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ABSTRACT

Green roofs serve for multiple functions in relevance to the environment, sustainability,
aesthetics, visual comfort and energy-efficiency. In hot climates, a green roof can have a
crucial role in decreasing cooling loads through thermal mass and evaporative cooling
through plant transpiration. It can be implemented on new or existing building
constructions.

Currently, a large building stock exists and many new settlements are either newly-built
or under construction in Egypt, of which an increasing portion is air-conditioned. The
presence of recyclable waste water that can be used for irrigation increases the
potential of using green roofs especially in countries with high population. This potential
indicated the need to quantitatively explore the effect of green roof parameters on
energy consumption in this type of air-conditioned residential buildings located in
desert climates.

This study investigated the effect of different green roof parameters on energy
consumption of two-storey residential buildings located in desert climates. These
included leaf area index, soil thickness, soil conductivity and thermal insulation.

A two-storey residential building was modelled and simulated for energy performance
using EnergyPlus. Green roof parameters were tested for their effect on energy
consumption. Results were compared to a base case of standard un-insulated roof and
to alternatives of roof insulation. Results showed that in desert cities, the green roof
achieved savings of up to 30% in Kargah city, 28% in Cairo and 24% in Alexandria.
Savings achieved by a green roof in desert cities were more than those achieved by
thermal insulation. For comparison a city with a temperate climate, Berlin, was also
tested, in which thermal insulation proved to be of more savings than a green roof.

Keywords: Green roof; residential buildings; air-conditioned; energy consumption;
building performance simulation.

INTRODUCTION

Green roofs serve for multiple functions in relevance to the environment, sustainability,
aesthetics, visual comfort and energy-efficiency. In hot climates, a green roof can have a
crucial role in decreasing cooling loads through thermal mass and evaporative cooling

125



The Effect of Green Roof on Energy Consumption of Two Storey Air-Conditioned... KHALED EL-DEEB, P.125-136

through plant transpiration. It can be implemented on new or existing building
constructions.

Currently, a large building stock exists and many new settlements are either newly-built
or under construction in Egypt and other Arab countries, of which an increasing portion
is air-conditioned. The presence of recyclable waste water that can be used for irrigation
increases the potential of using green roofs especially in countries with high population.
This potential indicated the need to quantitatively explore the effect of green roof
parameters on energy consumption in this type of air-conditioned residential buildings
located in desert climates.

A number of previous studies addressed the effect of green roofs on the urban and
building levels. On the urban level, green roofs was addressed as a mitigation measure
for urban heat island (UHI) effect [1]. Shinzato and Duarte (2012) studied the cooling
effect of vegetation on the urban scale using LAls 1,3and 5 showing a surface
temperature difference between green area and street of 5, 10 and 14.7°C for LAI cases
respectively [2]. Lilliana and Jim studied UHI effect in subtropical climate, finding that
the effect of green roof on microclimate exceeds the roof top to the surrounding streets
[3]. On the building level, the green roof effect on energy consumption in buildings was
addressed in a number of studies. For example, Kamel et al. studied the effect of GR soil
conductivity and thickness on energy consumption at a fixed leaf-area index (LAl) under
the climate of Cairo, Egypt [4], energy savings of 15-32% were achieved. Mukherjee et
al. studied the effect of LAI, soil thickness and thermal insulation layers for different
climates in the United States of America [5]. Niachou et al studied the thermal and
energy performance of green roofs through physical measurements of indoor and
outdoor temperatures [6]. For a commercial building green roof, Zhao et el compared
between the roof materials thermal performance by exploring different plant and
substrate types [7]. Sailor et al. developed a green roof module to be used in energy
simulation tools, that was first included by the U.S. Department of Energy in the
EnergyPlus tool in April 2007 [8,9]. The updated version of this simulation tool was used
for performance simulation in this study.

Previous studies indicated that the impact of green roofs on energy consumption of air-
conditioned residential buildings located in desert climates needs more investigation.

OBIJECTIVES
This research aims at exploring the effect of green roof parameters on energy
consumption of two-storey residential buildings located in desert climates. This includes
the following parameters:
- Leaf-Area Index (LAIl).
LAl is the projected leaf area per unit area of soil surface. It is a dimensionless
value. Simulation software accepts values from 0.001 to 5. Figure 1 shows
sample of measured LAl values of different plants [10]
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LALI: nearly zero ' ' ]
Too sparse to be measured LAI: 1.69 LAI: 3.07 LAI:5.28 LAI: 6.66

Source: reproduced from Chen Yu, (2006) [10]

- Soil Thickness (ST).
- Soil Conductivity (SC).
- Thermal Insulation (TI).

METHODOLOGY

A two-storey residential building was modelled in DesignBuilder software tool and
simulated for energy consumption using EnergyPlus. The building form was a square of
10m X 10m footprint, where each floor was considered as a single zone with no internal
partitions. A residential occupancy schedule was applied. Simulated building parameters
are described in Table 1.

Table (1) Simulated building parameters.
BUILDING PARAMETERS

DIMENSIONS 10X10m HVAC Setpoint
No. of Floors 2 Cooling 23

No. of people 0.04/m2 Heating 21
Activity Residential |Type Split
LIGHTING Type Fluorescent Suspended

Illuminance: Dimming: Sensor Height:

Daylighting control 200 lux Linear/off 0.8m

CONSTRUCTION

Wall 20cm concrete block + 2cm cement plaster
Roof variable: Standard / Green Roof

Windows Double-glazed clear WWR:  10%
CITIES Cairo, Khargah, Alexandria, Berlin

The modelled building with a standard un-insulated roof was considered as the base
case. The standard roof was also tested for thermal insulation values of 5, 10, 15 and
20cm in order to compare the savings achieved by a green roof to that of insulated
standard roofs.

Then, a green roof was introduced, including a root barrier layer and layers for drainage,
and water proofing. The green roof top layer included the growing medium (soil) and
the plants. The cases of roof layers are shown in Figure 2. Alternatives and combinations
of green roof parameters were tested for a number of values as in Table 2.
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Table (2) Tested standard and green roof parameters combinations.

Thermal Insulation (TI) Ocm [ BASE CASE ]

5,10, 15,20 cm

1
2
Leaf Area Index 3 10 0.3 0
(LAI) :
4
5
Soil Thickness ;g ; 0.3 0
(sT) '
50 5
0.3 1 10
Soil Conductivi
' Conductivity 0.6 s>Kso 0
(sc)
0.9
0 1
Th | Insulati %
ermal Insulation 5 3 10 0.3
(Tn) S

Figure (2) Standard roof layers, green roof layers and the building model.

Roofing Tiles 2cm

Cement Morter 2cm

Sand 5cm

Cast Concrete sloped 7cm

THERMAL
INSULATION
BASE CASE : No insulation

Variable: 5, 10, 15, 20 cm

Bitumen Sheets
Reinforced concrete 20 cm
— Cement Plaster 2 cm

STANDARD ROOF

PLANT LAI (variable) 1,2,3,4,5
SoIL Thickness (variable) 10, 30, 50 cm
Conductivity (variable) 0.3, 0.6, 0.9

Root barrier PVC 1cm
Drainage layer (Gravel) 5cm

Water proofing membrane (EPDM)
Cast concrete sloped 7cm

THERMAL
INSULATION
Bitumen Sheets

Reinforced concrete 20 cm
Cement Plaster 2 cm

GREEN ROOF Building Model

Performance simulations took place for three Egyptian cities classified by Képpen-Gieger
climate classification as desert climates: Alexandria, Cairo and Khargah [11]. Despite
this, there are some differences in mean daily temperatures between them, Figure 3.
For comparison reason, simulations were also performed for a city with Temperate

climate: Berlin, Germany.

Default : No Insulation
(Variable): 5ecm
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Figure(3) Mean daily maximum and minimum temperatures in tested cities.
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LIMITATIONS

The same base case parameters were used for all tested cities including Berlin. These
parameters are not the common practice in that city; however, they were used only for
comparison purpose under a different climate.

RESULTS
Results for the base case standard roof and those of the green roof can be shown as
follows:

The Base Case:

Simulation results for the base case building showed that EUI differed across the cities in
response to their climates: Khargah was the highest in EUI across the three desert cities
followed by Cairo, then Alexandria, Figure 4. The three were dominated by cooling
loads, while some heating loads were found that were of minimum values in Khargah,
and highest in Alexandria. Annual EUl values were 199, 139 and 107kwhr/m2 for
Khargah, Cairo and Alexandria respectively. On the contrary, Berlin was dominated by
heating loads, while a small value of cooling load was needed in summer. Values for
lighting loads ranged from 17.3 to 18.8kwhr/m2 in desert cities while reached
22.2kwhr/m2 in Berlin due to the cloudy sky conditions.

Figure (4) Base case EUI values in tested cities.

Kwhr/m2
250

200

150

100

50 I
0 -

KHARGAH CAIRO ALEX BERLIN

Energy Use Intensity (EUI)

BASE CASE
M Cooling W Heating Lighting

129



The Effect of Green Roof on Energy Consumption of Two Storey Air-Conditioned... KHALED EL-DEEB, P.125-136

Thermal Insulation of Standard Roof

Thermal insulation layer alternatives of different thicknesses ranging from 2.5 to 20cm
were applied to the model with a standard roof. Results showed that savings increased
by increasing the thickness of the insulation layer. However, the largest portion of the
savings was achieved at smaller thicknesses. For example, in Khargah, at 5cm insulation
thickness, 20% savings were achieved, while at 10cm, the result was only 3% additional
savings, and another 2% resulted at 15cm and 1% at 20cm. This indicated that the first
5cm thickness resulted in about four times the savings achieved by the following 15cm
of thickness. Figure 5 showed a similarity in the savings patterns in the four cities.
Khargah and Cairo results were nearly coinciding. The savings achieved by 20cm of
standard roof thermal insulation reached 26% in Khargah and Cairo, and about 22% in
Alexandria and Berlin. These values were used for comparison to those resulting from
the green roof cases.

Figure (5) Percentage of energy savings achieved by alternatives of thermal insulation
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GREEN ROOF

Simulations performed for the green roof showed a high potential for energy savings in
desert cities compared to both standard un-insulated and insulated roof cases. The
values of green roof energy savings were influenced by the tested parameters. The
effect of these parameters can be described as follows:

Leaf Area Index

LAl values ranging from 1 to 5 were simulated with constant parameters : soil thickness
10cm and soil conductivity 0.3. Results in desert cities showed an increase in energy
savings occurred as the LAl increased. Additional saving of 6% in Alexandria, and 8% in
Cairo and Khargah were achieved by increasing the LAl value from 1 to 5. In Berlin, the
effect of LAl on energy consumption was insignificant and nearly no changes in savings
occurred. These results reflected the positive shading effect that occurred through
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dense plantation in desert cities, while that was not of significance in a heating
dominated temperate city, Berlin, Figure 6.

Figure (6) Percentage of energy savings achieved by alternatives LAls.
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Soil Thickness, Thermal Insulation and Leaf Area Index

Three values of soil thicknesses (10, 30, 50cm) were tested at Leaf area index (1,3,5) in
the four cities. Results showed that the increase in LAl - for each soil thickness - led to
an increase in the energy savings in all desert cities, while had a negligible effect in
Berlin, Figure 7.

Results also showed that the difference between the values of energy savings achieved
by a green roof at 10cm and at 50cm soil thickness ranged from 5 to 6% in all cities at
LAl 1. These values decreased to only 1 to 2% in desert cities at LAl 3, and to nearly 0%
in Khargah and Cairo at LAl 5, while remained 2% in Alexandria. On the other hand, in
Berlin the difference was 6% in all LAl values. This indicates that, in desert cities, the soil
thickness has a significant effect only at low LAl value, while at high LAI, it becomes
either of no effect or insignificant effect. This can be explained as the shading effect of
plants at high LAl served in reducing the roof’s surface temperature by blocking a larger
portion of direct solar radiation than in low LAI, minimizing the temperature difference
between the indoor and outdoor and thus minimizing heat transfer by conduction, and
consequently minimizing the effect of soil thickness. This was useful in desert climates,
where a large amount of solar radiation is found, while in the temperate climate of
Berlin the shading effect either led to insignificant or decreased amounts of savings.

Compared to the cases of standard roof insulation, the green roof at a high LAl and 10 or
30cm of soil thickness exceeded the savings achieved by 20cm thermal insulation of a
standard roof in Khargah and Cairo, and was of nearly a similar value in Alexandria.
Compared to the commonly used 5cm insulation thickness, nearly all green roof cases
resulted in significant additional savings that reached 9% in Khargah and Cairo, and 6%
in Alexandria. Only the GR cases of LAl 1 and soil thickness 10cm were of less yet close
savings to that of the standard roof with 5cm thermal insulation. In Berlin, thermal
insulation generally showed more savings than the green roof. The standard roof with
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5cm insulation resulted in 3% more savings than GR of 10cm soil thickness, while
equivalent savings of a GR with 50cm soil thickness and LAI 5 was achieved b only 10cm
of thermal insulation.

Figure (7) Effect LAl and Soil thickness, compared to base case and standard roof
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Soil Conductivity

Soil conductivity values of 0.3, 0.6 and 0.9 were tested at LAls 1 and 5, and at soil
thicknesses 10 and 50cm.

In the desert cities, the difference in Soil Conductivity (0.3-0.9) resulted in 2% difference
in energy savings at LAl 1 and soil thickness 10cm. By the increase in soil thickness to
50cm at the same LAI 1, this value showed a slight increase to range from 3 to 4%
indicating a slightly higher effect of soil conductivity at larger soil thickness and low LAI;
the lower the conductivity the higher the savings. However, at the high LAI 5, the effect
of soil conductivity was nearly negligible in both soil thicknesses of 10cm and 50cm,
indicating that the shading effect at high LAl minimizes the effect of soil conductivity as
well as that of soil thickness. On the other hand, in Berlin, the effect of conductivity did
not change by changing LAI, while slightly increased by the increase in soil thickness. See
Figure 8.
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Figure (8) Effect of soil conductivity at LAls 1 and 5 and at soil thicknesses 10 and 50cm.
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A layer of 5cm thermal insulation was added to a GR of a soil thickness 10cm and
conductivity 0.3, in cases of LAl 1, 3 and 5. The savings achieved by the insulated GR was

compared to that of the un-insulated one, Figure 9.

Figure (9) Effect of adding a 5cm thermal insulation layer to the green roof compared to
the un-insulated case at LAl 1-3-5.
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The insulated GR showed more savings, up to 4,5and 6% in Khargah, Cairo and
Alexandria, respectively at LAl 1. These values decreased to 1.5-3% at LAI 3, and to 0-2%
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at LAl 5 in these desert cities, showing that the amount of additional savings provided by
insulating the green roof were of less significance at LAls 3 and 5. In Berlin, this value
was significant even at high LAls - nearly 6% in all LAl cases- as minimizing heat loss was
of a more significant effect than that of the shading effect of the green roof.

CONCLUSIONS

In tested cities, the following points can be concluded.

A densely-planted green roof of medium soil thickness showed a high potential
for energy savings that reached 24-29% in tested desert cities, and 19% in Berlin
when compared to a standard un-insulated roof.

Compared to a standard roof with 5cm thermal insulation, the stated green roof
achieved 6-9% more savings in desert cities, while was of nearly the same
amount as the former one in Berlin.

In desert cities, the savings achieved by the green roof exceeded those achieved
by thermal insulation of a standard roof even when compared to the case where
the insulation thickness reached 20cm. On the other hand, in Berlin, it was of
about 5% less savings than that case of insulation.

In general, the green roof was more efficient than thermal insulation in tested
desert cities, while despite achieving significant savings, it was less efficient than
thermal insulation in Berlin.

Leaf Area Index is a key parameter in desert cities. The increase in LAl leads to an
increase in energy savings, and to dampening the effect of soil thickness,
conductivity and thermal insulation. It was not of a significant effect in Berlin.
This reflected the importance of solar shading in desert climates, rather than in
the temperate climate, where annual shading can result in a negative effect in
the heating seasons.

By increasing LAl value from 1 to 5, additional energy savings of 9%, 8% and 6%
were achieved in Khargah, Cairo and Alexandria respectively, indicating that the
benefit increased in hotter cities.

Soil thickness has an insulative effect. Increasing soil thickness lead to increasing
energy savings at LAl 1 by additional 5-6% in desert climates. However, the
increase in thickness did not achieve significant savings at higher LAls (3-5), as
the shading effect of the dense plantation helped minimize heat gains from
direct solar radiation, thus decreasing surface temperature, and heat transfer by
conduction.

Soil thickness remained of importance even at high LAl in the temperate climate
of Berlin.

In desert cities, soil conductivity had a negligible effect on energy savings at the
high LAl 5, while had a small effect at the small LAl 1. At the latter case, that
effect was 2-3% at small soil thickness (10cm) and 3-4% at high thickness (50cm).
In Berlin, the difference in conductivity resulted in 3% difference in savings in all
LAl cases. In these case savings decreased by the increase in soil conductivity.
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Adding a 5cm layer of thermal insulation to a green roof was beneficial in desert
cities only at the low LAl 1 value, while in the temperate climate it was also of
benefit at higher LAls. It achieved nearly 5% additional savings at LAI 1in all cities,
while at LAls 3,5 these additional savings decreased and were insignificant in
desert cities but stayed of nearly the same significance in Berlin.

In Egypt, a green roof with LAI 5, soil conductivity 0.3 and soil thicknesses 10cm
in Khargah and Cairo and 30cm in Alexandria can be recommended as this
achieved high savings, even when compared to standard roof insulation 5cm.

FUTURE RESEARCH

Further research is needed to assess the impact of green roofs on energy consumption
in multi-storey buildings of different height proportions, and on building types other
than residential such as office buildings, where internal loads are higher than that in the
former type.
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