8 and 9 show comparisons of the simulated and measured values. We observed that the
MBEs and the CV(RMSE)s of the comparison indices were lower than +10% and 30%, respectively.
The discrepancy may have been caused by measurement error and the difference between the adopted
and actual values of material properties. However, the accuracy at this level was sufficient to
characterize the temperature and heat flux variations resulting from the green roof. The validated
GRM was then used to investigate the significance level of the influence of the green roof design factors
on the building cooling load.
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Figure 8. Comparisons of the simulated and measured values during the first measurement stage.

(a) External surface temperatures of the green roof substrate; (b) internal surface temperatures of the

green roof; (c) indoor air temperatures under the green roof.
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Figure 9. Comparisons of the simulated and measured values during the second measurement stage.
(a) External surface temperatures of the green roof substrate; (b) internal surface temperatures of the
green roof; (c) internal surface heat fluxes of the green roof.

3.3. Significance Order of Factors

Table 9 shows the range analysis results. Dp expresses the significance level of the influence from
the factors. Factors with larger Dp values had a greater influence on the cooling benefits of the green
roof. The maximum Dp of the blank rows was 0.079, lower than the Dp values of the former six factors
(i.e., the RRC, ST, TCDS, LAI, LE, and SAS), which implies that the former six factors were the main
factors influencing the cooling benefits of the green roof. The Dp values of each factor indicate the
order of the factors” impact: RRC (0.311) > ST (0.29) > TCDS (0.245) > LAI (0.132) > LE (0.116) > SAS
(0.099) > blank rows (0.079). The Dp of the RRC was the largest among all the factors, implying that the
RRC was the most significant factor affecting the cooling benefits of the green roof. The second, third,
and sixth most impactful factors were the thermal characteristics of the substrate, while the fourth and
fifth most impactful factors were the thermal characteristics of the vegetation, which indicated that the
impact of the thermal characteristics of the substrate on the cooling benefit of the green roof was more
significant than that of the vegetation.



Energies 2019, 12, 4278 17 of 22

Table 9. Range analysis data and results.

Levels
Factors Dp Rank
1 2 3 4

RRC 1.32 1.262 1.072 1.008 0.311 1
ST 1.003 1.142 1.225 1.293 0.29 2
TCDS 1.319 1.178 1.091 1.074 0.245 3
LAI 1.156 1.114 1.148 1.245 0.132 4
LE 1.101 1.192 1.218 1.151 0.116 5
SAS 1.236 1.15 1.138 1.139 0.099 6
Blank column 1.199 1.12 1.159 1.184 0.079 7
LR 1.132 1.147 1.179 1.205 0.073 8
Blank column 1.137 1.197 1.172 1.157 0.061 9
SVMCS 1.186 1.134 1.168 1.176 0.052 10
VAS 1.139 1.189 1.186 1.149 0.05 11
RVMCS 1.179 1.152 1.146 1.186 0.04 12
HP 1.152 1.168 1.152 1.19 0.038 13
Blank column 1.152 1.168 1.19 1.153 0.038 14
SR 1.143 1.18 1.17 1.169 0.038 15
Blank column 1.151 1.159 1.171 1.182 0.031 16
DDS 1.151 1.176 1.174 1.162 0.026 17
TAS 1.156 1.155 1.178 1.174 0.024 18
Blank column 1.161 1.165 1.162 1.174 0.013 19
SHDS 1.168 1.159 1.169 1.167 0.01 20
MSR 1.166 1.163 1.166 1.168 0.006 21

The main effect plots of the six prominent factors are illustrated in Figure 10. A line connects the
points for each factor. No main effect is present when the line is horizontal. A main effect is present
when the line is not horizontal. The greater the slope of the line is, the greater the main effect is.
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Figure 10. Main effect plots of the six factors.
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We observed that the slope of the RRC profile was the largest one among the six plotted factors.
This result implies that the cooling load savings potential from the green roof is highly related to the
thermal characteristics of the roof construction. This result is consistent with the results of the range
analysis in Table 9. The vegetation and the substrate layers with lower R-values could yield a higher
cooling savings rate compared to those with higher R-values because of the magnitude of the ingoing
heat fluxes. The target index in the present study was 1.32 when the RRC was equal to 0.11 m?-K/W,
implying that the cooling load savings rate of the green roof exceeded 30%. The target index was 1.008
as the RRC increased to 1.45 m?-K/W, indicating that the cooling load savings rate of the green roof
was less than 1.0%.

ST, TCDS, and SAS were 3 of the 11 factors related to the substrate layer. The deviations of the ST
and TCDS profiles were larger than those of the SAS profile, which demonstrates that ST and TCDS
produced more impact on the target index. Moreover, ST and TCDS had opposite impact trends on the
target index. The target index increased by 28.9% as ST increased from 0.06 m to 0.66 m and decreased
by 18.6% as TCDS increased from 0.25 W/m-K to 1.45 W/m-K. The target index also exhibited a negative
correlation variation with the SAS. However, the variation was slight because of the small range value
(0.099) of the SAS. The target index only decreased by 7.8% as the SAS increased from 0.41 to 0.89.

LAI and LE were two of the five factors related to the vegetation layers. The four levels of the LAI
were 0.15, 1.75, 3.35, and 4.95. The higher the LAI was, the more significant the shading effect from the
vegetation layers and the lower the evaporative cooling effect from the substrate layers. In the present
study, the amount of solar radiation transmitted from the vegetation layer decreased when the LAI
increased from 0.15 to 1.75, which reduced the cooling load. However, the evaporative cooling from
the substrate layer was also reduced because of the lower received solar radiation on the substrate
layer, which increased the cooling load. As part of the comprehensive effect of the increased shading
and the reduced evaporative cooling, the cooling load savings rate decreased when the LAl increased
from 0.15 to 1.75 and increased when the LAI increased from 1.75 to 4.95.

In the case of the LE, the target index increased from 1.101 to 1.218 with an increase in the LE from
0.81 to 0.93. This result indicates that the enhancement of the thermal radiation exchange between
the surrounding environment and the vegetation layer was conducive to the heat dissipation of the
green roof, resulting in an increase in the cooling load savings rate. The situation was opposite to that
described earlier when the LE increased from 0.93 to 0.99 and resulted in a decrease in the cooling load
savings rate.

Table 10 shows the ANOVA results. It can be observed that the RRC, ST, TCDS, LAI, LE, and SAS
were the prominent factors impacting the cooling load savings rate because the F-values of these factors
were higher than the critical value of Fy 5(3,15) (i.e., 3.287). According to the ANOVA, the RRC was still
the most significant factor, with a percentage contribution of 34.6%. The ST, TCDS, LAIL LE, and SAS
were also important factors because they contributed 56.2% to the target index. The contribution
percentage of the blank rows was only 3.7%, reinforcing the reliability of the simulation results.
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Table 10. ANOVA of the green roof factors and the cooling load savings rates.

Source dfp DRp Vp Fp
RRC 3 1.06664 0.355548 46.66
ST 3 0.74939 0.249798 32.78
TCDS 3 0.60231 0.20077 26.35
LAI 3 0.15179 0.050596 6.64
LE 3 0.12375 0.041251 5.41
SAS 3 0.1084 0.036133 4.74
LR 3 0.05159 0.017196 2.26
VAS 3 0.03133 0.010444 1.37
SVMCS 3 0.02477 0.008256 1.08
RVMCS 3 0.01908 0.00636 0.83
HP 3 0.0158 0.005268 0.69
SR 3 0.01256 0.004188 0.55
TAS 3 0.00709 0.002365 0.31
DDS 3 0.00675 0.002251 0.3
SHDS 3 0.00094 0.000313 0.04
MSR 3 0.00026 0.000085 0.01
Blank rows 15 0.1143 0.00762 -
Total 63 3.08676 - -

4. Conclusions

This study investigated the thermal performance of an EGR under the climate conditions of
subtropical China by first using onsite measurements. Next, the measurement values were employed
to validate the GRM in EnergyPlus. Finally, a sensitivity analysis was performed to determine which
green roof parameters are the most important and have the most significant impact on the performance
index. On the basis of the results of this study, the following conclusions may be drawn:

(1)  The cooling effects of the green roof were related to the local climate conditions. For Guangzhou’s
subtropical climate, the green roof had significant cooling and energy savings effects. Specifically,
compared to the corresponding values for a bare roof, the experimental green roof decreased the
roof internal surface temperature, chamber air temperature, and daily air-conditioning electricity
consumption by up to 12.5 °C, 4.9 °C, and 16.7%, respectively;

(2) The good agreement between the simulations and the measurements clearly showed that the
EnergyPlus GRM could capture the diurnal cycle of a green roof on both sunny and rainy days in
the subtropical areas of southern China; and

(3) The sensitivity analysis showed that the RRC had the most significant impact on the cooling load
savings potential of the green roof. In addition, the cooling load savings rate of the green roof
increased with the degradation of the insulation performance because of the rise in the inward
heat flux. This result implies that a green roof is an effective energy-efficient retrofitted technology
for existing buildings with poor roof thermal insulation performance.

Additionally, the thermal characteristics of the substrate and the vegetation also exhibited
significant impacts on the cooling load savings potential of the green roof. Among them, the ST,
TCDS, LAI LE, and SAS were important parameters that should be accurately measured and input
into simulation platforms for building energy consumption to improve the reliability of numerical
simulations. Further work is necessary to investigate these parameters for newly developed substrate
materials and vegetation types.

From the view of optimizing the cooling load savings potential of a green roof, thick substrate
layers with low thermal conductivity and solar absorptance and vegetation layers with high leaf area
indexes and a leaf emissivity of 0.93 were the preferred green roof options.
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Although the present study was performed in subtropical China, the methodology of this
study shows potential for utilization in other climatic areas to derive the significance order of green
roof factors.
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Abbreviations

The following abbreviations are used in this manuscript:

DDS density of dry substrate

HP height of plants

IVMCS initial volumetric moisture content of the substrate
LAI leaf area index

LE leaf emissivity

LR leaf reflectivity

MSR minimum stomatal resistance

RRC R-value of roof construction

RVMCS residual volumetric moisture content of the substrate
SAS solar absorptance of the substrate

SHDS specific heat of dry substrate

SR substrate roughness

ST substrate thickness

SVMCS saturation volumetric moisture content of the substrate
TAS thermal absorptance of the substrate

TCDS thermal conductivity of dry substrate

VAS visible absorptance of the substrate
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