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Abstract: This article presented a methodology for modeling and analyzing the influence of 

evaporation process on thermal performance of roofs. Based on the experimental data in a climatic 

wind tunnel, a mathematical model was developed to predict the hourly evaporation amount using 

multivariate nonlinear regression analysis. Then, the model was adopted to calculate the boundary 

conditions of a roof surface, which was further applied to estimate surface temperature and heat 

flux of the roof using finite difference method. Finally, the impact of evaporation process, 

including the evaporation starting time and water replenishing frequency, on the roof thermal 

performance was analyzed. The results indicated that when evaporation commenced at 11:00, 

compared to the corresponding value of no-evaporation roof, the highest external surface 

temperature was reduced by 1.8°C; the accumulated internal surface heat flux from 16:00-20:00 

was decreased by 10.8% which could be doubled to 21.2% if the evaporation layer was 

replenished water frequently. 
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1 Introduction 

  Net Zero Energy Building (NZEB) is no longer a distant concept but rather a practical solution 

to mitigate CO2 emissions and/or decrease energy consumption in buildings [1]. Goals for the 

implementation of NZEBs are discussed at the international level. In the USA, the Energy 

Independence and Security Act of 2007 authorized the Net-Zero Energy Commercial Building 

Initiative to support the goal of net zero energy for all new commercial buildings by 2030. It 

further specified a zero-energy target for 50% of U.S. commercial buildings by 2040 and net zero 

for all U.S. commercial buildings by 2050. At the European region, the Energy Performance of 

Buildings Directive establishes the nearly zero energy building as the building target from 2018 

for all buildings public owned or occupied and from 2020 for all new buildings [1]. Some similar 

promotions or plans are also presented in the China, UK, Canada, Japan, Korea and Australia 

[2-3]. 

  In order to achieve the NZEB objectives, two main strategies could be applied in the design and 

operation of buildings: (a) reduce the energy demand of the buildings to the highest extent, and (b) 

supply the remaining energy demand through on-site renewable energy sources [4]. The former 

can be achieved by either active or passive energy efficient strategies. Instead of the conventional 

active building environmental control approaches that solely rely on the mechanical air 

conditioning systems, increasing attention is given to the passive strategies for their exceptional 

environmental performance [5]. 

  Evaporative cooling is one of the passive building energy efficiency strategies. After being 
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absorbed in porous materials, the water in the pores gradually migrates to the surface layer of the 

material and evaporates under the combined effect of natural climate elements such as solar 

radiation, air temperature, humidity, and wind speed; this would result in a cooling effect to the 

surrounding environment and reduce the urban heat island intensity and building energy 

consumption [6]. The effectiveness of evaporative cooling has been proved in different climatic 

situations, not only on hot and dry regions [7-9] where it was initially applied but also in hot and 

humid ones[10-12]. 

  In the previous study, most researchers investigated evaporative cooling at the material level 

using measurement data. Wanphen et al. [13] measured the moisture and thermal performance of a 

number of porous materials, including pebbles, silica sand, volcanic ash, and siliceous shale. It 

was found that the daily average surface temperature can be reduced by up to 8.6°C. Pires et al. 

[14] studied the evaporative cooling capability of five types of textile fabrics in a small wind 

tunnel. Some other scholars focused on the optimization of material properties to enhance the 

evaporative cooling effects. He et al. and Chen et al. developed a passive evaporative cooling wall 

(PECW) constructed of moist void bricks [15] or pipe-shaped porous ceramics [16-17] that were 

capable of absorbing water and allowed wind penetration, thus reducing their surface temperatures 

by means of water evaporation. Karamanis et al. [18] optimized the selection and preparation of 

the porous materials using the Kelvin equation, and validated the optimization via solar-heat 

transformation experiments. However, there was little information available in literature about the 

quantified effect of realistic evaporative cooling products on the building envelope thermal 

performance, which may be the most critical information for building designers and owners. This 

may limit the application of such technology in realistic cases. 
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  The purpose of this article is to study a roof product which is composed of evaporative cooling 

material and quantitatively investigate the impact of the evaporation process on the roof thermal 

performance. Firstly, we developed a mathematical model to calculate the evaporation rate. Then, 

the model was adopted to calculate the boundary conditions of a roof surface, which was further 

applied to estimate surface temperature and heat flux of the roof using finite difference method. 

Finally, the impact of evaporation process, including the evaporation starting time and water 

replenishing frequency, on the roof thermal performance was analyzed. 

2 Roof with porous material for evaporative cooling 

  The roof we studied is composed of porous face brick, waterproof mortar, and concrete. The 

dimension of the porous face brick is 240 mm (length) ×50 mm (width) ×10 mm (thickness) and 

the surface solar absorptivity is 0.76 [11].  

  In our previous article [11], we measured the mass moisture content variation of the porous face 

brick with respect to the soaking time. According to the measurement data, after one hour of 

soaking in water, the mass moisture content is 7.49%.  

  The evaporation process in porous face brick could be divided into three stages: a constant-rate 

stage, a falling-rate stage, and a low-rate stage. Within the first stage, the evaporation rate is 

determined by the available energy (radiation) and atmospheric conditions (vapor pressure, wind 

velocity, etc.). During the second and third stages, evaporation rate is jointly controlled by the 

water, energy supply, and atmospheric conditions. The evaporation amount within the first stage is 

much higher than that within the second and third stages. Therefore, we defined the mass moisture 

content at the turning point between the first stage and the second stage as the critical mass 

moisture content, below which the evaporation process was ignored. The critical mass moisture 
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content of the porous face brick is 3.1% [11]. 

  The thermal resistance of each material layer, which was calculated according to the 

thermodynamic parameters of the materials, is shown in Table 1. The combined heat transfer 

coefficients at the external and internal surfaces are assumed to be 22 W/m
2
·K and 9 W/m

2
·K [19], 

respectively.  

Table 1 The thermal resistance of each material layer [20]. 

Description 

(from outside to 

inside) 

Thickness 

d 

(mm) 

Thermal 

conductivity 

λ 

(W/m∙K) 

Density 

ρ 

(kg/m
3
) 

Specific 

heat 

c 

(kJ/kg·K) 

Thermal 

resistance 

R=d/λ 

(m
2
∙K/W) 

Porous face brick 10 0.24 1654 0.43 0.012 

Waterproof mortar 10 0.93 1800 1.05 0.011 

Concrete 180 1.28 2100 0.92 0.141 

3 Mathematical model of evaporation rate 

  The evaporation amount is one of the key parameters to evaluate the evaporation heat exchange 

on the wet surface. Recently researchers successfully introduced the Penman-Monteith (P-M) 

equation, which was initially applied to calculate soil evaporation rate in Pedology field, to 

estimate the evaporation amount of wet building porous materials [12, 21].  

  It can be seen from Eq. (1) that the independent variables in P-M equation included solar 

radiation, ambient air temperature, relative humidity, wind velocity, and surface heat flux.  
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  During the building energy simulation process, the solar radiation, ambient air temperature, 
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relative humidity, and wind velocity could be conveniently accessed from the typical 

meteorological year data. While the surface heat flux is obtained through the surface heat balance 

and building envelope heat transfer calculation. Additionally, the surface heat flux interacted with 

evaporating process, so only after multiple iterations is it possible to get the correct results. It is 

necessary to reasonably simplify the evaporation amount calculation during the building energy 

simulation process. In our previous article [?], using a climatic wind tunnel we measured the 

independent variables of the P-M equation and then obtained the hourly evaporation amount [12]. 

Based on the experimental data, the following regression analysis was conducted in this article. 

Firstly, the unitary regression equations between the four individual independent variables and 

evaporation amount were established. Secondly, the multivariate nonlinear regression model was 

proposed based on the four unitary regression equations. In the end, the OriginPro software [?] 

was adopted to regress the coefficients in the model. 

  The unitary regression equations between the four individual independent variables and 

evaporation amount are shown in Fig. 1. The significant linear relationship (R
2
=0.9803) between 

hourly evaporation amount and surface net shortwave radiation could be observed in Fig. 1(a). If 

the linear regression equation was used to predict the evaporation amount, when the surface net 

shortwave radiation is zero, the evaporation rate is constant and equal to 0.02 kg/m
2
·h. But 

according to the P-M equation, when the surface net shortwave radiation is zero, evaporation rate 

varies with the water vapour partial pressure difference between wet surface and ambient air. Thus, 

in addition to the surface net shortwave radiation, three other independent variables should be 

considered, i.e. ambient air temperature, relative humidity, and wind velocity. As shown in 

Fig.1(b)-(d), exponential functions were introduced to describe the nonlinear regression equations 
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between the three individual independent variables and evaporation rate. To model the 

comprehensive influence of the radiation term and the aerodynamic term, we developed a 

multivariate nonlinear regression model as shown in Eq. (2)  
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   Where, 1a - 11a  are regression model coefficients, 1x - 4x  are the surface net shortwave 

radiation, ambient air temperature, relative humidity, and wind velocity. 

       

(a)                                         (b)  

    

(c)                                       (d)  

(a)Evaporation amount vs. Absorbed solar radiation. (b) Evaporation amount vs. Dry bulb 

temperature. (c) Evaporation amount vs. Relative humidity. (d) Evaporation amount vs. Wind 

velocity 

Fig.1 The relationships among impact factors and evaporation amount 
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the mathematical model for calculating the evaporation amount is shown in Eq. (3):  

       00399.0000842.0 355.0

7.24
1.2-

6.4501.03.114.4

77.2
1.45

2

 





vRRt

sa eeeqE hha       （3） 

  The variation range of the independence variables in Eq. (6) is shown in Table 2. 

Table 2 The range of the independence variables 

  Minimum value Maximum value Average value Standard deviation 

sq (W/m
2
) 0 440.73 136.09 163.57 

at (°C) 26.09 32.51 29.04 1.90 

hR (%) 66.59 93.94 81.00 8.96 

v (m/s) 0.95 2.78 1.89 0.58 

  The adjust R square of the model is 0.99973 and the F test is highly significant (F= 60465，

P<0.001). Furthermore, histogram of standardized residuals is plotted in Fig. 2 from which one 

can see that the distribution of standardized residuals follows a normal distribution. In addition, 

Fig.3 plots the distribution of residuals between measured evaporation rates and the predicted 

values, which shows that (1) the distribution of the predicted evaporation rate is close to the 

profile of measured values, (2) the absolute values of the residuals do not exceed 0.009 kg/m
2
·h, 

and (3) the variation range of the residuals is approximately constant with different measured 

evaporation amount which demonstrated that the residuals was homoscedasticity. 
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Fig.2 Histogram of standardized residuals 



9 

-0.2 0.0 0.2 0.4 0.6
-0.010

-0.005

0.000

0.005

0.010

R
es

id
u
al

s(
k
g
/m

2
.h

)

Evaporation amount (kg/m
2
.h)

 

X Axis Title

 

Fig.3 Residual distribution of measured value and predicted value of evaporation 

  Based on the above tests, we can conclude that the mathematical model of evaporation rate 

obtained by the regression method is a statistically significant model with a practical value and 

high reliability that can therefore be used to estimate variations in the hourly evaporation rate. 

4 Numerical analysis of thermal performance of roofs 

4.1 One-dimensional unsteady heat transfer 

  A procedure for periodic solution of unsteady heat flow problem for the composite roof is 

presented in this section. Schematic representation of the roof is indicated in Fig. 4. The roof 

structure comprises of three material layers, and thickness of the layers are L1, L2, and L3, 

respectively.  

  Depending on physical situation of the structures, solution of the problem was performed under 

these assumptions: a) no internal heat generation in any material layer of roofs, b) homogeneity of 

each layer of structures with fixed thermo-physical properties, c) resistance of the layer interface 

was neglected assuming good contact of the material layers.  

  In accordance with the above-mentioned assumption, the governing equation and the boundary 

condition are developed as below. 
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Fig.4 Schematic representation of the roof 

  Governing Equation: 
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  The same equation held good for all the three material regions by incorporating suitable ,  ,

c value. In the external boundary (z = 0) where the roof was exposed to solar radiation, the 

boundary condition is: 
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1                         (5) 

  where,  ss Iq ,  ezoc tthq  0 ,  ee tEq  2.302-2491.146 . 

  When discussing the surface heat balance equation, most previous studies have only considered 

the solar radiation term and the combined convection and radiation heat transfer term [22-23]. In 

this article, the evaporative heat transfer term, which was calculated by using the mathematical 

model in section 3, was taken into account. 

  In the bottom layer of the concrete slab z = L, the boundary condition is: 
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  The instantaneous continuity of heat flux and temperature at the interfaces Z = L1 and L2 are 

preserved. 
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, as shown in Eqs. (7), were approximated by the following 

difference scheme, respectively. 
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  The equation for the top volume cell is rewritten as below. 
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  In our model, the boundary conditions are limited to Fourier type in a linear form. Consequently,   

the sol-air temperature [22-23] approach was used in this article to describe the equivalent outdoor 

air temperature that gives the same rate of heat flow to a surface as would the combination of 

incident solar radiation, convection with the ambient air, and radiation exchange with the 

surrounding surfaces, and evaporative heat transfer.  
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  The equation for the bottom volume cell is rewritten as below. 
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  The equation for any volume cell that is located in between the top and bottom volume cells of 

a particular material is rewritten as below. 
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  The above-mentioned discretized equations were not applicable for volume cells n1, n1+1, 

n1+n2, n1+n2+1, due to these cells were interface nodes of two different layers. 

  The equation for the volume cell n1 is rewritten as below: 
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  The equation for the volume cell n1+1 is rewritten as below: 
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  The equation for the volume cell n1+n2 is rewritten as below: 
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  The equation for the volume cell n1+n2+1 is rewritten as below: 
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  The governing equations along with the boundary conditions were discretized using 

semi-implicit control volume formulation. A time step of half an hour was used within the 

simulation. The system of equations was solved using tridiagonal matrix algorithm (TDMA). The 

initial temperature values were obtained by executing the program, continuously for a few days till 

the routine daily variation attained the same value. 

  Based on the numerical model mentioned above, a computer program was developed in Visual 

Basic to implement the roof thermal performance analysis. The program was validated against a 

study case derived from previously published work by Kaşka, Ö., and Yumrutaş, R [19], in which 

a site measurement for a specific roof was conducted. The roof has 2 cm plaster at the inside 

surface of the concrete roof with thickness of 12 cm. Thermophysical properties of the roof 

materials are listed in Table 3. The inside design air temperature and roof surface solar 

absorptivity are taken to be 25 °C and 0.8, respectively. The combined heat transfer coefficients at 

the internal and external surfaces are taken to be 9 and 22 W/m
2
·⁰C, respectively [19]. 

Table 3 Thermophysical properties of the roof materials [19] 

Materials 
Thermal conductivity 

(W/m·K) 

Density 

(kg/m
3
) 

Specific heat 

(J/kg·K) 

Plaster 0.700 2778 840 

Concrete 1.730 2400 840 

  Fig. 5 shows the daily variation of measured and calculated surface temperatures and heat flow 

through the roof structure.  
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Fig.5 Variation of heat flux and surface temperature of roof construction 

  It is observed from the results that the computer program is verified. Since values of 

temperatures obtained from the computer program in this article are close to the measured values 

in literature [19] with a finite error. The mean relative error between calculated and measured 

surface temperature are found to be 11.3% (external surface) and 3.2% (internal surface), 

respectively. So the computer program was used to carry out the following roof thermal 

performance analysis. 

4.2 Roof thermal performance under various evaporation conditions 

  In this article, the influence of the evaporation starting time and water replenishing frequency 

on the roof thermal performance were analyzed since these two factors considerably affected the 

evaporation process.  

  The analysis will be limited to the calculation of the external surface temperature and the 

internal surface heat flux of the roof because they have significant influence on the outdoor 

thermal environment and indoor cooling load.  

  The Typical Meteorological Day of Guangzhou, China was adopted as the periodic outdoor 

signal [12], as shown in Fig. 6. The indoor air temperature was set to a constant value i.e. 22 °C. 

Other boundary conditions, including surface solar absorptivity, thermal resistance of each layer, 
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and combined heat transfer coefficients at the external and internal surfaces were listed in section 

2. 
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Fig.6 Periodic outdoor signal 

  The thermal conductivity, specific heat capacity, and density of the porous face brick would be 

changed when it absorbed water. In this article, the thickness of the porous brick was only 10 mm 

while the thickness of the concrete layer was 180 mm, so the error caused by the variation of the 

thermophysical properties was relatively small. Therefore, the variation of the thermal 

conductivity, specific heat capacity, and density of the porous face brick were ignored in the 

calculation of roof one-dimensional unsteady heat transfer. 

4.2.1 Evaporation started at different time of day 

  Different evaporation starting times correspond to different solar radiation intensities in outdoor 

environments, which can therefore result in varying of evaporation heat transfer and consequently 

affect the roof thermal performance. To analyse the effect of the evaporation starting time on the 

roof thermal performance, we calculated variation trends of the external surface temperature and 

the internal surface heat flux of the roof when evaporation started at 7:00, 11:00, and 15:00. The 

results are shown in Fig. 7. 



16 

24

36

48

0 2 4 6 8 10 12 14 16 18 20 22 0 2 4 6 8 10 12 14 16 18 20 22

20

40

60

0 2 4 6 8 10 12 14 16 18 20 22

0

3

6

9

0 2 4 6 8 10 12 14 16 18 20 22

0.0

0.1

0.2

0.3

0.4

 

 (a
)

E
x
te

rn
al

 s
u

rf
ac

e 

te
m

p
er

at
u

re
/℃

 no evaporation

 evaporating from 07:00

 evaporating from 11:00

 evaporating from 15:00

 ambient air temperature

 

 no evaporation

 evaporating from 07:00

 evaporating from 11:00

 evaporating from 15:00

 

(c
)

M
as

s 
m

o
is

tu
re

 

co
n

te
n

t/
%

 evaporating from 07:00

 evaporating from 11:00

 evaporating from 15:00

Time/h

 

Time/h

 evaporating from 07:00

 evaporating from 11:00

 evaporating from 15:00

(d
)

H
o

u
rl

y
 e

v
ap

o
ra

ti
o

n
 

am
o

u
n

t/
(k

g
/m

2
.h

)

(b
)

In
te

rn
al

 s
u

rf
ac

e 

h
ea

t 
fl

u
x

/(
W

/m
2
)

  

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

  Taking the case of the evaporation starting time at 7:00 as an example. After the water 

replenishment process that occurred one hour earlier (6:01-7:00), the mass moisture content of the 

evaporation layer at 7:00 is 7.49%, as shown in 10(c). During the evaporation process, the mass 

moisture content of the evaporation layer gradually decreases. At 10:00, the mass moisture content 

of the evaporation layer is 3.2%, close to the critical mass moisture content of 3.1%, and the 

evaporation process during 10:01-11:00 is relatively weak. At 11:00, because the mass moisture 

content of the evaporation layer is equal to the critical mass moisture content, evaporation amount 

during 11:01-12:00 is approximately zero over this entire time period. Thus, the mass moisture 

content of the evaporation layer after 11:00 stays at 3.1%. The variation of evaporation amount in 

Fig. 7(d) corresponds to the mass moisture content variation in Fig. 7(c). After evaporation starts 

at 7:00, the evaporation amount continues to increase with gradually increasing solar radiation 

intensity. During 9:01-10:00, the evaporation amount reaches its maximum value in this case, 

which is 0.33 kg/m
2
·h. After 11:00, the mass moisture content of the evaporation layer is equal to 

the critical mass moisture content, and the evaporation amount is therefore zero. The variation in 

the evaporation amount directly affects the evaporation heat transfer and therefore the roof 

external surface temperature. The external surface temperature variation curve in Fig. 7(a) shows 

that prior to the water replenishment process, the external surface temperature of the evaporative 



17 

cooling roof equals that of the no-evaporative roof. After the evaporation process starts, with 

increasing solar radiation, the evaporation amount gradually increases and the corresponding 

evaporation heat transfer consumes most of the solar radiation, resulting in a slow increase in the 

external surface temperature of the evaporative cooling roof. At 10:00, the evaporation amount 

reaches its maximum, and the external surface temperature of the evaporative cooling roof is 

lower than that of the no-evaporative roof by 8.2 °C. At 12:00, because the mass moisture content 

of the evaporation layer reaches the critical mass moisture content, the evaporation process 

weakens and the effect of evaporative cooling is suppressed. Consequently, the external surface 

temperature significantly increases and reaches 45.6 °C. The internal surface heat flux of the 

evaporative cooling roof is lower than that of the no-evaporative roof once evaporation starts. At 

12:00, the internal surface heat flux difference between the evaporative cooling roof and the 

no-evaporative roof reaches its maximum value of 8.0 W/m
2
. At 17:00, the internal surface heat 

flux of the evaporative cooling roof reaches its maximum value of 60.6 W/m
2
. 

  In the cases of the evaporation starting times at 11:00 and 15:00, variations in the external 

surface temperature and internal surface heat flux of the evaporative cooling roof are similar to 

that of the case at 7:00. However, because of delayed evaporation starting time and differences in 

the continuous evaporation period and the time when the maximum evaporation is reached, 

differences arise in the average decrease of the external surface temperature and the accumulated 

decease of the internal surface heat flux, which are shown in Table 4.  

Table 4 Average decrease of external surface temperature and accumulated decrease of internal 

surface heat flux 

Evaporation 

starting 

time 

Average decrease of external surface 

temperature 

(°C) 

Accumulated decrease of internal 

surface heat flux 

(W/m
2
) 

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

07:00 3.1 0.3 0.06 14.7 42.7 10.9 

11:00 0.0 2.9 0.1 0.0 43.5 19.3 

15:00 0.0 2.2 0.9 0.0 9.8 34.4 

  In the daytime (6:00-18:00), solar radiation is intensity, and cooling caused by evaporation is 
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significant. Thus, the average decrease of the external surface temperature of the evaporative 

cooling roof during daytime is higher than that during night-time(19:00-23:00). Consider the case 

of the evaporation starting time at 11:00 as an example: because no evaporation occurs before 

11:00, the average decrease in the external surface temperature is 0°C. During 12:00-18:00, due to 

the intensity solar radiation, cooling caused by evaporation is significant, and the average decrease 

in the external surface temperature is 2.9 °C. In contrast, during 19:00-23:00, the external surface 

temperature of the evaporative cooling roof is only 0.1°C lower than that of the no-evaporative 

roof. 

  In addition, in the case of the evaporation starting time of 7:00, the average external surface 

temperature during 6:00-11:00 can be significantly decreased by 3.1 °C. Because the evaporation 

amount at 12:00 is close to zero in this case, the surface temperature is significantly increased 

during the high-temperature period from 12:00 to 18:00. Although it is still lower than the external 

surface temperature of the no-evaporation roof, the average decrease is only 0.3 °C. In the case of 

the evaporation starting time of 15:00, the external surface temperatures before evaporation equal 

those of the no-evaporative roof. After evaporation starts, the average decrease in the external 

surface temperature during 12:00-18:00 is significant: 2.2 °C. 

  Evaporation that starts when the solar radiation is intensity can consume most of the solar 

radiation, thus reducing the internal surface heat flux. According to the calculations in this study, 

evaporation starting at 11:00 can reduce the internal surface heat flux considerably during 

12:00-18:00. Compared to the internal surface heat flux of the no-evaporative roof during the 

same time period, evaporation starting at 11:00 can reduce the internal surface heat flux by 43.5 

W/m
2
, which in turn can significantly reduce the heat flux from the roof to the indoor environment 

and then decrease the energy consumption of air conditioners. 

4.2.2 Evaporation with different water replenishing frequency 

  When the mass moisture content of the evaporation layer reaches the critical mass moisture 

content, the evaporation process is suppressed. Thus, the evaporation layer needs to be replenished 

with water so that evaporation can continue to cool the roof. In this study, we compared the effects 

of two conditions with the same evaporation starting time (11:00) on the external surface 

temperature and internal surface heat flux: the first condition is a single water replenishment event 

(i.e., after evaporation starts at 11:00, there is no water replenishment), and the second condition is 
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multiple water replenishment events (i.e., when the mass moisture content of the evaporation layer 

reaches the critical mass moisture content, water is replenished). The calculation results are shown 

in Fig. 8. 

24

36

48

0 2 4 6 8 10 12 14 16 18 20 22 0 2 4 6 8 10 12 14 16 18 20 22

20

40

60

0 2 4 6 8 10 12 14 16 18 20 22

0

3

6

9

0 2 4 6 8 10 12 14 16 18 20 22

0.0

0.1

0.2

0.3

0.4

 

 (a
)

E
x
te

rn
al

 s
u
rf

ac
e 

te
m

p
er

at
u
re

/℃

 no evaporation

 single watering

 multiple watering

 ambient air temperature

(b
)

In
te

rn
al

 s
u
rf

ac
e 

h
ea

t 
fl

u
x
/(

W
/m

2
)

 

 no evaporation

 single watering

 multiple watering

 (c
)

M
as

s 
m

o
is

tu
re

 

co
n
te

n
t/

%

 single watering

 multiple watering

Time/h

(d
)

H
o
u
rl

y
 e

v
ap

o
ra

ti
o
n
 

am
o
u
n
t/

(k
g
/m

2
.h

)

 

Time/h

 single watering

 multiple watering

 

Fig.8 Impact of water replenishing frequency on roof thermal performance 

  Fig.8(a) shows that in the case of multiple water replenishment, the external surface 

temperature variation trend of the roof after the first water replenishment is similar to the case of 

single water replenishment. Until the mass moisture content of the evaporation layer reaches the 

critical mass moisture content at 13:00, water is replenished for the second time at 13:01-14:00. 

Evaporation resumes at 14:00. During the evaporation process over the following three hours, the 

surface temperature is still significantly lower than those of the no-evaporation roof and single 

water-replenishment roof. After the third water replenishment at 17:01-18:00, evaporation resumes 

again.  

  Fig. 8(b) shows that the internal surface heat flux in the case of multiple water replenishment is 

significantly lower than that of the no-evaporation roof and single water-replenishment roof. At 

16:00, the internal surface heat flux in the case of multiple water replenishment reaches the 

maximum value, 51.7 W/m
2
, which is lower by 6.2 W/m

2
 with respect to the maximum value of 

the internal surface heat flux in the case of single water replenishment. 

  Fig. 8(c) and (d) describe the mass moisture content and corresponding evaporation amount 
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profiles of the evaporation layer in the cases of single and multiple water replenishment. For 

single water replenishment, when the mass moisture content of the evaporation layer reaches the 

critical mass moisture content, it is assumed that evaporation ceases and the evaporation amount is 

therefore zero. In the case of multiple water replenishment, when the mass moisture content 

reaches the critical mass moisture content, water replenishment starts and the mass moisture 

content of the evaporation layer increases to the level of the initial mass moisture content; 

evaporation then resumes and the mass moisture content of the evaporation layer gradually 

decreases. When the mass moisture content reaches the critical mass moisture content again, this 

whole process is repeated.  

  The average decreases in the external roof surface temperature and the accumulated heat flux of 

the inner surface for these two water replenishment conditions are shown in Table 5. As can be 

observed, because of the continuous evaporation process that cools the roof, the average decrease 

in the external surface temperature in the case of multiple water replenishment is 1.9 times that of 

the case of single water replenishment from 12:00-18:00, whereas the decrease in the accumulated 

internal surface heat flux is 1.5 times that of the case of single water replenishment from 12:00 to 

18:00. 

Table 5 Average cooling magnitude of external surface temperature and accumulated decrease 

magnitude of internal surface heat flux 

water 

replenishing 

conditions 

Average external surface temperature 

decrease 

(°C) 

Accumulation internal surface heat flux 

decrease 

(W/m
2
) 

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 

replenishing 
0.0 2.9 0.1 0.0 43.5 19.3 

Multiple 

replenishing 
0.0 5.6 1.1 0.0 63.4 55.7 

5 Conclusions and Discussions 

  In this study, non-linear multiple regression analysis was applied to determine a mathematical 

model to calculate the evaporation rate of a roof. The model adopted the surface solar absorptivity 
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and meteorological parameters as independent variables which can all be directly obtained from 

building energy simulation software. Thus, the software can conveniently adopt the model to 

calculate the evaporation heat transfer and avoid complicated and time-consuming iterative 

calculations. Although this mathematical model was based on specific roof structures and 

meteorological parameters (necessitating further studies to confirm its applicability to other roof 

structures and meteorological parameters), the development method of this mathematical model 

can provide a valuable reference for future studies. 

  Evaporation starting at different time reduces the external surface temperature and internal 

surface heat flux to different degrees. In the conditions studied here, when evaporation 

commenced at 7:00, 11:00, and 15:00, compared to the corresponding value of the no-evaporation 

roof, the highest external surface temperature were reduced by 0.6°C, 1.8°C, and 0°C, respectively; 

in addition, the accumulated internal surface heat flux from 16:00-20:00, which is the peak load 

period for residential buildings [24], were decreased by 6.1%, 10.8%, and 8.6%, respectively, 

which meant that the room cooling loads could also be accordingly reduced during that period. 

  By increasing the frequency of water replenishment, the evaporation process can be extended, 

and continuous evaporative cooling can therefore be achieved. In this article, when the 

evaporation layer was watered frequently, the accumulated internal surface heat flux from 

16:00-20:00 was 21.2% less than that of the no-evaporation roof.    

  Although the timescale in this study is only 24 h, the results provide a reference for simulating 

building energy consumption on a longer timescale. Future research based on this study could 

include the following: adding a description of the building surface evaporation process to the 

software that dynamically calculates the building energy consumption and analysing the effects of 

the precipitation time (or water spray time) and precipitation amount (water spray amount) on 

building energy consumption, which could provide a passive technical method to design the net 

zero energy building and analyze the power demand response. 
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Nomenclature 

1b , 2b , 3b  constants 

c  specific heat (kJ/kg·K) 

E evaporation amount per unit area (kg/m
2
∙h) 

ea actual vapor pressure (kPa) 

es saturation vapor pressure (kPa) 

G surface heat flux (MJ/m
2
) 

oh  external surface combined heat transfer coefficient (W/m
2
∙K) 

ih  internal surface combined heat transfer coefficient (W/m
2
∙K) 

sI  total shortwave radiation on the roof surface (W/m
2
) 

k number of layer 

m number of time 

sq  surface net shortwave radiation (W/m
2
) 

cq  surface combined heat transfer (W/m
2
) 

eq  surface evaporation heat transfer (W/m
2
) 

iq  heat flux on the interior surface of sample (W/m
2
) 

Rn surface net radiation (MJ/m
2
) 

T all-day average air temperature or hourly air temperature (°C) 

et  ambient air temperature (°C) 

it  indoor air temperature (°C) 
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st  surface temperature (°C) 

u all-day average wind speed or hourly wind speed (m/s) 

 surface solar absorptivity 

γ psychrometer constant (kPa/°C) 

Δ slope of saturation vapor pressure curve (kPa/°C) 

e  exterior surface temperature (°C) 

i  interior surface temperature (°C) 

  thermal conductivity (W/m∙K) 

  density (kg/m
3
) 

  time (s) 
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