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a b s t r a c t

The present work is a preliminary assessment of the performance of green roof at Reduit in Mauritius,
located at latitude 20:23 +S and longitude 57:49 +E (Indian Ocean), which is influenced by a tropical
humid climate. The efficiency of the green roof is gauged by evaluating its effect on indoor temperature
fluctuations, conductive heat fluxes and the daily peak indoor temperature. On site measurements of
weather data and indoor temperature are collected round the clock from July 11, 2017 to October 08,
2017. It is found that green roof increases the thermal mass of the experimental cells thereby reducing
the fluctuations in indoor temperature. The conductive heat flux variation is significantly low in the case
of the green roof. The green roof reduces the daily peak indoor temperature, which is attenuated
significantly as compared to a conventional roof. A one dimensional mathematical model is also pro-
posed in order to simulate the evolution of the heat and moisture transfer in a porous multilayer ma-
terial. The model is validated using the measured data.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Green roofs are considered as one way to reduce the heat
transfer into buildings. A green roof is a roof that is partially or
completely covered with vegetation and a growing medium plan-
ted over a waterproofing membrane. It may also include additional
layers such as a root barrier, drainage layer, filter cloth and irriga-
tion systems. As stated in Berndtsson et al. [1], most of the re-
searchers worldwide collectively agree that one way of reducing
the impact of global warming and heat transfer into a building is
the implementation of green roof technology. Green roof technol-
ogy reduces energy consumption and improves internal comfort
oo).
during the spring and summer seasons in areas where the climate
is characterized by high temperature and irradiance values during
the day [2]. Several studies have proposed green roof models in the
Northern hemisphere and highlighted the thermal contribution of
vegetated roofs and their performance in reducing conductive heat
flux in hot conditions ([3e5]). Amongst the studies conducted in
the Southern hemisphere are the work due to Wong et al. [6], in
which the authors performed experiments to assess the thermal
benefits of a commercial building with a top roof garden. Closer to
Mauritius, Dominique et al. [7] analysed the thermal and energetic
behaviour of a green roof in Reunion island.

Various studies have emanated from the idea of modelling green
roofs. Considerable work in terms of model development and
analysis on green roof are elucidated below. More recently, in
Ref. [8], the authors investigated on the variation of moisture

mailto:m.dauhoo@uom.ac.mu
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content in a green roof. Additionally, a comparison of field obser-
vation with the simulations of the model is made using both a
Reservoir Routing model and the Richards equation. Further, in
Refs. [9], the thermal performance and the outdoor spatio-temporal
performance of an extensive green roof are conducted. Different
weather scenarios were analysed and it was observed that sunny
days have the highest impact on the thermal performance which
have a less pronounced effect on cloudy and rainy days.

Several mathematical models have been formulated for the
green roof which cater for different aspects. In this work [10], the
authors model the heat transfer for a green roof by taking into
account the heterogeneity of some of the layers in it. Ouldboukhi-
tine et al. [11] proposed amodel based on energy balance equations
expressed for foliage and soil media. The simulation results showed
that the use of vegetation on the roof building improves not only
the thermal comfort conditions, but also the energy performance of
a building. In Rakotondramiarana et al. [12], a hygrothermal green
roof model with a thermal model to evaluate the energy perfor-
mance and thermal comfort of the building is developed. The
model was used to assess the impact on indoor air temperature and
energy demand in Madagascar. In Sailor [13], a physically based
model of the energy balance of a green roof has been developed and
integrated into the EnergyPlus building energy simulation program.
The model is based on heat and moisture exchange process above
vegetated soil. Many studies have recently been conducted to
improve the thermal performance of green roofs ([14e19]).

Some studies [20e22] show that green roofs can bring energy
saving in buildings. Leonard [23] shows that green roofs suppress
the downward heat flux into the top-floor indoor area to reduce air
conditioning electricity consumption. Due to the high heat recor-
ded in Mauritius in December 2019, a significant increase has been
noted in the demand for electricity, with a peak of around
507.2 MW [24]. Electricity consumption is higher than normal,
especially with the use of air conditioners and fans. In Elahee [25], it
is highlighted that air conditioning is generally reckoned to account
for between 30% and 50% of electricity consumption in buildings in
Mauritius while the rest being mostly due to lighting, refrigeration
and other electrical appliances. Moreover, in Adam Badurally [26],
it is stressed that in Mauritius, the peak electricity demand will
continuously rise over the years. Furthermore, using genetic algo-
rithm, the authors in Ref. [26] found that the monthly mean tem-
perature is highly correlated to maximum power demand thereby
confirming the impact of high temperatures. Hence, this explains
the massive use of air conditioning in Mauritius. Accordingly, a
remedy to this situation is essential and an alternative to the use of
air conditioners is needed.

The impact of climatic conditions on the efficacy of green roofs
has been studied in Ref. [27e29] and it has been shown that climate
affects the performance of green roofs. In general, the roof of a
building receives the maximum solar radiation as compared to the
vertical walls, thereby causing excessive heat flow in the room [30].
Further, it is known that 50% of a building’s cooling load originates
from the roof [5,10,30]. It is therefore essential to gauge the effect of
green roofs in the context of the Mauritian climate.

In the present work, the factorsmeasured in order to analyse the
efficiency of green roof are the temporal evolution of the following
weather parameters: i) outdoor temperature, ii) solar radiation, iii)
rainfall and iv) the peak daily indoor temperature. Using the above
measured data, the evolution of the conductive heat flux is evalu-
ated. Then, the daily peaks in indoor temperature and the time at
which these occur are identified from the power spectrum of the
variation of the indoor temperature, using Discrete Fourier Trans-
form. In order to assess the efficiency of a green roof in different
seasons in Mauritius, experiments can be conducted and mea-
surements can be recorded for a year long period. In addition, it
should be noted that anomalies due to experimental setups and
measurements have to be taken into account. Therefore, the
availability of a reliable mathematical model on the dynamics of
heat and moisture transfer will enable us to gain time and over-
come the above mentioned drawbacks. Also, if a model is verified
and validated as proposed in the current work, a quite accurate
estimation of important parameters such as the indoor tempera-
ture can be obtained. Moreover, numerous scenario analysis can be
effectuated by varying the different parameters involved. Thus, for
example, if the planting material property is adjusted accordingly
in the Table 2 and the data feed to the model, the green roof can be
tested for different plants. In this sense, a verified and validated
mathematical model can be very versatile and practical to carry out
experimental studies.

The paper is organized as follows: section 2 describes the green
roof systemwhile section 3 presents the heat andmoisture transfer
in the green roof model. Sections 4 and 5 present the weather data
and describe the experimental setup in Mauritius. Section 6 pre-
sents an analysis of the experimental and numerical results ob-
tained from measured data and the mathematical model
respectively. A comparison of the thermal performance of the green
roof and conventional roof is also conducted. The concluding re-
marks are eventually provided in section 7.
2. System description

The experiments with the green roof are conducted from July 11,
2017 to October 08, 2017. The cells involved in the experiment are
located at Reduit, Mauritius (latitude 20:23 +S and longitude
57:49 +E) which is 303.6 m above sea level. Mauritius is charac-
terized by two seasons namely, winter and summer. The daily
average temperature of ambient air is 20:4 +C and 24:7 +C
respectively [31]. Mauritius benefits of abundant solar radiation
throughout the year and this can be seen in Fig. 1. The green roof
cell in the present experiment is composed of concrete, water-
proofing membrane, a layer of soil, a drainage layer and its vege-
tation as shown in Fig. 2.

Information on the depth of each component is given in Table 1.
The values given in Table 2 are adopted for the different

materials.
The bulk density of the substrate is measured experimentally by

taking a 3-inch diameter ring in each cell containing Bulbine and
Rhoeo plants. The bulk density of the substrate containing Bulbine
and Rhoeo is given by 0.134 and 0.104 respectively. The water
holding capacity and the porosity of the substrate containing Bul-
bine are 0.8696 and 0.863 respectively, whereas for Rhoeo, it is
0.877 and 0.8753 respectively.
3. Mathematical model

A one dimensional heat and moisture transfer mathematical
model is developed for the green roof model. The system is
composed of four different layers as shown in Fig. 2. The assump-
tions are as follows: (i) convective heat and convective mass
transfer are not modelled, (ii) vapour-phase transport is only with
vapour diffusion and solution diffusion, (iii) liquid phase water
transport is only with capillary and surface diffusion, (iv) vapour
diffusivity, suction pressure, air permeability and hysteresis in
sorption isotherm are neglected, (v) in the outside boundary con-
dition, we neglect air pressure and water leakage, (vi) in the inside
boundary condition, we neglect air pressure and interior stack ef-
fect. The system of partial differential equations (PDEs) for the heat
and moisture transfer is given by the moisture balance eq (1) and
heat balance eq (2).



Fig. 1. Global Horizontal Irradiance distribution in Mauritius during the period 1999e2018 [32].

Fig. 2. Structural composition of the green roof under consideration. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of
this article.)

Table 1
Depth of materials present in the green roof.

Material Depth

Concrete 15 cm
Waterproofing membrane 0.4 cm
Layer of soil 20 cm
Vegetation varies between 10 cm and 20 cm depending on the type of plants used.
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Table 2
Material properties of the layers in the green roof.

rBðkg =m3Þ Pðm3 =m3Þ csðJ =ðkgKÞÞ lðW =ðmKÞÞ m

Concrete C25 2450 0.15 800 1.6 248
Waterproofing membrane 1000 0.0002 1500 0.16 40000
substrate 134 0.863 2600 0.048 31
Planting 1500 0.5 1000 0.2 5
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vw
vt

þV:g ¼ Sw (1)

and

vH
vt

þV:q ¼ Sh: (2)

In the differential eq (2), phase change is given by the source
term

Sh ¼hvV:gv: (3)

The saturation pressure can be approximated using the function

Psat ¼611,exp
�

b,T
w0 þ T

�
(4)

where

b ¼ 22:44 w0 ¼ 272:44+C if T <0+C
b ¼ 17:08 w0 ¼ 234:18+C else T � 0+C

(5)

The vapour flux, gv, and the liquid flux, gl, are given by

gv ¼ � dpVpv (6)

and

gl ¼ � DhVh: (7)

The heat content is expressed as

H¼Hs þ Hw; (8)

where

Hs ¼ rBcsT (9)

and

Hw ¼ðw�weÞcw þwece � he
dwe

dT
: (10)

Thus, the moisture balance and heat balance equations are
simplified as

vw
vt

¼V
�
DhVhþ dpVðpvÞ

�
(11)

and
1
Dt

�
dH
dT

�n

j

�
Tnþ1
j � Tnj

�
¼ 1

ðDxÞ2
�
lnjþ1

�
Tnþ1
jþ1 � Tnþ1

j

�
� lnj

�
Tnþ1
j � Tnþ1

j�1

�hnj
vPsat
vT

jT¼Tn
j

�
Tnþ1
j � Tnj

�
�hnj P

n
sat;j

�
þhnj P

n
sa
vH
vt

¼VðlVTÞ þ hvV
�
dpVðpvÞ

�
: (12)

[33].
Since w and H are functions of h and T respectively, eqs (11) and

(12) can be written as

dw
dh

vh
vt

¼V:

��
Dh þ dpPsat

�
Vhþ dph

dPsat
dT

VT
�

(13)

and

dH
dT

vT
vt

¼V:

��
lþhvdph

dPsat
dT

�
VT þ hvdpPsatVh

�
: (14)

Next, the well-posedness of eqs (13) and (14) is established. One
important aspect of the mathematical model is that the system of
eqs (13) and (14), together with the boundary condition in eqs (15)
and (16), must have a unique solution. That is, for each initial
condition, there exists one and only one corresponding solution. In
this case, the system of eqs (13) and (14) is said to be well-posed
and thus can be solved numerically. In the appendix, the problem
given by eqs (13) and (14) is proved to be well-posed under certain
conditions which are implemented when computing the solution.
3.1. Numerical discretization

The one dimensional heat andmoisture transfer equations given
by eq (11) and eq (12) are rewritten as

dw
dh

vh
vt

¼ v

vx

�
Dh

vh
vx

�
þ v

vx

�
dp

v

vx
ðhPsatÞ

�
(15)

and

dH
dT

vT
vt

¼ v

vx

�
l
vT
vx

�
þ hv

v

vx

�
dp

v

vx
ðhPsatÞ

�
: (16)

An implicit FDM is used to approximate eqs (15) and (16)
numerically. Implicit schemes are known to produce physically
realistic approximations with larger time steps. The spatial and
temporal domains comprise of J intervals of step length
Dx ¼ L=ðJ�1Þ andN intervals of step lengthDt. Let xj ¼ jDx for j ¼ 1;
…; J and tn ¼ nDt for n ¼ 1;…;N and t >0, respectively. The discrete
variables for temperature and moisture, Tn

j and hnj respectively, are

given by
��
þ hv
ðDxÞ2

�
dnp;jþ1

�
hnjþ1

vPsat
vT

jT¼Tn
jþ1

�
Tnþ1
jþ1 � Tnjþ1

�
þhnjþ1P

n
sat;jþ1

t;j �hnj�1
vPsat
vT

jT¼Tn
j�1

�
Tnþ1
j�1 � Tnj�1

�
�hnj�1P

n
sat;j�1

��

(17)
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and

1
Dt

�
dw
dh

�n

j

�
hnþ1
j �hnj

�
¼ 1

ðDxÞ2
�
Dn
h;jþ1

�
hnþ1
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j

�
�Dn
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�
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�
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�
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sat;j

�
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�
hnþ1
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sat;j
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j�1 P
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sat;j�1

��
;

respectively, for j ¼ 2;…;J� 1, where the time level n is known and
nþ 1 is unknown. The moisture and radiative exchanges between
soil and canopy layer are taken into account in the form of heat
source and moisture source terms which are added to eqs (15) and
(16) respectively. In the present context, the heat source term SH is
approximated by a fraction of solar radiation. Thus, it is given by

SH ¼ð1�scÞI; (18)

where sc is the fractional vegetation coverage. In the experiments,
the greenroof soil is covered by 50%e80% of vegetation. Hence, as
an approximation, we take sc ¼ 0:7. Themoisture source term Sw is
given by a fraction of driving rain [34] as

Sw¼ð1�scÞRs: (19)

At the interface between the soil and canopy at, x ¼ 0:1, the
discretized equations are given by

1
Dt

�
dH
dT

�n

j

�
Tnþ1
j �Tnj

�
¼ 1

ðDxÞ2
�
lnjþ1

�
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j

�

�lnj
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�
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�
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sat;jþ1�hnj
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j

�
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�
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�
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�
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�
�hnj�1P
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(20)

and.

1
Dt

�
dw
dh

�n

j
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j � hnj Þ ¼ 1
ðDxÞ2 ðD

n
h;jþ1ðhnþ1
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sat;j�1ÞÞ þ Sw:The discrete boundary conditions at x ¼ 0 are

given as,
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Analogously, at x ¼ L

1
Dt
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dH
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�
¼ � 1
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b
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ps �hnþ1
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�
:

At each time step, a tridiagonal solver is used to obtain the
updated heat and moisture components.

3.2. Boundary conditions

Important exterior environmental parameters, namely, ambient
temperature and solar radiation, influence the heat and moisture
transfer in the green roof. Therefore, these parameters are taken
into account at the boundary conditions of the model. At the outer
boundary (x ¼ 0), the mass and heat fluxes are given by:

qh ¼bðpv �paÞþ arRN qT ¼aðT � T*Þ (21)

respectively, where pa is the water vapour pressure in the ambient
air. The equivalent ambient temperature, T*, incorporates the effect
of solar radiation on the temperature of the exterior surface.

T* ¼ Ta þ I=ac;

where a ¼ ac þ ar . The convective heat transfer coefficient ac for
the green roof is a function of wind velocity based on an experi-
mental study [35].

ac ¼14:384þ 6:8007vþ 4:5474v2 � 1:391v3 (22)

and ar is taken as 6.5. The net solar radiation to the exterior surface,
I, is calculated as

I¼ aIs þ εIl � Ie: (23)

The radiation balance in the thermal domain εIl � Ie usually has
a lower value than aIs but it is the only component at night as Is will
be zero. Il and Ie can be expressed as a function of air temperature
and canopy surface temperature

Il ¼ εasT4a and Ie ¼ εsT4s (24)

where εa is the emissivity of the atmosphere and ε is the emissivity
of the canopy [36].

Also, at the inner surface (x ¼ L), the following mass and heat
fluxes are assumed:

qh ¼bðps �pvÞ and qT ¼aðTs � TÞ (25)

respectively, where ps is the water vapour pressure of the roof’s
surface. Therefore, the PDEs governing the boundary conditions for
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moisture and temperature are

Dh
vh
vx

þ dp
v

vx
ðhPsatÞ¼ qh (26)

and

l
vT
vx

þhvdp
v

vx
ðhPsatÞ¼ qT (27)

respectively.
Simulations are run with the above described model using

weather data measured at Reduit.
4. Weather data

The data has been recorded from 11 July to October 08, 2017. The
mid winter season is from 11 July to August 08, 2017 and the late
winter season is from 10 September to October 08, 2017. The
ambient temperature, solar radiation, atmospheric pressure and
rain are the weather data input to the mathematical model. We use
a Davis Vantage Pro 2 Weather Station to collect weather data. The
following environmental parameters, namely: (i) solar radiation
(W=m2), (ii) ambient temperature (oC) and (iii) rainfall (mm), have
been recorded in mid winter and late winter. These parameters
shown in Figs. 3, 4 and 5 respectively, are used in the green roof
model.

In the section that follows, we describe the experimental setup
used in order to explore the green roof potential through the
determination of its effect on indoor temperature fluctuations,
conductive heat flux and daily peak indoor temperatures.
5. Experimental setup

Fig. 6 shows the green roof cells at the University of Mauritius.
The experimental model comprises of 9 identical cells of exterior
dimension of 156 cm � 141 cm x 122 cm and a facade of height
34 cm above the roof, as illustrated in Fig. 7.

Each green roof cell is composed of concrete, waterproofing
Fig. 3. The temporal evolu
membrane, a layer of soil, waterproofing paint, a drainage layer and
its vegetation.

Three cells contain Bulbine plants, three contain Rhoeo plants
and the remaining cells have no plant or substrate. Each cell has a
planting area of 135 cm by 105 cm in which 13 plants are planted.

The substrate used in the green roof is made up of 20% compost
and 80% coconut coir. The compost is mixed manually with coir
(coming from an established greenhouse hydroponic business)
until a homogeneous mixture is obtained [37]. Coir products are
chosen because they provide a range of water-holding and air-filled
space by mixing different particle sizes and ratios together. Bulbine
and Rhoeo plants are chosen because they are drought tolerant and
growwell in poor soils. These plants tolerate summer heat well and
any type of garden soil provided the substrate is well drained [38].

Different instruments are used to record temperature and
moisture content in the experimental model. A HOBO 4-channel
Thermocouple Data Logger UX120-014 M is used to record tem-
perature inside and outside the cell. We use a thermocouple of type
J which has a range of �20+C to 70+C with an accuracy of ±0:21+C
from 0+ to 50+C accuracy and resolution of 0:024+C. A calibration of
4 thermocouple thermometers at Mauritius Standard Bureau (MSB)
is done using the 580 OCEANUS-6 calibration laboratory and the
Heto HPT550 Precision thermometer. Each data logger records the
temperature inside and outside the cell at 1 min intervals. We have
collected data for almost 5 months for the 9 cells. In each cell, two
sensors are placed on the ceiling of the cell (inside) and this can be
seen in Fig. 8. The instruments used to record the temperature
inside the cell are shown in Fig. 9.

In the section that tails, the numerical results of the green roof
and that of the mathematical model are presented.

6. Results and discussion

6.1. Comparison of experimental results between green roof and
conventional roof

The variation of the mean indoor surface temperature for the
cells with a green roof consisting of Bulbine (cell 1, cell 5 and cell 9)
and cells with Rhoeo (cell 2, cell 6 and cell 7) respectively, is shown
tion of solar radiation.



Fig. 4. The temporal evolution of ambient temperature.

Fig. 5. The temporal evolution of rainfall.
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in Fig. 10.
It can be observed from Fig. 10 that the difference in the indoor

temperature measured round the clock for the period of mid winter
is negligible. In this sense, for the sake of simplicity, we choose only
one cell for the following numerical experiments and analyses.
Next, we compare the outside air temperature and indoor surface
temperature for a green roof cell and a conventional roof in mid
winter and late winter.

Figs. 11 and 12 show that the inside temperature fluctuates less
for the green roof in both mid winter and late winter. It is observed
that the indoor roof temperature of a green roof decreases by a
maximum of 3 +C in mid winter and 4 +C in late winter as
compared to the ambient temperature. However, a significant
reduction in temperature is observed in the indoor roof surface
temperature of a green roof as compared to that of a conventional
roof. There is clear evidence that the green roof provides better
thermal performance than a conventional roof in the sense that it
stabilises the temperature.
6.1.1. Frequency domain of the temperature data
We use the Fourier transform to analyse the temperature data

for the green roof and conventional roof in mid winter and late
winter. The Fourier transform helps to decompose the temperature
series into corresponding components of sinusoidal waves, thus
transforming the time domain to a frequency domain using the
Discrete Fourier Transform (DFT) tool.



Fig. 6. The 6 green roof cells. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)

Fig. 7. Dimension of green roof cell. (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)

Fig. 8. Location of the temperature sensor inside the cell.

Fig. 9. Data logger and thermocouple used to record temperature inside the cell.

Fig. 10. Comparing the indoor temperature of cells with green roof in mid winter. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)
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Consider a set of data fxðnÞgN�1
n¼0 . The DFTof the data is given by a

sequence XðkÞ;k ¼ 0;/N� 1, where

XðkÞ¼
XN�1

n¼0

xðnÞexp�2pinkN ; (28)

where N is the total number of collected data and i is the unity
imaginary number ði ¼

ffiffiffiffiffiffiffi
�1

p
Þ. An efficient way of computing the

DFT is by using the Fast Fourier Transform (FFT). The MATLAB



Fig. 11. Variation of outside air temperature and indoor surface temperature for a
green roof cell and a conventional roof respectively in mid winter. (For interpretation
of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)

Fig. 12. Variation of outside air temperature and indoor surface temperature for a
green roof cell and a conventional roof respectively in late winter. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web version
of this article.)
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function fft is used to calculate the DFT in this work. The vector,
XðkÞ, is complex valued and the strength of the variation of the data
is expressed by a real value Power Spectral Density given by

SðkÞ¼ 1
N

				XðkÞj2: (29)

The frequency domain reveals periodicities in the input data and
the relative strength of the periodic component. Next, we use the
Fourier transform to analyse the temperature data for the green
roof and conventional roof. We plot the power spectrum of the
temperature data of green roof and conventional roof in Fig.13a and
b respectively.

The large DC component at frequency zero gives themean of the
temperature data and does not contain any information about the
periodicity of the data [39]. From Fig. 13b and a , it is seen that a
large peak occurs once during one day for both the green roof and
conventional roof. This variation is known as the diurnal temper-
ature which relates to the difference between a high temperature
and a low temperature that occurs during the same day. The
amplitude of the power spectrum in oC shows the change of tem-
perature from its mean during one day. For the green roof, the peak
occurs at 0:87 +C whereas for the conventional roof it occurs at
3:6 +C. The green roof contributes to the modification of the
decrement factor of the constituent material of the roof, thereby
stabilizing the temperature. Since the decrement factor regulates
the conductive heat flux, a peak with a lower amplitude is seen in
the case of the green roof, which means that fluctuations in tem-
perature are reduced. It is also observed that the peak ambient
temperature occurs at midday. However, the peak indoor temper-
ature of both green roof and conventional roof occurs late in the
afternoon. This is because of the decrement factor of the building
material of the roof which stores the amount of heat and later on
releases it from inside. Therefore, this contributes to the increase of
temperature well beyond midday.
6.2. Experimental verification of the mathematical model

Fig. 14 shows the comparison between the measured tempera-
ture and the simulated temperature obtained in mid winter.

The maximum absolute error between the simulated and
experimental results is 0:5730+C. Climatic boundary conditions of
the weather data from experimental measurements are used for
the simulation. A time step of 10 seconds is taken and the final time
of the simulation is 672 hours 100 mesh grids are considered. We
observe that the calculated and measured data from these periods
follow the same trend, except for a few anomalies. These anomalies
may arise from experimental errors that occurred while taking
measurements or from errors in the sensors used. Next, a com-
parison between the calculated and measured indoor surface
temperature of a cell with green roof in late winter is presented for
the period of 10 September to 07 October.

In late winter, it is noted from Fig. 15 that the values obtained by
modelling follow almost the same trend as the experimental data. A
maximum absolute error of about 0:7866+C is observed.
6.2.1. Order of accuracy
Furthermore, a grid refinement study is conducted in order to

investigate the accuracy of the implicit FDM. 4 mesh grids are
considered whereby the coarsest grid has N ¼ 2419200 temporal
nodes and J ¼ 100 spatial nodes. The grids are refined by a factor of
2 on both axes. That is, iN ¼ 2419200� 2i and iJ ¼ 100� 2i for the
ith fine grid. The rate of convergence of the FDM can be calculated
from the root mean square error (RMSE)

Ei ¼
1

100

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
X100

j ¼ 1
�
Tij � Tiþ1

2j

�2
vuut for i¼1;2;3

between the coarse and fine solutions [40]. From Fig. 16, the RMSE
is seen to decrease on refining the mesh.

Also, the order of accuracy of the scheme is given by



Fig. 13. Distribution of peaks in daily temperature.

Fig. 14. Experimental and numerical comparison of the temperature inside the cell
with green roof in mid winter. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)

Fig. 15. Experimental and numerical comparison of the temperature inside the cell
with green roof in late winter. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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log
�

Ei
Eiþ1

�

logð2Þ :

ðlogðE1=E2Þ=logð2Þ¼ 1:8116 and ðlogðE2=E3Þ=logð2Þ¼ 1:7248 sug-
gest a second order accurate FDM. Also, the accuracy of the implicit
FDM can be gauged through the mean bias error (MBE) and cu-
mulative variation of the root mean square error (CV(RMSE)) be-
tween the experimental and simulated data [30]. These error
measures can be obtained from the following equations:

MBE¼
PN

n¼1ðEn � SnÞPN
n¼1En

(30)
and

CVðRMSEÞ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN

n¼1
ðEn�SnÞ2
N

r
PN

n¼1
En

N

; (31)

where En and Sn are the experimental and simulated data at an
instance in time n. The MBE shows how accurately the simulated
values fit the experimental data, and the CV(RMSE) indicates the
overall uncertainty in the predicted results.

From Table 3, the negative values for the MBE suggest that the
simulation results over predict the experimental data, and a low
positive CV(RMSE) indicates that the data obtained from the
mathematical model are close to the corresponding experimental



Fig. 16. Root mean square error of the FDM with grid refinement.

Table 3
MBE and CV(RMSE) of the temperature distribution with the green roof model in
mid winter and late winter.

MBE CV(RMSE)

Mid winter � 2:7385� 10�4 0.0022
Late winter � 4:6345� 10�5 0.0023
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values. Both error measures are lower than 1%. The discrepancy
may be a result of measurement errors. Nevertheless, the numerical
method adopted provides sufficient accuracy in order to predict the
temperature distribution in the green roof.
Fig. 17. Internal surface heat flux for green roof and conventional roof in mid winter.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

Fig. 18. Internal surface heat flux for green roof and conventional roof in late winter.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
6.3. Thermal performance of green roof

6.3.1. Comparison of heat flux between green roof and conventional
roof

Conductive heat flux is an important parameter which in-
fluences thermal performance inside a building. The conductive
heat flux is used as an indicator of the transfer of heat energy into or
out of a building. A positive heat flux represents heat gainedwhile a
negative heat flux represents heat lost. A conductive heat flux of
lowmagnitude means that less heat is moving across the layers. To
analyse the thermal performance of the green roof, we calculate the
internal surface heat flux, qint , for green roof and conventional roof
as follows

qint ¼ � lc
vT
vx

				 (32)

where lc is the thermal conductivity of the concrete layer.
From Figs. 17 and 18, it is observed that the internal surface heat

flux of a cell with green roof is lower than that of a cell with con-
ventional roof in both mid winter and late winter. The maximum
internal surface heat flux on each day for a conventional roof lies
between 30W=m2 and 75W=m2 whereas for green roof the internal
surface heat flux lies between 1:5W=m2 and 8W=m2. The green
roof acts as an insulation layer by decreasing the room’s heat gained
thereby reducing the room’s cooling demand.

The mathematical formulation of the one dimensional green
roof model allows us to calculate and compare the conductive heat
transfer arising in both conventional roofs and green roofs. Since
the temperature is not uniformly distributed over the roof, the
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conductive heat transfer is sought after every Dx and summed over
the whole computational domain. The total conductive heat
transfer, qT , for the multilayer green roof model is calculated as

qT ¼ q1 þ q2 þ q3 þ q4; (33)

where q1 is the conductive heat transfer for planting layer, q2 is the
conductive heat transfer for substrate layer, q3 is the conductive
heat transfer for waterproofing layer and q4 is the conductive heat
transfer for concrete layer as shown in Fig. 19.

The conductive heat transfer for each layer of the green roof
system is calculated as
Fig. 19. Schematic representation of the heat transfer within the green roof. (For interpreta
version of this article.)

Fig. 20. Conductive heat t
qk ¼ �
XNk

j¼1lkDT
k
j for k ¼ 1;2;3;4: (34)

where DTkj ¼ Tkjþ1 � Tk
j and Dxkj ¼ xkjþ1 � xkj . T

k
j denotes the tem-

perature at the jth node in the computational domain of the kth

layer and Nk denotes the total number of computational nodes in
the kth layer. Figs. 20 and 21 show the conductive heat transfer in
mid winter and late winter conditions when using a conventional
roof and green roof.

From Figs. 20 and 21, it is observed that the conductive heat flux
of a conventional roof varies greatly as compared to a green roof.
The maximum conductive heat flux on each day for a conventional
roof varies from 0.4797 W=m2 to 2.5190 W=m2 whereas for the
tion of the references to colour in this figure legend, the reader is referred to the Web

ransfer in mid winter.



Fig. 21. Conductive heat transfer in late winter.

M. Mungur et al. / Energy 202 (2020) 117608 13
green roof, it varies from 0.2090W=m2 to 0.5312W=m2. Overall, it
is noted that both in mid winter and late winter, the green roof
consistently decreases heat gained when compared to a conven-
tional roof. This can be explained by the fact that green roofs
decrease heat entering the roof during the day and release the
accumulated heat at night.
6.3.2. Comparison of the thermal performance of a green roof and
that of a conventional roof on a sunny and rainy day

Internal air temperature enables us to estimate the thermal
behaviour and performance of an indoor environment. From Fig. 11,
it is noted that with a conventional roof, the concrete suffers from a
large variation in temperature which is from 16 +C to 32 +C
whereas with a green roof, there is a small variation in the tem-
perature from 19 +C to 23 +C. The higher temperature on the sur-
face will lead to an increase in internal air temperature. Next, we
compare the indoor surface temperature on a sunny day with a
green roof cell and a conventional roof cell. Fig. 22 shows the cor-
responding variation of the temperature inside the cell and Fig. 23
Fig. 22. Indoor surface temperature for green roof and conventional roof respectively
on a sunny day. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)

Fig. 23. Corresponding variation of conductive heat flux on a sunny day.
shows the variation of conductive heat flux.
It is observed that the range of variation of the temperature

inside a cell with substrate is lower than that of a cell with no
substrate. Particularly, a large fluctuation in temperature from
20 +C to 31 +C is observed for the indoor surface temperature of a
cell with conventional roof. Also, it is noted that the fluctuation is
reduced considerably in a cell with green roof. For the latter cell, the
variation in temperature is from 22 +C to 24 +C. Moreover, it should
be pointed out that after a sunny day, the inside temperature of a
green roof cell at night is higher than that of a conventional roof,
but at daytime the cell with green roof is cooler than the cell
without green roof.

Fig. 22 shows that the afternoon peak temperature of the con-
ventional roof occurs at around 16:00 whereas that of the green
roof is at 17:00. Thus, in addition to attenuate the peak tempera-
ture, the green roof delays its occurrence, thereby keeping the in-
door conditions comfortable. From these observations, it can be
accentuated that the green roof increases the thermal mass of the
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material which reduces the fluctuations. Thus, the cooling and
heating up occurs at a slower pace for the green roof cell.

This mechanism can be explained by the decrement factor
which accounts for the fact that the heat transferred to the outer
surface of a building material is partly stored and partly transferred
to the indoor space (The decrement factor of the green roof is
approximately 0.9 meaning that a variation of 1+C of the outside
temperature will bring a variation of 0:9+C in the inside tempera-
ture of the green roof). Therefore, if the temperature of the wall
exceeds the outdoor temperature, then a part of the energy stored
is transferred to the outside and not to the indoor space. This is why
the temperature starts decreasing for the conventional roof. A
similar trend is seen in the case of the green roof but the decrement
factor [41] over here has been attenuated because the retaining
power capacity of the material has been decreased. As a result, the
material does not emit much heat.

Next, we compare the indoor surface temperature effect on a
rainy day for the green roof and conventional roof. Fig. 24 shows the
variation of the indoor surface temperature of cell with green roof
and one with conventional roof during a rainy day at Reduit. The
variation of conductive heat flux is given in Fig. 25.
Fig. 24. Indoor surface temperature for green roof and conventional roof on a rainy
day. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

Fig. 25. Corresponding variation of conductive heat flux on a rainy day.
On 27e28 July, the variation of the temperature inside the cell
with green roof is lower than the cell with conventional roof
despite that it was a rainy day. The inside temperature of a cell with
green roof varies between 19:8 +C to 21 +C whereas in a cell with
conventional roof, the temperature range is between 19 +C to
21 +C. It is observed that the lower bound of the temperature inside
the green roof is higher than the ambient temperature which
ranges between 18 +C to 20 +C. This suggests that green roofs in-
crease the thermal performance during both sunny and rainy days.

From Figs. 22 and 23, it can be observed that the peak inside
temperature is reached, for both green roof and conventional cell.
The corresponding conductive heat flux rate is negative, that is,
heat ‘travels’ in the outward direction so that the temperature of
each cell decreases accordingly. Since the decrement factor has
been reduced in the case of the green roof, the temperature
gradient is lower and in this sense, the green roof stabilises the
temperature inside. In addition, the layers are dynamically
absorbing and regulatingmoisture, thus adjusting the temperature.

Fig. 26a and b shows the power spectrum of the conductive heat
flux data obtained from eq (33) for the conventional roof and green
roof respectively.

The same trend is observed as in the power spectrum of the
temperature data of both conventional roof and green roof.
7. Conclusion

This study investigated the thermal performance of a green roof
during mid winter and late winter, under the climatic conditions of
Mauritius, which is influenced by a tropical humid climate by using
onsite measurements of weather data and indoor temperature.
Analysis of the collected data showed that the green roof: (i) in-
creases the thermal mass of the experimental cells under consid-
eration, (ii) damps the heat flux variation (iii) attenuates the two
peaks in daily indoor temperature and delays the afternoon peak
(iv) the heat flux of a conventional roof varied greatly as compared
to that of a green roof. The maximum heat flux on each day for a
conventional roof varied from 0:4797W=m2 to 2:5190W=m2

whereas for the green roof, it varied from 0:2090W=m2 to
0:5312W=m2. Overall, it was observed that both in mid winter and
latewinter, the green roof consistently decreased heat gainedwhen
compared to a conventional roof. A one dimensional mathematical
model was proposed in order to simulate the evolution of the heat
and moisture transfer in a porous multilayer material. The nu-
merical results showed that the model simulated the variation of
the indoor temperature round the clock quite accurately during the
second half of the winter season in Mauritius. The model has the
ability to be easily integrated in decision support tools with the
capacity of the physically based simulation model to be easily
transferred in conditions and locations other than those used for in
the present study. Based on the results of this preliminary experi-
mental study and numerical simulations, it can be inferred that a
green roof can be an effective alternative in cooling existing
buildings with poor roof thermal insulation in Mauritius and
eventually reduce electricity consumption due to air conditioning.
One of the limitations of the present work is that the experimental
system does not have external windows and is not a typical civil
building. Further, the cells in the system are quite small to be uti-
lized in the real world. In a future work, a real building model can
be selected for further simulations and analyses can be conducted
so as to investigate how factors such as the thickness and the
thermal conductivity of a given substrate, the leaf area index, leaf
emissivity, and the solar absorptivity of the substrate impact green
roof performance in the context of the Mauritian climate. In a real
building model with green roof, the heat emanating from the left



Fig. 26. Distribution of peaks in daily conductive heat flux.
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and right vertical walls can be regulated by attenuating the
decrement factor of the walls. An effective way of reducing the
decrement factor is to consider the growth of lianas and climbing
plants on the vertical walls.
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Appendix

Theorem @.1

The system of equations (13) - (14) is well-posed if

Dh
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dT
dH
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l dh
dwþhvdpA

�
>
h
dp
2 ðA� BÞ

i2
, where A ¼ h dh

dw
dPsat
dT and B ¼

hvPsat dTdH.
Proof Eq (13) and Eq (14) can be written as:
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must be positive definite [42], where the superscript T represents
the matrix transpose. The principal minors of matrix Csys are given
by

M1 ¼
dh
dw

�
Dh þ dpPsat

�
(@.37)

and

M2 ¼
dh
dw

dT
dH

�
Dh þ dpPsat

��
lþ hvdph

dPsat
dT

�

� 1
4



dh
dw

�
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�
þ dT
dH

�
hvdpPsat

��2
: (@.38)

Since dh
dw>0;Dh >0; dp >0 and Psat >0, we get M1 > 0 .

Now; M2>0⇔Dh

�
dT
dH

��
l
dh
dw

þhvdpA
�
>
hdp
2
ðA�BÞ

i2
; (@.39)

where A ¼ h
�

dh
dw

��
dPsat
dT

�
and B ¼ hvPsat

�
dT
dH

�
. Since the principal

minors M1 and M2 are positive, by Sylvester’s law the assertion in
Theorem @.1 holds.

Nomenclature

a Short wave radiation absorptivity coefficients
ar Precipitation absortivity
ce Specific heat capacity of ice (J=kgK)
cs Specific heat capacity (J=ðkgKÞ)
cw Specific heat capacity of liquid water (J= kgK)
Dh Liquid conduction coefficient (kg=ðmsÞ)
gl Liquid flux (kg=m2s)
gv Vapour flux (kg=m2s)
h Relative humidity
hv Latent heat of phase change (J=kg)
he Specific melting enthalpy (J=kg)
H Total enthalpy (J=m3 )
Hs Enthalpy of dry material (J=m3)
Hw Enthatlpy of the moist material (J=m3)
I Net radiation (W=m2 )
Ie Long wave emission
Il Long wave radiation
Is Incoming solar radiation
P Porosity (m3=m3 )
pa Water vapour pressure at the ambient temperature (Pa)
pc Water vapour pressure at the canopy (Pa)
pc;sat Related saturation pressure (Pa)
pv Vapour partial pressure (Pa)
q Heat flux (W=m2 )
qCi Heat conduction flux for the ith layer (W= m2)

qext Exterior heat flux (W=m2)
R Universal gas constant
RN Normal rain (kg=ðm2sÞ)
Rs Driving rain (kg=ðm2sÞ)
rs Driving rain coefficient (s=m)
Sh Heat source/sink (W=m3)
Sw Moisture source/sink (kg=ðm3sÞ)
T Temperature (K)
Tc Canopy temperature (K)
Ta Ambient temperature (K)
Ts Surface temperature (K)
T* Equivalent exterior temperature (K)
t Time
v Wind velocity (m=s )
w Water content of the material layer (kg=m3 )
we Content of frozen water (kg=m3)
rB Bulk density (kg=m3)
dH
dT Heat storage capacity (J=ðm3KÞ)
dw
dh Moisture storage capacity (kg=m3)
dPsat
dT Slope of water vapour saturation pressure curve

Greek symbols
a Heat transfer coefficient (W=m2K )
ac Convective heat transfer coefficient (W=m2K)
ar Radiative heat transfer coefficient(W=m2K)
b Water vapour transfer coefficient (kg=ðm2sPaÞ )
ε Surface emissivity
s Stefan Boltzmann constant (W=ðm2K4Þ )
l Thermal conductivity (W=ðmKÞ )
m Vapour diffusion factor
dp Water vapour permeability (kg=ðmsPa)

Subscripts
c Canopy
s Surface
a Ambient

Superscripts
C Conduction
* Equivalent exterior
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