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In the northern hemisphere, neighborhoods are often preferred to be laid out in a rectilinear gridiron pattern
with half of the houses in double-lot blocks having south-facing facades for optimal use of available solar energy.
Adjoining houses, with north-facing facades, receive minimal insolation, leading to an overall inequitable use of
available insolation. This paper presents amethod of determining the overall optimal block orientation using 3ds
Max software with linear regression models. The city of Sulaimani, Iraq, is used to illustrate. Obtaining the opti-
mal orientation is essential for guiding planners in the land subdivision process, before the lots are designed. To
optimize sustainable and equitable exposure to insolation in the city of Sulaimani, the annual insolation value
(AIV) was calculated based on the algebraic sum of the amount of insolation energy for each double facade at
each 5°, then factored by the cooling and heating degree-day ratio for each month. These values represent the
annual energy required for cooling and heating for each orientation. The insolation inequity index (III) was
proposed to measure the inequity between various opposite orientations. Accordingly, the value of (III) is
equal to one for the ideal case (zero inequity). All orientations were examined, and the (0°–180°) demonstrated
the highest inequity (III = 0.60), which indicates 40% inequity while the highest equity (III = 0.98) was (110°–
290°). Nevertheless, the last orientation was not the most sustainable because its total (AIV) was not the mini-
mum. The optimal direction was determined to be (100°–280°), which has the minimum total (AIV) of
484 kWh (maximum sustainability) with the largest value of (III = 0.92) (maximum equity). It was found that
if this optimal orientation was applied in Sulaimani, the inequity would have been reduced by 22% from III =
0.70 in 1955 to III = 0.92 in 2003.

© 2016 International Energy Initiative. Published by Elsevier Inc. All rights reserved.
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Introduction

The Rectangular or Rectilinear Gridiron System (RGS) is a land subdi-
vision method that offers a good connection and eases the orientation of
residential blocks (Tasker-Brown et al., 2002). A certain recession is im-
perative in this system, for planting trees and aesthetical purposes (De
Chiara et al., 1969, 1995). The general aspects of this system encom-
passes; large built areas, wide streets and it is easy to locate addresses,
but very limited open spaces, promotes through traffic and out of limit
speed (Galaty et al., 2001, 2002; Sendich 2006) (see Figs. 1 and 2).

Considering a residential unit, maximum insolation energy received is
about 1 kWh/m2 (Tasker-Brownet al., 2002), andbecause the angle of the
sun changes throughout the day, Iraq typically gets an annual average of
5.3 kWh/m2.day (Abdul-Wahid et al., 2010). The orientation of a building
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is an important factor in determining the building's ability to absorb solar
energy and, hence, on the amount of supplemental heating or cooling re-
quired to keep the interior comfortable (Lechner, 2009) (Wong and
Chow, 2001). Orientation of buildings starts from the land subdivision
process, especially in the RGS where the lots are small and each lot (resi-
dential unit) have only one facade. In this system the designer is not free
to orient the building appropriately. Instead the land subdivision deter-
mines the orientation from the direction of the residential blocks. This re-
search investigates an issue in double-sided residential blocks in the RGS,
which is commonly used. In such systems, the buildings face opposite di-
rections allowing one of the buildings in the pair to receivemuchmore in-
solation than the other, therefore creating a state of inequity (see Fig. 1).

The objective is to address the excess of insolation that creates a
heating load in summer, and at the same time, the shortage of insolation
on the opposite facade that results in heating load inwinter. The research
focuses on delivering guidelines on how to orient residential blocks with
balanced exposure on both opposing facades not only for the direct fa-
cade. This will assist in a fair utilization of direct insolation energy
throughout the whole year.
d.
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Fig. 1. Typical residential blocks' layouts in the Gridiron System land subdivision.
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Research approach

The research implemented the descriptive analytical and compara-
tive method to deliver its objectives. Necessary plans and layouts have
been obtained from Sulaimani's municipal administration, to assess a
number of districts throughout different time series. This assessment
will be based on the evaluated indicators inferred for the residential
units' orientations in the research.
A brief account of Sulaimani

Sulaimani city is located in the Iraqi-Kurdistan region, at 350 km
northeast of the Iraqi capital Baghdad. The city is 220 km distant to
the South East of the capital of Iraqi-Kurdistan region Erbil (see Fig. 2).
Sulaimani is the center district of the Sulaimani Governorate (province).
Sulaimani province is of 17,023 km2 in area with a population of 2 mil-
lion people (Ministry of Planning, 1998).

The city of Sulaimaniwas founded in 1784. As of 2013, its population
has reached 750,000 (Ministry of Planning, Censuses of
Accommodations, 2013). It is located on latitude 35° 33′ north and lon-
gitude 45° 25′ east, with an average height of 850m frommean sea level
(MSL) (Sulaimani Governorate, 1989).

Starting from the 1950s and still, the residential blocks' subdivision
is based on the RGS in the majority of Sulaimani's neighborhoods (ex-
cept the historic downtown). The RGS has been always problematic
with steep slopes in the streets and pathways of the city, beside the ex-
istence of numerous hills. The essential problem (in the research) is the
absence of consideration for the opposite sides of double-sided residen-
tial blocks. The administrative authorities of the subdivision process in
Sulaimani overlooked the fact that the blocks are double sided, as its
apparent from the map of the city the RGS blocks are oriented in all di-
rections randomly without prioritizing any specific one (see Fig. 2C).

Four different neighborhoods from four different generationswere se-
lected as samples for a case study: Akary built in 1955 (Akary—1955),
Rzgary built in 1961(Rzgary—1961), Bekhtiyary built in 1980
(Bekhtiyary—1980), and Kurdsat built in 2003 (Kurdsat—2003) (see
Fig. 2). The orientation of the blocks in these samples were examined
for optimality. It was found that 96% of all residential blocks in
Akary—1955 were on the 29°–209° orientation. Themajority of the res-
idential blocks in Rzgary—1961 were on the 146°–326°, by 28%. In
Bekhtiyary—1980, the majority (33%) were on 117.5°–297.5°, and in
Kurdsat—2003, 52% were on 101°–281° (see Fig. 2D, E, F and G). These
orientations later will be evaluated for optimality based on the results
of the research. Optimality is a reference to a double lot RGS block
that has the maximum equitable exposure to direct insolation and
simultaneously has the minimum required energy for cooling and
heating throughout the year.
Methods

This section describes the calculation method of the value of insola-
tion energy in Sulaimani and how the data taken from the sunlight dia-
gram in 3ds Max were used as inputs to formulate linear regression
models to compute the value for each 5° orientation over a year.

Magnitude of direct insolation in Sulaimani

The average insolation for the city was calculated per square meter
of horizontal surface at two different time periods; the first one for
30 years (1961–1991) by Mahdi and Wissam (2011), the second one
is for 22 years (1983–2006) by NASA Atmospheric Science Data
Center (2005) (see Table 1). The monthly averages of insolation vary
by a small margin between the two data sets (see Table 2). The maxi-
mum average monthly variations occurred at May and September by
18.58 kWh/m2 increase and 9.64 kWh/m2 decrease, respectively. The
total average annual variation is at 7.39 kWh/m2 (recession), which
translates to 0.45% when comparing the two data sets. To convert the
amount of direct insolation from the horizontal surface to the vertical
plane (facades), 10% reduction was applied to each value (Al-Rawahi
and et al., 2011) (see Table 2).

The average of the dailyminimum andmaximum temperatures var-
ied from −1.2 °C in January to 51.6 °C in July between the years of
1983–2006 (see Table 3). The average daily hours of sunlight also varied
accordingly. The longest day reached to 13.5 h/day in July, whereas the
shortest day reached 9 h/day in December and January (from 3dsMax).

Calculating the total hours of direct insolation on residential facades in
Sulaimani

This research relied on the 3ds Max sun diagram to estimate the
actual number of hours that a virtual two story residential building's
facade is exposed to direct insolation throughout a year in Sulaimani.
The geographical coordinates of Sulaimani were inserted in the soft-
ware, and the four cardinal directions (N, E, W, and S) in addition to
45° intervals (NE, SE, SW, and NW)were evaluated regarding the entire
range of direct insolation exposure (see Table 4).

The appropriate linear regression model was derived based on the
maximum value of R2 for data given by the 3ds Max for each 45°, in
order to interpolate the amount of insolation energy for each 5° for all
directions for each month (see Table 5). The sampling of directions
was semicircular (representing frontal direction) instead of the circular
sampling (frontal and opposite directions). The reason behind selecting
the semicircular sampling is the simple linearmathematical relation re-
quired to calculate it. The time range of insolation exposure for each di-
rection (at 5° intervals) is equal to number of the average sunlight hours
in that month minus number of hours of front facade's insolation



G-Kurdsat Neighbourhood - 2003

D-Akary Neighbourhood -1955

F-Bakhtiyary Neighbourhood -1980

E-Rzgary Neighbourhood -1961

A-Location of Sulaimani Province according to Iraq [12]

B-Location of 

Sulaimani city 

according to 

Sulaimani Province

C-Built-up Area of

Sulaimani city

Figure 2-Sulaimani city and 

its neighborhoods.
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Table 1
Magnitude of direct insolation in Sulaimani between 1961–1991 and 1983–2003.

Months Insolation on
horizontal
surface
(1961–1991),a

MJ/m2/month

Insolation on
horizontal
surface
(1961–1991),b

kWh/m2/month

Insolation on
horizontal
surface
(1983–2005),c

kWh/m2/day

Insolation on
horizontal
surface
(1983–2005),d

kWh/m2/month

January 278.15 77.26 2.66 82.46
February 348.75 96.88 3.49 98.59
March 437.93 121.65 4.59 142.29
April 587.24 163.12 5.41 162.3
May 729.62 202.67 6.67 206.77
June 846.19 235.05 7.68 230.4
July 835.36 232.04 7.31 226.61
August 770.45 214.01 6.73 208.63
September 648.76 180.21 5.65 169.5
October 457.74 127.15 3.93 121.83
November 317.35 88.15 2.84 85.2
December 276.53 76.81 2.33 72.23

Total 6534.07 1815 59.29 1806.81

a Researchers via Mahdi and Wissam (2011).
b Calculated, which is equal to 2nd column × 1000/3600 (unit conversion to

kWh/m2.month).
c Researchers via NASA Atmospheric Science Data Center (2005).
d Calculated, 3rd column × (days of each month aside).

Table 2
Comparison of insolation in Sulaimani between the data of (1961–1991) and (1983–2005).

Months Insolation on
vertical surface
(1961–1991),1

kWh/m2/month

Insolation on
vertical surface
(1983–2005)a,
kWh/m2. month

Difference
(1983–2005) minus
(1961–1991),
kWh/M2/month

January 69.54 74.21 4.67
February 87.19 88.73 1.54
March 109.48 128.06 18.58
April 146.81 146.07 −0.74
May 182.41 186.09 3.68
June 211.55 207.36 −4.19
July 208.84 203.95 −4.89
August 192.61 187.77 −4.84
September 162.19 152.55 −9.64
October 114.44 109.65 −4.79
November 79.34 76.68 −2.66
December 69.13 65.01 −4.12
Total 1633.52 1626.13 −7.39

a Calculated by multiplying the 2nd and 4th column of Table 1 by 0.9 (Al-Rawahi and
et al., 2011).

Table 3
Average of the daily maximum/minimum temperatures and sunlight hours in Sulaimani
(1983–2005).

Months Average of the daily
minimum
temperatures, °Ca

Average of the daily
maximum
temperatures, °Ca

Average monthly
sunlight hours
(hour/day)b

January −1.2 9.4 9
February −1 12.9 10.5
March 2.2 19.6 11
April 8 29.4 12.5
May 14.1 38.7 13
June 19.6 46.8 14
July 23.5 51.6 13.5
August 21.9 50.2 13
September 17.1 43.7 12
October 12.2 33.6 11
November 5.4 20.3 10
December 0.6 11.3 9

a Researchers via NASA Atmospheric Science Data Center (2005).
b Calculated from 3ds Max software (provided by Architect Luqman Sabr Ali).

173S.J. Jalal, R.K. Bani / Energy for Sustainable Development 31 (2016) 170–177
exposure calculated via the regression model. For example, in January,
the total sunlight hours is 9 h/day; it equals 0 h for 0° and (9–0 =
9 h) for 180° and so on (see Table 4 and details in Supplementary
Table 6a–6h). Interpolations were applied to the model at every 45° in-
terval relying on the actual measures from the 3ds Max. The purpose of
this procedure is to eliminate the occurrence of drastic deviations, to en-
sure high quality results. (See Tables 6–9.)

Calculations of monthly direct insolation on residential facades

Using different time series from the 3ds Max, the amount of direct
insolation on residential facades was calculated for each 5° orientation
(see Table 6). In addition, the monthly average direct insolation for each
month and the monthly average sunlight hours were also calculated
(see Tables 2 and 3). The calculations were as follows:

Ai ¼ Di � Ei=Sh ð1Þ

where Ai = average monthly direct insolation on a building's facade at a
certain orientation, Di = direct insolation magnitude in that month,
Ei = average monthly exposure to direct insolation at that orientation,
and Sh = average monthly sunlight hours in that month.

The accumulative insolationwas calculated for each 5° orientation in
Sulaimani (see Supplementary Table 7a–7h). Insolation is not always an
asset; sometimes it is a liability. Particularly in summer months, insola-
tion increases the cooling loads due to excessive heat gain. For the
purpose of discerning the positive (asset) and negative (liable) values
of insolation, the research utilized measures of heating degree days
(HDD) and cooling degree days (CDD).

HDD and CDD are measures for calculating the amount of heating or
cooling energy required to keep a building in the comfort temperature.
HDD and CDD are indicative of heat gain or loss based on variation from
a base temperature. The base temperature is 18 °C for HDD and 22 °C for
CDD for a common uninsulated structure (Buyukalaca et al., 2001).
However, these numbers are typical, and the type of the building casts
a great influence. Based on the rate of energy gain, lose buildings are
classified as internally dominated, which has substantial heat gain,
and envelope dominated, which has large surface-to-volume ratio
(Lechner, 2009). A residential unit is evidently an envelope-dominated
building, which according to Lechner (2009) has a balance point
Fig. 2. Sulaimani city and its neighborhoods. (A) Location of Sulaimani Province according to Ira
Sulaimani city. (D) Akary Neighborhood—1955. (E) Rzgary Neighborhood—1961. (F) Bakhtiyar
temperature (BPT) of 15 °C. This means that when outside temperature
is 15 °C, inside temperate is 20 °C; therefore, if temperature drops below
15 °C outside, then there will be heating load. The 15 °C is a base for
HDD, and as thermal comfort spans 5 °C (20 °C–25 °C), the other end
is 20 °C. Hence, for a more specific reference, the research used 15 °C
(HDD) and 20 °C (CDD) base. The research utilized the HDD and CDD
to factor the insolation values for each month (Eq. (2)). Reference tem-
peratures based on building anatomy better describe overheated,
underheated, and transitional periods of the year.

Therefore, in the calculation of the annual insolation value (AIV) for
different orientations, the values from Table 6 were multiplied by the
percentage of HDD and CDD of the particular month (see Table 7), as
the following equation shows:

AIV ¼ X1 þ X2 þ X3 0:98‐0:02ð Þ þ X4 0:59‐0:41ð Þ þ X5 0:09‐0:91ð Þ−X6−X7

−X8 þ X9 0:02‐0:98ð Þ þ X10ð0:28−0:72Þ þ X11 0:93‐0:07ð Þ þ X12

ð2Þ

where X1, 2, 3,..., 12 = the insolation value for each month of any orienta-
tion (from Table 6).

The numbering index refers to the months, i.e., 1 = January, 5 =
May. Based on Eq. (2), the AIV for each orientation was calculated in
Table 8, and the values are negative for all orientations. For example,
q [12]. (B) Location of Sulaimani city according to Sulaimani Province. (C) Built-up area of
y Neighborhood—1980. (G) Kurdsat Neighborhood—2003.



Table 4
Time range of direct insolation exposure of the eight main orientations for residential facades in Sulaimani.a

Time range of direct insolation exposure for residential
facades in Sulaimani hour/day

January February March April May June July August September October November December

North 0° 0 0 0 1.75 4.25 7 6.25 4 1 0 0 0
North East 45° 1.5 2.75 3.25 5 5 6.75 6.75 5.25 4.25 3 2.25 1
East 90° 4.75 5.5 6 6.5 6 7.25 6.5 6.5 6 5 5 4
South East 135° 8 7.75 8 7.25 7.75 8 7.25 7.75 7.75 7.5 8 7.75
South 180° 9 10.5 11 10.75 8.75 7 7.25 9 11 11 10 9
South West 225° 7.5 7.75 7.75 7.5 8 7.25 6.75 7.75 7.75 8 7.75 8
West 270° 4.25 5 5 6 7 6.75 6.5 6.5 6 6 5 5
North West 315° 1 2.75 3 5.25 5.25 6 5.25 5.25 4.25 3.5 2 1.25

a Extrapolated from 3ds Max (provided by Architect Luqman Sabr Ali), by taking average insolation exposure of a virtual facade in Sulaimani for each 1st and 15th of each month.
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due south (180°) is (−189 kWh/m2), and this is the best option for a
single direction because it has the biggest AIV (least negative value).
The negative sign shows undesirability for insolation exposure in sum-
mer.Whereas for due north (0°), the value is (−314 kWh/m2),which is
the lowest AIV (largest negative value) for a single direction, and the
negative sign here refers to lack of insolation exposure in winter.
These results are indicative of a drastic inequity between these two
orientations if put together in a single residential block in RGS.

Applying indices to opposite orientations to calculate the degree of
inequity for residential blocks in Sulaimani

The insolation inequity index (III) for the opposite orientations was
calculated using Eq. (3); hence, III will be less than or equal to positive
one (the ideal case) (see Table 8):

III ¼ AIVmax=AIVmin ð3Þ
Table 5
Regression models for calculating the hours of direct insolation exposure for residential
facades from 0° to 180° for every 5° orientation in Sulaimani.

Months Modela R2b

January y = 0.054x − 0.2 0.972
February y = 0.057x + 0.1 0.998
March y = 0.059x + 0.3 0.994
April y = 0.045x + 2.2 0.95
May y = 0.026x + 4 0.98
June y = 0.002x + 6.95 0.168c

July y = 0.005x + 6.3 0.781
August y = 0.027x + 4 1
September y = 0.052x + 1.3 0.984
October y = 0.058x 0.991
November y = 0.057x − 0.1 0.996
December y = 0.055x − 0.6 0.965

a Calculated by an Excel sheet from Table 1 data.
b As R2approaches the value of 1, the model conceives more accurate results, and the es-

timates will be more accurate as well.
c The decreasing values of R2are due to the close amounts of sunlight hours of receiving

direct insolation between residential facades in Sulaimani.

Table 6
Calculation of direct insolation on residential facades for the main eight orientations in Sulaim

Direct insolation on residential facades in Sulaimani
kWh/m2/month

January February March Apri

North 0° 0 0 0 20.4
North East 45° 20.6 23.2 37.8 58.4
East 90° 39.2 46.5 69.9 76
South East 135° 66 65.5 93.1 84.7
South 180° 74.2 88.7 128.1 125.
South West 225° 61.8 65.5 90.2 87.6
West 270° 35 42.3 58.2 70.1
North West 315° 8.2 23.2 34.9 61.3

a Calculated by Eq. (1) based on Table 4.
where AIVmax = insolation value for the maximum of the two orienta-
tion, and AIVmin = insolation value for the minimum of the two
orientation.

FromTable 8, the III for the two orientations (0°–180°) is 0.60,which
is the lowest calculated ratio by Eq. (3). This indicates that, on average,
for each 100 units of undesirable (lack or excessive) insolation energy
on the due north facade, there are only 60 units on the due south. In
other words, the amount of inequity is 40%, which is the highest inequi-
ty between all the possible double orientations.

The best possible double orientation can be found by examining the
III values in Table 8 (calculated by regressionmodel), where the biggest
value is the best one. The results showed that orientations (100°–280°)
of (III = 0.997), (95°–275°) of (III = 0.991), (110°–290°) of (III =
0.955), and (105°–285°) of (III = 0.941) are the best double block
orientations.
Validation of the insolation inequity index and the total required
energy for the best orientation

To validate the results given in Table 8, the four best double block
orientations (biggest IIIs) were tested in 3ds Max. The test involved
taking the sunlight hours directly from the software for the mentioned
four orientations (see Table 9) to recalculate AIVs and IIIs and to
compare them with the values in Table 8.

The calculated results were in good agreement with the observed
results. The average relative error between the calculated (from the re-
gression model) and the actual measures (taken from 3ds Max) for the
eight sample orientations was 5.2% (see Table 10). It can be inferred
from the average relative errors that the reliability of the results from
Table 8 is high and scientifically acceptable for evaluating the different
orientations in different neighborhoods in the city.

The recalculation showed that the orientation 110°–290° recorded
the highest III of 0.982 (Table 10) that differs from the initial calculation,
which was 0.955 (Table 8). This variation in III is a consequence of the
errors in the estimation process by the regression model. Hereafter,
the orientation for double-sided residential block is calculated to be
referenced in RGS for residential land subdivision process. The second
ani 1.

l May June July August September October November December

60.8 103.7 94.4 57.8 12.7 0 0 0
71.6 100 102 75.8 54 29.9 17.3 7.2
89.5 107.4 98.2 93.9 76.3 49.8 38.3 28.9

110.9 118.5 109.5 111.9 98.5 74.8 61.3 56
6 125.3 103.7 109.5 130 139.8 109.7 76.7 65

114.5 107.4 102 111.9 98.5 79.7 59.4 57.8
100.2 100 98.2 93.9 76.3 59.8 38.3 36.1
75.2 88.9 79.3 75.8 54 34.9 15.3 9



Table 7
Heating and cooling degree days for Sulaimani.a

Months CDD HDD SUM Negative value
%CDD of SUM

Positive value
%HDD of SUM

1 0 329 329 0 100
2 0 236 236 0 100
3 3.5 199.5 203 2 98
4 41.5 60.5 102 41 59
5 118 11 129 91 9
6 284.5 0.5 285 100 0
7 372.5 0 372.5 100 0
8 354 0 354 100 0
9 205.5 5 210.5 98 2
10 87 34.5 121.5 72 28
11 8 100 108 7 93
12 0 268 268 0 100

HDD base temperature = 15 °C and CDD base temperature = 20 °C.
a Calculated fromWeather Underground, BiZee Degree days (2014); the average of three

years was taken for Sulaimani.
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best orientations according to the recalculations are 105°–285° and
100°–280°, and their III is 0.92 (Table 10).

The next step after finding minimum inequity is to find maximum
sustainability through the least required energy. The AIVs for the
opposite orientations of the three highest IIIs were summed to
Table 8
Calculation of the insolation inequity index (III) for opposite residential facades in Sulaimani.a

Orientation
of residential
facades

Annual
insolation
value
(kWh)

Insolation
inequity
index (III)

Orientation
of residential
facades

Annual
insolation
value
(kWh)

Insolation
inequity
index (III)

0° −314.3 0.601 50° −285.1 0.72
180° −189 230° −206.2
5° −312.3 0.67 55° −282.5 0.76
185° −208 235° −213.7
10° −315.3 0.65 60° −270.6 0.81
190° −204.6 240° −219.5
15° −313.9 0.62 65° −270.5 0.82
195° −196 245° −221.8
20° −312 0.66 70° −266.2 0.83
200° −204.9 250° −222.1
25° −310.3 0.67 75° −256.3 0.87
205° −209.1 255° −221.8
30° −305.8 0.68 80° −254.2 0.92
210° −208.3 260° −233.6
35° −294.1 0.72 85° −247.7 0.94
215° −210.9 265° −233.3
40° −299 0.67 90° −239.7 0.93
220° −201.6 270° −258.9
45° −288.7 0.71 95° −246 0.991
225° −206.3 275° −243.8

a A greater value of (III) indicates that there is greater equity between the values of insolatio

Table 9
Calculation of insolation energy for sample orientations for residential buildings in Sulaimani.a

Sample orientations Amount of insolation energy on residential facades in Sulaimani

January February March April May June

95° 39.2 42.3 64 70.1 89.5 96.
275° 37.1 38 61.1 67.2 93 100
Southeast 100° 43.3 46.5 66.9 73 93 103.
Northwest 280° 33 33.8 58.2 64.3 89.5 92.
Southeast 105° 41.2 44.4 64 76 100.2 107.
Northwest 285° 33 33.8 58.2 64.3 85.9 92.
Southeast 110° 45.4 50.7 72.8 78.9 100.2 103.
Northwest 290° 28.9 38 58.2 64.3 85.9 103.

a Source: Calculated by the researchers based on Eq. (1).
determine the minimum required energy or minimum total AIV.
These three orientations were validated and the average relative error
of the total AIVs was found to be 3% (see Table 10), which is an accept-
able value. The orientation (100°–280°) demonstrated the least total
AIVs of 484 kWh.

The three best III orientations from the recalculation were substitut-
ed for the ones from the initial calculations (see Table 111). In Table 11,
22% (16 orientations) were obtained from 3ds Max, and the rest 78%
(56 orientations) were estimated by the regression model. The revised
IIIs in Table 11 were used to evaluate the orientation of the residential
blocks in the sample neighborhoods of Sulaimani.

Results

The least possible III any neighborhood can obtain is 0.60, which is the
case of orienting all the residential blocks on the due south–due north
(0°–180°). Similarly, the optimal case is orienting all the residential blocks
on the 110°–290° direction, whichwould obtain III= 0.98. In the optimal
case, the amount of inequity is reduced from 40%when III = 0.60 to only
2%. The optimal case differs from the ideal case (III= 1.00) by 0.02,which
implies a very good agreement between the two cases.

To evaluate the inequity for the entire neighborhood in the four
cases, the relative frequency of each orientation in the specific neighbor-
hoodwasmultiplied by its corresponding III in Table 11. The summation
Orientation
of residential
facades

Annual
insolation
value
(kWh)

Insolation
inequity
index (III)

Orientation
of residential
facades

Annual
insolation
value
(kWh)

Insolation
inequity
index (III)

100° −241.4 0.997 150° −214.4 0.70
280° −242.1 330° −305.3
105° −236 0.941 155° −219.2 0.72
285° −250.9 335° −306
110° −246.3 0.955 160° −220.4 0.72
290° −258 340° −304.9
115° −238.1 0.93 165° −225.3 0.74
295° −255.7 345° −306.4
120° −238.5 0.93 170° −226.1 0.72
300° −256.4 350° −314.6
125° −237.2 0.87 175° −223.3 0.71
305° −274.1 355° −315.3
130° −229.2 0.82 180° −189 0.60
310° −280 360° −314.3
135° −213.6 0.78
315° −274.6
140° −209.7 0.70
320° −298.3
145° −216.2 0.72
325° −301.5

n on the oppositely orientated houses.

kWh/m2.month

July August September October November December

3 98.2 93.9 76.3 57.3 40.3 36.1
105.8 93.9 76.3 49.8 34.5 28.9

7 105.8 93.9 76.3 59.8 42.2 36.1
6 98.2 93.9 76.3 47.3 32.6 28.9
4 113.3 101.1 82.6 59.8 44.1 39.7
6 98.2 86.7 73.1 49.8 36.4 25.3
7 105.8 101.1 82.6 59.8 44.1 37.9
7 94.4 83.1 66.7 47.3 30.7 28.9



Table 10
Calculations of the relative errors between the expected and the actual annul insolation energy for samples of opposite orientations in Sulaimani 1.

Orientations Annual insolation value
(AIV) (kWh) (expected)
(1)

Annual insolation value
(AIV) (kWh) (actual)
(2)

Relative error
(1–2/2 × 100)
(%)

Insolation
inequity index
(III) (actual)

Total AIV (direct +
opposite) (kWh)
(expected) (4)

Total AIV (direct +
opposite) (kWh)
(actual) (5)

Relative error
(4–5/5 × 100)
(%)

95° −233.9 −246 5.2 0.88 −500.5 −489.8 2.2
275° −266.6 −243.8 8.6
100° −239.6 −241.4 0.8 0.92 −500.5 −483.5 3.5
280° −260.9 −242.1 7.2
105° −271.2 −236 13 0.92 −520.3 −486.9 6.9
285° −249.1 −250.9 0.7
110° −242.4 −246.3 1.6 0.98 −489.3 −504.3 3.0
290° −246.9 −258 4.5
Average – – 5.2 – – – 3.0

a Calculated by the researchers based on Table 8 and 3ds Max.
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of this multiplication process is the III of the whole neighborhood (see
Table 12).

Regarding the maximum sustainability, the double orientation with
the least inequity did not coincide with the least total AIV (least
required energy for cooling and heating). Among the highest III orienta-
tions, the (100°–280°), which is the second highest III, has the least total
AIV equal to 484 kWh, whereas the AIV of the highest III (110°–290°) is
equal to 504 kWh. This result shows that the optimal orientation con-
sidering both equity and sustainability is (100°–280°) for Sulaimani. It
should bementioned that the (100°–280°) has least total AIV compared
to all the examined orientations not just the above three.

It can be asserted that the improvement opportunity for the land sub-
division process (by minimizing inequity and maximizing sustainability)
in the neighborhoods is 8% (III = 0.70 to 0.78) from 1955 to 2003 (see
Fig. 3). In other words, improvement occurred because the rate of devia-
tion from the optimal orientation was (0.92–0.70 = 22%) in 1955 and
reduced to 14% in 2003. These high rates of deviation are results of
neglecting the optimal orientation that was found in the research.

Conclusions

1- The annual insolation value (AIV) is negative for all orientations
because there is either a lack of or excessive exposure of insolation
energy throughout the different seasons.

2- In those neighborhoods where orientation was examined in
Sulaimani, none of the residential blocks were oriented to the due
Table 11
Calculation of the insolation inequity index (III) for opposite residential facades in Sulaimani (

Orientations Insolation inequity index
(III)

Orientations Insolation inequity index
(III)

O

0° 0.60b 50° 0.72 1
180° 230° 2
5° 0.67 55° 0.76 1
185° 235° 2
10° 0.65 60° 0.81 1
190° 240° 2
15° 0.62 65° 0.82 1
195° 245° 2
20° 0.66 70° 0.83 1
200° 250° 3
25° 0.67 75° 0.87 1
205° 255° 3
30° 0.68 80° 0.92 1
210° 260° 3
35° 0.72 85° 0.94 1
215° 265° 3
40° 0.67 90° 0.93b 1
220° 270° 3
45° 0.71b 95° 0.88b 1
225° 275° 3

a A greater value of (III) indicates that there is greater equity between the values of insolatio
b Values were calculated from actual measures taken from the sun diagram of 3ds Max.
south–due north orientation on the Rectangular Gridiron System
(RGS) used in the city. Also, none of the residential blocks were
directed to the optimal orientation case (calculated in the research).

3- The lowest value of the calculated ratio of insolation inequity index
(III) in the RGS in Sulaimani is 0.60 for the due south–due north
and the highest value is 0.98 for the (110°–290°) orientation,
which is the maximum equitable orientation.

4- The minimum required energy for cooling and heating (the least
total AIV) among the three highest IIIs and all the other examined
orientations is equal to 484 kWh for the (100°–280°) orientation,
which can be considered as the optimal equitable and sustainable
double orientation in Sulaimani.

5- The amount of inequity decreased from 1955 to 2003, by 8% (30% to
22%). This amount could have been reduced to 8% instead of 22% in
the newly subdivided neighborhoods if the optimal orientation
was applied since1955.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.esd.2015.12.004.
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