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ORIGINAL STUDY

Investigation of Greening Façade and Retrofitting
Strategies on Outdoor Thermal Comfort and Indoor
Energy Consumption in New Assiut City, Egypt

Amr S.H. Abdallah*, Randa M.A. Mahmoud

Department of Architecture, Faculty of Engineering, Assiut University, Assiut, Egypt

Abstract

This study aims to investigate the effect of greening façades and roofs on the outdoor thermal comfort of residences
and indoor energy consumption within the context of different retrofitting strategies. The proposed methodology con-
sists of two main stages, first Envi-met will be used to model the base case and study the effect of green walls and roofs
on outdoor thermal comfort, then DesignBuilder will be used to estimate the annual energy consumption of the base
case and six retrofitting strategies. An investigation was performed for a new residential complex Youth housing sector
in New Assiut City as a model of public low-income housing in many Egyptian desert cities. The results concluded that a
significant reduction in Physiological Equivalent Temperature (PET) is achieved in the canyon between buildings using
green walls, a reduction that ranged between 4.20 �C and 11.20 �C. Furthermore, the integration of green walls with
different retrofitting strategies (wall and roof insulation and replacing lamps with light emitting diode (LED) units)
achieved a further reduction in energy consumption that reached 32.67% in the weather file of 2020. Additionally, the
usage of green walls and roofs in the case study is considered an appropriate strategy for the residential existing
buildings, besides its durability, low economic required compared with other strategies such as adding concrete shading,
its role in preserving the environment, ease of implementation by the residents, and applicability in different Egyptian
desert cities. Finally, the findings generate wider benefits for a residential community of low-income people.

Keywords: Coupled simulation, DesignBuilder, Energy consumption, ENVI-met, Outdoor thermal comfort

1. Introduction

R ecently, a rapid increase in energy con-
sumption has occurred inside residential

buildings in Egypt due to the raising in living
standards and comfort requirements. It is known
that buildings’ façades have a significant influence
on indoor thermal comfort and, consequently,
buildings' energy consumption. Recently, various
studies have illustrated how buildings' façades and
green roofs and façades can affect outdoor temper-
ature ranges and their role in improving outdoor
thermal comfort. For example, Envi-met was used to
investigate the influence of vertical vegetation; trees,
grass, and shrubs on the residential building Liao
and colleagues (Liao et al., 2021). The results

indicated that trees have the highest effect by
0.49 �C and 17.7 �C for air temperature (Ta) and
mean radiant temperature (MRT), respectively, and
that trees could reduce the heat load of the adjacent
façades. Abdallah and Mahmoud (2022) have used
Envi-met in studying the effect of six scenarios on
improving outdoor thermal comfort in a hot climate
zone in Egypt. Consequently, the reduction of PET
reached 19.1 �C in the deep by applying a hybrid
scenario of grass, trees, and semi-shading at 50%.
Also, four mitigation techniques(cool pavements,
cool coating façades, and roofs, green walls with ivy
and green roofs, and a combination of those) have
been assessed by using Envi-met by Zhu and col-
leagues (Zhu et al., 2021). It was revealed that the
reduction of the surface temperature (Ts) of walls
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and canopy's Ta have occurred based on green walls
and roofs and the cool pavement, respectively.
Additionally, Knaus and Haase (2020) have con-
ducted a simulation process to study the effect of
greening on the rooftop on improving outdoor
thermal comfort in a residential building in Berlin,
Germany. Consequently, the Physiological Equiva-
lent Temperature (PET) has declined by 9 K.
Furthermore, Li and colleagues (Li et al., 2021) have
used Envi-met to analyze diverse greening patterns.
It was found that the modular green wall pattern has
the highest proportion of livable (68.22%), then the
liner green wall pattern and the green wall by
60.06% and 56.83%, respectively. Therefore, the
patterns of liner green walls and modular green
walls are suitable for a hot climate in contrast to
green walls Li and colleagues (Li et al., 2021).
Finally, the Tmrt has been observed in front of two

buildings; the first façade was half-greened,
whereas the second façade with part is bare by using
ENVI-met, RayMan, and SOLWEIG Janicke and
colleagues (J€anicke et al., 2015). It was found that
Tmrt was reduced by 2 K and short-wave radiation
was reduced by 14.39 W/m2.

1.1. Effect of green walls on indoor energy
consumption and thermal comfort

Furthermore, various studies have discussed
different types of green walls as being one of the
most promising technologies for reducing the cool-
ing demand in hot climate zones. Yang and col-
leagues (Yang et al., 2018) investigated the cooling
performance of a double-skin green wall in four
directions of the administrative building on the
Shanghai University campus. The reductions in in-
door Ta were 5.5 �C and 3.3 �C for the southern and
northern façades, respectively. Further, the indoor
thermal improvement reached 2.7 �C and 1.9 �C on
the southern façade northern façade, respectively.
Djedjig and colleagues (Djedjig et al., 2016) have
studied the influence of green walls and mass flow
on buildings’ energy loads and simulated them by
TRNSYS program. The results showed that green
walls can reduce 37% of the cooling load and miti-
gate the thermal conditions within street canyons.
A comparison between traditional roofs and green

roofs has been conducted by using EnergyPlus
software in eight cities in Mexico by �Avila-
Hern�andez and colleagues (�Avila-Hern�andez et al.,
2020). The results indicated that green roofs could
reduce the indoor temperature by 4.7 �C, CO2 by
45.7%, and cooling energy demand by 99%.
Furthermore, Hoffmann and colleagues (Hoffmann
et al., 2021) have measured the energy-saving

potential of one-layered façade greenings by pro-
posing a model of numerical heatemass transfer.
Thus, the model calculates temperature and energy,
and outflows for nine walls. Green Façade could
reduce the exterior and interior wall temperature by
17 K and 2.9 K, respectively, in addition to energy
savings ranging from 2 to 16 kWh m�2. Bano and
Dervishi (2021) have analyzed the effect of three
green and glazing façade scenarios on energy con-
sumption reduction by using DesignBuilder soft-
ware. It was found that the reduction of energy has
ranged from 9% to 11% by applying 50% windows-
to-wall on the façade. In addition, the energy-saving
of a scenario of a fully glazed building was 34%, in
addition to 4.7 �C and 9 �C reductions in indoor
temperature and radiant temperature, respectively.
Moreover, the heating and cooling load reductions
of three buildings with green walls at the Korea
Advanced Institute of Science and Technology
campus have been investigated by Poddar and col-
leagues (Poddar et al., 2017) by using DesignBuilder
software. It was found that the energy-saving value
of green walls is 31%, whereas the demand for
heating and cooling could reduce by 60% and 10%,
respectively, in residential buildings.

1.2. Effect of retrofitting strategies on energy
consumption reduction

Several studies have illustrated diverse retrofitting
strategies to reduce energy consumption inside
residential buildings. Al Saadi and colleagues (Al
Saadi et al., 2017) have used simulation programs
such as DesignBuilder to investigate the effect of
retrofitting strategies on improving the ration-
alization of energy consumption for a residential
building in Oman. It was found that there is a
considerable impact from insulating the external
walls and roof, in addition to usinglight emitting
diode (LED) lights, on minimizing energy con-
sumption. Finally, combining the best strategy from
each category could reduce building energy con-
sumption by as much as 42.5%. On the other hand,
an optimization algorithm NSGA-II and Design-
Builder were used to evaluate the performance of
shading devices and to determine the optimal one
Zhao and Du (2020). Additionally, Hema and col-
leagues (Hema et al., 2021) have tested triple-layer
wall materials as insulation material to improve in-
door thermal comfort. The results revealed that the
highest reduction in indoor temperature was ob-
tained when the triple-layer wall material was
placed inside to prevent overheating. Additionally,
Prakash (2015) has studied the influence of insu-
lation layer-wood wool in walls and roofs by using

2 A.S.H. Abdallah, R.M.A. Mahmoud / Mansoura Engineering Journal 48 (2023) 1e15



the computational fluid dynamics technique. It was
obtained that the Predicted Mean Voted (PMV) by
the indoor thermal comfort index has been
improved by 3%. Moreover, Golasi and colleagues
(Golasi et al., 2019) have examined the effect of LED
lighting on indoor Ta and thermal comfort. It was
revealed that the Ta increased by to 1.02 �C after
using a LED cold light instead of a warm LED light.
Finally, O'Donovan and colleagues (O’ Donovan
et al., 2021) have used the TRNSYS 17 model to
simulate the combination of 10 passive cooling
strategies in Dublin. It was revealed that passive
cooling strategies assisted in improving indoor
thermal comfort by a range between 57% and 95%.

1.3. Coupled simulation for indoor and outdoor
environments under climate change

A set of studies has illustrated the influence of
vertical vegetation and green walls on outdoor and
indoor thermal comfort to achieve high perfor-
mance of thermal comfort in exterior and interior
spaces addressed together to adapt to future climate
changes. For instance, Fahmy and colleagues
(Fahmy et al., 2020) have proposed a coupled
simulation process integrated between Envi-met
and DesignBuilder to study the influence of climate
changes in the future on outdoor and indoor ther-
mal comfort. Hence, the effect of strategies; trees,
green walls, and roofs have been studied on resi-
dential buildings' façade, and their results have
been compared in the present time and in 2050, and
2080. It was found that passive mitigation proced-
ures, such as green walls, could reduce Ta by 1.40 �C
and 2.04 �C and energy consumption by approxi-
mately 6% and 7% for the two buildings by 2050.
Similarly, the influence of urban morphology and
geometry scenarios on indoor energy consumption
has been investigated by Mahmoud and Ragab
(2020) at present time and in the future in 2035.
Thus, the results of outdoor thermal comfort and
energy consumption have been obtained by Envi-
met and DesignBuilder, respectively in 2020 and
2035. Consequently, a reduction in energy con-
sumption has occurred by a range from 6% to 9%
within applying the scenario of deep canyon (H/
W ¼ 1.5) by 2035. This set of studies has illustrated
the importance of evaluating the energy consump-
tion of residential buildings, whereas many de-
signers seek to balance improving indoor thermal
comfort and reducing the energy demand Bano and
Dervishi, Poddar and colleagues, Fahmy and col-
leagues, Zhao and colleagues (Bano and Dervishi,
2021; Poddar et al., 2017; Fahmy et al., 2020; Mah-
moud and Ragab, 2020; Andric and Al-Ghamdi,

2020; Andric et al., 2020; Zhao et al., 2017). Addi-
tionally, various strategies play the main role in
saving energy consumption and can be either
implemented inside the building, such as LED
lighting or integrated with the building's envelope,
such as a green wall Widiastuti and colleagues
(Widiastuti et al., 2020); Avila-Hern�andez et al.,
2020; Hoffmann and colleagues (Hoffmann et al.,
2021). Moreover, the combination of these passive
strategies, such as using insulation walls with LED
lighting, may have a more positive effect Zhu and
colleagues (Zhu et al., 2021). Furthermore, there is a
need to assess the efficiency of these strategies not
only in the present time but also in the future to
guarantee indoor thermal comfort throughout the
coming years Fahmy and colleagues, Mahmoud and
Ragab, Ismail and colleagues, Sanchez-Garcia and
colleagues (Fahmy et al., 2020; Mahmoud and
Ragab, 2020; Ismail et al., 2021; Sabunas and Kana-
pickas, 2017; S�anchez-García et al., 2019) because
climate change could have both negative and posi-
tive effects on energy consumption Flores-Larsen
and colleagues (Flores-Larsen et al., 2019). Few re-
searchers have studied the usage and impact of a set
of retrofitting strategies for reducing the energy
consumption of residential buildings in new Egyp-
tian desert cities by integrating coupled simulation
of the outdoor environment. Therefore, the novelty
of this study is represented in proposing a coupled-
aim methodology to study the influence of integra-
tion of retrofitting strategies such as green walls and
roofs to reduce the heat transfer to indoor spaces
and reduce solar radiation in outdoor spaces.
Hence, the outputs of this methodology are
improving outdoor thermal comfort and so for
reducing energy consumption, consequently
encouraging outdoor social activities among the
residents. The main aim of this present study is to
improve the outdoor thermal comfort of residential
outdoor spaces, indoor thermal comfort, and energy
consumption rationalization in the current time by
integrating different retrofitting strategies. Besides,
predicting the efficiency of these strategies with the
expected height of Ta and climate changes in the
future and its performance on indoor energy con-
sumption and thermal comfort. Residential complex
Youth housing in New Assiut city was selected as a
model of public low-income housing in many
Egyptian desert cities. As a result of that, improving
the thermal comfort and energy consumption for
low-income Egyptian people will reflect on the
general improvement of thermal comfort and
rationalization of energy consumption in the coun-
try. Accordingly, this improvement lightens the load
on the public energy grid and on the government, so
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that is considered the significance of this paper.
Additionally, the usage of green walls and roofs in
the case study is considered an appropriate strategy
for the residential existing buildings, besides its
durability, ease of implementation by the residents,
and applicability in different Egyptian desert cities.

2. Methodology

First, the investigation was conducted for the in-
door environment inside one of the youth housing
buildings in New Assiut city, and four data logger
measurement devices were inserted inside different
orientations facing the outer courtyard. The third
floor (middle) was chosen for monitoring so that no
effect of high solar radiation on the top floor. The Ta,
relative humidity (RH), were measured using data
loggers- Thermos Recorder model TR72Ui with
measuring accuracy: ±1%RH, ±0.1 �C during the
one of the hot months; August 2014 and the devices
were calibrated with the reference device. Based on
applying an efficient hybrid scenario of grass, trees,
and semi-shading 50% Abdallah and colleagues
(Abdallah and Mahmoud, 2022), this study will
investigate the influence of other retrofitting strate-
gies and green walls and roofs on outdoor thermal
comfort and indoor energy consumption as
described in the first step.

Second, an investigation of the effect of a green
wall integrated with building façades was studied
on outdoor thermal comfort and building surface
temperature to decrease heat transfer for the indoor
environment and decrease discomfort hours using
ENVI-met 4.4.5 numerical software. Third, an
investigation for energy consumption reduction was
conducted due to the integration of a green wall
using DesignBuilder software and coupled simula-
tion ENVI-met. In addition, an investigation of
applying different retrofitting strategies to a build-
ing with respect to its impact on annual energy
consumption was conducted. Two models were
validated. First, outdoor measurements conducted
in August 2014 were compared with the results of
the Envi-met software to validate the model. Sec-
ond, the actual measured temperature in an apart-
ment of youth housing on the third floor in August
2014 were compared with the numerical model of
DesignBuilder to validate the model (Abdallah,
2015). The simulation period to evaluate outdoor
thermal comfort was selected between 8:00 a.m. and
8:00 pm due to the effect of solar radiation on the
outdoor and residents conducting different activities
in an outdoor environment. Fig. 1 shows the steps of
the methodology adopted. The two strategies
adopted to investigate their performance on outdoor
thermal comfort are green walls and green roofs

Fig. 1. The methodology adopted for this research.
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using ENVI-met. The studies that have addressed
applying vertical vegetation in Egypt have elabo-
rated the importance of the role played by green
walls in mitigating the outdoor effect on the indoor
thermal quality and energy consumption in hot dry
zones like Egypt such as (Fahmy et al., 2020). From
the merits of green walls and roof are; a) mitigation
of urban heat island, b) improving outdoor thermal
comfort by reducing Ta, c) reducing the area of solar
radiation of building, d) reducing heat gain for in-
door spaces, e) improving indoor energy consump-
tion by reducing cooling energy demand, f)
adaptation method to climate changes in future and
g) ease of applicability in existing buildings Fahmy
and colleagues, Momtaz (Fahmy et al., 2020; Mom-
taz, 2018). Accordingly, the impact of green walls
and roofs reflects on both outdoor and indoor
thermal comfort which makes it more efficient than
other passive strategies such as the reflective cool-
ing strategy which affects indoor thermal comfort
only. In addition, the new drip irrigation method
contributed to reducing the required amount of
water in such desert cities Fahmy and colleagues
(Fahmy et al., 2020). Therefore, Fig. 2 shows the
proposed scenarios for green walls and roofs using
ENVI-met simulation software. The parameters of
green walls and roofs for the simulation process are
shown in Fig. 2c. A green wall has been hung using
steel frames as the main structure and inner layer

and steel net to hold plants. In addition, there is an
air gap of the distance of 10 cm between the vertical
plants and the actual building façade to prevent
transferring of heat gain, besides distributing the
irrigation system on each floor. The outdoor layer
consists of the loam soil and plants, Ivy is selected as
being climber plant and native in Egypt Fahmy and
colleagues, Momtaz (Fahmy et al., 2020; Momtaz,
2018). Thus, the layer thickness is about 30 cm to
reduce solar radiation and prevent high heat from
reaching indoor spaces. Also, the green roof is a
height of 3 m than the concrete roof for easy usage
by residents, and its layers are layer consists of loam
soil and Ivy plants with a thickness of 30 cm.
Six retrofitting strategies have been proposed to

investigate their performance on annual energy
consumption in DesignBuilder software based on
their feasibility and the literature review. These
scenarios are replacing existing lighting units with
more efficient LED units; adding wall insulation;
roof insulation; adding wall insulation with
increasing roof insulation; horizontal louvers for
windows; and combining wall and roof insulation
with replacing LED lighting units. Table 1 provides
the description of the six strategies simulated in
DesignBuilder. Three cases were studied using the
DesignBuilder software. In the first case, energy
consumption and indoor thermal comfort were
improved for the existing building (base case) using

Fig. 2. The proposed scenarios for the youth housing sector using ENVI-met software; (a) the base case, (b) the strategy ST1 of green walls and green
roof shading, and c) green wall components on building walls.
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different retrofitting strategies. The second case was
an investigation of the effect of a green wall on
annual energy consumption without any other ret-
rofitting strategies using the weather file output
from ENVI-met of the green wall. A third case was
an investigation of retrofitting strategies of the first
case with the integration of the effect of the green
wall in the second case.
The methodology includes two main stages. First,

ENVI-met 4.4.5 was used for modeling the base
case, validation, and strategy of green walls and
roofs to determine their impact on outdoor climate
variables, such as Ta, RH, and wind speed. As a
result, the weather data files for the two cases could
be obtained to modify them in element software and
EnergyPlus converter. Secondly, energy modeling
processes for the base case, validation, and the six
retrofitting strategies could be conducted by using
DesignBuilder software to estimate the annual en-
ergy consumption. PET was used as an index for
evaluating the performance of outdoor thermal
comfort. PET was calculated based on RayMan
software, developed by Andreas Matzarakis, Uni-
versity of Freiburg, Germany Farhadi and col-
leagues (Farhadi et al., 2019) based on the climate
outputs (Ta, RH, Wind speed, and Tmrt) from
ENVI-met.

2.1. Case study location and description

Assiut City is located in Egypt at a latitude of
27�30N and a longitude of 31�150E. In the summer
months, the maximum temperature is between
41 �C and 45 �C, in contrast to the minimum tem-
perature, which is between 16 �C and 22 �C.
(Fig. 3) shows field monitoring for outdoor tem-

perature and humidity in New Assiut City. The
Youth housing government sector was selected as a
case study whereas the sector consists of 12 resi-
dential buildings. Additionally, the urban canyon
ratios (H/W) of the Youth housing sector range be-
tween 0.6e0.24. The street pattern outside the
housing sector is regular with a few trees providing
shade as shown in Fig. 4.
Each residential building in the Youth housing

sector model consists of five floors and four flats per
floor with an area of 280 m2. Each flat has two ori-
entations. Fig. 4 shows the plan, elevation, outside
view, and housing layout. Table 2 shows the build-
ing material description used in building this model
based on physical properties specification Asan and
Sancakter (1998). The location of a selected resi-
dential building is in a narrow canyon, although the
shade of the surrounding buildings is not efficient
due to the small building height which reached 15 m

Table 1. Description of six strategies used in Envi-met and DesignBuilder.

Strategy: ST1 ST2 ST3 ST4 ST5 ST6

Green walls and
green roof shading

Wall
insulation

Roof
insulation

LED lighting
system

Wall and roof
insulation

Wall and roof
insulation and
LED lighting
system

Wall Material: [01AGDS] Green
wall with greater
leaves 90% Ivy tree
thickness ¼ 30 cm
Soil is Loam
thickness 5 cm
Air gab ¼ 10 cm

Passive wall by
thermal tiles for
good insulation
by rigid foam
boards

Brick wall
(12 cm) with
no insulation

Brick wall
(12 cm) with
no insulation

Passive wall
by thermal tiles
for good
insulation

Passive wall
by thermal
tiles for good
insulation

Roof Material: [01NADS] Green
roof on the top of
roof shading on
height 2.7 m Ivy tree
thickness ¼ 30 cm
Mixed substrate
thickness ¼ 5 cm
Soil is Loam
thickness 5 cm

Squirrel tiles Thermal
insulating tiles
is made from
Extruded foam
with white
cement layer
reinforced with
fiber mesh

Squirrel tiles Thermal
insulating tiles
is made from
Extruded foam
with white
cement layer
reinforced with
fiber mesh

Thermal
insulating tiles
is made from
Extruded foam
with white
cement layer
reinforced with
fiber mesh

Lighting system: Fluorescent
bulbs

Fluorescent
bulbs

Fluorescent
bulbs

LED lighting
system

Fluorescent
bulbs

LED lighting
system

HVAC system: One AC One AC One AC One AC One AC One AC
Windows

shading:
Non Non Non Non Non Non

Simulation
Program:

Envi-met Design- Builder Design- Builder Design- Builder Design- Builder Design- Builder
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only. In addition, the lack of vegetation and shading
leads to the high indoor temperature inside resi-
dential flats in the four different building orienta-
tions. The outer façade was affected by high solar
radiation without any shading from buildings or
trees which causes a rise in indoor temperature with
high cooling demand as noted in the extant litera-
ture Abdallaha (2015). Thus, the improvement of the

indoor and outdoor temperature is needed to ach-
ieve comfort with energy consumption reduction.
Particularly, this sector represents the approved
model by the Egyptian government for low-income
housing in many new Egyptian cities, hence its
improvement is considered an improvement of
many models at the level of hot desert new cities
inside Egypt.

Fig. 3. Temperature patterns during hot periods of 2014 in New Assiut City.

Fig. 4. The overview of the Youth housing sector (Layout, plan, elevation, and outside view).

Table 2. Description of building material (Asan and Sancakter, 1998).

Building part Material U-Value (W/m2K) Thickness (m)

Glass windows Single glass 5.7 0.006
External walls Red brick (with 2 cm cement plaster on every side)

with a thickness of 12 cm without thermal insulation
2.86 0.16

Clay tile (roofing) with slope
Insulation 2.93 0.60

Roof Concrete slab
Cement plaster (coating)
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2.2. Outdoor and building numerical simulation
and validation

To calibrate the ENVI-met model, the base case
study was modeled via ENVI-met based on the
parameters of the case study in Table 3. The outputs
were compared with the field measurements con-
ducted on 22nd August 2014 as a sample of hot days
of summer that are considered critical days of high
outdoor thermal radiation and accordingly indoor
thermal effect.
As well as, in the last years, hot days represented

many of summer days in Egypt based on the sta-
tistics of the Ministry of Energy in Egypt (Ministry of
Energy in Egypt, 2021). Accordingly increasing of
the ratio of energy consumption in residential
buildings by 45%. As shown in Fig. 5, the coefficient
of determination (R2) has been calculated. Thus, the
values of R2 were 0.998, 0.9477, and 0.928 for Ta, RH,
and wind speed, respectively. Hence, model vali-
dation was obtained to check the accuracy of the
results that will be obtained from the simulation and
to compare them to the actual measurement
Andelkovic and colleagues, Reddy and colleagues
(Andelkovic et al., 2016; Reddy et al., 2006).
For simulation, a model of the youth housing was

created using DesignBuilder software in its fifth
version (V.5.0.3.007). The building was built and
simulated based on the material properties in

Table 2. Fig. 6 shows the exterior view of the youth
housing building in DesignBuilder.
A fixed schedule was used for HVAC operation

with a fixed activity based on the common lifestyle
for the residents in the residential community of
New Assiut City from the field study survey during
the previous research Abdallaha (2015). The nu-
merical model using DesignBuilder was validated

Table 3. The case study parameters as inputs for the simulation process in ENVI-met (Abdallah and Mahmoud, 2022).

Building properties Landscape properties

Area of existing case 17250 m2 Street width 10 m and 18 m
Building width 20 m Street material Asphalt
Building length 15 m Sidewalk width 4 m: 8 m
Building Height 15 m Sidewalk material Yellow brick
Courtyard width 62 m Soil material Loamy soil
Aspect ratio (H/W) 0.24e0.6 Green area 2400 m2

Façade material Yellow painted Tree type Ficus Nitida trees

Fig. 5. The Linear regression of; a) Ta, b) RH and c) wind speed inside the courtyard.

Fig. 6. The exterior view of the youth housing building inside
DesignBuilder.
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using the actual measured temperature in an
apartment of youth housing on the third floor with a
north- and west-facing orientation in the summer of
2014 Abdallaha (2015). The calibrated model showed
variation between 2.7% and 5.5% of the actual
measured temperature during the measured period.
Therefore, the variation is within the acceptable
variation according to the extant literature Rahman
and colleagues (Rahman et al., 2008) and produces
an actual environment of the residential building.

2.3. Abilities and limitations

The abilities of the proposed methodology and the
optimization model are detailed below.

(1) Relying on coupled simulation between ENVI-
met and DesignBuilder to improve outdoor ther-
mal comfort and indoor energy consumption.

(2) The flexibility of applying the methodology to
other residential buildings in the new desert
Egyptian cities.

(3) Studying the effect of green walls and roofs on
both outdoor thermal comfort and indoor energy
consumption.

(4) Relying on retrofitting strategies to improve in-
door energy consumption.

(5) Assisting in solving environmental problems
such as global warming and confronting climate
changes by studying the thermal performance of
retrofitting strategies, green walls, and roofs in
the early design stages.

(6) Expansion potential of the methodology to
include several developed retrofitting strategies.

On the other hand, the limitation and shortcom-
ings are detailed below.

(1) Ignoring other strategies for improving outdoor
thermal comfort such as the Albedo effect and
shading ratio and height.

(2) The study focused on residential buildings with
a fixed height of 15 m and not on the varied
height between buildings.

(3) Focusing on the energy consumption of resi-
dential buildings without taking into account the
accurate analysis of indoor thermal comfort.

3. Results and discussion

3.1. Evaluation of indoor thermal comfort inside the
residential flat

(Fig. 8) shows the temperature and absolute hu-
midity patterns for one of the hot days in August.
High temperature was observed in the living room

with different orientations and most of the mea-
surement time is far from the 90% acceptability
limits of the Adaptive Comfort Standard (ACS) of
ASHRAE except in the northwest flat due to using
the cross-ventilation strategy Abdallah and col-
leagues (Abdallah et al., 2014). The urban canopy
ratio (H/W) of 0.6e0.24 without any shading or
strategies for the outer façade causes high heat gain
and solar radiation that affects strongly indoor
thermal comfort. The outer façades are exposed to
high solar radiation most of the time without any
shading or trees. Whereas adding shading or lou-
vers devices or double skin façade significantly
achieves reducing solar radiation and improving
indoor thermal comfort accordingly. Also, the ab-
solute humidity fluctuates strongly due to using
natural ventilation only and no cooling strategies.
Thus, the main reason for the high temperature is
due to the lack of shading for the outer wall. Based
on data monitoring of the indoor environment, it is
recognized the importance of outer wall shading
using double skin façade like green wall to decrease
heat gain through walls and its reflection for outer
environment and discomfort for residents. There-
fore, numerical simulation using ENVI-met simu-
lation tools for integration of green wall to
investigate and evaluate its effect on outdoor/indoor
thermal comfort.

3.2. Evaluation of outdoor thermal performance
simulation using green walls and green roof

Fig. 9 shows the influence of using green walls
and roof shading on the outdoor Ta and PET. A
reduction in the outdoor temperature is achieved
that ranged from 3.78 �C to 5.08 �C based on the
simulation process from 8:00 a.m. to 8:00 pm on
August 22, 2020. Accordingly, the PET index was
calculated using RayMan software, and the reduc-
tion of PET ranged between 4.40 �C and 11.20 �C in
2020, 4.20 �C and 10.70 �C in 2050, in addition to
4.60 �C and 10.50 �C in 2080, which compatible with
the previous literature Kanaus and Haase, 2020 (Li
et al., 2021; Chen et al., 2021). Fig. 10 shows the Ts of
the outer façade with the integration of a green wall
with a comparison of the real thermal image taken
at 3:00 pm. It is concluded that a reduction of façade
Ts for the three directions of the green walls (east,
south, and west) could be obtained by ENVI-met
compared with the base case based on the previous
research Zhu and colleagues (Zhu et al., 2021). The
thermal images by the thermal camera (Flir-C2)
were taken for the outer façade of the residential
building with different orientations. Based on ther-
mal image monitoring, it is clear that a higher
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temperature for outer Ts for building façade was
found for the west and southwest orientations,
ranging between 45 �C and 50 �C when the outer

temperature reached 41 �C. This causes high heat
transfer through the outer wall during the daytime
with a U-value of 3.02 (W/m2 K).

Fig. 7. Temperature and absolute humidity pattern inside the residential flat with different orientation.

Fig. 8. Comparison between the base case and ST1 influence on outdoor thermal comfort on 22 August; a) Ta and b) PET.
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Fig. 10. The temperature of the roof layer of base case and ST1; a) the surface temperature of the roof layer and b) Ta above the roof layer.

Fig. 9. The surface temperature of the base case and ST1 of green walls and green roof shading at 3:00 pm.
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After the implementation of the green wall strat-
egy, the reduction of Ts for the eastern façade was
approximately 9 �C for the year 2020 Fig. 11 (see Fig.
12).
Ta patterns for the south and west façade with/

without green walls and in front and outside façades.
A significant reduction of Ta is achieved due to the
integration of a green wall with an average temper-
ature difference equal to 6 �C compared with the Ta
in front of the outer façade for the year 2020.

3.3. Adapted retrofitting strategies to improve total
energy consumption

In the second phase of this study, the effect of
integration of different retrofitting strategies in the
building was evaluated to improve annual energy
consumption, and in the third stage, all-weather
data files, which have been extracted by ENVI-met,
were modified by Element software and EnergyPlus
converter. Hence, all-weather files were used as

Fig. 11. Temperature pattern for Ta in front of the south and east façades with/without a green wall.

Fig. 12. The annual electricity consumption for integration of different retrofitting strategies.
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input for the DesignBuilder software to calculate the
annual energy consumption of the base case and the
six different retrofitting strategies.
Annual energy consumption for different retro-

fitting strategies. Using wall and roof insulation
could save 2.5% of the total annual energy con-
sumption and reduce the cooling load with a natural
ventilation strategy without a significant reduction
in indoor temperature and indoor thermal comfort.
This helps decrease heat transfer through the outer
wall and roof when U-values decrease to 0.56 (W/m2

K) and 0.25 (W/m2 K), respectively. A reduction of
total energy consumption was achieved when using
wall and roof insulation by replacing old lamps with
LED units. This reduction could save 31.1% of the
annual total energy consumption based on the
DesignBuilder model.
Based on coupled simulation between ENVI-met

and DesignBuilder and using the results of outdoor
temperature from ENVI-met based on using the
green wall in the outer façade, it is concluded that
using the green wall only on the outer façade of the
base case without integration of retrofitting strate-
gies achieved a reduction of annual total energy
consumption for one building in the first case.
Integration of a green wall and using retrofitting
strategies (wall and roof insulation and replacing
lamps with LED units) achieved more reduction in
energy consumption that reached 32.67% in the
current weather file. This indicates that using the
green wall with the building envelope achieved a
reduction of total energy consumption compared
with using insulation in the building walls and the
roof only. Installation of a green wall with building
wall and roof insulation weakens insulation mate-
rial's effect on the indoor environment and total
energy consumption. As a result of the position of
the insulation material behind the green wall and
the air gap reduced the performance of the insu-
lation material due to the fact that it was not
directly exposed to the external microclimate pa-
rameters, so it does not work in its full thermal
performance such as it is alone. It was found that
using the green wall for the building façade could
reduce the indoor Ta by 2.16 �C compared with
using wall insulation for the building envelope
which concurs with the previous research Fahmy
and colleagues (Fahmy et al., 2020). Also, significant
reduction of indoor temperature equal 1.38 �C
using integration of green roof in the top floor.
Furthermore, a reduction in annual energy con-
sumption was achieved with the same percentage
of current data and a different range between 2%
and 3% for one residential building.

4. Conclusion

The present study helps to improve the outdoor
thermal comfort of residential outdoor spaces, in-
door thermal comfort, and energy consumption
rationalization in the current time by integrating
different retrofitting strategies inside a residential
building in New Assiut City, Egypt. The results from
the simulation of outdoor thermal comfort analysis
using ENVI-met and DesignBuilder simulation
models and the combination of the two can be
summarized as follows.
A significant reduction in wall surface tempera-

ture due to integration of green wall for west and
south façade with a temperature difference reached
6 �C. Also, sharp drop in Ta under the green roof
shading with an average of 8.84 �C. This affects
strongly heat transfer to the indoor environment
through walls or roofs with indoor temperature
reduction equal to 2.16 �C and 1.38 �C for the wall
and roof respectively with a reduction for the cool-
ing demands and total annual energy consumption.
While more reduction is achieved for total energy
consumption due to the integration of different
retrofitting strategies (wall and roof insulation with
replacing lamps with LED units) that reached
32.67%.
Also, the integration of a green wall affects

strongly the reflection of heat and radiation through
outer spaces between buildings (near the building)
and improves residents’ thermal comfort with a
value ranging between 4.20 �C and 11.20 �C, espe-
cially for the deep canyon.
It is recommended to integrate green walls and

roofs with different retrofitting strategies for Egyp-
tian residential buildings in the hot arid climate of
the southern climatic zone to help low-income
Egyptian people, that represent 50% of total Egyp-
tian families to improve thermal comfort and
rationalization energy consumption in all the
country Fig. 7.
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