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Neighborhood planning and design strategies that reduce outdoor air temperatures would improve the
thermal and energy performance of cities in arid regions. This study presents the thermal behavior and
energy consumption of different urban scenarios for low-density social housing neighborhoods in Men-
doza, Argentina. The microclimates of three representative urban canyons located in three different social
housing neighborhoods were monitored. These neighborhoods have different layouts but share other sim-
ilar features, which allow the behavior of their microclimates to be compared. Thus, 48 simulations were
conducted using ENVI-met software to test neighborhood-level scenarios with the following features: two
street widths (16 and 20 m), three layout grids (multi-azimuthal, Cul-de-Sac, and rectangular), and four
street orientations (E-W, N-S, NE-SW, and NW-SE). The energy consumption of each urban scenario was
then estimated and compared. The results show that, in a house constructed without following biocli-
matic design strategies, at least 21% of the auxiliary energy required to achieve a comfortable indoor
temperature (25 °C) during summer can be saved. Energy savings depend on a suitable layout and street
orientation, urban trees, and the albedo of the building materials. This study highlights the importance

of planning and design decisions, especially for social housing settlements in arid cities.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

By 2030, the global energy demand is expected to grow by
40-50% [52]. Providing electricity to the global population would
require an annual investment of $52 billion per year by 2030,
which exceeds twice the level mobilized under current and
planned policies [12]. Energy usage in residential buildings ac-
counts for a significant portion of global energy consumption. The
U.S. Energy Information Administration estimates that the coun-
try’s electricity usage in 2016 exceeded that in 1950 by more than
13-fold, and space cooling by the residential sector (i.e., air condi-
tioning) accounted for the highest electricity consumptions [9].

The amount of energy used by the residential sector depends
on the climate, building characteristics, the number and character-
istics of energy-consuming devices, and the inhabitant$ socioeco-
nomic level [5,36]. Cities in arid zones must survive in an envi-
ronment that is characterized by extreme climatic conditions, with
high solar radiation and air temperatures. In this climate, the urban
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heat island (UHI) effect and warming are most noticeable during
the summer and affect energy consumption via air conditioning as
well as the health of city dwellers.

The main causes of these phenomena are the modification of
land surfaces and waste heat generated by energy usage [24,44].
Regarding energy consumption, Lin et al. [25] determined that a
1°C increase in temperature increases peak electricity demand by
2-4%, and Salamanca et al. [40] demonstrated that extended use
of air conditioning increases the air temperature of arid cities by
1 °C at night. As outdoor temperatures rise, more energy will be re-
quired for cooling system operation. Increased energy demand will
increase its price, rendering it unaffordable to low-income house-
holds. This generates a cycle that negatively affects urban sustain-
ability [56]. The high cost of energy will detriment the indoor hab-
itability of social housing [4]. Therefore, designing energy efficient
dwellings will reduce electricity bills for residents [34].

One of the most important aspects of urban planning is the cre-
ation of sustainable urban environments. The planning process is
closely related to the climate [57]. The LEED-ND rating system rec-
ommends that an energy-efficient building is good, but an energy-
efficient neighborhood is better. A well-planned neighborhood that
considers the layout, street and block proportions and orientations,
urban trees, and cooler materials can reduce the impacts of the
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Fig. 1. Selected study sites: MMA location, neighborhood grid layouts, monitored streets, and house typology.

microclimate generated by the urban form [16,27,30,45]. While
there is evidence that indicates that the urban form, or some of its
attributes, affects energy demand, characterizing the effect of the
urban form remains a major challenge [21,42,43]. The implications
on operational energy use in buildings are not always explored,
and there are few studies that have focused on this. Thus, it is im-
portant to evaluate how elements of the urban form affect build-
ing energy consumption [19]. Comprehensively understanding the
relationship between urban form and energy use is important to
formulate city-level climate change mitigation policies [23]. Rosen-
thal, Kinney, and Metzgerd [38] suggested that low-income neigh-
borhoods should be prioritized in the climate adaptation planning
of cities, and that disparities in accessing residential air condition-
ing are associated with heat-related mortality rates in New York.
Therefore, socioeconomically weak communities are more vulner-
able to the impacts of climate change [10,31,37,46]. Research in
this area would aid the planning of energy-efficient social housing
neighborhoods that considers microclimatic variables in the design
stage.

1.1. Objectives

This study aims to:

- evaluate the impact of different social housing neighborhood
designs on outdoor air temperatures and the energy consump-
tion for cooling during summertime.

- improve energy efficiency at the neighborhood scale by pro-
viding planning and design strategies for social housing settle-
ments in cities with arid climates.

2. Methodology

The following methodology was undertaken to conduct this
study: (i) study site characterization and selection, (ii) microcli-
mate monitoring, (iii) computational fluid dynamics (CFD) simu-
lations, and (iv) estimation of energy consumption.

2.1. Study site characterization and selection process

This study was conducted in the Mendoza Metropolitan Area,
Argentina (MMA), a region with a hot-dry climate (BSk) accord-
ing to the Képpen Climate Classification. The MMA contains 62.8%
of the population of Mendoza [13]. The energy demand faces a

Table 1
Features of the selected urban canyons.
Neighborhood grid Multi-azimuthal ~ Cul-de-Sac Rectangular
Street length (m) 255 145 192
Street width (m) 20 20 16
H/W 0.15 0.15 0.19
Street orientation E-W E-W N-S
Sky view factor 0.69 0.57 0.35
Quantity of trees (u) 53 36 53
Tree species Morus alba Ulmus umbraculifera  Morus alba

maximum increase of 18% during the summer months (December
and January). By relating the UHI and urban warming impacts to
the energy demand for air conditioning, previous studies have ob-
served an energy consumption increase of up to 20% in the MMA
[7]. This is characterized by low building density, mainly consti-
tuting of single-family attached houses [14]. Currently, there is a
housing deficit of 65 thousand homes in the MMA [53]. To improve
the deficit, a National Housing Plan with two specific programs,
“Social Housing” and “Housing = Work”, is being developed by the
government. These housing programs provide the same house type
regardless of context within the MMA, and no energy efficiency
strategies have been considered (Fig. 1).

To select the most representative cases within the MMA, the
study site selection process was categorized into three urban lev-
els:

- Urban districts: The MMA contains six districts, namely, Men-
doza Capital, Guaymallén, Las Heras, Godoy Cruz, Maipd, and
Lujin. The most populated districts were selected and they
share borders with the Capital (Guaymallén: 16%, Las Heras:
12%, and Godoy Cruz: 11%). A graphic survey was conducted
in the selected districts to identify the most representative ur-
ban block forms. The results of the survey show that 31% of
the blocks in Godoy Cruz are rectangular, 48% in Guaymal-
1én are irregular, and 33% of those in Las Heras are irregu-
lar while 30% are rectangular blocks with a North-South ori-
entation. One neighborhood in each urban district was selected
based on these results.

Urban neighborhood: The selected neighborhoods have differ-
ent layouts and block orientations but share some features that
allow us to compare their microclimatic behaviors. For this
study, urban neighborhoods with similar house types were se-
lected to prevent the incidence of built-up characteristics. Ad-
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Table 2
Specifications of the measurement devices.

Device Variable

Measurement range

Accuracy Resolution

H08-003-02
S-LIB-M003

Air temperature
Solar radiation

—20°C-+70°C
0-1280 W/m?

+0.7°C at+21°C
+10W/m? or+5%

0.4°C at+21°C
1.25 W/m?

ditionally, each neighborhood was classified and characterized
according to a study by Stewart and Oke [48] and the Local
Climate Temperature Zones for Urban Studies (LCZ). In Godoy
Cruz, a multi-azimuthal grid neighborhood was selected (rect-
angular blocks with slight orientation changes). In Guaymallén,
a Cul-de-Sac grid neighborhood was selected (irregular blocks
and streets with one inlet/outlet, oriented E-W), and in Las
Heras district, a rectangular grid neighborhood was selected
(rectangular blocks oriented North-South). These three neigh-
borhoods are forested and have equal low-density social hous-
ing typologies (i.e., second magnitude street trees, 16 and 20 m
streets widths, 3 m house heights, and albedos of 0.2, 0.3, and
0.5 for the roofs, facades, and streets, respectively). According
to the LCZ classification, the three study sites correspond to the
open-low rise class with scattered trees subclass (LCZ 6b).
Urban canyons: For monitoring the microclimate, one urban
canyon was considered as representative and selected according
to a characterization process that used a set of six indicators
and descriptors, including street length, width, and orientation;
the H/W ratio; sky view factor (SVF); and species and quan-
tity of trees in the street. The SVF was calculated from hemi-
spherical images that were captured with a Nikon® Coolpix
digital camera equipped with a fisheye lens and then processed
with Pixel de Cielo 1.0 software. The most predominant urban
canyon in each studied neighborhood was selected due to its
representative conditions. See Fig. 1 and Table 1.

2.2. Microclimate monitoring

Microclimatic data in the three urban canyons were captured
during a 34-day measuring campaign (January 8 to February 10,
2014). A fixed sensor-type logger (H08-003-02; HOBO®; Cape Cod,
MA) was installed 2 m from the ground in a solar radiation shield
to prevent irradiation and ensure adequate air circulation [32]. The
sensors recorded data every 15 minutes. January 18 was selected
as the study day as the meteorological conditions were typical of
a summer day in an arid region (high temperature, clear sky con-
ditions, moderate wind, low relative humidity, and no precipita-
tion) [55]. Additionally, a silicon pyrometer (S-LIB-M003; HOBO®;
Cape Cod, MA) was mounted on a bracket in each canyon 2m
height above the ground. Sensors were positioned at the center
of each urban canyon cross-section, which were mounted to a
wooden mast on the sidewalks (for the E-W-oriented canyons, the
mast was on the North side, and for the N-S-oriented canyons, the
sensors were on the West side) (Fig. 2). The silicon pyranometer
was mounted to the top of a bracket in an exposed spot to avoid
shadowing. Table 2 shows the specifications of the measurement
devices.

2.3. CED simulations

ENVI-met software was used for this study, which is a 3D grid-
based CFD tool for simulating surface-plant-air interactions using
the fundamental laws of fluid dynamics and thermodynamics. It
can be downloaded for free from http://www.envi-met.com. The
use of this software has been widely validated by the academy
[22,35,39,50].

ENVI-met requires two main input files, (i) the area input file,
which contains the building layout, vegetation, soil type, receptors,
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Fig. 2. Sensor positions in the monitored urban canyons.

and project location parameters, and (ii) the configuration file, con-
taining simulation settings regarding the initialization values for
meteorological parameters, definition of output folder names, and
timings.

2.3.1. Scenario configuration and data validation

A total of 48 scenarios were generated in this study. Their
designs follow the guidelines of the Mendoza Regulatory Law
(4341/1978). Two street widths (16 and 20m), one block length
and width (100m and 40m, respectively), one building height
(3m), three neighborhood grids forms (multi-azimuthal, Cul-de-
Sac, and rectangular), and four layout orientations (E-W, N-S, NE-
SO and NW-SE) were used. Fig. 3 presents a graphical and quanti-
fied description of the urban scenarios, including the percentages
and values of the built-up areas, impervious and pervious surfaces,
H/W ratios, and SVF values for each case. The scenarios were sim-
ulated using ENVI-met 3.1 in two stages:

- Base cases: the first stage simulated the behavior of 24 scenar-
ios that have no street trees and traditional albedos values (o
roofs 0.2, o walls 0.3, and « streets 0.5);

Optimized cases: the second stage simulated 24 scenarios that
have street trees and optimized albedos values (o« roofs 0.7,
o walls 0.3 and « streets 0.5). The optimized albedos values
follow the recommendations of a previous study conducted in
the MMA [2]. The “Tb” model was selected from the ENVI-met
PLANTS database to represent street trees, which was based on
a field survey and observation of the vertical configurations of
trees (a height of 10m and LAD between 0.80 and 2.00 m?/m?
were used for calculation).

The scenarios were modeled within a horizontal area of
258 x 258 m that comprised of 86 x 86 cell grids of 3 x 3m. Each
cell grid was 3m in height, and there were 30 such grids (i.e., the
spatial height of each model is 90m). A total of seven receptors
were used in each model: three were positioned along the urban
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Fig. 3. Urban scenario characteristics.

Table 3

ENVI-met simulation input parameters. * Default ENVI-met values.

ENVI-met input parameters after model adjustment

Meteorological

Mean wind speed 10m from the ground (m/s, Airport meteostation observatory data) 2.5

Prevailing wind direction (Airport meteostation observatory data) 140°
Roughness length 0.1
Solar adjustment factor 13
Initial atmospheric temperature (K) (University of Wyoming, station 87418 Mendoza) 300
Specific humidity at 2500 m (g/kg~") 2.8
Relative humidity at 2 m (%) 37
Building

Indoor temperature (K) 297
Wall conductivity (W/m?K) 2
Roof conductivity (W/m?K) 0.78
Wall albedo 0.3
Roof albedo 0.2
Soil

Initial upper soil layer (0-20 cm) temperature (K) 292
Initial upper soil layer (20-50 cm) temperature (K) 292
Initial deeper soil layer (below 50 cm) temperature (K) 290
Upper soil layer (0-20 cm) moisture content (%)* 20
Upper soil layer (20-50 cm) moisture content (%)* 35
Deeper soil layer (below 50 cm) moisture content (%)* 60

canyon and the other four were located within the boundaries of
the urban area. To ensure numerical stability and minimize bound-
ary effects that may affect the output data, three (9m) nesting
grids were set around the main model area, as mentioned in pre-
vious ENVI-met modeling studies [20,29].

The predictions from the microclimatic simulations strongly de-
pend on the initial boundary conditions and input data, therefore,
care should be taken when defining the initial simulation param-
eters. In this study, the accuracy of the ENVI-met model was as-
sessed by comparing the series of air temperature measurements
from January 18, 2014 with the corresponding simulated values
(see the input parameters in Table 3). The SVF values considered
the adjustment of real case study values and those generated by
the ENVI-met model.

The model was statistically evaluated using a set of recom-
mended indices that describe the magnitude of the difference be-
tween the observation and prediction. The indices are: (i) the root
mean square error, and the systematic and unsystematic root mean
square error (RMSE, RSMEs, and RSMEu, respectively), (ii) the
mean absolute error (MAE), and (iii) the mean bias error (MBE).

The RMSE and MAE provide information on the average error and
are suitable indicators of the model’s performance. The MBE de-
scribes the direction of the error bias; its value is related to the
magnitude of the values used. A negative MBE occurs when the
predicted values are smaller than the observations. Based on statis-
tical index values that were accepted in previous ENVI-met evalua-
tion studies, the models can reliably simulate microclimates [6,51].
The adjustment values for the three models are shown in Fig. 4.
The maximum, minimum, and average air temperatures, and the
SVF values are presented and contrasted.

2.4. Estimation of energy consumption

According to the study aims, we estimated the auxiliary energy
demand (Qaux) for cooling houses under the 48 scenarios during
the summer. The energy balance equations used give an initial ap-
proximation of the impact that the outdoor microclimate has on
the indoor energy consumption Eq. (1) [45]. PREDISE freeware was
used for this diagnostic phase (pre-design stage), which was devel-
oped by the INENCO research group of the Science department at
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Fig. 4. Model adjustments, *monitored values.

the National University of Salta, Argentina (http://www.unsa.edu.
ar/alejo/predise/). PREDISE estimates the average indoor temper-
ature and energy fluxes that the total volume of a building in a
steady state exchanges with the environment through all its ex-
posed surfaces within a short time period (immediate). This free-
ware can also be used to support other detailed programs as it is
independent from commercial applications. PREDISE estimates the
Qaux from the following energy balance equation:

CUT x (T°int—T°ext)—Qsolar—Qgen = Qaux (1)

where CTU is the heat load unit, T°int is the average indoor tempera-
ture, which was set at 25 °C as suggested by the Argentinean Energy
Department, T°ext is the average exterior temperature obtained from
the ENVI-met simulations, Qsolar is the direct solar gain through the
windows, and Qgen is the internal heat gain.

PREDISE requires a geographical, meteorological, building, and
internal heat gain database to function. Geographical data indicates
the study site (MMA), the meteorological data were obtained from
the ENVI-met simulations results, the building data include the
material characteristics of all exposed surfaces (roof, walls, win-

dows, and doors), and the internal heat gain data reflect the aver-
age consumption by the basic electrical and natural gas appliances
of a four-person family household (one man, one woman, two chil-
dren). The input parameters and values of the PREDISE database
are presented in Table 4.

3. Results
3.1. Outdoor thermal behavior

The results of the CFD simulations of the 48 scenarios (24 base
and 24 optimized cases) are presented in Figs. 5 and 6. Fig. 5 is
color coded from light blue (cool) to red (warm) based on the air
temperature values, and the optimized and base cases are denoted
as “opti.” and “base”, respectively.

From analyzing the thermal behaviors, we can see that:

+ The optimized cases of all orientations and street widths are
the coolest. The differences between the air temperatures of the
optimized and base cases reach a maximum of 4.7 °C, minimum
of 2.5°C, and an average of 3.4 °C.
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Table 4
PREDISE database parameters and values.
Geographical data Latitude -325
Altitude (m.a.s.l) 746
Albedo 0.2

Defined by the CFD simulation results
Defined by the CFD simulation results
Defined by the CFD simulation results

Meteorological data ~ Maximum outdoor temperature (°C)
Average outdoor temperature (°C)

Horizontal solar radiation (M]J/m?2)

Building data Building volume (m?) 240
Building area (m?) 80
Roof material concrete slab
Roof area (m?) 80

Insulation
Wall material

expanded polystyrene (A =0.03W/m °C of 0.10m thick)
solid brick (0.20 m thick)

Wall area (m?) 83
Foundation perimeter (m) 41.2
Door material Wood
Door area (m?) 2.2

Total window area (m?) 9

Windows per house 6

Window azimuth 0°/ 45°/90°/135°/225°/180°/270°/315°
Air infiltration (renovations per hour) 2

Indoor comfort temperature (°C) 25

People (M]/day) 29

Electrical appliances (M]/day) 8

Internal heat gain

Natural gas appliances (M]/day) 25

N-S NO-SE E-O NE-SO
Scenario O0.C. B.C. A 0O.C.B.C. A 0.C.B.C. A O.C.B.C. A
Rectangular T? max. (°C) - -4.5 --3.5- -4.5 --4.7
16 m T min. (°C) BRI 2708 -2.4 ERSIEINOSTN -2.3 RSS2 78) -2.5 ERSIS2TIEN -2. 1
“ T2 ave. (°C) 30.6 339 -3.3 30.7 335 -29 31.0 344 -34 309 343 -34
“ T2 max. (°C) 4.0 3.1 39 -4.1
‘&- ; - 20 m T2 min. (°C) 255 276 -2.1 262 28.1 -1.9 25,7 279 -22 26.0 279 -1.9
D T? ave. (°C) 311 34.0 -30 31.1 336 -25 315 344 -29 314 344 -3.0
Multi-azimuthal T2 max. (2C) -3.8 -3.1 -4.0 -4.1
[ ————— 16 m T2 min. (°C) 25128 27.6 -2.3 25188 28.0 | -2.2 F25/4N 27,8 -2.3 2598 2771 -1.8
{“l T ave. (°C) 30.8 33.7 -29 309 335 -26 31.0 34.1 -3.1 31.1 8341 -3.0
T2 max. (2C) -3.7 -2.9 -3.8 -3.9
."D 20 m T2 min. (°C) SO 27BN -2.2 FRS O8N -1.0 BEESISEI2S.0N -2.2 FRERNS 7O - 1.9
| Sty T2 ave. (°C) 311 339 -28 31.3 336 -24 314 343 -29 315 343 -28
Cul-de-Sac T2 max. (°C) -3.7 24 -3.5 -34
; 16 m T2 min. (°C) 248 272 -24 261 279 -1.9 251 274 -2.3 255 275 -1.9
T? ave. (°C) 30.7 337 -3.0 31.3 334 -2.1 31.1 18471 -3.0 31.5 18411 -2.6
T2 max. (°C) -3.56 24 -3.6 -3.6
20 m T2 min. (°C) 253 274 -2.1 |126.3 28.0 -1.7 1 25.5" 27.6 -2.1 /126.0" 27.7 -1.6
T? ave. (°C) 309 338 -29 314 334 -20 31.3 342 -29 316 343 -2.6

Fig. 5. Air temperature values of the 48 urban scenarios. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)

« The NW-SE and N-S grid orientations are the coolest. In the grid, 56% of the scenarios have maximum temperatures below

NW-SE orientation, the maximum air temperatures are the
coolest, the minimum temperatures of the N-S orientation are
the coolest, and the average temperatures of both orientations
are the coolest.

The 16-m street width is the coolest in any orientation.

The rectangular neighborhood grid is the coolest; 63% of the
scenarios have maximum temperatures below 38 °C, 50% have
minimum temperatures below 26°C, and 31% have average
temperatures lower than 31 °C. Regarding the multi-azimuthal

3.2.

ing

38 °C, 44% have minimum temperatures below 26 °C, and 25%
have average temperatures below 31 °C. Finally, in the Cul-de-
Sac grid, 13% of the scenarios have maximum temperatures be-
low 38 °C, 38% have minimum temperatures below 26 °C, and
6% have average temperatures below 31 °C.

Energy consumption and neighborhood grid form

The influence of grid form on the energy consumption for cool-
houses was quantified. Fig. 7 shows the net and percentage dif-
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Fig. 6. Thermal behavior of the 48 urban scenarios.

ferences in energy consumption between the optimized and base
cases scenarios. The table is divided according to the three urban
characteristics: neighborhood grid, street width, and orientation.
The Qaux values were estimated using PREDISE for maintaining the
indoor temperature at 25 °C. The parameters and input values of
the database are indicated in Table 4 (Section 2.4).

Regardless of the applied optimization strategies, i.e., albedo
modification and urban trees, the results of the rectangular grid
are as follows:

+ The energy saving varies from 32 to 25%.

 The most efficient scenario is that with the 16 m street width
and N-S orientation (179 kWh-2.2 kWh/m? for an 80 m? single-
story attached house).

+ The scenario with the greatest possibility of optimization in
terms of its base conditions is that with the 20 m street width
and E-W orientation (energy saving of A89 kWh).

Analyzing the values of the multi-azimuthal grid shows that:

» The energy saving varies between 30 and 27%.

+ The most efficient scenario is that with the 16-m street width
and N-S orientation (184 kWh-2.3 kWh/m? for an 80 m? single-
story attached house).

« The scenario with the greatest possibility of optimization in
terms of its base conditions is that with the 16 m street width
and E-W orientation (energy saving of A81 kWh).

Analyzing the values of the Cul-de-Sac grid shows that:

 The energy saving varies between 30 and 21%.
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Fig. 8. Electricity consumption for cooling housing in both urban scenarios.

+ The most efficient scenario is that with the 16 m street width
and N-S orientation (182 kWh-2.2 kWh/m? for an 80 m? single
story attached house).

» The scenario with the greatest possibility of optimization in
terms of its base conditions is that with the 16 m street width
and N-S and E-W orientations (A78 kWh of energy saving).

Fig. 8 shows and compares the energy efficiency of the opti-
mized scenarios versus the base cases for each urban grid, street
width, and orientation. The figure shows that grid orientation has
a greater impact in the base cases (i.e., there were more differences
in the Qaux between orientations). The N-S grids are the most ef-
fective for the optimized cases, and the NW-SE grids are the most
effective for the base cases.

3.3. Design strategies at neighborhood scale

Today, more than ever, environmental uncertainties are pos-
ing new challenges to cities and their communities, therefore, city
management and planning regarding these uncertainties should be
rethought [15]. A greater awareness of the need for policies that
might eventually enhance resilience and reduce vulnerability to ex-
pected climate change impacts is needed for current settlements
[54].

Urban planning recommendations and strategies based on the
results obtained in this study are presented to improve the outdoor

thermal behavior of a low-density social housing neighborhood.
The objective of these design and planning guidelines is to reduce
the impact of the urban form on urban warming and the conse-
quent increase in energy consumption. The urban design variables
addressed were:

Layout orientation: the N-S and NW-SE street orientations have
the lowest air temperatures. The minimum air temperatures of
the N-S and E-O orientations behave similarly, independent of
the neighborhood grid.

Built-up areas: the maximum air temperatures are lower in
higher built-up areas. The multi-azimuthal grid form is rec-
ommended for areas with more built-up areas (43%) than the
other two grid forms with the same urban areas (258 x 258 m).
Impervious surfaces: air temperatures are lower in areas with
less impervious surfaces. The Cul-de-Sac grid form is recom-
mended as it has less impervious surfaces (17% versus 20%)
than the other two grid forms.

Pervious surfaces: air temperatures are lower in areas with
more pervious surfaces. The Cul-de-Sac grid form is recom-
mended as it has more pervious surfaces (48% versus 37 and
39% in 16 m streets width) than the other two grid forms. The
rectangular grid form is recommended as it has similar percent-
ages of pervious surfaces and built-up areas — when the street
width is 16 m, this percentage is 40%.
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« H/W ratio: this does not have a high relevance for low-density
forested neighborhoods, as the outdoor thermal behavior can
vary widely when the values of this indicator remain the same.
The value of this indicator is relative to street width.

SVF: at higher sky view factor values, the minimum air temper-
atures are lower. The recommended value of this indicator is in
the order of 0.50, as this allows the incoming solar radiation to
be reduced, improving nighttime release.

Albedos: optimized albedo values (« roofs 0.7,  walls 0.3, and
o streets 0.5) can reduce maximum air temperatures more ef-
fectively. The incorporation of this strategy is recommended for
horizontal surfaces (roofs, pavements, and sidewalks) and has a
great impact on outdoor thermal behavior.

Trees: street trees planted at regular distances with a homoge-
neous crown development allow easier regulation of solar ex-
posure during the day and allows cooling at night. Deciduous
second-magnitude species are recommended for low-density
urban areas.

4. Discussion

Stead and Marshall [47] argued that the literature has focused
on macro features, such as settlement size, land use types, and
density, while lower scale features, such as neighborhood design,
may be relevant but have been overlooked. The optimization of
the orientation of a single building has minimal reductions on an-
nual energy use and cost, but, at a neighborhood-level, savings
may be achieved by optimizing the orientation of a group of build-
ings [8,11,28,42,43]. Ko and Radke [19] found that the street con-
figuration in Sacramento, California, has an important influence on
household energy consumption, and it depends on the building’s
facade orientation. In this case, an E-W street orientation allows
the construction more sSouth-facing buildings. However, there can
be variation in house orientation depending on the lot size and
proportion, and house emplacement. For example, an E-W orien-
tated lot (on a N-S street) can also accommodate a North or South-
facing house if this house is not rigidly aligned to the lot boundary
[18,26]. Therefore, the orientation of the street should be based on
the area’s latitude [41]. Ali-Toudert and Mayer [3] found that, in
arid regions, it is difficult to shade an E-W street. In contrast, a N-S
street provides enough shadow and creates a more pleasant micro-
climate. Therefore, for South regions in the southern hemisphere,
this study recommends two neighborhood layout and street orien-
tations (NW-SE and N-S) that are the most energy efficient during
the season with the highest energy demand (i.e., summer). Regard-
ing seasonal thermal behavior, Pearlmutter [33] suggested a resi-
dential neighborhood plan to improve thermal comfort conditions
in Negev. The layout design considered the seasonally changing so-
lar geometry, allowing shaded pedestrian walkways in the summer
(2.5m wide, most of which were aligned N-S) and solar access to
buildings in the winter (main streets that provide vehicular access
were generally oriented along an E-W axis).

Stone and Rodgers [49] recommends tree ordinances as policy
strategies for mitigating the effects of urban development on re-
gional climate change. Reducing the albedo of vertical surfaces and
increasing the albedo of horizontal surfaces can also reduce out-
door air temperatures [1]. Middel, Chhetri, and Quay [27] demon-
strated that a 25% increase in the tree canopy of residential neigh-
borhoods resulted in an average decrease in temperature of 2.0 °C
during the day, while cool roofs only reduced air temperature by
0.3 °C. Krayenhoff and Voogt [17] showed that an increase in the
neighborhood albedo of 0.10 reduced the diurnal maximum air
temperature by approximately 0.5°C for a typical clear-sky mid-
latitude summer day. Incorporating these two strategies in the
MMA (street trees plus optimized albedos values) will reduce aver-
age air temperatures by 3.4 °C. This indicates that the incorporation

of street trees and suitable envelope materials into neighborhood
design is vital for arid cities. Silva, Oliveira and Leal [42,43] rec-
ommend that rezoning more attached housing with higher den-
sity, incorporating more green space, and implementing incentives
for appropriate tree planting can be effective tools for encouraging
energy-efficient neighborhoods.

The aspects assessed in the international literature are congru-
ent with the findings of this study. However, this study also eval-
uated the impact neighborhood grid form on energy consumption
and air temperature. as well as layout orientation, forestation, and
albedos. The rectangular grid is the most energy-efficient neighbor-
hood form for low-density social housing neighborhood.

5. Conclusions

Urban form and land use patterns significantly influence the
thermal behavior and energy consumption of a city. As energy
consumption is associated with average temperatures, we assessed
how all strategies that aim to reduce the maximum or minimum
temperatures would improve energy efficiency at the neighbor-
hood scale. The results of changes in the thermal behavior of the
48 neighborhood scenarios in the MMA show that, with a suit-
able layout orientation, tree selection, and an improvement in the
albedo of building materials, a traditional social house built with-
out any bioclimatic design strategy would consume at least 21%
less auxiliary energy for achieving a comfortable indoor tempera-
ture (25°C) during the summer. This study also found that, with
every 1°C increase in average air temperature, the auxiliary en-
ergy consumption will increase by 26 kWh (0.3 kWh/m?). Similarly,
within the three urban grids tested in the "optimized scenarios”,
there are differences in the energy consumption of 1-8% between
orientations and street widths (i.e., neighborhoods with a 16 m
street width orientated NW-SE in the rectangular grids consume
8% less energy than those with the same characteristics in the Cul-
de-Sac grid). This observation highlights the importance of design
and planning decisions in achieving more environmentally respon-
sible and energy-efficient social housing settlements in cities with
arid climates. Therefore, the results of this study present some im-
plications for research and practice during the design of energy-
efficient neighborhoods.
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