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Abstract

The effect of urban form on energy consumption has been the subject of various studies around
the world. Having examined the effect of buildings on energy consumption, these studies
indicate that the physical form of a city has a notable impact on the amount of energy consumed
in its spaces. The present study identified the variables that affected energy consumption in
residential buildings and analyzed their effects on energy consumption in four neighborhoods in
Tehran: Apadana, Bimeh, Ekbatan-phase I, and Ekbatan-phase 11. After extracting the variables,
their effects are estimated with statistical methods, and the results are compared with the land
surface temperature (LST) remote sensing data derived from Landsat 8 satellite images taken in
the winter of 2019. The results showed that physical variables, such as the size of buildings,
population density, vegetation cover, texture concentration, and surface color, have the greatest
impacts on energy usage. For the Apadana neighborhood, the factors with the most potent effect
on energy consumption were found to be the size of buildings and the population density.
However, for other neighbourhoods, in addition to these two factors, a third factor was also
recognized to have a significant effect on energy consumption. This third factor for the Bimeh,
Ekbatan-1, and Ekbatan-Il neighborhoods was the type of buildings, texture concentration, and
orientation of buildings, respectively.

Keywords: land surface temperature; energy consumption; residential buildings; urban

morphology; urban sustainability; remote sensing



1. Introduction

The rapid growth of cities, in combination with fast technological advancement, has created
many challenges for the management of urban environments. Today’s cities consume natural
resources, generate heat, and produce pollution in amounts that far exceed those of past decades
(Ng & Ren, 2018; Feigenwinter et al., 2018). The world’s population and energy consumption
have been steadily increasing since the Industrial Revolution. During this time, the urban
proportion of the global population has also been increasing. In 2007, the world’s rural and urban
populations became roughly equal in size for the first time in history, and today, more than half
of the world’s population lives in cities. It has been estimated that by 2030, nearly 60% of the
world’s population will live in cities all around the globe (Alhamwi el al., 2017; Kamal-chaoui
and Robert, 2009).
Built environments have an impact on urban climate, and, acknowledging the importance of this
issue, many urban designers and architects believe that designs should be in harmony with the
local climate and environment. Cities consist of countless small elements, whose interactions and
the way they influence each other and their surroundings can create a variety of local
microclimates (Dwivedi, 2019; Echarri, Espinosa, & Rizo, 2017; Aram, Solgi, & Holden, 2019;
Baker, 2018). In the past, energy performance analyses of urban environments involved
comparing urban forms with quantitative measures such as total energy consumption or carbon
dioxide emission, but recent studies have chosen to focus on specific aspects of the urban energy
system such as buildings or transportation for such analyses. Although macro approaches are
convenient and straightforward, they are more challenging to use in practice because of the
complexity of the urban energy system (Kaza, 2010; Fox, Osmond, & Peters, 2018; Kasmaee &
Tinti, 2018).
The particular climate of each part of a city is a factor of the characteristics of its own and
surrounding environments, and specifically the materials, geometry, structure, and surface
characteristics of its build spaces. The characteristics of city air at higher altitudes usually vary
from site to site, as they are affected not only by the height of buildings but also the heat
condition of the area underneath. Further, thermal comfort and energy consumption in buildings
of any given area are influenced by the climate of that area, which can differ from the condition
in the city air (Oke, 1988; Li, Zhou, Asrar, & Zhu, 2018; Osborne & Alvares-Sanches, 2019; Ye



et al., 2018; Dwivedi, Khire, Mohan, & Shah, 2018; Aram, Solgi, Higueras Garcia, Mosavi, & R.
Varkonyi-Kaéczy, 2019).

Energy consumption in cities and its relation to urban design and form has been the subject of
many studies. Some of these studies have proposed some methods and models for assessing the
relationship of energy consumption in both buildings and transportation with urban form and
shape. For example, in a study by Oh and Kim, the authors discussed the impact of geographical
parameters on the energy efficiency of buildings and introduced 13 types of urban blocks for the
studied area. In this study, data analysis was performed with the help of GIS, EnergyPlus and
Openstudio software (Oh and Kim, 2019). In another study, Yang et al. analyzed 530 buildings
in mid-sized US cities to determine the impact of a building’s surroundings on its energy
consumption, and ultimately introduced a data-driven urban energy analysis methodology (DUE-
A) (Yang, Gupta, & Jain, 2019). Javanroodi et al. introduced a multi-objective optimization
framework based on a genetic algorithm called Energy Efficient Form-finder (EEF), and used it
to study the form combination of five reference buildings in five different urban areas, based on
a new technique called “Building Modular Cell” (Javanroodi, Nik, & Mahdavinejad, 2019). A
summary of the studies conducted in this field and their proposed methods is provided in the
following table (Table 1).

Table 1: Summary of research on the relationship between urban form and energy

consumption

Publication Specific focus Addressed | Geographical Method Case Study
Sector Area
(Alhamwi, sustainable Urban Building City The GIS-based urban Oldenburg _
Medjroubi, Energy System energy systems model Germany
Vogt, & Agert,
2017)
(Rodriguez- assess the energy Building City Urban Energy Index for Barcelona_
Alvarez, 2016) = performance Buildings (UEIB) Spain
(cooling, heating, .
lighting)of g"a‘?'”d—
buildings pain
London_
England
Paris_
France
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(Kanters & potential of solar Building City simulation with the Lund-

Horvat, 2012) energy to the local program Ecotect Sweden
production of
energy
(Zhou, Li, & Urban mixed use Building City 3D model and simulation | Shanghai_
Tao, 2016) and its impact on by Rhinoceros5.0 - China
energy Grasshopper -
performance EnergyPlus
(Yang, Gupta, | Analyzing Building City Proposing Data-driven California-
& Jain, 2019) relationships Urban Energy Analytics USA
between building (DUE-A)

energy use and
urban systems

Despite their many merits, none of these studies has focused on a specific part of a city. This lack
of focus can increase the degree of error in estimations and conclusions, because energy
consumption in a city, especially in a large city, can be influenced by a wide variety of factors
dependent upon its geographical, social, economic and other characteristics. To minimize this
error, the present study was conducted on specific parts of the city of Tehran that are very similar
in terms of geographical, social, economic, and other characteristics. Using the land surface
temperature estimates taken from satellite images, this study analyzed the relationship between

energy consumption and the form of urban blocks.

In several urban studies, the effects of either urban heat island (UHI) or the cooling effect of
urban green spaces have been measured from land surface temperature data stemmed from the
Remote Sensing method (Aram, Higueras Garcia, Solgi, & Mansournia , 2019). However, to
date, none of these studies have investigated the relationship between the city form and its
energy consumption. Thus, this paper, using land surface temperature sourced from satellite
images, aims to investigate the impact of the urban form and the arrangement of buildings on

energy consumption.

2. Materials and methods
Studies on the impact of urban form and texture on energy consumption can be divided into two
broad categories: the studies focused on transportation networks and the related variables that

may affect energy consumption, and those focused on buildings, whether individual buildings



from the architectural perspective or blocks of buildings from the urban development point of
view. In this study, we tried to identify the variables that affect energy consumption in buildings
(mainly residential) with attention to their placement in urban texture and to analyze the impact
of these variables on energy consumption (Figure 1).

The first step of the study was to extract research variables from the literature. Then, the effect of
each variable on heating energy consumption in winter was investigated. This investigation was
performed using the buildings of four neighbourhoods in Tehran: Apadana, Bimeh, and Ekbatan
Phases I, Ekbatan Phases | (hereafter referred to Ekbatan-1 and Ekbatan-Il for the sake of
brevity). Using the Morgan's table, the sample size was calculated to 40 for the Apadana
neighbourhood and 260 for the Bimeh neighborhood, but for the Ekbatan neighborhoods (both
phases | and II), which contain a relatively small number of buildings, all buildings were
examined. Ultimately, the land surface temperature data derived from Landsat 8 satellite images
of the area were used to investigate the effect of variables.

In this study, the term building refers to the entire built proportion of a plot of land that has an
official deed with a registration plate. The deed shows the ownership of the building by one
person or by several persons, who have built or purchased the building individually or together
and divided the apartment units. Therefore, this study uses the term building to describe a built
structure with common spaces (staircase and elevator) where one or more households live. Since
the ultimate goal is to analyze the rate of energy consumption in each building, the energy
consumption data of each building has not been considered, because the scale of the building has
a direct impact on consumption (the larger the building the more energy consumption). Therefore
to get reasonable results, the percentage increase in energy consumption of each building was
calculated in the winter (as a period of time that consumption increasing) compared to the
summer (as the period of time that consumption decreasing).

In this study, land surface temperature (LST) was considered to be equivalent to the temperature
below the urban atmosphere and to be the primary factor in the analysis of surface radiation and
energy variations, the inner climate of buildings, and human comfort in the urban environment.
Physical features and color of urban surfaces, sky-view factor, street geometry, traffic lines, and
human-made changes in nature are some of the essential factors that determine LST in urban
environments (Deo & Sahin, 2017; Karimi, Pahlavani, & Bigdeli, 2017; Jiang & Weng, 2017). In

this study, the data needed to model LST, were extracted from Landsat 8 satellite images.



This information was obtained by analyzing images in GIS software. The data regarding natural
gas consumption during the 2019 winter were gathered from the District 4 office of Tehran Gas
Company. The effect of variables on energy consumption was then analyzed in SPSS using a
multivariate linear regression equation. The focus on gas consumption in winter is because,
given the widespread use of natural gas-burning heaters and heating systems in Iran, this
consumption is a practice measure for examining the increase in heating energy consumption in
different areas and analyzing the influential variables. The remaining household consumption of
gas is almost constant throughout the year.
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Figure 1: Conceptual framework for the research



2.1. Study site

Tehran with an area of 750 km2 is known as the largest city of Iran. The rapid growth of this
megacity has given rise to serious urban environmental issues such as UHI and energy demand
(Sodoudi, Shahmohamadi, Vollack, Cubasch, & Che-Ani, 2014). According to Koppen
classification, the climate of this area classifies as Csa (Kottek, Grieser, Beck, Rudolf, & Rubel,
2006). The negative environmental impacts of cities are on the rise which threatens the natural
environment. Cities are the largest consumer of raw materials and energy and the largest
producer of pollutions, solid and liquid wastes. The use of non-renewable energies contaminates
land, air, and water, resulting in instability. Provided that the energy consumption is not reduced,
it can lead to the destruction of many urban areas and their associated centers (Bokaie, Zarkesh,
Arasteh, & Hosseini, 2016). Tehran, with a population of 8.5 million, is not exceptional, thereby
finding practical solutions and urban design theory to reduce energy consumption is essential.

The studied area is located in District 5 of Tehran municipality at 35°42'00"N and 51°25'00"E.
District 5 covers more than 5287 hectares of land in the northwest of Tehran. The studied
neighbourhoods are located in Zone 6 of District 5, which mostly consists of densely
concentrated residential complexes in the Ekbatan, Apadana and Fakouri neighbourhoods. The
only exception in this regard is the Bimeh neighbourhood, which consists of smaller land lots

with buildings of up to 4 floors on average (Figure 2).
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Figure 2: Location of District 5 in Tehran (Source: the detailed plan of Tehran, 2006)

Land uses in the studied area are mainly residential with a few dispersed commercial plots.
However, there are also a few industrial plots in the southern parts of the Bimeh neighbourhood.
The population density and total population of the studied neighbourhoods are given in the
following table (Table 2).

Table 2: Total population and population density of the studied neighbourhoods

Quarter Population Population Density
Koye Apadana 9099 28
Koye Bime 31670 26
Ekbatan phase | 22805 20
Ekbatan phase 11 21027 38

The Apadana, Ekbatan-1 and Ekbatan-11 neighbourhoods all have relatively dispersed spatial
patterns, with the difference that the first two neighbourhoods consist of regularly spaced

buildings in similar blocks, but the same cannot be said for the last one. In contrast, the Bimeh




neighbourhood has a checkered pattern with the most neatly arranged blocks and the most
compact texture among the neighbourhoods. Because of having better vegetation cover around
the buildings, The Apadana, Ekbatan-1, and Ekbatan-11 neighbourhoods have more favorable
summer conditions than the Bimeh neighbourhood. Buildings in the Bimeh and Ekbatan-I
neighbourhoods have a north-south orientation and those in the Apadana neighbourhood have a
northeast-southwest orientation, but buildings in the Ekbatan-11 neighbourhood do not have any
specific dominant orientation. In the Apadana, Ekbatan-1 and Ekbatan-11 neighbourhoods, green
patches are scattered between the buildings, providing functional spaces for relaxation and
serving as children playground. In the Bimeh neighbourhood, green spaces are sparser than in
other areas. In this neighbourhood, vegetated areas are mostly restricted to the edge of sidewalks
and courtyards of buildings, though there are also a few patches of greenery in the area. The trees
planted in these areas are mostly deciduous (70%) but are combined with evergreen trees (20%)

in some areas (Figure 3).
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Figure 3: Aerial map of the studied area
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3. Results

This section examines the findings obtained from satellite imagery and LST data and their
relationship with energy consumption in winter. The Tehran Gas Company collects the gas
consumption data of buildings periodically (every two months) in cubic meters.

Landsat 8 satellite crosses every point on Earth once every 16 days, taking images from the
target ground surfaces as it passes. To determine the mean LST and air temperature in the area of
interest, we used the six images taken in February and another six taken in March. After
obtaining LST with GIS software, the lowest LST, the highest LST, and the mean LST in
degrees Celsius were calculated. After calculating the air temperature in degrees Celsius, the
neighbourhoods were compared in terms of the degree of warmness and coldness and the
average increase in energy consumption relative to hot months. Then, the analysis of research

variables continued with aerial images.

In the following figures (Figure 4-8), the LST maps obtained for the study area are compared

with the corresponding aerial images.
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Figure 4: Land surface temperature (LST) map, Winter, 21/2/2019
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Figure 6: Comparison of LST in the Bimeh neighbourhood with aerial images (21/2/2019)
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Figure 7: Comparison of LST in the Ekbatan-I neighbourhood with aerial images
(21/2/2019)
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From the above figures, it can be concluded places with more abundant and denser green spaces
have lower LST, and this contributes to the moderation of air temperature (research has shown
that vegetation cover can reduce the air temperature by 1.4-6.1 degrees Celsius). In the southern
part of the Bimeh neighbourhood, there is a low-density industrial zone where LST is 9 degrees
higher than other areas of the same neighbourhood. This shows that the density of zones as well
as green spaces can affect LST, thereby moderating the local microclimate. This microclimate is

significantly more noticeable near the ground and under the tree canopies.

Table 3: Comparison of energy consumption of examined neighbourhoods and the average

consumption of each building in hot and cold seasons

Quarter Gas Gas Difference Average Average Difference of Percentage
Consum | Consump | of consumpti | consumpti | each Building @ of each
ptionin | tionin Consumptio @ onofeach | onofeach | Consumption | Building
summer | winter n between Building in | Building in = between two Increasing

two seasons | summer winter seasons consumptio
n
Koye 256394 | 1113890 857496 6410 27847 21437 334.44
Apadana
Koye 85378 673969 588591 328 2592 2264 689.39
Bime
Ekbatan 198841 1297568 1098727 14203 92683 78481 552.57
phase |
Ekbatan 359091 1830815 1471724 18900 96359 77459 409.85
phase Il
The most Increase [ ] The least Increase [ ]

Table 3 shows the average gas consumption in winter and summer in each examined
neighbourhood and the difference between these averages. According to these results, in winter,
the Ekbatan-11 neighbourhood has the highest (1830815) and the Bimeh neighbourhood has the
lowest gas consumption (673969). The same is also true for summer. To better understand the
extent of the increase in gas consumption in the cold season compared to the hot season, the
difference between the two seasons was also examined. This examination showed that the

difference between the two seasons was highest for the Ekbatan-11 neighbourhood (1471724) and
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lowest for the Bimeh neighbourhood (588591). This comparison is based on the total
consumption of the entire population.

Given the scale of the research and the considered variables, the next step was to examine the
energy consumption in the building dimension. Using the results of the above table, the average
consumption of each building in summer and winter was calculated and the difference between
these averages (the increased consumption in winter relative to summer) was determined.
According to these results, the Bimeh neighbourhood has the lowest (2264) and the Ekbatan-I
neighbourhood has the highest gas consumption (78481).

While the above results provide a general view of the state of energy consumption, to obtain
reliable results in this regard, the percentage increase in energy consumption in the cold season
relative to the warm season had to be determined. According to the above table, the highest
percentage increase in energy consumption (689.39%) belongs to the Bimeh neighbourhood and
the lowest (334.44%) is related to the Apadana neighbourhood. Therefore, the Bimeh
neighbourhood has the highest energy consumption and the Apadana neighbourhood has the
lowest energy consumption in the building dimension. For a closer examination of the effect of
each variable on energy consumption, the variables related to each neighbourhood were
analyzed.

The variables used in this study were derived from the studies of Ko (2013) on factors affecting
energy consumption in the residential sector. After reviewing the relevant research literature, Ko
introduced nine main variables that have a notable influence on energy consumption in the
residential sector. These variables are the type of buildings, size of buildings, population density,
texture concentration, the orientation of buildings, spatial arrangement of buildings, vegetation
cover, surface coverage, and surface color.

In the initial examination, the size of buildings, type of building, population density, and texture
concentration were found to have the greatest effect on gas consumption. After more careful
investigation and examination of aerial imagery of LST, two variables, namely the condition of
open spaces (referring to the effect of vegetation cover, presence of water ponds, etc.), and the
condition of the site’s surrounding area (warmer or cooler surface covers, land uses affecting air
temperature, etc.) were added to the aforementioned list of variables. Then, the effects of the
resulting 11 independent variables on gas consumption were investigated.
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Discussion

Factors that can influence energy consumption in cities have also been variously studied,
investigating the variables affecting energy usage in buildings as well as transportation.
According to these studies, in areas where public transportation is more widely used, buildings
constitute a more substantial proportion and transportation makes up a smaller proportion of total
energy consumption (Anderson, Wulfhorst, and Lang, 2015; Garcia-Santos et al., 2019; Urquizo,
Calderén, & James, 2018; Crawford et al., 2018).

For the first time in 1986, Owens studied urban form variables that influenced the energy
consumption of a building on a regional scale. This includes: residential area patterns,
interconnected networks, the size of residential areas, the shape and form of residential areas,
residential interconnection networks, density, functionality distributions, activity centralization,
building patterns, orientation, positioning, and building construction plans (Owens & Rickaby,
1992).

It has been estimated that energy-inefficient design, equipment, and behavior can raise the
energy consumption of a building by respectively, 250, 200, and 200 percent. Since these effects
stack, a poorly designed building that is equipped with an inefficient system and whose residents
do not partake in energy-efficient behaviors can have up to 10 times higher energy consumption
( Baker & Steemers, 2000). The effects of urban form characteristics on energy consumption can
be examined at different scales, namely an individual building, an urban block, a neighbourhood,
and the entire city (Silva, Oliveira, & Leal, 2017; Solgi, Hamedani, Sherafat, Fernando, & Aram,
2019; Wang, Hu, Chen, & Yu, 2019). Elements of urban form that affect energy consumed in
buildings include type and size of buildings, building density (physical concentration of
residential units and population), spatial structure (building shape and street orientation),
vegetation cover (trees and other plants), and surface cover (permeable/impermeable) (Chun &
Guldmann, 2018; Wetherley, McFadden, & Roberts, 2018; Khamchiangta & Dhakal, 2019; Hu
& Wendel, 2019; Dyce & Voogt, 2018). Other non-spatial variables that may affect energy
consumption include building design, heating efficiency, HVAC efficiency, and residents’
behavior. Urban planning and design factors are associated with microclimate variables,

including daylight exposure, sunlight direction (affecting the heating), wind current (affecting
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wind protection as well as optimal ventilation), and local temperature (heat island effect)
(Ayanlade, 2017; Chen et al., 2019; Esau, Miles, Varentsov, Konstantinov, & Melnikov, 2019;
Barile, Leoni, Pantoli, & Stornelli, 2018; Aram et al., 2019). These microclimate variables, in
turn, affect the energy consumption of residential units. Neighbourhood density is strongly
dependent on housing size and type and is associated with sunlight exposure, natural ventilation,
and heat island effect. Street grid design determines the direction of streets and the shape of
buildings, which are essential for sunlight exposure and airflow. Landscape planning, tree
planting, and surface cover also have profound impacts on urban climate, primarily through

sunlight exposure and heat island effect (Ko, 2013).

In 2014, urban form factors affecting energy consumption were studied in Paris, New York, and
Barcelona. These factors include; mass composition and structure (built-up areas, FAR, building
height, building density, neighborhoods), street openings (sun blockage and outward
appearance), street network (intersection and collision points, the distance between intersection
points, the mean number of interconnections to measure the amount of communication and
access to spaces, traffic flow and traffic congestion, fuel use and its impact on air pollution),
active volume (refers to the volume of the building up to a depth of 6 meters, which reduces

energy consumption by receiving natural light and ventilation) (Salat, Bourdic & Labbe, 2014).

Mitchell (2005), in a study, examines the role of city form and energy in urban development. As
a result of this study, in the era of climate change and the goal of reducing CO2 emissions,
energy efficiency in urban development is one of the most important factors in urban

sustainability.

Sattrup & Strgmann-Andersen(2013) conducted a study titled "Building typologies in Northern
European cities: Daylight, solar access, and building energy use.”. They presented some
geometrical parameters for designing sustainable building patterns in the Nordic area by asking
how different urban forms, as well as the density of different types of building can influence
energy consumption and daylight availability. The results of his research, which focused on new
and old varieties of urban textures, indicted a 16% impact of pattern selections and typology on

energy consumption, as well as a 48% impact on daylight intake at a constant city density.
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In this study, the investigation of the effect of variables on the increase in energy consumption
shows that the size of buildings and the population density have the most significant impacts on
energy consumption in the residential sector. The effect of research variables on energy
consumption was found to differ from neighbourhood to neighbourhood because of their
physical differences. In the Apadana neighbourhood, only two variables, namely the size of
buildings and the population density, influenced energy consumption. For the Bimeh
neighbourhood, six variables, including of the size of buildings, population density, type of
buildings, texture concentration, surface coverage, and vegetation, had direct effects on energy
consumption, and other variables (orientation of buildings, spatial arrangement of buildings,
surface color, condition of open spaces, and condition of surrounding areas) had either no effect
on energy consumption or were affecting it indirectly through another variable. In the Ekbatan-I
neighbourhood, also, six variables including the size of buildings, population density, texture
concentration, the orientation of buildings, surface color, and condition of surrounding areas, had
direct impacts on energy usage. Finally, for the Ekbatan-11 neighbourhood, only three variables,
namely the size of buildings, population density, and texture concentration were found to affect
energy consumption. The lack of effect of individual variables on energy consumption can be
attributed to the uniformity of neighbourhood in terms of that variable (e.g. the type of buildings
in the Apadana neighbourhood, where all buildings are apartments with 5 or more residential
units) or very small variations of the variable across the neighbourhood (e.g. the color of surfaces
in the Apadana neighbourhood, where all surfaces are bright-colored and have very similar
albedos). Therefore, the magnitude of the effect of each variable on energy consumption in each
neighbourhood, both direct and indirect, depends on how much it has changed in that

neighbourhood.
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In the following, we will discuss how and to what extent the variables have affected the amount
of energy consumed in each neighbourhood and why some variables have had no effect
whatsoever. Given the length of the analysis, this section only provides the path analysis of the
effect of variables on energy consumption in the Bimeh neighbourhood as an example (Figure

9).

Open 0/427
Space
onditio: 0/427

Coverage

Figure 9: Path analysis of the effect of variables on energy consumption in the Bimeh

neighbourhood
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The above diagram shows that the orientation of buildings and the condition of surrounding areas
have had no effect on energy consumption in this neighbourhood and also three variables
including surface color, the spatial arrangement of buildings, and condition of open spaces have
had indirect effects on this matter

According to Table 4, for the Bimeh neighbourhood, the size of buildings and the population
density have had the greatest effect on energy consumption, and this relationship is direct
(meaning that energy consumption increases with the increase in the size of buildings and the
population density). It can be seen that with the change in building type from single-story and
two-story houses to apartments with five or more units, energy consumption increases. Energy
consumption also increases with the surface cover becoming more impermeable. The color of
surfaces and the open spaces have minimal effect on energy consumption but directly affect the
surface cover. In this neighbourhood, impermeable surfaces are much more frequent than
permeable surfaces and their color is also darker. Thus, with the increase in the area of
impermeable surfaces, the neighbourhood as a whole has become darker in color (most surfaces
of this neighbourhood are dark-colored) and has attained a low albedo (percentage of sunlight
reflected from the surfaces), which means absorbing more solar radiation. This feature may be
favorable in the cold seasons but it is extremely undesirable in the summer. According to a study

Table 4: path analysis table for the Bimeh neighbourhood

variables Direct Effect Indirect Effect Total
Housing type -0.039 0.436 0.397
Housing size 0.759 0.107 0.866
Density 0.414 0.218 0.632
Compactness -0.112 0.035 -0.077
Planting 0.055 - 0.055
Surface coverage 0.289 - 0.289
Color of surface - 0.016 0.016
Community layout - -0.260 -0.260
Open space - 0.045 0.045

by Ebrahimpour et al., using light colors on the exterior of a building can reduce its annual

energy consumption by about 9%. In this regard, the most energy-efficient design would be to
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make the exterior darker in winter and brighter in summer, but in practice this is impossible.
Since this study focuses on the amount of energy consumed in winter, the surface color effect
that is of interest to this paper is that as the surface color becomes brighter, the albedo of surface
increases and sunlight absorption decreases, which leads to higher energy consumption (in
winter).

In the context of this study, density refers to two notions: population density from planning
perspective and texture concentration from a physical and architectural perspective. The higher
the texture concentration is, the greater will be the population density and the smaller will be the
vegetation cover. This results in a higher frequency of solid surfaces of different materials and
colors, which, depending on the type of materials, can increase the day-time heat absorption and
the night-time discharge of the absorbed heat, which leads to increased temperature in open
spaces. Therefore, an increase in texture concentration results in increased energy consumption.
Also, energy consumption becomes lower the more irregular the spatial arrangement is in the
vertical direction. Regarding vegetation, having less and smaller vegetated areas directly
increases the amount of energy consumption (Figure 10). For this neighbourhood, since
buildings have the same orientation and there is not much change in the condition of surrounding

areas, these two variables have not affected energy consumption (Figure 11).
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Figure 10: Changes in the quantitative variables in the Bimeh neighbourhood
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Figure 11: Changes in the qualitative variables in the Bimeh neighbourhood

The path analysis tables developed for other neighbourhoods are provided below (Table 5).

These tables can be analyzed in the same way as was done for the Bimeh neighbourhood. But to

avoid prolonged repetition, these analyses are not included in the paper.

Table 5: path analysis table for the Apadana neighbourhood, Ekbatan-1 neighbourhood,

Ekbatan-11 neighbourhood

variables = Direct Effect Indirect Effect Total
. Apad EK EK . Apad | EK EK . Apad EK EK
Bime ana phl pll Bime ana phl | phll Bime ana phl phll
Housing ' (039 ] . 0436 - ) . 0397 ) ] )
type
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Housing

size 0.759 0.991 0.617 1.186 0.107 - - - 0.866 0.991 -0.457 | 1.186
Density 0414 | 0621 @ 0830 0438 | 0218 - . . 0632 | 0621 | 0830 0438
compact | o112 L os;2 | 0369 0035 - S . w00 - gsa &3
ness )
Planting | 0.055 ] ] ] - ] . - 0.055
Surface 0.289 ] ] ] ; ] ] . 0289
coverage
Color of
) 0.016 ] . - 0016 .

surface 0.521 0.521
Communi 0260 | - ) . -0.260
ty layout
Open

] ] 0.045 ] . - 0.045 . _
space 0.457 0.457
Orientati 0.495 0.495
on : - - - . . . :

What is constant in all of the examined neighbourhoods is the size of buildings and the
population density having the most significant impacts on energy consumption. A change in any
of these variables has an impact on the other and they jointly have the greatest direct effect on
energy consumption. In Table 8, the changes in these variables in each neighbourhood relative to
the Bimeh neighbourhood (the neighbourhood with the highest energy consumption) are
compared with each other. In Table 8, it can be seen that the size of buildings and population
density in the Apadana neighbourhood are respectively 4.51 times and 2.8 times higher than
those in the Bimeh neighbourhood, and the energy consumption of buildings in summer and
winter in the Apadana neighbourhood is respectively 19.5 times and 10.75 times higher than
those in the Bimeh neighbourhood. Given the difference between winter and summer energy
consumption in these neighbourhoods, it can be concluded that the energy consumption of
buildings in the Apadana neighbourhood has been 51% lower than in the Bimeh neighbourhood.
These figures mean that the buildings of the Apadana neighbourhood have been able to conserve
51% more energy than the buildings in the Bimeh neighbourhood. The figures related to other

neighbourhoods can also be interpreted in the same way. Accordingly, the buildings in the
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Ekbatan-1 and Ekbatan-11 neighbourhoods have managed to save respectively 20% and 40%

more energy than those in the Bimeh neighbourhood (Table 6).

Table 6: Final comparison of the changes in energy consumption

Quarter Housing Density consumption = consumption = Difference of = Percentage of
size of each of each each Building each
Building in Building in | Consumption Building
summer winter between two Increasing
seasons consumption
Comparing L
Apadana to 4.51 2.80 19.52 10.75 9.47 (5) 0.49
Bime
Comparing 4
Ekbatan phl 53.78 2.15 35.75 43.25 34.67 (E) 0.80
to Bime
Comparing
Ekbatan 37.99 3.41 37.17 57.55 34.22 ) 059
phll to 10
Bimeh

As Table 6 compares the ratio of increases or decreases of the research variables in the three
Apadana, Ekbatan-1 and Ekbatan-Il1 neighborhoods to Bimeh, it does not include a unit of
measurement. For instance, the first cell represents the size of the building in Apadana
neighbourhood IS 4.51 times that of Bimeh neighbourhood.
Conclusion

The results of this study suggest that among the examined variables, the size of buildings,
population density, vegetation cover, texture concentration, and surface color are the most
important factors affecting energy consumption in the studied neighbourhoods. Because of the
many interior walls shared between units in large apartment buildings, the presence of these
buildings reduces the average energy consumption of the area. However, the higher the number
of people living in a building, the higher will be the energy consumption (because of the per-
capita consumption added with the addition of each person). Texture concentration can have a
significant effect on the temperature of open spaces and how natural energies such as wind and
sunlight can be used to reduce energy consumption. Therefore, the presence of more scattered

spaces (in terms of building arrangement) increases the need for heating energy in winter.
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Vegetation cover is one of the most critical factors that can moderate the microclimate and cool
the nearby spaces. Depending on the type of trees planted and their location, vegetation cover
can reduce the surface temperature in summer and contribute to increasing temperature in winter
by letting sunlight through. The color of surfaces also has a significant effect on the proportion
of sunlight to be reflected (albedo) and the heat energy to be received and absorbed. Brighter
surfaces generally absorb a lower proportion of the incident heat energy and reflect a higher
proportion away. The orientation of buildings, the condition of open spaces, the condition of the
site’s surrounding areas, and surface coverage were also found to affect energy use, but not as
strongly as other variables.

Neighbourhoods with high population density where buildings are large-scale and have a
uniform spacing and a regular spatial arrangement, buildings orientation is designed for local
climate, and green spaces are scattered between buildings have lower energy consumption than
neighbourhoods with checkered textures and north-south orientation, which have green patches
in the form of neighbourhood parks plus sidewalk trees.

Given the importance of rapid population growth and the rising energy demand of the present
and future generations of urban populations as a significant global concern, urban planners and
designers are recommended to conduct more extensive studies on the potentials for reducing
energy consumption in urban spaces to ensure the sustainability of our cities in the future. The
results of this study, which was conducted on the climate of Tehran, suggest that with proper
planning for future developments and adoption of measures such as increasing the ratio of
vegetation cover in the existing textures, it is indeed possible to decrease the energy consumed
for heating in this city over the cold months of the year. Since the effects of examined variables
on energy use are likely to vary with the climate, further research is needed to investigate these
effects in different climates.
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