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The  evaporative-cooling  roof  is a popular  passive  energy  conservation  technique.  This  article  presents  a
novel approach  for modelling  and  analysing  the  influence  of  evaporation  on roof  thermal  performance.
A  multivariate  nonlinear  model  was developed  for the prediction  of the  evaporation  rate  from  porous
tile.  A  computer  program  was  then  developed  based  on the  one-dimensional  roof  unsteady  heat transfer
theory.  Finally,  the  computer  program  and  hourly  weather  data  of  Guangzhou,  China,  were  used  to  analyse
the impacts  of evaporation  (including  the  evaporation  start  time  and  water-application  frequency)  and
assive techniques
vaporative cooling
orous building material
oof thermal performance

slope  orientation  on roof  thermal  performance.  Evaporation  beginning  at 11:00  can  reduce  the  external
surface  temperatures  of a  horizontal  roof and  30◦-inclined  east-sloping  and  west-sloping  roofs  by  up to
11.3,  10.7,  and  9.8 ◦C, respectively,  from  those  of  a non-evaporative  roof.  This,  in turn,  can  reduce  the
peak-hour  (16:00–20:00)  internal  surface  heat  flux.  Additionally,  with  the horizontal  roof,  the reduction
in  the  peak-hour  heat  flux  can  be  doubled  if  the evaporative  layer  is  frequently  replenished  with  water.

© 2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Guangzhou, one of the largest cities in southern China, is located
bout 120 km north-northwest of Hong Kong and 145 km north of
acau in a typical subtropical region (23.33◦N, 113.5◦E). Owing

o the hot-humidity climate [1,2] and rapid improvement of liv-
ng standards [3], the amount of space-cooling equipment in use
as increased dramatically over the last 10 years. At the end of
014, the number of air conditioners owned per 100 households

n Guangzhou was 220 units [3], almost three times the national
verage [4]. The large number of buildings (building area of more
han 440 million m2 at the end of 2014 [3]) and high use of air
onditioners during the long summer season have led to high and

ontinuously rising electricity consumption by the building sector
f Guangzhou, which will, in turn, have a negative impact on the

∗ Corresponding author at: Building Energy and Environment Laboratory, School
f  Architecture, Guangzhou Municipal Key Laboratory of Landscape Architecture,
tate Key Lab of Subtropical Building Science, South China University of Technology,

ushan Road, Tianhe District, Guangzhou 510641, PR China.
E-mail address: arzhang@scut.edu.cn (L. Zhang).

ttp://dx.doi.org/10.1016/j.enbuild.2016.12.012
378-7788/© 2016 Elsevier B.V. All rights reserved.
local environment (in terms of SOx and NOx emissions) and global
(in terms of CO2 emission) climate.

Therefore, in Guangzhou as well as China, energy conservation
in buildings is a key area in electricity conservation and emis-
sion reduction efforts. Both active and passive techniques can be
employed in reducing the energy demand of buildings. Measures
that use the intrinsic physical mechanisms of a building (e.g. radi-
ation [5], convection [6], heat conduction [7], and phase change
[8]) to limit, increase, or convert the energy exchanged between
the building and its surrounding environment are passive tech-
niques. In recent years, among the effective strategies addressing
climate change and environmental pollution, passive techniques
have increasingly attracted the attention of researchers [9].

Evaporative cooling of porous building materials is a passive
energy conservation technique. After a porous building material
absorbs water, under the combined effects of meteorological fac-
tors (including solar radiation, air temperature, humidity, and wind
speed) and driven by capillary force, the liquid water in the porous
material will gradually move to the material’s surface. There, it will

convert sensible heat to latent heat in the form of water vapor,
which is released into the outdoor environment, thereby reducing
the material’s surface temperature and the heat flow into the indoor
environment, producing a cooling effect [9,10]. The effectiveness

dx.doi.org/10.1016/j.enbuild.2016.12.012
http://www.sciencedirect.com/science/journal/03787788
http://www.elsevier.com/locate/enbuild
http://crossmark.crossref.org/dialog/?doi=10.1016/j.enbuild.2016.12.012&domain=pdf
mailto:arzhang@scut.edu.cn
dx.doi.org/10.1016/j.enbuild.2016.12.012
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Nomenclature

b1,b2,b3 Constants
c Specific heat (kJ/kg K)
D Diffuse solar radiation fluxes (W/m2)
E Evaporation rate per unit area (kg/m2 h)
ea Actual vapor pressure (kPa)
es Saturation vapor pressure (kPa)
G Globle solar radiation fluxes (W/m2)
h Solar altitude angle (◦)
h0 External surface combined heat transfer coefficient

(W/m2 K)
hi Internal surface combined heat transfer coefficient

(W/m2 K)
I Direct solar radiation fluxes (W/m2)
k Number of layer
m Number of time
ma Air masse (dimensionless)
qc Surface combined heat transfer (W/m2)
qe External evaporative latent heat flux (W/m2)
qi Internal surface heat flux (W/m2)
qs External surface net shortwave radiation (W/m2)
Qs Surface heat flux (MJ/m2)
Rn Surface net radiation (MJ/m2)
Rh Relative humidity (%)
ta Hourly air temperature (◦C)
ti Indoor air temperature (◦C)
tp Dew point temperature (◦C)
ts,e External surface temperature (◦C)
ts,i Internal surface temperature (◦C)
u Hourly wind velocity (m/s)
� Surface solar absorptivity
� Incidence angle (◦)
� Psychrometer constant (kPa/◦C)
� Slope of saturation vapor pressure curve (kPa/◦C)
� Roof incline angle (◦)
� Thermal conductivity (W/m K)
� Density (kg/m3)
� Time (s)
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�o Atmospheric transmittance (dimensionless)

f evaporative cooling has been proved in different climatic situa-
ions, not only in hot and dry regions where it was initially applied
11–13] but also in hot and humid regions [14–16].

Most previous studies on this topic have investigated evap-
rative cooling at the material level using measurement data.
anphen et al., selected four materials (pebbles, silica sand, vol-

anic ash, and siliceous shale) to study. The authors tested the
oisture and thermal performance of these four materials under

imple boundary conditions. Then, in a wind tunnel that could sim-
late solar radiation, temperature, and humidity, the researchers
yclically obtained evaporation, surface temperature, and heat flow
ata of these four materials. The test results indicate that porous
aterial can effectively reduce the surface temperature, where the

egree of reduction in the surface temperature is closely related
o the moisture content of the material, absorption coefficient
f solar radiation, wind speed, and evaporation [17]. Pires et al.,
uggested that the water-storage medium is the important fac-
or that affects the evaporative cooling effect. To obtain the ideal
ater-storage medium required in their subsequent study, the
esearchers studied the evaporative cooling capacity of six types of
uilding materials and five types of textile fabrics in a small wind
unnel with a fixed wind speed and temperature. The experimental
esults showed that among the construction materials, the perfor-
ings 136 (2017) 161–172

mance of the ceramic hollow brick was the best; among the textile
fabrics, the performances of the fabric samples with cavities were
the best. The authors eventually determined that polyester fabric
with honeycomb cavities should be used as the sample for the fol-
lowing evaporative cooling study [18]. He et al., and Chen et al.,
constructed a passive evaporative cooling wall (PECW) out of moist
void bricks [19], or pipe-shaped porous ceramics [20,21] that were
capable of absorbing water and allowed wind penetration, thus
reducing their surface temperature via water evaporation. Kara-
manis et al., optimised the selection and preparation of porous
materials using the Kelvin equation and validated the optimisation
via solar-heat transformation experiments [22].

To analyse more precisely of the evaporative cooling effect
from roof porous layer, a mathematical description for predict-
ing roof hygrothermal dynamics is required [23]. Most existing
building hygrothermal models were based on the theory of Philip
and De Vries, which is one of the most disseminated and accepted
mathematical formulation for studying heat and moisture transfer
through building porous media, considering both capillary migra-
tion and vapor diffusion [23,24]. However, several constraints
such as moisture content strongly dependent properties, high
nonlinearities and low time step make the model complex and
computationally slow [23], which may  make it difficult to quan-
titatively determine the effects of evaporative cooling products on
building envelope thermal performance.

The purpose of this paper is to present a novel approach to
the investigation of the influence of evaporation on roof thermal
performance. As the present study is focused on the numerical
method rather than on heat and mass transfer model itself, a
complete discussion about mathematical models was avoided. The
article is organised as follows: Section 2 describes methodology
and material. As described in Subsection 2.1, a multivariate non-
linear model was  developed for the prediction of the evaporation
rate from porous tile using experimental data and regression anal-
ysis. As described in Subsection 2.2, based on the one-dimensional
roof unsteady heat transfer model, a computer program that con-
sidered the roof surface evaporation latent heat flux using the
multivariate nonlinear model was developed. Subsections 2.3 and
2.4 introduce the specific roof constructions and hourly weather
data of Guangzhou. Section 3 presents an analysis of the impacts
of evaporation start time, water-replenishing frequency, and slope
orientation on the thermal performances of specific roof construc-
tions. The results are also discussed in this section. Finally, the major
conclusions are summarised in Section 4.

2. Methodology and material

2.1. Multivariate nonlinear model of evaporation rate

The evaporation rate is one of the key parameters in the evalua-
tion of the evaporative latent heat flux of wet  surfaces. Researchers
recently successfully introduced the Penman-Monteith (P-M)
equation, which was  initially applied to calculate soil evaporation
rate in Pedology field [25,26], to estimate the evaporation rate from
wet porous building materials [16,27].

As shown in Eq. (1) [16], the independent variables in the P-M
equation include solar radiation, ambient air temperature, relative
humidity, wind velocity, and surface heat flux.

E = b1� (Rn − Qs)
� + � (1 + b3u)

+
b2

�
ta+273u (es − ea)

� + � (1 + b3u)
(1)
In simulations of building energy consumption, solar radiation,
ambient air temperature, relative humidity, and wind velocity data
can be easily accessed from typical meteorological year data, while
the surface heat flux is obtained through the calculation of surface
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Fig. 1. Relationships between 

eat balance and building envelope heat transfer. Additionally, the
urface heat flux is coupled with the evaporation process; thus,
terative method is used to obtain the results, which need per-
orm a mathematically rigorous convergence analysis and, this in
urn, complicate the calculation. To solve this issue, we  employed

 simplified model to predict evaporation rate during the build-
ng energy simulation process. In our previous study [16], using

 climatic wind tunnel, we measured the independent variables
f the P-M equation and then determined the hourly evaporation
mount. In present work, regression analysis was  conducted using
he experimental data. Firstly, the unitary regression equations
etween the four individual independent variables and evaporation
ate were established. Secondly, a multivariate nonlinear regres-
ion model was proposed based on the four unitary regression
quations. Finally, OriginPro software was used for regression of
he coefficients in the model.

The unitary regression equations between the four individual
ndependent variables and the evaporation rate are shown in Fig. 1.

 significant linear relationship (R2 = 0.9803) between the evapo-

ation rate and surface net shortwave radiation was observed, as
hown in Fig. 1(a). The linear regression equation predicted the
vaporation rate to be constant at 0.02 kg/m2·h when the surface
et shortwave radiation is 0 W/m2. According to the P-M equation,
t factors and evaporation rate.

when the surface net shortwave radiation is 0 W/m2, the evap-
oration rate varies with the partial pressure difference in water
vapor between the wet surface and ambient air. Thus, three other
independent variables should be considered in addition to the sur-
face net shortwave radiation: ambient air temperature, relative
humidity, and wind velocity. As shown in Fig. 1(b-d), we intro-
duced exponential functions to describe the nonlinear regression
equations for the three individual independent variables.

To model the comprehensive influence of the radiation and the
aerodynamic terms, we developed a multivariate nonlinear regres-
sion model, as shown in Eq. (2):

E = a1 · x1 + e
(
a2+ a3

x2+a4

)
+ e

(
a5+a6·x3+a7·x2

3

)
+ e

(
a8+ a9

x4+a10

)
+ a11 (2)

where a1-a11 are regression model coefficients, and x1-x4are the
surface net shortwave radiation, ambient air temperature, relative
humidity, and wind velocity, respectively.

The values of a1-a11 were obtained via regression analysis using
OriginPro, and the statistical model for calculation of the evapora-

tion rate is shown in Eq. (3), as follows:

E = 0.000842 · qs + e1.45− 77.2
ta−14.4 + e1.3·Rh−0.01·R2

h
−45.6

+e−1.2− 7.24
u+0.355 − 0.00399 (3)
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In this study, the evaporative latent heat flux, which was calcu-
lated using the statistical model in Subsection 2.1, was taken into
account.
The range of variation in the independent variables in Eq. (3) is
hown in Table 1.

Although the adjusted R2 values of the regression equations
etween the evaporation rate and ambient temperature, relative
umidity, and wind velocity were lower than 0.8, the adjusted R2 of
he synthesised regression Eq. (3) was 0.99973. Further, the F-test
as highly significant (F = 60465, P < 0.001), reflecting acceptable

orrelation coefficients of the synthesised regression equation. In
ddition, the histogram plotted in Fig. 2 depicts a normal distri-
ution of standardised residuals. Fig. 3 plots the distribution of
esiduals between the measured and predicted evaporation rates.

e observed that (1) the distribution of predicted evaporation rates
losely matched that of the measured values, (2) the absolute values
f the residuals did not exceed 0.009 kg/m2 h, and (3) the residuals
ere nearly constant with different measured evaporation rates,

eflecting homoscedasticity.
Based on the aforementioned tests, we can conclude that the

tatistical model for the evaporation rate obtained via the regres-
ion method is statistically significant with practical value and high
eliability and therefore can be used to estimate variation in the
vaporation rate.
Fig. 4. Schematic representation of the roof.

2.2. One-dimensional unsteady heat transfer of roofs

This subsection presents a procedure for the solution of the
unsteady heat flow problem in a composite roof. A schematic rep-
resentation of the roof is depicted in Fig. 4. The roof’s structure
comprises three material layers, with thicknesses labelled as L1,
L2, and L3.

Based on the physical characteristics of the structures, the prob-
lem was solved under the following assumptions: a) internal heat
was not generated in any material layer of the roof; b) there was
homogeneity in each structure layer, with fixed thermo-physical
properties; c) resistance of the layer interface could be ignored,
assuming sufficient contact between the material layers; and d) the
porous tile layer presented little impact on the conduction process
owing to its low thickness; thus, the influence of water content on
thermodynamic parameters was  ignored.

In accordance with these assumptions, the governing equation
and boundary condition were developed. The governing equation
is as follows [28,29]:

∂t
∂�

= 	

� · c
· ∂

2
t

∂z2
[0 < z < L] (4)

The same equation held true for all three material regions via the
insertion of the appropriate 	, �, and c values. The condition for
the external boundary (z = 0), where the roof was  exposed to solar
radiation, is given by the following equation [16]:

−	1 ·
(
∂t
∂z

)
z=0

= qs − qc − qe (5)

where qs = G · ˛, qc = ho · (tz=0 − ta), and qe = E·(2491.146-2.302·ta)
3.6 .

In their discussion of the surface heat balance equation, most
previous studies have only considered the solar radiation term and
the combined convection and radiation heat transfer term [28,29].
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Table  1
Range of variation in the independent variables.

Minimum value Maximum value Average value Standard deviation

qs(W/m2) 0 440.73 136.09 163.57
ta(◦C) 26.09 32.51 

Rh(%) 66.59 93.94 

u(m/s) 0.95 2.78 
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2.4.1. Air temperature
Fig. 5. Variation in heat flux and surface temperature of roof.

In the bottom layer of the concrete slab (z = L), the boundary
ondition is as follows[28,29]:

	3 ·
(
∂t
∂z

)
z=L

= qc (6)

here qc = hi · (tz=L − ti). The instantaneous continuity of heat flux
nd temperature at the interfaces z = L1 and L2 is preserved.

A detailed description of the difference scheme of the deriva-

ives ∂t
∂�

, ∂t
∂z

, and ∂2
t

∂z2 is provided in Appendix A.
The governing and boundary conditions were discretised using

mplicit control volume formulation. An hourly time-step was used
ithin the simulation. The system of equations was solved using the

ridiagonal matrix algorithm (TDMA). The initial temperature val-
es were obtained by continuously running the program for several
ays until the routine daily variation reached a constant calue.

Based on the aforementioned numerical model, a computer pro-
ram was developed in Visual Basic for roof thermal performance
nalysis. The program was validated against a case study derived
rom the previously published work of Kaş ka and Yumrutaş [30],

ho conducted on-site measurements of a concrete roof with 2 cm
f plaster on its inside surface and a thickness of 12 cm.  The ther-
ophysical properties of the roof’s materials are listed in Table 2.

he inside air temperature and roof surface solar absorptivity were
5 ◦C and 0.8, respectively [30]. The combined heat transfer coeffi-
ients at the internal and external surfaces were 9 and 22 W/m2 K,
espectively [30].

Fig. 5 shows the daily variation in measured and calculated sur-
ace temperatures and heat flow through the roof’s structure. The
imulated results matched the measured values from the literature
ell. The mean relative error between the calculated and mea-

ured surface temperature was 11.3% for the external surface and
.2% for the internal surface. The validated computer program was

hen used to carry out thermal performance analysis of evaporative
ooling in the roof.
29.04 1.90
81.00 8.96
1.89 0.58

2.3. Roof with porous material for evaporative cooling

The effectiveness of passive technologies is related to the
U-value of building envelopes. Some studies have found that pas-
sive technologies like green roofs exert significant cooling effects
on un-insulated or moderately insulated buildings owing to the
magnitude of ingoing heat fluxes [31]. Thus, in this study, a roof con-
struction without an insulating layer was selected as the research
subject for the investigation of the evaporative cooling poten-
tial. Specifically, the roof was composed of porous facing tile,
cement mortar, and concrete. The porous facing tile was 240 mm
long × 50 mm wide × 10 mm thick, and its surface solar absorptivity
was 0.76 [15].

Moisture migrating through the building envelope may  signif-
icantly influence indoor air humidity and air-conditioning loads,
especially the latent cooling load [32–36]. To reduce the nega-
tive influence of moisture migration, we  set up a waterproof film
between the porous facing tile and cement mortar. The porous tile
layer of the roof product was  10 mm thick, relatively thin compared
with the 180-mm concrete layer. Moreover, the waterproof film
was impermeable to moisture. Because of the specific roof con-
struction, the moisture transfer between the cement mortar and
concrete layer could be negligible, while the facing layer exerted
significant influence on the thermal performance of the roof via
evaporation.

In our previous study, we measured the mass moisture content
variation in the porous facing tile with respect to the soaking time
[15]. According to the measurements, after one hour of soaking in
water, the mass moisture content of the tile was 7.49%.

The evaporation process in the porous facing tile can be divided
into three stages: a constant-rate stage, a falling-rate stage, and
a low-rate stage. For the first stage, the evaporation rate is
determined by the available energy (radiation) and atmospheric
conditions (vapor pressure, wind velocity, etc.). During the sec-
ond and third stages, the evaporation rate is jointly controlled by
the water content, energy supply, and atmospheric conditions. The
evaporation rate in the first stage is much higher than that in the
second and third stages. Therefore, at the transition between the
first and second stages, we determined the critical mass moisture
content, below which we  ignored the evaporation process, to be
3.1% [15].

The thermal resistance of each material layer, calculated accord-
ing to the thermodynamic parameters of the material, is shown
in Table 3. The combined heat transfer coefficients at the external
and internal surfaces were assumed to be 22 and 9 W/m2 K [30],
respectively.

2.4. Generation of hourly weather data

The availability of weather data on small time scales, such as the
hourly scale, is vital in the analysis of roof thermal performance. In
this study, we used the following methods to generate the hourly
weather data of Guangzhou.
The following cosine function was  employed for the genera-
tion of hourly ambient temperature (ta) distributions from daily
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Table 2
Thermophysical properties of roof materials [30].

Materials Thermal conductivity
(W/m K)

Density
(kg/m3)

Specific heat
(J/kg K)

Plaster 0.700 2778 840
Concrete 1.730 2400 840

Table 3
Thermal resistance of each material layer [37].

Description (from
outside to inside)

Thickness d
(mm)

Thermal conductivity �
(W/m K)

Density �
(kg/m3)

Specific heat c
(kJ/kg K)

Thermal resistance
R = d/� (m2 K/W)

Porous facing tile 10 0.24 1654 0.43 0.042
Cement mortar 10 0.93 1800 1.05 0.011
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Concrete 180 1.28 

Note: The waterproof film was very thin; thus, its thermal resistance was  ignored.

aximum (tmax), minimum (tmin), and average (tav) ambient tem-
eratures [38].

a =
(
tmax − tmin

2

)
× cos

(

 (�  − 15)

12

)
+ tav (7)

.4.2. Relative humidity
The hourly relative humidity can be expressed by the following

quations [38]:

h = exp

(
17.27tp
tp + 237.3

− 17.27ta
ta + 237.3

)
(8)

p = 0.9153 × tmin + 0.2021 + 0.5 × sin
[

(� + 1) × 


6
− 3 × 


4

]
(9)

.4.3. Wind velocity
We assumed that the hourly wind velocity (u) fluctuated ran-

omly between the daily maximum (umax) and minimum (umin)
ind speeds. Thus, the hourly wind velocity was computed using

he following equation [38]:

 = rnd (0, 1) × (umax − umin) + umin (10)

.4.4. Solar radiation
The direct (I), diffuse (D), and global solar radiation fluxes (G,

he direct plus diffuse radiation; radiation reflected by the ground
as assumed to be null for the roof plane) on the roof surface are

iven by the following formulas [39]:

 = ISC · �mao · sin(ˇ) (11)

 = 1
2
ISC sin h

1 − �mao
1 − 1.4 ln �o

cos2 �

2
(12)

As shown in Fig. 6, the hourly weather data for 21 July in
uangzhou, obtained using Eqs. (7–12), were used for the following

oof thermal performance calculation. The indoor air temperature
as set to a constant value of 26 ◦C. Other boundary conditions,

ncluding the surface solar absorptivity, thermal resistance of each
ayer, and combined heat transfer coefficients at the external and
nternal surfaces, are listed in Subsection 2.3.

. Results and discussion

Using the computer program and weather data described in
ection 2, the influence of the evaporation start time and water-
pplication frequency on roof thermal performance was analysed,

s these two factors considerably affected the evaporation process.
dditionally, the impact of roof slope orientation on thermal per-

ormance was analysed because it influenced the solar radiation
ux on the roof’s surface.
2100 0.92 0.141

The analysis was  limited to the calculation of the external sur-
face temperature and the internal surface heat flux of the roof
because these factors exert significant influence on the outdoor
thermal environment and indoor cooling load.

3.1. Evaporation start time

As noted in Subsection 2.1, the evaporation rate is affected
significantly by the intensity of solar radiation, which varies
throughout the day. Therefore, different evaporation start times
can result in varying evaporative latent heat flux and thus differ-
ing thermal performance. To analyse the effect of evaporation start
time on roof thermal performance, we  calculated variation trends in
the external surface temperature and the internal surface heat flux
of the roof with evaporation beginning at 7:00, 11:00, and 15:00,
as shown in Fig. 7.

The cooling impact of evaporation on roof performance was
generally found to last for 2–5 h. In the example case of the evapo-
ration start time of 7:00, after water application, the mass moisture
content of the evaporative layer is 7.49%, as shown in Fig. 7(a). Sub-
sequently, evaporation begins, and the mass moisture content of
the evaporative layer gradually decreases. At 10:00, the mass mois-
ture content of the evaporative layer drops to 3.3%, close to the
critical mass moisture content of 3.1%. Afterwards, the evaporation
process is relatively weak and can be ignored. Fig. 7(b) shows the
variation in evaporation rate corresponding to the mass moisture
content variation in Fig. 7(a). After evaporation begins at 7:00, the
evaporation rate continues to increase with gradually increasing
solar radiation intensity. From 9:01 to 10:00, the evaporation rate
peaks in this case at 0.32 kg/m2 h. After 11:00, the mass moisture
content of the evaporative layer is equal to the critical mass mois-
ture content; therefore, the evaporation rate is zero. The variation
in the evaporation rate directly affects the evaporative latent heat
flux and thus the roof’s external surface temperature. As shown in
Fig. 7(c), the external surface temperature of the roof with evap-
orative cooling equals that without evaporative cooling. Once the
evaporation process begins, it consumes a portion of the incident
solar radiation, resulting in a slower increase in surface temper-
ature. At 10:00, when the evaporation rate peaks, 52.0% of the
incidental solar radiation heat is consumed by evaporation, caus-
ing the external surface temperature of the evaporative-cooling
roof to be 9.0 ◦C lower than that of the non-evaporative roof.
At 12:00, because the mass moisture content of the evaporative
layer reaches its critical point, evaporation weakens, and the effect
of evaporative cooling is suppressed. Consequently, the external

surface temperature significantly increases, nearing that of the
non-evaporative roof and signalling the end of the evaporative cool-
ing effect. Fig. 7(d) shows the variation in the internal surface heat
flux. After evaporation begins, the flux of the evaporative-cooling
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Fig. 6. Hourly weather data on 21 July in Guangzhou.

Fig. 7. Impact of evaporation start time on roof thermal performance.



168 L. Zhang et al. / Energy and Buildings 136 (2017) 161–172

Table 4
Average decrease in external surface temperature and cumulative decrease in internal surface heat flux.

Evaporation start time Average decrease in external surface temperature (◦C) Cumulative decrease in internal surface heat flux (W/m2)

6:00–11:00 12:00–18:00 19:00–23:00 6:00–11:00 12:00–18:00 19:00–23:00
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07:00 3.5 0.3 

11:00 0.0 3.3 

15:00 0.0 2.4 

oof is lower than that of the non-evaporative roof. At 12:00, the
ifference in the internal surface heat flux between the evapo-
ative cooling and non-evaporative roofs is greatest at 8.8 W/m2.
he heat flux reduction persists owing to the time-lag effect of the
uilding envelope. At 17:00, the internal surface heat flux of the
vaporative-cooling roof peaks at 54.2 W/m2.

With the evaporation start times of 11:00 and 15:00, variations
n the external surface temperature and internal surface heat flux of
he evaporative roof are similar to those with the start time of 7:00.
owever, because solar radiation levels differ between these times,

he evaporation rate profiles also differ, which further affects the
xternal surface temperature profile and the decrease in the inter-
al surface heat flux. Detailed comparisons are shown in Table 4.

In the daytime (6:00–18:00), solar radiation is intense, and cool-
ng caused by evaporation is significant. Thus, the average decrease
n the external surface temperature of the evaporative-cooling roof
n the daytime is higher than that at night (19:00–23:00). Con-
ider the case of the evaporation start time of 11:00 as an example:
ecause no evaporation occurs before 11:00, the average decrease

n the external surface temperature is 0 ◦C. From 12:00 to 18:00,
wing to intense solar radiation, cooling caused by evaporation is
ignificant, and the average decrease in the external surface tem-
erature is 3.3 ◦C. In contrast, from 19:00 to 23:00, the external
urface temperature of the evaporative-cooling roof is only 0.1 ◦C
ower than that of the non-evaporative roof.

In addition, in the case of the evaporation start time of 7:00, the
verage external surface temperature from 6:00 to 11:00 signifi-
antly decreases by 3.5 ◦C. Because the evaporation rate at 12:00
s close to zero in this case, the surface temperature significantly
ncreases during the high-temperature period from 12:00 to 18:00.
lthough still lower than the external surface temperature of the
on-evaporative roof, the surface temperature decreases by an
verage of only 0.3 ◦C. In the case of the evaporation start time
f 15:00, the initial external surface temperatures of the evapora-
ive roof equal those of the non-evaporative roof. After evaporation
egins, the average decrease in the external surface temperature
rom 12:00 to 18:00 is significant at 2.4 ◦C.

Evaporation that begins when solar radiation is intense can con-
ume most of the radiation, reducing the internal surface heat flux.
ccording to the calculations in this study, evaporation beginning
t 11:00 can reduce the internal surface heat flux by 35.3 W/m2

12.5%) from that of the non-evaporative roof between 16:00 and
0:00, the peak load period for residential buildings [40]. This, in
urn, can significantly reduce the heat flux from the roof to the
ndoor environment and subsequently decrease the energy con-
umption of air conditioners.

.2. Water-application frequencies

When the mass moisture content of the evaporative layer
eaches its critical point, evaporation is suppressed. Thus, the evap-
rative layer must be replenished with water for evaporation to
ontinue to cool the roof. In this study, we compared the effects of

wo water-application conditions with the same evaporation start
ime (11:00) on the external surface temperature and internal sur-
ace heat flux. The first involved one water application (i.e. after
vaporation starts at 11:00, there is no further water application),
15.7 48.2 12.8
0.0 48.3 22.0
0.0 10.3 38.5

while the second involved multiple instances of water applica-
tion (i.e. when the mass moisture content of the evaporative layer
reaches the critical mass moisture content, water is replenished).
The calculation results are shown in Fig. 8.

As shown in Fig. 8(a), the external surface temperature varia-
tion after the first application of water in the multiple-application
case is similar to that of one water application. After the mass mois-
ture content of the evaporative layer reaches critical mass moisture
content at 13:00, water is applicated for the second time between
13:01 and 14:00. Evaporation resumes at 14:00. In the evaporation
process over the next 3 h, the surface temperature remains signifi-
cantly lower than those of the non-evaporative roof and one-time
water-application roof. After the third water application between
17:01 and 18:00, evaporation resumes again.

Fig. 8(b) shows that the internal surface heat flux in the case
of multiple water applications is significantly lower than that of
the non-evaporative roof and one-time water-application roof. At
16:00, the internal surface heat flux in the case of multiple water
applications reaches its maximum value, 44.0 W/m2, 7.2 W/m2 less
than the maximum value with one water application.

Fig. 8(c) and (d) depict the mass moisture content and cor-
responding evaporation rate profiles of the evaporative layer in
the cases of one and multiple water applications. With one water
application, when the mass moisture content of the evaporative
layer reaches its critical point, evaporation is assumed to cease,
and the evaporation rate is therefore zero. In the case of multiple
water applications, when the mass moisture content reaches its
critical point, water replenishment begins, and the mass moisture
content of the evaporative layer increases back to its initial level.
Evaporation then resumes, and the mass moisture content of the
evaporative layer gradually decreases. When the mass moisture
content reaches its critical point again, this whole process repeats.

The average decreases in the external roof surface temperature
and the cumulative heat flux of the inner surface for these two
water application conditions are shown in Table 5. Because of con-
tinuously cooling evaporation, the average decrease in the external
surface temperature with multiple water applications is 1.9 times
that with one water application between 12:00 and 18:00, whereas
the decrease in the cumulative internal surface heat flux is 2 times
that with one water application from 16:00 to 20:00.

3.3. Roof slope orientation

Because of the influences of incline angle and slope orientation,
solar radiation on an inclined roof differs from that on a horizon-
tal roof, which may  affect roof thermal performance calculation
results.

Thus, the influence of roof incline angle and slope orientation on
thermal performance were analysed in this study. Firstly, the solar
radiation levels on three kinds of roofs (one horizontal roof and
two inclined roofs, both with a 30◦ incline but different slope orien-
tations) were calculated. The roofs’ external surface temperatures
with and without evaporation were then compared for determina-

tion of the influence of roof slope orientation on the evaporative
cooling effect. The results are shown in Fig. 9.

As shown in Fig. 6 in Subsection 2.4, the greatest solar radiation
levels on the horizontal roof and roof sloping west occurred at 13:00
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Fig. 8. Impact of water-application frequency on roof thermal performance.

Table 5
Average decrease in external surface temperature and cumulative decrease in internal surface heat flux.

water application conditions Average decrease in external surface temperature (◦C) Cumulative decrease in internal surface heat flux (W/m2)

6:00–11:00 12:00–18:00 19:00–23:00 6:00–11:00 12:00–18:00 19:00–23:00

Single application 0.0 3.3 0.1 0.0 48.3 22.0
1.
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w
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t
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r
t
a
(

Multiple application 0.0 6.4 

t 580 and 537W/m2, respectively. On the roof sloping east, peak
olar radiation occurred at 12:00 at 539 W/m2.

The maximum external surface temperatures and the times at
hich they occurred varied with changes in solar radiation, as

hown in Fig. 9(a). At 13:00, the external surface temperature of
he horizontal roof peaked at 51.1 ◦C. On the roofs sloping east and
est, the external surface temperature peaked at 12:00 and 14:00

t 49.0 and 49.9 ◦C, respectively.
For the internal surface heat flux, peak and valley values

ccurred later than those of the external surface temperature owing
o the roofs’ heat storage performance, as shown in Fig. 9(b).
he maximum internal surface heat fluxes on the horizontal,
ast-sloping, and west-sloping roofs occurred 4–5 h after external
urface temperatures peaked and were 59.3, 53.5, and 55.5 W/m2,
espectively.

To illustrate the influence of roof slope orientation on the evapo-

ative cooling effect, we calculated the thermal performance of the
hree kinds of roofs with the same evaporation start time (11:00)
nd water application frequency (once). As shown in Fig. 9(c) and
d), when evaporation begins at 11:00, the maximum external sur-
7 0.0 70.8 65.2

face temperatures of the horizontal, east-sloping, and west-sloping
roofs decrease by 2.3, 1.6, and 1.6 ◦C, respectively, from those of
the non-evaporative roof. Further, the maximum internal surface
heat fluxes of the horizontal, east-sloping, and west-sloping roofs
decrease by 8.0, 8.1, and 7.2 W/m2, respectively. Although the max-
imum surface temperature and heat flux values are not significantly
different from those of the non-evaporative roofs, the reductions in
the average external surface temperature during the evaporation
process (12:00-13:00) and in the accumulated internal surface heat
flux after evaporation (12:00-23:00) are remarkable, at 9.7–9.8 ◦C
and 12.3% to 13.3%, respectively.

4. Conclusions

In this study, the effect of the evaporation process of porous

tile on roof thermal performance was investigated using a novel
approach that took into consideration the latent heat flux of
evaporation in the roof surface heat balance equation. The main
conclusions can be summarised as follows:
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Fig. 9. Impact of roof slope or

1) A statistically significant positive linear correlation could be
observed between the surface net shortwave radiation and
evaporation rate (adj. R2 = 0.980), indicating that the evapora-
tion rate and the consequent cooling effect increased with the
rise of solar radiation and surface solar absorptance. However,
without evaporation on the roof’s surface, greater solar absorp-
tance could result in higher surface temperatures. Thus, the
coupled influence of surface solar absorptance and the evap-
orative cooling effect on roof thermal performance should be
taken into consideration in future work.

2) The mass moisture content of the porous tile has remarkable
influence on roof thermal performance. When the porous tile
contains sufficient water, the evaporation rate and correspond-
ing cooling effect will be much greater, which can decrease the
surface temperature by up to 11.3 ◦C. When the mass moisture
content nears or reaches the critical mass moisture content,
the evaporation rate decreases significantly, resulting in a weak
cooling effect. Future work should also include an analysis of the
effects of different water absorptance characteristics of porous
tiles and water supply methods on the evaporative cooling
effect.

This study focused on the Guangzhou region, which lies in a
ubtropical climate, and the cooling period. Further studies will

ertainly be needed to assess the accuracy of the evaporation rate
rediction model using other meteorological parameters. Addi-
ionally, cases studies with various climatic conditions should be
ndertaken in the future.
ion on thermal performance.

Acknowledgements

This research work was  funded by the National Natural Science
Foundation of China (No. 51308223, 51678243), Guangdong Natu-
ral Science Foundation (No. 2016A030313506) and State Key Lab of
Subtropical Building Science, South China University of Technology
(No. 2015ZC14).

Appendix A.

The derivatives ∂t
∂�

, ∂t
∂z

, and ∂2
t

∂z2 , as shown in Eqs. (4–6), were
approximated by the following difference schemes, respectively:

∂tk
∂z

≈
tm
k

− tm
k−1

(�zk−1 + �zk)/2
(1a)

∂tk+1

∂z
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(2a)
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(4a)
The equation for the top volume cell is rewritten below.(
1 + 	1

�z1 · ho

)
tm0 +
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)
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m
sol−air = tma + qs(m)

ho
− qe(m)

ho
(6a)

In our model, the boundary conditions are limited to the Fourier
ype in linear form. Consequently, the sol-air temperature approach
as used to describe the equivalent outdoor air temperature. How-

ver, past studies only took into account the first two items on the
ight side of Eq. (6a) [28,29], which may  overestimate the sol-air
emperature with evaporation on the exterior roof surface. Thus,
n this study, the sol-air temperature variation due to evaporation

as considered as the third item in Eq. (6a).
The equation for the bottom volume cell was rewritten as fol-

ows:

− 	3

�z3 · hi

)
tmn1+n2+n3 +

(
1 + 	3

�z3 · hi

)
tmn1+n2+n3+1 = tmi (7a)

The equation for any volume cell located between the top and
ottom volume cells of a particular material was rewritten as fol-

ows:

−�D) tmk−1 + (1 + 2�D) tmk + (−�D) tmk+1 = tm−1
k

(8a)

D = 	D · ��

cD · �D · �z2
D

(9a)

The aforementioned discretised equations were not applicable
o volume cells n1, n1 + 1, n1 + n2, and n1 + n2 + 1 because these cells
ere interface nodes of two different layers.

The equation for volume cell n1 was rewritten as follows:

−�1) · tmk−1 +
(

1 + �1 + �1,2
)

· tmk +
(
−�1,2

)
· tmk+1 = tm−1

k
(10a)

here, �1 = 	1·��
c1·�1·�z2

1
, �1,2 = 2·	1,2·��

c1,2·�1,2·�z1·(�z1+�z2) , 	1,2 = �z1+�z2
�z1
	1

+�z2
	2

,

1,2 = �1·�z1+�2·�z2
�z1+�z2

, c1,2 = c1·�z1+c2·�z2
�z1+�z2

.
The equation for volume cell n1 + 1 was rewritten as follows:

−�2,1
)

· tmk−1 +
(

1 + �2,1 + �2
)

· tmk + (−�2) · tmk+1 = tm−1
k

(11a)

here, �2 = 	2·��
c2·�2·�z2

2
and �2,1 = 2·	1,2·��

c1,2·�1,2·�z2·(�z1+�z2) .

The equation for volume cell n1 + n2 was rewritten as follows:
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(
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· tmk +
(
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)
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k
(12a)

here,�2,3 = 2·	2,3·��
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�2·�z2+�3·�z3
�z2+�z3

, c2,3 = c2·�z2+c3·�z3
�z2+�z3

.
The equation for volume cell n1 + n2 + 1 was rewritten as fol-

ows:
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k

(13a)
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