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It is prevalent that by 2050, the global energy demand would increase by
50% to the current demand. The projected demand for electricity in Saudi
Arabia is expected to exceed 120 GW/year by 2032. The Saudi
government has set a goal of generating 9.5 GW of wind energy by 2023.
In this study, firstly, a spatial interpolation technique is used to build a
first accurate wind map of the entire country, then a GlS-based multi-
criteria decision-making model is developed to select suitable wind farm
sites considering various ecological, environmental and socio-economic
criteria. All the identified criteria are given equal weightage in the model.
Therefore, with noncompliance with even a single criterion, the associated
complete area is considered unsuitable. As a case study, this model is
independently applied to four regions covering the entire of Saudi Arabia.
In the northern region, three wind farm sites are identified. The central
area has a more suitable area compared to other regions mainly due to
good wind resources and road and grid connectivity. The suitable sites in
the eastern region are located between Dammam and Hafr AlBatin city.
The southern region has a scarcest suitable area for wind power
exploitation located near the province of Madinah.

Keywords: GIS;, Wind map; Multi-criteria decision making; Wind energy;
Wind Farm; Site suitability analysis.

1. INTRODUCTION

Energy is vital for the growth of any country. Maxt
the energy is utilized by the industrial sectoldaiked

by the transportation, commercial, and residerséad-
tors. It is stated that by 2050, the global enatgmand
would increase by 50% to the current demand [1].
Almost all of the energy consumption is providedthg
burning of fossil fuels in the last century. Thiggistent
burning of fossil fuels is the cause of growing
environmental concerns and resulting in the degrietif
fossil fuels. These concerns are the cause of Brglo
various alternative clean, renewable, and enviranme
tally friendly resources of energy [2-4. Currenthyind
energy is one of the most emerging renewable,

suitable for the realization of wind farms to aitai
greater wind power penetration locally and globally
Precise wind farm siting is the first and major
challenge in profitable wind turbines installatiorihe
site location should satisfy all ecological, envingen-
tal, and socioeconomic constraints and policieaddi-
tion to wind energy resources. The geographic infor-
mation system, GIS is an effective tool for sitétasu
bility analysis when integrated with long-term ate
data of various criteria involved in decision makin
The multi-criteria decision making (MCDM) analysis
provides a tool for structuring, designing, evalgt
and prioritizing alternative decisions [8]. The uske
GIS-based MCDM analysis for the planning of wind
farms gained importance in the early 2000s [9]. The

sustainable, and commercially accepted sources of GIS-based, Multi-criteria-decision making approach

energy. The cost of electricity generated from moder
commercial wind turbines is currently at par with
energy generated by fossil fuel plants [5]. In jfear
2018, 51.3 GW of new wind energy was installed glo-
bally [6]. To fulfill the government’s initiative, &udi
Vision 2030 of generating 9.5 GW of wind energy by
2023, a 400 MW wind farm is planned in Dumat al-
Jandal, Sakaka [7]. This wind farm is expected to be
operational by the end of 2020 and would produce
energy at a cost of $ 21.3 per MWh. Compared to-Euro
pean countries, wind energy penetration in the Midd
East and Saudi Arabia is in an early stage. SaualiAr
has huge empty plain land and good wind resource,
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was applied to wind farm siting in Lancashire, UK in
2001 [10]. Two methods were used for the analyigie.

first method used equal weightage or equal impogan
to all the criteria or layers identified for thegien. The
second method used weightage based on the impertanc
of each layer or criteria pertaining to expert advand
prevalent in the literature [10].

Krewitt and Nitsch (2003), addressed the effefts o
wind farms on the local ecosystem and natural sgene
in coastal regions of Germany. Criteria like larajse
conservation areas, special bird protection areas,
areas with high visual sensitivity were consideied
identifying suitable locations for wind farms. Thedy
suggested that even under strict nature’s consenvat
constraints there is still a large potential for-shore
wind energy development in Germany [11]. In Den-
mark, near the Baltic Sea region, a spatial plantool
was developed for efficient wind energy planningisTh
tool used multi-criteria evaluations for analyzitige
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complex trade-offs between alternatives with défer
environmental and socioeconomic impacts [12].

The availability of long-term historical data of the
criteria parameters in conjugation with efficieatest
GIS tools has made it possible to make precise MCDM
wind farm siting analysis. Therefore, the followistate
-of-the-art studies are supposed to be more aeurat
Turkey, 55 coastal regions were analyzed by theimult
criteria site selection process. Wind Atlas Anayand
Application Program (WAsP) was used to conduct
statistical analysis to identify the most promising
offshore wind farm deployment locations. According
the pre-processing step of the framework, only five
coastlines were found to be the most suitable iloest
for offshore wind farm development [13]. In China,
ecological, socioeconomic, and social environment
criteria were selected and an ordered weightedageer
was applied to evaluate the suitability of the deve
lopment of wind energy resources [14]. The studyntb
that suitable sites were distributed in the Hulydao
Jinzhou and Yingkou beach areas and shorelineeof th
Bohai Sea, Fuxin and Chaoyang in the Northwest Area
Dandong alpine region in the eastern Shenyangngieli
and Anshan in central plain areas.

Azad et al. (2019) studied three sites, Hamilton
Island, Proserpine, and South Johnstone to idetitdy
most suitable one for wind turbine installation.eTh
wind energy potential was determined by using Weibu
parameters obtained by the method of moments, empi-
rical method, and power density method. The acgurac
of the results was analyzed using a statisticaltted.
Finally, Hamilton Island site was selected as test tfor
the proposed wind turbine specification [15]. A d@in
farm planning tool was developed in Greece at the
regional level. All the criteria discussed earligere
addressed but the criteria of proximity to the tleity
grid were not considered. It was found that 12%hef
study area is suitable for wind farms installatigl®y.

The single most important task in GIS-based, multi-
criteria analysis is the proper and comprehensdlecs
tion of economic, planning, and ecological criteria

applicable to the study area based on the national

policies. In this study, a comprehensive set ofleco
gical, environmental, and socioeconomic constraints
and policies are identified without reservationsd a
accurate data is procured for the entire counttye T
novelty and the uniqueness of the present worleved
lopment of a first accurate wind map was basedng-|
term historical wind data for 39 years from 46 vheat
stations country-wide and this study does not igraoty
input criteria to identify the best area for winarrhs
development. To our understanding, based on the
literature review, the earlier authors have igncadew
relevant criteria, mainly due to the unavailabiliby
accurate long-term data of that criterion, as shamn
Table 1. Moreover, no study has considered theriaite
of minimum suitable continuous area for ease ofdwin
farm layout planning. The wind resource assessn®ent i
conducted at all of these locations and mean wiegd

is determined by Weibull analysis and the noveldwvin
speed map is constructed using spatial interpolatio
method, Inverse distance weighted (IDW). All the
identified criteria are given equal weightage, éfiere,
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with noncompliance of even a single criterion cdiodi

the complete associated area is considered unkuitab
An innovative wind farm site suitability map is
developed for four areas covering the entire cquntr
This study will assist in achieving the initial gaslthe
government to produce 9.5 GW of wind energy andl wil
also help in developing comprehensive national wind
energy-related policies that are currently not gpadly
defined for the region.

2. DESCRIPTION OF THE STUDY AREA

2.1 Study area

In this analysis, entire Saudi Arabia is considesed
study area. Saudi Arabia is located in the souttemes
corner of Asia. It is bordered by Kuwait, Iraq, aat-
dan in the north; Oman and Yemen in the South;ddnit
Arab Emirates, Qatar, and Arabian Gulf in the East; a
the Red Sea in the West. The total area of Sauahiar
(the thirteenth largest country in the world andjést in
the Middle East), is 2.15 million Knj17].

In 1991, Saudi Arabia was divided into (13) adstni
trative provinces as shown in Figure 1, each wathous
governorates. The settlements are linked admitistha
to these governorates [17]. In this study, fourasrare
selected as shown in Figure 2 to find suitables sfite
wind farms development in each. The southern area
consists of Madinah, Makkah, Bahah, Asir, Jizand an
Najran provinces. The northern area consists oluRab
Al Jawf, and Al hudud ash Shamaliyah provinces. The
central area consists of Hail, Al Quassim, and &iya
provinces. Finally, the eastern area consists of one
province, Ash Shargiyah. This province also inctutie
Empty Quarter composed of the world’s largest
unpopulated sand dunes and lava fields and occapies
estimated area of 640,000 kf@8].

s
Al Hudud ash Shamaliych
| <

S

Al Jawf

Al Quassim

Al Madinah

Ar Riyad

Ash Shargiyah
Makkah

Jizan. VO

0 255 510 1,020 Kilometers
I T N N (N (RN SO N |

Figure 1. The thirteen provinces of Saudi Arabia

Saudi Arabia has huge geographically diverse land
with varying climatic conditions. Most of the reg®
like in the eastern province, are generally hatimmer
and cold in winter with moderate rainfall. In geslethe
climate in the western and southern regions is matee
[17].
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Table 1. Selection of restriction criteria for wind farm site selection studies worldwide.

Study areg Economic Planning Ecological GeograpHical
Study Wind Proximity |Safe Distance fromDistance |Distance |Distance |Distance |Terrain
Criteria  |speed to the distance roads/highwalfrom from birding (from parks, |from slope, %
/density |electricity |from ys, m settlementdocations  |forests and |lakes,
grid, m aerodromes ,m and flying |public rivers and
m paths, m places, m |springs, m
Denmark 2502—650 X 5000-7500 |x 500-1500 |x 300-800 150-650 |x [12]
W/m
Germany |> 4 m/s (alx X >500 >500 X > 500 X X [11]
10 m
AGL)
Greece 5-7.5 mfx 3000 5000-200 1500 X 1000 1000 >25% [16]
Spain <45m/s| >100 2500 >100 >550 |x > 200 <50 m >30% [47
Sweden Turbine |>200 2500 >200 >500 X X > 100 >18 [23]
output
Turkey 200-400 |x 3000-6000 |x 1000-2000> 500 3000-6000 | 2500-50(x [29]
wim?
UK >5m/s |<10000 |x < 10000 >2000 |X > 500 > 400 >10% [10]
USA X Cost X <5000 >2000 |Away from|x > 3000 >10% [21]
analysis selected
IBA’s
Vietnam | Turbine [x 2500 >100 >2000 |X > 500 > 400 X [30]
output

Table 2. The wind station names, location (latitude and longitude), altitude, and hourly average wind speed.

S.No Wind station Latitude Longitude Altitude Av. WS at 50 m AGL
(N) B (m) (m/s)
1 Abha 18.2 42.7 2093 3.74
2 Ad-Dawadimi 24.5 44.4 900 6.47
3 Afif 24 43.125 984 6.5
4 Al Ahsa 25.5 49.375 178 5.81
5 Al Baha 20 41.25 1652 4
6 Al Hawiyah 29 38.75 888 5.57
7 Al Jawf 29.8 39.9 753 5.68
8 Al Jubail 27 49.375 3 5.77
9 Al Khafji 28.5 48.125 31 6.18
10 Al Kharj 24 47.5 512 5.59
11 Al Lith 20 40.625 - 3.67
12 Al Qunfudah 19 41.25 - 3.85
13 Ar Rass 26 43.75 779 5.82
14 Arar 31 41.25 549 5.43
15 Az Zulfi 26.5 45 623 6.1
16 Bisha 20 42.5 1162 5.8
17 Damat Al Jamdal4 30 40 - 5.59
18 Damat Al Jandall 29.5 39.375 - 5.6
19 Damat Al Jandal2 29 40 - 5.59
20 Damat Al Jandal3 29.5 38.75 - 5.5
21 Dariyah 24.5 43.125 949 6.48
22 Dhahran 26.5 50 17 5.82
23 Gassim 26.5 43.75 648 5.76
24 Guriat 315 375 504 5.73
25 Hafr AlBatin 28.5 46.25 358 6.15
26 Hail 275 41.875 1002 5.85
27 Jeddah 215 39.375 17 5.24
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S.No Wind station Latitude Longitude Altitude Av. WS at 50 m AGL
(N) B (m) (m/s)

28 Khamis Mushait 18.5 43.125 2056 5.39

29 Madinah 24.5 39.75 636 5.55

30 Makkah 21.5 40 240 4.99

31 Mudaylif 19.5 41.25 53 3.73

32 Nejran 17.5 44.375 1212 4.95

33 Rabigh 23 39.375 382 4.64

34 Rafha 29.5 43.75 444 5.78

35 Riyadh 24.5 46.875 620 5.72

36 Sabya 17 42.5 295 3.78

37 Safwah 26.5 50 53 5.82

38 Sharourah 17.5 46.875 725 5.82

39 Sulayel 20.5 45.625 614 5.89

40 Tabuk 28.5 36.875 768 5.45

41 Taif 21.5 46.875 453 5.45

42 Turaif 31.5 38.75 852 6.08

43 Ummluj 25 37.5 411 5.22

44 Unayzah 26 43.75 724 5.82

45 Wejh 26.5 36.25 24 5.99

46 Yanbo 24 38.125 10 5.08

N study, the long-term historical hourly time stepndi
W@ﬂ data from 1980 to 2019 was obtained for 46 stations
) s FourAreas throughout the country [24] as shown in Figure Be T
- 5 i‘;::::::: location of the stations, average wind speed atighh

= , 7 : — - of 50 m, and the altitude of stations are preseirted
o W[ Table 2 below.

Al Quassim

Ar Riyad

Ash Shargiyah

0 175 350 700 Kilometers

Figure 2. The four selected areas of Saudi Arabia

The demand for energy and desalinated water idiSau
Arabia in increasing rapidly due to growth in patign
and fast industrialization. The population increadey
more than 500% in the last four and a half decfitids
during the same period, the number of industrieseased
by around 35 times [19]. By 2030, the projected aigan
for energy is expected to exceed 120 GW/year [20].

3. DESCRIPTION OF THE IDENTIFIED WIND FARM
SITE SELECTION CRITERIA

All the criteria that have any impact on the siestion
were carefully identified from the literature. The
identified criteria and description are presenteld.

3.1 Wind Speed

The wind resource is the foremost criterion in athdv
farm site selection studies reviewed [21-23]. lis th

858 = VOL. 48, No 4, 2020

The mean wind speed data in this study is
interpolated to 50 m from the anemometer height®f
m AGL by using one-seventh power law also known as
Hellmann’s power law [25,26].

n
V2 = Vl [é]

where \4 is the average wind speed to be found at
height Z, when the average wind speed,af height Z

is available, and ‘n’ is the wind shear coefficient
dependent on the geographic features of the sit@ine
This value is assumed to be 1/7 for open land with
fewer trees and bushes. [27, 28].
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1. Abha 17.| Damat Al Jamdal4 3B3. Rabigh work after installation. Some studies also recominen

o |Ad- | 1e | Damat Al Jandalll 34. Rafha prohibitory Qistance [16,23] which is ger)erally rmhgi—
Dawadimi i dered very important. The reviewed studies consatidif-

3. | Afif 19. | Damat Al Jandal2| 33. Riyadh ferent distances from the road, Latinopoulos anchiigia,

4. |AlAhsa 20.| Damat Al Jandaly  3p. Sabya 2015 [16] and Van Haaren and Fthenakis, 2011 [24dl &

5. [AlBaha 21| Dariyah 31. Safwah maximum distance of 5000 m, Baban, and Parry, POg1

6. |AlHawiyah| 22.| Dhahran 3§. Sharourah ;564 10000 m and Sliz-Szkliniarz and Vogt, 2011 [22

7. | Al Jawf 23.| Gassim 39. Sulayel used the buffer distance of 100 and 200 m only.

8. |AlJubal 24.] Guriat 40, Tabuk The GIS shapefiles of national highways (Figure 5)

9. |AlKhafii | 25 |Hafr AlBatin 41| Taif and roads (Figure 6) are procured from online tibg

1(1) 2: E:‘:” 22;5 lﬂgah 453" TS:T?;LIUJ_ of Stanford University [32] and are compared witttad

12 [AlQunfudal] 28. | Khamis Mushait | 44, Unayzah from the ministry of transport, Saudi Arabia.

13. | ArRass 29| Madinah 45. Wejh N

14. | Arar 30.| Makkah 46. Yanbo \Mé*n

15. | Az Zulfi 31. | Mudaylif s

16. | Bisha 32| Nejran

Figure 3. Locations of meteorological stations. X 5 & s \
fg ‘ / @‘, 2 X
\ . ArRiyad ~%

3.2 Distance from the electricity grid

A wind farm should be planned in proximity to the
electricity grid to avoid transmission losses aablling
costs. Some studies have neglected this important
criterion in their model [12,16,29,30]. For the rant
analysis, the map of the national electrical gkajgre

4) and power stations was acquired from the Saudi
Electrical Company, [31]. The existing, planned, and Figure 5. The Saudi Arabian highways.
ongoing electrical grid lines are considered is gtudy.

A
e

0 1625 325 650 Kilometers

G
%

rrrrrrrr11
0 1625 325 650 Kilometers
Figure 6. The Saudi Arabian roads.

Figure 4. The electricity grid map of Saudi Arabia. (Saudi

Electricity Company, 2019) 3.5 Safe distance from aerodromes

/,//-F/\ N

.3 Di S . -

3.3 Distance from settlements /j;fr:gfxtawﬁ @Et;hsﬁm\amh @
The minimum distance from major settlements to a I N iﬁﬁﬁ

prospective wind farm is a vital criterion for eagical \ Ty Wl /"\?‘i\ N

reasons and to avoid noise and other hazards. Alatlos *’\;\ [ A'QU“}‘# *‘l\ ;‘\ &

the studies reviewed have considered this critetitmw- "ﬁiA‘M AT 4 «f « % f.“‘
ever, the prohibited buffer distances vary as shawn \f ) /) L ARyay, / \\:*N
Table 1 [10,16,21-23,29]. This distance should hsoea- lagan | i EnsEmiE
sonably within a specific range to serve the imiuedi aﬂ%‘ h{% g // *
community in an optimum manner without transmission L hsie \\//7 _
losses [29, 12]. N " Nefn *//’”'H*

R AT
3.4 Distance from roads/highways o w0 30 720 Kiometers

Soul [ERE, DeLorme, Interr
GEBCO, USGS, FAO, NPS, NRCAN,
sri Japan, METI,
©

A prospective wind farm should be within close migi to

a SUItab|Q app_roach rqad for heavy vehicles tiray mge Figure 7. Aerodromes (International, domestic, cargo, and
commercial wind turbines and also used for maimesa military) of Saudi Arabia.
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Wind turbines may interfere with the radar signal
used by aerodromes and aircraft. Therefore, a
prospective wind farm should have a safe distarama f
the airports (Figure 7) and communication toweise T
reviewed literature presents a buffer distance08f03to
6000 m around airports [16,29].

3.6 Distance from parks, forests, and places of
tourism

The aesthetic aspects of wind farms may conflich wit
public places like parks, forests, and places ofison.
The criterion of suitable distance from these plases
essential aesthetic criterion. Some studies haveragl
this criterion [21,23]. The studies that have cdesed
this criterion have applied different restrictidmssed on
the local energy policies [10,16,21,20].

3.7 Impact on birds

The migrating birds may collide with the rotatingnai
turbine blades, so it is recommended to plan a wind
farm away from the migrating path of the birds vere
away from important bird areas, IBA. Only a few
studies have considered this relevant criterion, [[2B]

as shown in Table 1. In the fall season, from Atigois
October, the birds migrate to Europe from Asia and
Africa and return between March and May. Saudi
Arabia is a transit point for these migrating bif83].

Out of the fifteen IBA’s in the Arabian Peninsula
[34] as shown in Figure 8, none are located inSidedi
Boundary and five are near national boundary. Saudi
Arabia, in general, is dry land, and birds fly oneoun-

tain ranges, water bodies and natural habitats for

survival. In this study, the popular birding loceis are
also considered (Figure 9).

Almost all the birding locations are in the eastern
province and one in Al Qassim region. Some studies
have not considered in their analysis, the acceptan
criteria in terms of bird habitat may be due to non
interference with IBAs [10,30].
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Figure 8. The Important bird areas, IBA near Saudi Arabia
(Pavokovic and Mandusik, 2006).
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Figure 9. The birding locations in Saudi Arabia
3.8 Distance from lakes, rivers, and springs

Almost all the reviewed studies have considered the
criteria of unsuitable buffer distance from watedies
and waterways [10,16,29]. In Saudi Arabia, there ar
very few perennial rivers. However, there are few
springs, water bodies, and non-perennial rivers as
shown in Figure 10.

Legend

Springs

- Waterbodies

Non-perennial Rivers/Streams

AR

Figure 10. The waterbodies of Saudi Arabia.

3.9 Slope of terrain

The wind farm site and the surrounding region should
be plain to provide accessibility for installatiand
maintenance of wind turbines.

Legend

Land Slope

780 Kilometers

Figure 11. The areas with a slope greater than 15%.
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Moreover, the wind may also be blocked by the
terrain from the high altitude directions. In reved
studies, the allowed maximum slope threshold rdage
considered from 10% [10] to 30% [35]. In a few &l
[12,29,36] the criterion of the slope is completely
neglected. The terrain slope map used in the presen
study is shown in Figure 11.

4., THE METHODOLOGY OF SITE SELECTION

All the criteria identified and discussed in the@yous
section are assessed simultaneously by MCDM amsalysi
using ArcMap 10.7, 2019, the main component of
ESRI's GIS software.

than 1 000 m and less than 10 000 m from the raads
highways, more than 2 000 m and less than 15 000 m
from the major settlements, at least 1 500 m from
birding locations and flying paths, at least 1 0@@rom

all types of water bodies and waterways, at lea30@

m from parks, forests, and other public placesh \ai
terrain less than 15% slope, and finally shouldehat
least 10 krh of area. As shown in the conceptual model
of the site suitability analysis (Figure 12), aftidre
application of restrictions on economical, plannsafe,
ecological, and geographical criteria the suitabinap

is generated.

Table 3. Criteria restrictions for the location of the wind
farm.

4.1 Multi-criteria decision making (MCDM) of terrain

MCDM is a method of making intricate decisions by

considering the assessment of numerous variables 3
input criteria [21]. The identification of relevantiteria

that effects site suitability is a critical steptlis process.
The criteria are sometimes assigned by suitablghtex

classes or categories, which are then symbolizethen

map layer showing the suitable areas for thoserit

Economically

Interpolated Wind c
suitable area

259m/is
Speed, mis at 50 m AGL 510,000 m

Distance from
Electricity Grid

Safe distance from
aerodromes

>5,000m

Planned & Safe area

Criteria Restriction Consideratign
High mean wind speed >5.8 m/s Economic
Proximity to national grid <10000 m Economic
Tafe distance away from |[>5 000 m Safety/Plann
aerodromes ng

Distance from 1 000 to 10 000 mPlanning
roads/highways

Distance from settlements 2 000 to 15 00PRtanning

Safe distance from birding | > 1 500 m Safety/Ecolog
locations and flying paths ic

Distance from lakes, rivers|> 1 000 m Ecologic

and springs

Distance from parks, forests> 2 000 m Ecologic

and public places

Terrain slope <15% Geographic
Minimum suitable > 10 knf Geographic/p
continuous area anning

1,000 m to
10,000 m

Figure 12. The conceptual model of the site suitability
analysis.

The several layers, each representing identified
classed criteria are superimposed over each other t
create a suitability map from which the user camtdy
ideal areas and continue with a more detailed ves
gation of those sites. The selected criteria with th
applied restrictions are detailed in the methodckilg
framework illustrated in Figure 12.

4.2 Restrictions on the selected wind farm siting
criteria

All the identified criteria correspond to several
constraint factors like economic, safety, planniage-
logic, and geographical as summarized in Table 3. A
suitable wind farm site should satisfy all the emig
restrictions without any exceptions and must onlg- i
lude areas with the high wind resource correspantiin
the wind speed greater than 5.8 m/s at 50 m AGL, the
distance from national electrical grid less than0DD

m, at least 5 000 m away from all aerodromes, more

FME Transactions

5. RESULTS AND DISCUSSION

Understandably, the foremost criterion in this site
selection analysis is the wind resource in theareghn
accurate wind map is very essential for planningradl
farm.

5.1 The wind map of Saudi Arabia

To identify areas with high wind resource, the hpurl
averaged wind data of 46 weather stations from 1880
2019 is used to construct a recent and accuratd win
map of Saudi Arabia. Firstly, the inverse distance
weighted, IDW is used to predict the wind speed
between the weather stations and construct the wind
map. This spatial interpolation technique convenis t
point wind data into a raster area format. This héqie
determines the cell values of missing data usitigear
weighted combination of a set of sample points. The
weight is a function of inverse distance. The swafac
being interpolated should be a variable dependetih®
location. This interpolated wind data is then resifed
into 9 classes as shown in the wind map in Figie 1
This interpolated wind speed at 50 m AGL, is found to
be ranging from 3.7 to 6.4 m/s. The last two classes
ranging from 5.8 to 6.4 m/s are considered to be
excellent and are considered suitable for the viémch
site. It can be observed that the eastern andeheat
region is abundant in wind resources and a few Ismal
areas in the northern border and southern-nortstaba
region. In general, the southern coastal areaigrg in

VOL. 48, No 4, 2020 = 861



good wind resources and corresponds to wind claksses
to 5 (wind speed less than 5 m/s at 50 m AGL). The
reclassified wind map (Figure 13) is the first &f kind

as it is based on long term (39 years of histarical
accurate, and latest wind speed data) obtained #®&m
stations, spread over the entire country. Diffefapers

of suitable and unsuitable criteria used in thiglgtare
shown schematically in Figs. 14 to 21. The study is
performed using ArcMap 10.7, 2019, the main
component of ESRI's ArcGIS suite of geospatial
processing programs.

Interpolated Wind Map
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Figure 13. The wind map of Saudi Arabia.
5.2 The maps with criteria restrictions

The areas with wind resources corresponding to etass
8 and 9 (wind speed > 5.8 m/s at 50 m AGL) are
depicted on the density map in Figure 14. All theas
with wind speed less than 5.8 m/s are removed ubimg
‘erase’ function of the program from the wind matp.
can be observed that the eastern and central egien
most suitable along with few small areas in thetmor
west, and southern regions. All the areas whichlére
000 m or farther from the national electric gricke ar

considered unsuitable and removed from the map of

existing, ongoing, and planned national electrigjtid
(Figure 15). It is observed that the regions witle t
dense desert in the eastern province are not ctathec

the grid and are thinly populated and therefore not

considered for wind farm development. The area withi
5 000 m of aerodromes, military, passenger, angocar
airports is considered unsuitable and erased fitwen t

map shown in Figure 16. The shapefiles of roads and
highways are combined in one map using the merge

function in ArcMap (Figure 17). Additionally, alhé
areas which are away (> 10 000 m and < 1 000 nm) fro
highways and roads are not included in the anabysis
excluded from the map shown in Figure 17. It is
observed that the areas in the central and thehsout

western regions are well connected with roads and
highways and seem to be more suitable under this

criterion. A prospective wind farm should be closer
the population to efficiently serve the communitshe-
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reas it should be not too close for ecological saasin

this study, the areas more than 15 000 m and hess2
000 m away from major settlements are considered
unsuitable and depicted in the map (Figure 18).

In general, the land of Saudi Arabia is arid and
scarce in water, therefore, the migrating birds timdly
along the Arabian Gulf in the east. Most of the amiant
bird areas are located along this coast. In thayais,
bird breeding, feeding, and resting locations whach
less than 1500 m away from these locations are
considered to be dangerous for birds and hencetainksu
(Figure 19). The areas nearby waterbodies are also
considered unsuitable ecologically. Additionallypwfer
distance of 1 000 m from springs, perennial, and- no
perennial rivers and lakes is considered unsuitahl
hence excluded from the map (Figure 20). Alsotel
areas nearby; around 2 000 m; of forests, parkkptrer
public places are unsuitable ecologically and hearee
removed from the map (Figure 21). Finally, the srea
with a slope of more than 15% are not includedhia t
suitability map because the construction of winunfais
not possible on steep slopes and it also blockd fwam
the high altitude directions. The areas which andl
suitable for wind farm construction but have ard#® <
km? are also excluded from the suitability map.

5.3 The final suitability maps of the four regions

The site suitability analysis is performed sepayatet

the four identified regions, as shown earlier igufe 2.

The names and areas of the thirteen provinces im@&ac
the four selected regions and the suitable areavifod

farm development within the province and selected
region are presented in Table 4. The percentages of
suitable land areas are also shown in column 8 bfeTa

4. The wind farm site suitability maps for thesgioas

are shown in Figs. 22 to 25.
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Figure 14. The suitable area based on wind resources
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Figure 15. The suitable area based on Proximity to the
National Electricity Grid

FME Transactions



Table 4. Area suitable for wind farm

development

The Total | Suitable T_otal Percentage
S. . Area, suitable -
selected Provinces 2 area area of suitable
No : km > > area
regions km km k2 area, %
Al Hudud
1. ash 117687 1385.37
The sh livah
1. | Northern amallya 336191 1452.4 0.43
Area 2. Al Jawf 117979 -
3. Tabuk 100525 67.03
1. Ar Riyad 377605 5664.21
The Al
2. C:gt;al 2. Quassim 54449 | 553575| 2582.24 8576.41 1.54
3. Hail 121521 329.95
The Ash
3. Eastern | 1. . 553109| 553109 3290.99p 3290.99 0.59
A Shargiyah
rea
Al
1. Madinah 145199 201.80
2. Makkah 138410 -
The
4. | southern| 3- | AlBahah | 10344| 475579 ~ | 201.80 0.04
Area | 4, Asir 77239 -
5. Najran 88266 -
6. Jizan 15813 -
"\.\_\ L distance from roads and highways
P T TR 5 L d
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Figure 16. The suitable area based on the safe distance

from all aerodromes Fi
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Figure 17. The suitable and unsuitable area based on
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gure 18. The suitable and unsuitable area based on
stance from major settlements
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Figure 19. The unsuitable area based on distance from
birding locations.
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5.3.2 The Central Area
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& B : transport and grid for wind power dispatch fromwied

b i s . . . .

{ L farms. Most of the suitable sites are seen in Riyad
NN - meﬂ e Hail province and a few in Al Quassim as well. Aataf
"\;. R \ ~};QF\i e 8576.41 krh of the area is found to be suitable for wind

'\w..vi;, \ . ARwad L . farm development which accounts for about 1.54%ef
N : R | i o i i i ig
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Figure 20. The unsuitable area based on distance from
waterbodies, waterways, and springs.
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Figure 23. The windfarm site suitability map of the central
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Figure 21. The unsuitable area based on distance from 5.3.3 The Eastern Area

parks, playgrounds, and other public places.
The eastern region is comprised of one large peeyiAsh

Shargiyah. Most of the eastern region is found itaise
In the northern region, three wind farm sites damiified for wind farm development as shown in Figure 24.
that satisfy all the criteria listed in Table 4teSi is located kAl

in Turaif, near the Jordanian border, and site Zhim
middle of the northern Iragi border near Hafr AtiBaAl
Hudud ash Shamaliyah province. Site 3 is locatdaluk
province, on the Red Sea coast (Figure 22). Trer®i

5.3.1 The Northern Area

D amm arit

ah
¥ Manama

suitable wind farm site in Al Jawf province, as\shan ~
Table 4. A total of 1452 kfrof the area is suitable, about ‘ ~ [Doha Sharias
0.43% of the total selected area in the NortheowiRee. Riyadn QATAR e 7Y
“erusatem @ NN UNITED ARAB
Alraudah EMIRATES
ISR AEX
JORDAN  arar Ash Shargiyah
Al Jawt
s =
Tabouk EUNALEIE :
Hail - s
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OF : N
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c A% E
W¢' E suitable area B suitable area for Eastern Region
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Figure 22. The windfarm site suitability map of the northern Figure 24. The windfarm site suitability map of the eastern
region region.
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This province holds the largest unpopulated désert
the world, Rub Al Khali. There is no electric gadd has
limited road connectivity. In this region, suitalsiées for
wind farm development are observed between Dammam
and Hafr Al Batin city. A total of 3291 kfof the area is
found to be suitable for wind farm developmentaleout
0.59% of the total area of the Eastern Province.

5.3.4 The Southern Area

The southern area holds six provinces and hasetimit
suitable areas for wind farm development. Theseldai
sites are concentrated around the Madinah regidte wh
other provinces do not have any potential windyasre
(Figure 25). A total of 201.8 kiof the area is found to be
suitable for wind farm development which accourts f
only 0.04% of the total regional area. This araaqréage
share is the lowest compared to the other thréengg

Buraydah

SAUDI ARABIA

Riyadh

Madinah

Legend

- Suitable area for Southern Region
Southern_Region

0 60 120

\\‘4@, E

S

240 Kilometers

Figure 25. The windfarm site suitability map of the southern
region.

6. CONCLUSION

In this study, a GIS-based multi-criteria decisinaking
model is developed for suitable wind farm site c&e
considering various ecological, environmental, and
socioeconomic criteria and applied to Saudi Arabia.
Ministry of Energy has set an initial target oftalkng

9.5 GW of renewable energy by 2023 [37]. This targe
accounts for about 15% of the total energy consiampt
This study will help in identifying the profitabfeotential
sites for wind power deployment to partially acleigkis
target explicitly from the point of view of propeite
selection and maximum harnessing of wind energy.

For this purpose, long-term historical hourly mean
wind speed data were obtained for 46 stations
throughout the country for 40 years between 1980 an
2019. A spatial interpolation technique is usedsti-
mate the wind speed at some locations where diaet
was not available to build an accurate wind maghef
country. This wind map is used as a referencediayel
scale wind energy installations as it gives amestié of
the wind speed where physical meteorological statio
do not exist.

FME Transactions

A list of all criteria that may have a direct odirect
impact on the siting of the wind farm is identifistdm
the literature. All the criteria are given equaligigage
in the analysis. However, with noncompliance with
even a single criterion condition, the associateoh:
lete area is considered unsuitable.

The site suitability analysis is performed sepayatel
for the four identified regions, the northern, #eestern,
the central and the southern. In the northern regio
three wind farm sites are identified at Turaif, ndze
Jordanian border, in the middle of the northerrmilra
border near Hafr Al Batin, and in the Tabuk province
on the Red Sea coast. A total of 14527 lafithe area is
suitable which is about 0.43% of the total selected
northern area. The central area is found to havera m
suitable area compared to other regions mainly tdue
good wind resources, roads, and grid connectiiigst
of the suitable sites are found in Riyadh and Hail
province and a few in Al Quassim too. A total of
8576.41 krfi of the area is found to be suitable for wind
farm development, pertaining to about 1.54% of the
total regional area. In the eastern region, sietaliles
are located between Dammam and Hafr Al Batin dity.
total of 3291 krfi of the area is found to be suitable for
wind farm realization, i.e. about 0.59% of the lota
eastern area. The southern region has the leastjzdt
area for wind power plant development. A total 013
km? of the area is found to be suitable for wind farm
development which is around 0.04% of the total
regional area. In a similar study for Saudi Aralifee
entire region was ranked using criteria weighteeriay
method but with wind data from 29 weather stations
only. A few relevant criteria like safe distancernr
birding locations and flying paths, buffer distarfoem
lakes, rivers, springs, parks, forests and publéces
and terrain slope were neglected [9].

The selection of the optimum wind turbines and the
design layout for the suitable wind farm sites tifesd
in this study can be considered as future work. The
selection of an optimum wind turbine is a challewgi
task [38] and requires consideration of variousdiacin
the decision-making process [9, 39-46].
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NOMENCLATURE

GIS Geographic Information System
MCDM  Multi-Criteria Decision Making
IDW Inverse Distance Weighted
AGL Above Ground Level

WS Wind Speed

Vv, Average Wind Speed at Height 1
Superscripts

n Wind Shear Coefficient

BUHIEKPUTEPNJYMCKA METOJOJIOT'HJA
N3B50PA JIOKALIIMJE BETPOITAPKA
BA3BUPAHA HA TEOTPA®CKOM
NHO®OPMAIIMOHOM CUCTEMY

C. Pexman, M.A. Bacep, JI.M. Ainxemc

Cmarpa ce na he riodanHa morpaxma 3a eHeprijom, y
OJIHOCY Ha TPEHYTHY CHUTyalujy, nopactu 3a 50% mo
2050. rogure. Odekyje ce aa he mpojekToBaHe morpede
3a ejekTpuyHoM eHeprujom y Caymujckoj ApaOuju
outn Behe on 120 ruraBara rogumme a0 2032.
Caynmjcka Biafa je MocTaBWia LWJb J1a BETPOIIAPKOBH
npousBeny 9,5 rusasara g0 2023. V pagy ce kopuctu
TEXHUKAa IPOCTOPHE HWHTEpHojlaluje 3a  Hu3paay
Npeln3He Mare BETpoBa 3a Lely 3eMJbY.

PasBujeH je BHIIEKPUTEPHjYMCKH MOJAET OIUTYYHBama
32 u300p TMOTOAHUX JIOKal|ja 3a  U3TPagmy
BETPOIAPKOBA, KOJU YKJbYUyje eKOJIOIIKe, Oe30eaHe 1o
OKOIIMHY M COLIMO-EKOHOMCKe Kpurepujyme. CBH
KPETUPUjYMHU HMajy TMOJjeHAKY TEXHHY KOJIl MOjElna.
IIpema TOME, YKOJMKO HHje 3aJ0BOJBEH jEIaH Of
HaBEJICHUX KpUTEpHjyMa TaKBa JIOKallkja ce cMmarpa
HEMOroJHOM. Y CTYAMjU Clydaja oOBaj MOJCI je
MIPUMEEH Ha YETHPU PETHOHA KOjU IOKPHBAjy LIy
Caynmjcky Apabujy. Y ceBepHOM Jely 3eMJbe
onpehene cy tpu nokaunuje. lleHTpanHa 30Ha uMa
MOTONHUje JIOKalmje Yy Tmopehemy ca  ocTammMm
pernoHnMa, jep mMa goOpe pecypce BeTpa, IMyTHY U
KOOpAWHATHY MpEXYy. Y HCTOYHOM JIelly 3eMJbe
onrosapajyhe nokauuje ce nanaze usmely Jlamama u
Xadp Anbartuna. Jy)kKHU pEernoH UMa HajMame MOro/IHe
JIOKAIIMje 3a CeKCIUIOATAIlMjy CHEPrHje BeTpa, JeIUHO Y
Osu3uHY poBUHIMje ManuHa.
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