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Title: Optimal Site Selectimfor Combined Renewable Enerqgy Installations in Lebanon

In our modern time, energy has enhanced the quality of life as well as economic
development. The energy consumed is mostly from fossils fuels that are limited in
nature and have drastic impaotsthe environment. In search for a cleaner and a more
sustainable energy resource, while maintaining similar human and economic
development, renewable energy resources have become the alternative. At times,
however, the deployment of such renewable engrgiynologies could be a challenging
decision for many developing countries; renewable energy projects can either be a
success or a failure. Additionally, since each type of renewable energy resource has its
advantages and disadvantages, the most appepesource among them must be
selected in order to gain its optimal benefits.

The purpose of this research igt@sent a methodology tdentify and
prioritize the potential renewable energy development site using Analytical Hierarchy
Process (AHP) ahGeographical Information SysteifGIS) in the context of Lebanon.
A series of maphas been crealdo illustrate possible locations for renewable energy
power plants. Convenient site selection criteria have been identified according to the
resources, fgography, environment, and economics, then weighed using AHP method.
A mapof resourcesvas generated by overlayiagailablesolar energy, wind energy,
biomass energy, and geothermal potential n@psy thespatial analysis tool ia GIS
environmentWhile geothermal and biomass results are just illustrataylts show
highly, moderately, and least suitable st prioritize the decision of renewable energy
developmenall overLebanon but tre proposed methodology could égended to
different @ntexts for similar purposes. As a result, the total potential of annual
generation was calculated in different areas based on available enexggessA map
of Lebanon has beagenerated as an open platform for students to advance their
knowledge andxend their research, and for companies and government agencies to
invest in potential projects.
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CHAPTER |

INTRODUCTION

A. Towards Renewable Energy Resources

Access to energy is essential for human wellbeing, economic development, and
poverty alleviation. Ensuring that everydmas sufficient access to energy is an ongoing
and pressing challenge for global developméntthe twentieth century, there was a
Atwentyfold increaseo in the use of fossil

With growing concerns about greenhouse gas emissions, the security of
conwentional energy supplies, and the environmental safety of conventional energy
production techniques, renewable energy systems are becoming increasingly important
and are receiving attention worldwide. fact, renewable energy sourdasve drawn
increasedattention as a result of limited supply of fossil fuels and environmental
concerns. They are crucial part of reducing greenhouse gases that cause climate change
and polluting emissiong.herefore, mny countries have switedto renewable energy
sources apart of their economic strategy.

B. Problem Statement

Renewable energy projects are more challenging compared to conventional
energy projects. There are plenty of barriers when implementing a renewable energy
project which has aused severaénewable energy projedis be canceleduring the
pastfew years. For instance, P¥ch (2016) reported a massive cancellation of future
renewable energy projects in Brazil due to decreased electricity demand, largely driven
by decreased GB) In California, USA, Travis Air Force Base (2010) reported a
cancelation of a potential solar PV project due to existing land users and social impact.
In Ontario, Canada, plenty of sources reporthe recent cancellation of a wind turbine
project. Different reasons were cited; some reasons were related to health and the
environmental impacts on neighbors while others were due to electricity prices. In
addition, some projects were cancelled due to land availability, poor site access, and
availability oftransmission lines.

On the other hand, Jacobson reported a potential loss of 3.9 million jobs in the
conventional energy sector. However, he implied that there will be creation of new jobs
in the long term [1].

Thus,approvingcomplex utility-scale renewtale energy projects can be
challenging wheremanyfactors beyond technical ones should be taken into
considerationThese factors includgromise of job creation, societal acceptance,
environmental considerations, and local market characteristigeneal, a piece of
land should be used in terms of its capacity to meet human needs and to ensure the
sustainability ofexistingecosystemsso thefundamental principle of sustainability is to
ensure the most suitable land use considering the propertteslaht and needs tfe

1



users. This needs a suitability analysis which includes a deersad&ing process that
takes into consideration a broad range of factors. Prioritizing these factors is difficult in
order to select the suitable land use.

Thereforejmplementing renewable energy progotquires analysis of
suitable locations btaking into consideration different factors pertainioghe chosen
renewable energy technology.

C. Thesis Statement

Electricity is essential for Lebanon; a country suffering greatly from the
shortage in its electricity production, which is partially compensated for by the use of
polluting private diesel generatotsebanon suffers from insecure energy supply
marked by growing deficit in energy balance, significant supggmand imbalance,
high generation costs, and lack of financial sustainabiibyver cuts and the use of
private generators are hindering the progress of Lebamdih.ebanese econonand
lowering the gality of life of people living irthis country. Lebanon is chosen to be our
case study for this thesis.

A major challenge liegr whether or not Lebanon can switch to renewable
energy sourceRESS) In fact, Lebanon has several competitive advantage ik
facilitate the development ofranewable energydustry. The first of these is the
compatibility with the physical requirements for RES performance. Solar radiation is
plentiful, while wind, water, and some biological resources are availdespite
restraining factors of limited availability of land and space.

By considering all the available renewable energy resources, a sustainable
energy plan must be set by choosing the best energy resources to be exploited in
different locations all over lmanon. This will lead to a new methodology to optimally
select renewable energy installation locations and allocate investments.

The vision:
Aln a country with consistent Hhewer
ticket toreducepublic debt, andnicreasehe ability to produceelectricalpowerneeded

as a nation. o
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CHAPTER 1

LITERATURE REVIEW

The literature review is divided into three main -s@gtions:
1- Overview of the electrical energy sector in Lebanon
2- Renewable energy resources in Lebanon
3- Review of site selection criteria
4- Review of MCDM methods

A. Literature Review of the Energy Sector in Lebanon

Over the past four decades, the energy sector in Lebanon has been going
through a rough patch; making it amongst the worst sectors, internationally, to satisfy
consumers6 demands. The demand is met curr
abroad that israund 7.3 Mtog2013), while 47% of Total Primary Energy Supply
(TPES) imports, mainly oil, are used to supply the electrical power plants [2].

To add on, the generation, transmission, and distribution of electricity in
Lebanon is monopolized and owniggla public institution, Electricity of Lebanon
(EDL), which is incapable of supplying the electricity demanded by households on a
consistent and reliable basis. Many Lebanese regions are suffering from severe outages
and power cutoff sessions; the sessioan reach 18 hours in some areas. This electric
instability is ongoing due to a continuous increase in demand and perpetual decay of the
existing power plants. It is noteworthy of mentioning that this sector in Lebanon is
capturing around one fifth of ¢éhpublic expenditure while holding a sterile development
state.

The generation network is composed of 7 major power plants. On one hand,
Zouk, Jieh and Al Hrayshe power plants operate on heavy fuel oil (HFO) from fired
steam turbines. On the other ham@kir Ammar and Zahrani power plants operate on
natural gas, while those of Tyre and Baalbeck function on diesel fired open cycle gas
turbines. However, none of these plants function on natural gas-(@i€3el oil (DO) is
used instead. The operational tcothe power plants is high since the installed power
plants feed on diesel oil and heavy fuel oil which are of high cost worldwide. In
addition, the power plants are degenerating and their efficiency is decreasing; only
72.5% of the total power plantseaoperating since 2018 [2]. Consequently, private
generators bridge the gap between the supply and demand of electricity since the early
1990s even though there is no legal framework regulating this business.

Many reasons are contributing to the drophef electricity supply provided by
these plants and to the inefficient use of electricity generated. First, plants decay and the
absence of systematic plant rehabilitation are resulting perpetually and negatively in
their generating capacity. Plants arednaing less efficient due to the insufficient and
inconsistent maintenance as well as the unreliable asset.



For example, the nerehabilitated plants of Zouk and Jieh are suffering from a
deviation in their efficiency in terms of fuel/KWh generated, dmsldeviation is
measured to be around 15% to 25% less than the original design of the plants. The
maintenance of the existing power plant would have increase the operated capacity [3].
Rehabilitating and upgrading existing plants may be a worthy oppiyrtonneet a part
of the growing demand, whereas neglecting the prevailing progressive decay would
have economic aftermaths due to the scarce resources and inefficient generation
processes. The plant rehabilitation and upgrade has the ability to skekigtieg plant
capacity to start at 245MW [3].

The volume of electricity supplied in Lebanon is estimated to diminish 3% on a
yearly basis due to plants decay at times where the demand of electricity is increasing
by 7% on a yearly basis [3].This perpdtuerease in electricity demanded and
progressive drop in electricity supplied will upshot a widening gap; that have resulted in
an electricity deficit of around 70% in year 2015 [3].

Taking into account the pollution resulting from conventional sourcesergy, the
alternative sources of energy, also called renewable energy (RE) are proving to be the
best option to obtain clean energy.

There are various types of renewable sources of energy and each has been
proven to be successful in a certain domaid iaa a certain place. Although different
alternative sources could be used, the two types that most experts agree on their special
applicability in Lebanon are: solar and wi
gives this country a very good globalar radiation and wind speedmpared to other
countries inEurope [4].

B. Renewable Energy Resources in Lebanon

In recent years, Lebanon has witnessed an accelerated integration of renewable
energy into its electricity mix [5].nlline with this transition, Lebanon has decided to
embark on an energy diversification action plan; based on promoting renewable energy
development and energy efficiency. The National Renewable Energy Action Plan
(NREAP)for20162 0 2 0 de f i n e target to Enplement RE projedis
equivalent to 12% of the projected total electricity and heating demands. In addition,
Lebanon has recently extended these projections to allow the country to meet 30% of
the total electricity and heat from renewables 6$®

In fact, renewable energy holds strong potential in Lebanon, targeting 450 MW
i n wind energy and 300 MW in solar PV, bas
NREAP [6]. Renewable energy has the opportunity to contribute positively to
L e b a n o n 6 sor;phasyiecreasimgetite reliability of the power supply, decreasing
the countrybés dependence on fuel i mports,
mix, and reducing the need for subsidies to EDL.

In January 2017, the MOEW Lebanese Center for En@amservation
(LCEC) rel eased L €028.tsoprnnias pupBsE i & fuzherbréak
down the legallybinding target of 12% renewable energy by the year 2020. The
NREAP outlines a vision for a tangible RE target of 12.6% by the year 2030,
consiering that Lebanonés total energy dematl
double between 2015 and 2030.



Onshore wind farms and solar photovoltaic (PV) plants are considered the key
installations for achieving both the 2020 target and the 2030 visiabsiute
numbers, 200 MW of wind energy and 150 MW of solar PV is targeted by 2020,
whereas 450 MW of wind energy and 300 MW of solar PV plants are expected to be
operating in Lebanon by 2030.

However, renewable energy resouttesich as solar energy, wiedergy,
micro-hydro energy, and biomassnay be available in significant quantities but are not
easily accessible in terms of harvesting or harnessing them, particularly in remote areas.
The limited accessibility is not only due to economics alone butalgeographical
restriction. For instance, in order to build a wind turbine on a hilltop with almost no
road access to the installation site is quite challenging. Hence, availability and
accessibility are two different aspects when identifying workablewahle energy
systems in Lebanon.

C. Review of Site Selection €iteria

One of the main objectives in renewable energy plant site selection is fthding
most appropriate site with desired conditions as per the selection criteria. A criterion is a
measurable facet of judgment which makes it possible to illustrate and enumerate
alternatives in a decision. So, the determination of suitable locatioagptower plant
depends on the complete and accurate understanding of those criteria and how to choose
them. With the inputs from various works and research studies, several criteria were
identified and selected for the different renewable energy technslddiese criteria
were set based on technical, economic, social, and environmental factors, and by their
measurement on continuessale indicators; defined as magnitudes that measure or rate
a factor.

In general, the site selection process must condiltdsion criteria as well as
restriction factors that need to be assessed owing to their positive or negative impacts on
the performance and cost of the electricity generated. Moreover, knowing the potential
sites is a strategic primarily milestone fonaal power plant output prediction as well
asynancial viability.

To deploy a solar or a wind project on a uti#iyale, several criteria and factors
should be considered with the aim of optimizing the location which will result in a more
efycient systento supply the needed consumers and less negative impact on the
environment.

For the different renewable energy technologies, site selection criteria were
selected from literature reviews and described below



1. Wind Energy Echnology

a. Definition
Wind energy conversiorefers to the process of creating electricity using the
wind or air flows that occur naturally in

to capture kinetic energy from the wind and generate aliygtr

Wind farms can be based onshore (on land) or offshore (sea or freshwater):

Offshore wind farms are different from onshore wind farms in many aspects; the latter
are cheaper.

b. Site Selection Criteria for Wind Energedhnology

Among different dteria, the selection of a site is the first step for the wind farm
developers. Various techniques are used for site identification of onshore/offshere/land
based wind farms. It includes installation of a wind mast for several months/years and
recording @ relevant data. Another method is the use of Geographic Information
System (GIS) for data collection and analysis purpose. GIS has been designed to be as
flexible as possible, allowing the user to specify which criteria will be used for the site
selection and if included, which buffer distances to use around each excluded feature.
The criteria include various parameters and exclusion factors such as: wind speed
information, elevation, slope, highways and railways, fuplarea, forest zone, and
scenic aga.

The site selected for wind farm development needs to have many positive
attributes including:

Criterion 1: Wind resources

The windresource is a very important economic criterion that affects the
establishment of a wind farm in any location.

The wind energy resource assessment is key to wind power projects site
selection. It refers to the wind resources that enable high performance while not
damaging wind turbines. The saliteria are mainly considered from two aspects:
available wind resources and adverse influences of energy resources on plants operation
and paover generation.

Wind energy available at any location is measured by a quantity known as Wind
Power Density (WPD). It is determined by calculating the average annual power
available per square meter of the swept area of a turbine and is tabulatei@fentdif
heights above ground. The calculated WPD are included in an index developed by the
National Renewable Energy Laboratory (NREL) and referred to as "NREL CLASS".
The larger the WPD calculation, the higher the rating by its class.

The wind power degity calculation also includes the effect of wind velocity and
air density.



Tablel. Wind power classification

Wind Power Class | At a height of 10 meters | At a height of ® meters| Resource

Wind Power | Speed Wind Speed Potential
Density (m/s) Power (m/s)
(W/m?) Density
(W/m?)
07 100 0i 44 07 200 07 5.6 Poor

100- 150 4.41 5.1 |2007 300 |5.671 6.4 | Poor

150- 200 5.11 5.6 | 30071 400 | 6.47 7.0 | Fair

200- 250 5.61 6.0 |400i 500 |7.01 75 |Good

250- 300 6.01 6.4 |5001 600 | 7.57 8.0 | Excellent

300- 400 6.41 7.0 | 6007 800 | 8.01 8.8 | Outstanding

N0 WIN(EF

400-1000 | 7.01 9.4 |800-2000 | 8.8i 11.9| Superb

Note that the values of wind speed at different heights arelagdbased on

the annual average wind speed and the wind shear index (1/7).

The sulbcriteria needed and their definition:

- Wind speedor windflow velocity, is a
fundamentahtmospheriguantity caused by air moving
from highto low pressurgusually due to changes in temperature.
- Wind power densitytncluding the effect of wind speed and wind
speed distribution on the air density, wind powengity is a
composite indicator to evaluate the wind energy resources. The
calculation formula of wind power density is:

n

D =EZ w3
wp 2 g i

i=1

Where:
n refers to the records number in a set period.

}

r e pstthe airaensity( kg/fM

v3 stands for the cubic meters of wind speed (m/s) in the ith record.

- Wind direction and wind frequencyhe arrangement of the generator
sets location in wind farms depends on the distribution of wind
power density direain and topographical featuré® show the
information about the distributions of wind speeds, and the frequency
of the varying wind directions, a diagram can be drawn, the wind
rose diagram. It display wind speed and wind direction at a particular
location over a period of tim&his is a qualitative indicator which
could use the integers from 1 to 5 as the value of different
quantitative ranks.

- Turbulence intensityMeasures ratio of the standard deviation of the
wind speed (m/s) to the average wind speed during a period of 10
min (m/s). It determines the fatigue load of the wind turbine and
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largely affects the service life of the units. This criterion applies the
integrated turbulence above 30 m, which is evaluated by the
dominant wind turbulence intensity and partial sector turbulence

intensity.
The formula of turbulence intensity is as follows:
= 6
Ty

Where:

B stands for the standard deviations of wi
V stands for the average wind speed (m/s).

Turbulence characteristics of wind farms are very important, which may have an

adverse effect on wind turbine performance, such as reducing power output and leading

to extreme loads, and eventually undercutting and destroying wind power generators.

Otherdefinition:

- Wind shear indexsometimes referred to agnd gradientis a
difference inwind speedor directionover a relatively short distance
in theatmospherelt refers to the variation of wind over either
horizontal or vertical distances.

- Weibull: Naturally, the wind's speed constantlyiear In order to be
able to predict a wind turbine's production, it is necessary to know
exactlythe frequency and strength of wind blaMormally, the wind
is measured with an anemometer and the mean wind speed is
recorded every 10 minutes. This data barsorted into wind speed
classes of 1 m/s each. The energy contained in the wind at a certain
site may then be expressed by this frequency distribution.

The Weibull distribution is often a good approximation for the wind
speed distribution:

= kv k-1, —(p"
fv) =5 (F e 3

Where:
Ais the Weibull scale parameter in m/s, a measure for the characteristic wind speed of
the distribution A is proportional to the mean wind speed.
kis the Wébull form parameter. It specifies the shape of a Weibull distribution and
takes on a value of between 1 and 3. A small valuk $aynifies very variable winds,
while constant winds are characterized by a lakger

Criterion 2 Accessibilty

Accessibility is a vital requirement in order to reduce the cost of infrastructural
development and maintenance. As such, proximity to the existing grid and road system
is prioritized to achieve lower transmission losses and ease ofdodés plant for
activities and operation throughout the expected life of the system.
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Thesub-criteria needed and their definition:

- Proximity to roadsThe site should be accessible by roads for the
transportation of the system components, construction materials, and
other equipmentfor onshore installations)

- Proximity to transmission lineg critical issue in keeping costs down
in building a wind &rm is minimizing the amount of transmission
infrastructure that has to be installed. High voltage lines can cost
thousands of dollars per mile. Whenever possible, availability and
access to existing lines should be considareitk selecting a site.
Wind farms are generally connected to theGBRYV electricity
distribution grid. The cost of this connection can have a significant
bearing on economic viability, and the distance from the wind farm
to the grid can have a significant impact on the connectisi co

- Distance to shoreDistance from the shore will influence the
maintenancgtransportationand installation cost$or marine
installations) Different from the distance from the channel and
anchorage, the farther the distance from shore, the wuese
alternative is.

Criterion 3 Population Center

Energy produced from an energy farm located near high population denagies
ashorter distance to travel and w#lly on fewer transmission lines to transfer the
energy thus reducing the cost of supplying the energy to consumers.

Thesub-criteria needed and their definition:

- Proximity to urban areaswith respect to the distance to urban areas,
certain studies consider locations thatfareaway from citiedo be
more suitable for renewable energy developmeence, avoiding
negative environmental impact on urban developraentell as the
Not In My Backyard (NIMBY) opposition. On the other hand, other
studies indicate that sites near cities have more econoractages
- minimizing the distance electricity would have to travel and
reducing associated lidess and transmission expenses.

- Distance to rural communitieRRenewable energy is considered as a
potentially significannhew source ofcareer opportuniti rural
growth in rural areas, and means of addressing environmental and
energy security concernd/hile RE indeed represents an opportunity
for stimulating economic growth in hosting communities, it also
requires a complex and flexible policy framewonida longterm
strategy. Making a positive connection between RE development and
local economic growth will require more coherent strategies, the
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right set of local conditions, and a pldeased approach to
deployment.

- Population densitytocating the pwer plants nearby the adequate
consumer is a key factor that should bestakto account.
Establishing a farm near the highly populated cities is an advantage.

Criterion 4: Topology

It is important to understand the topographfeatures (elevation, slope, and
aspect) of the study area, which will assist in proper economic energy planning and
better decision making for system deployment.

Thesubcriteria needed and their definition:
- Slope:Steep slopes make constructaifficult and more expensive.
With the increase of the slopgbe complexity of the design
increaseshence, leadingp aproportional increase in costs.

- Elevation:Elevation is one of the effective factors in industrial
location. It has a regression correlation with coefficient of 95% with
temperature and precipitation. The height of the region from sea level
IS inverselyproportionalto atmosphere thickness. Thicth@sphere
implies more concentration of the compouratssorptionor
reflection factors. Since the coarser and thicker materials are
collected in the lower classes, the atmosphere is thinner on the tops
of the mountains. The atmosphere thickness and comasocontrol
surge power in addition to short wave energy of the sun. Therefore,
high lands have more potential than low lands bectnesereceive
higher solarenergy. However, high altitude areas have higher
transportation cost and are not preferable.

Other criteria

- Land ownershipLandowners, both private and public, will expect to
be compensated for any wind energy development that occurs on
their land. Royalty or lease agreements will need to be discussed with
all parties involved. Roads, transmission equipment, maintenance
infrastructure, turbinealong with otherseed to be considered.
Moreover, the construction of a wind farm necessitates the use of
heavy industrial equipmentonsequently, @velopers will need to
invest in roads capable of accommodating significant weight. To do
so, thisrequiresthe cooperation of landowners and, in some cases,
the local community.
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- Foundation:Wind-turbine foundation design requires appropriate
geotechnical studies namgknowledye of loads and correct
estimates of stresses and settlemisemust be calculated in
geotechnical engineering studies. Geotechnical studies must also be
conducted to assess soil properties for a given site with reference to
locally available construitin standards and regulations.

Additionally, thefoundation system includes the upper part of the
basethatlinks the tower to the foundation elements transferring loads
to the soil. An effective design requiresaid knowledge of the soil
characteristis of the site.

Wind turbine foundation design should enable the structure to
withstand vertical, horizontal, static and transient stresses resulting
from the wind turbine itsekindits operation, wind conditions, and
potential earthquakes.

- Land use and land covelrand use is the main basis and the most
influential criteria for urbasural planning and the distribution of
various laneuse types leads to considerable constraints in urban and
rural planning. Certain land use types have rdsttiase. These areas
may not be used because of economic and environmental interests.
Land cover represents all the physical and biological material on the
Eart hds s urahaeadéavotableaot notrfoa tkesinstallation
of a power plant.

- Noise:Noise from wind turbines comes primarily from the rotor
blades as they slice through the air. Although wind machines built
recently make substantially less noise than earlier models, noise from
wind machines is potentially a problem if wind farms are dibed
close to residences.

- Bird strikes:Birds can fly into fastmoving rotor blades of wind
machines and be killed. While evidence to date indicates that birds
generally learn to avoid the spinning rotors, some problems with bird
strikes have been noted.

- Visual impactsThe presence of wind turbines produce changes in
views and skylines, and thus have a visual impact on the area in
which they are cited. Visual impacts may be an especially important
consideration if the turbines are to be located inipastr wild
areas. The access roads and power lines needed faogmneécted
turbines can cause additional aesthetic impacts.

- Water depthWater depth is a distinguishing factor for the site
selection of offshore wind farm owing to the offshore natanel, this
factor will haveanimpact on the installation of the wind turbine and
finally influence the cost of installation. It is very hard to install the
wind turbine in the site with large water depth.
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- Distance to shore and waterwaykhe offshore wind farm located
close to the shore especially in busy waterways may have significant
impact on the maritime safety.

Maritime safety is the key issue for offshore wind farm in the busy
waterway. As there are many ships navigating, anchorifighing

in the nearby waterways, the construction of offshore wind farm will
occupy the navigable waterways and also have impact on the radar
with very high frequencyas a result, thiwill interrupt the
communication of collision avoidanéer the slhips. Moreover, the
distance from the shore will have impact on the electric and grid
connection.

2. Solar Energy Technology

a.Definition

Compared to other renewable energy sources, solar energy islahsty
power supply thamecessitates vast areas for exploitatinrfact, energy can be
harnessed directly from the sun, even in cloudy weather. Solar energy is used
worldwide and is increasingly popular for generating electri@ttar power is
generated in two main ways:

- Photovoltaics (PV), also called solar cells, are electronic devices that convert
sunlight directly into electricity. Solar PV installations can be combined to
provide electricity on a commercial scale, or arranged in smaller configurations
for mini-grids orpersonal use. Solar PV systems can be operated in OFF or ON
grid connection.

- Concentrated solar power (CSP), uses mirrors to concentrate solar rays. These
rays heat fluid, which creates steam to drive a turbine and generate electricity.
CSP is used toamerate electricity in largecale power plants.

Selecting a suitable site is a crucial step toward developing a feasible utility
scale solar PV project. Throughout solar energy research, a common question exists:
What s the optimal site for utiliysize solar PV7Performing a comprehensive solar
site analysis is therst step toward ensuring a cagtective and wetperforming solar
project.

b. Site Selection Criteria fordhar Energy Technoloqgy

In general, the pra@ss must consider decision criteria as well as restriction
factors that need to be assessed owing to their positive or negative impacts on the
performance and cost of the electricity generated. Moreover, knowing the potential sites
is a strategic primarilynilestone for annual power plant output prediction as well as
ynancial viability.

To deploy a solar project on a utiliscale, several criteria and factors should be
considered with the aim of optimizing the location which will result in moyeieit
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system, more economic to supply the needed customers and less impact on the
environment.

Most solar site suitability studies deliberate solar irradiation as the most
important decision criteria.

Criterion 1 Solar resources

Significant indicator of judging renewable sources to be utilized in sizable scales
includes good availability of resources. Solar energy is radiant energy produced by the
sun. In many parts of the world, direct solar radiation is considered to be drecbefst
prospective sources of energy.

Thesub-criteria needed and their definition:

- Solar irradiation:is an essential criterion for largeale PV solar
power projects. Considerable amounts of solar energy play a
signiycant role in producing more eteical power from available
resources.
Furthermore, the solar irradiation is composéthree components, the global (GHI),
the diffuse (DHI) and the direct (DNI). Each component is used for a specific solar
technology. As for concentrating solar poweS& plants, the DNbas to beassessed
since it can beoncentrated, while for the PWe have to assess and map the amount of
the GHI.
- Air temperatureAir temperature plays a vital role in PV system
performanceAs the surrounding air coglBV module and inverters
convectively hence, improving the PV systenyefency.

Criterion 2 Accessibility

Accessibility is a vital requiremeirt reducingthe cost of infrastructural
development and maintenance. As such, proximity to the existing grid and road system
is prioritized to achieve lower transmission losses and ease of access to the plant for
activities and operation throughout the expected fith® system.

Thesub-criteria needed and their definition:

- Proximity to roadsBecause roads are expensive to build, selecting
sites closer to roads is cheaper and minigiize environmental
impacts associated with building new roads. The exisbad
network must be suitable for the transportation of materials needed
for the construction of solar power plant. Also, potentially suitable
land should have roads about 3 meters wide for the appropriate
maintenance of the farm. PV systems could be rated into
infrastructure such as noise barriers along roadsessibility to site
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from highways as it affects the transportation cost and thus the initial
cost.

- Proximity to transmission line®roximity to power lines and
substations prompts adequatzessibility to the grid and aids
avoidng the high cost of establishing new lines as well as
minimizing power loss in the transmission.

- Distance to shoreDistance from the shore will influence the
maintenancgransportationand installation cost#\Iso a convenient
distance from a shoreline could protect a solar farm from
consequences of natural sea disasters

Criterion 3. Population Center

Energy produceddm an energy farm located near high population densities
will have a shorter distance to travel and will depend on fewer transmission lines to
transfer the energyhus reducing the cost of supplying the energy to consumers.

Thesub-criteria needed ahtheir definition:

- Proximity to urban areaswith respect to the distance to urban areas,
certain studies consider locations thatfaraway from citiedo be
more suitable for renewable energy developmeemce, avoiding
negative environmental impgaon urban developmeas well as the
Not In My Backyard (NIMBY) opposition. On the other hand, other
studies indicate that sites near cities have more economic advantages
- minimizing the distance electricity would have to travel and
reducing associatdohe-loss and transmission expenses.

- Distance to rural communitie®Renewable energy is considered as a
potentially significannew source ofcareer opportunitiesural
growth in rural areas, and means of addressing environmental and
energy security awernsWhile RE indeed represents an opportunity
for stimulating economic growth in hosting communities, it also
requires a complex and flexible policy framework and a-emnm
strategy. Making a positive connection between RE development and
local econmic growth will require more coherent strategies, the
right set of local conditions, and a plaoased approach to
deployment.

- Population densitytocating the power plants nearby the adequate
consumer is a key factor that should bestakto account.
Establishing a farm near the highly populated cities is an advantage

Criterion 4: Topology

14



It is important to understand the topographical features (elevation, slope, and
aspect) of the study area, which will assist in proper economic energy planding an
better decision making for system deployment.

Thesub-criteria needed and their definition:

- Slope:thepat terrain is essential for largeale PV farms so high
slope areas are impractical for such projects due to low economic
feasibility. Steeslopes make construction difficult and more
expensive. With the increase of the slape complexity of the
design increases, which often leads f@portional increase in
costs. Installation of photovoltaic panels on steep slopes can cause
problems redted to erosion, drainage systeansd the stability of the
foundation. The sl ope of the earth
optimal orientation and inclination of PV modules and the technical
component ofhe photovoltaic power plant installation.

If the slope is small, then the orientation is not important, as it can
easily be offset by supporting structures for photovoltaic panels,
whereas on steeper slopes, slope orientationlétearent, and in this
case solar power plant could be built omythe soutkoriented areas.

- Elevation:high altitude areas have higher transportation cost and are
not preferable.

- Aspectit identifies the downslope direction of the maximum rate of
change in value from each cell to its neighbors in GIS. It can be
thought of as the slope direction. The values of each cell in the output
raster indicate the compass direction that the surface faces at that
location. It is measured clockwise in degrees from O (due north) to
360 (again due north), coming full circle. Féeas having no
downslope direction are given a value bf

Other criteria

- Land ownership and availability of vacant lari8kefore the
development of a proposed model, it is essential to discuss the issues
of land acquisition related to largescale PV projects.
In fact, land acquisition means compulsory acquisition of land,
usually against the willingness ofetlowner. Land stability is an
essential element of largeale PV installation; however, suitability
does not constitute land availabilityt is a scarce resource and
acquiring it for largescale project is a difficult process in any
society. The process of land acdins remains an impediment to
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timely implementation of PVhstallation. Not only does it delay the
timely installation, it also increases the cost of installation. In many
societiestheunwillingness of land owners to give out their valuable
land resoures even when given the high cost of compensation
constitutes a threat to smooth project implementation. So, the
availability of land for setting up a solar plant with economies of
scale and for future expansion is an important criterion for solar
energydeployment.

- Foundation and soil qualityGeotechnical studies must also be
conducted to assess soil properties for a given site with reference to
locally available construction standards and regulations. An effective
design requires a very good knowleddehe soil characteristics of
the site.

- Land use and land covelrand use is the main basis and the most
influential criteria for urbasural planningand the distribution of
various laneuse types leads to considerable constraints in urban and
rural planning. Certain land use types have restricted use. These areas
may not be used because of economic and environmental interests.
Land cover represents all the physical and biological material on the
Earthos surface that mt&iessllatom ar ea
of a power plant.

- Visual impacts¥Visual impacts may be an especially important
consideration.

Visual perception is an important component of environmental
guality that can be affected by new structures. The location, design,
and/or mamntenance of power plant facilities may adverselgact
visual features of the landscape.

- Water availability:Water resources are also a crucial criterion for site
assessment of solar power plants, especially in arid regions where PV
panels need to béeaned in order to keep higher efficiency. CSP
needs water for cleaning and cooling.

- Distance to shoreDistance from a shoreline could protect a solar
farm from consequences of natural sea disasters. Another reason to
avoid seaside areas, when ingtgjla solar farm, is their higher price,
making such installations less c@stective.

3. Biomass Energy &chnology

a. Definition

The definition of biomass is a renewable egesgurce from living or recently
living plant and animal materials that can be used as fuel. In other words, biomass is
plant or animal material used for energy production (electricity or heat), or in various
industrial processes as raw material for a eapigproducts [7].
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Biomass resources can be grouped into wood residues, generated from wood
products industries; agricultural residues, generated by cropsinagisiries and
animal farms; energy crops, i.e. crops and trees dedicated to energy produnction;
municipal solid waste (human waste from sewage plants) [8].

b. Site Selection Criteria for Biomass Energgchnoloqgy

Site selection is a complex problem. The location of a biomass plant must satisfy
a number of criteria and constraints such as gexdbgnd environmental reserve
restrictions, which are imposed by several government regulations, limiting the
potential location of biomass energy plants.

Most recent studies of biomass plant site selection are undesridgions of
the transport distance, acquisition cost, and environmental contamination. The
following is a list of site selection criteria for biomass power plant:

Criterion 1 Accessibility

Accessibility is one of the most important factors to be icemsd in the
biomass power plant site selection in order to reduce the cost of infrastructural
development and maintenance. As such, proximity to the existing grid and road system
IS prioritized to achieve lower transmission losses and ease of acdesplant for
activities and operation throughout the expected life of the system.

The subcriteria needed and their definition:

- Proximity to roads: Transportation deals with the movement of biomass
between different locations of the network. High saortation cost due to long
transportation distances is observed as one of the main contributors for the high
biomass logistics cost. Different modes of transportation such as truck, rail and
barge are used to transport biomass. Trucks, which are usdd feideiomass
transportation, are found to be economical only when the transportation
distances are short. Rail and barge are considered cost effective for long distance
and high volume transportation of biomass. However, the use of these modes
may be resicted due to the limited access of biomass supply and demand
locations to these modes of transportation.

- Proximity to transmission lines: A critical issue in keeping costs down in
building a biomass farm is minimizing the amount of transmission inficiste

that has to be installed.

Criterion 2 Population center

The purpose of building a biomass power plant is to make important
contributions to the economic development and people's livelihood of the society.
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Social factor has marked effect on ate.| The impacts of the biomass power plant on
the society specifically includes the following two surieria:
- Promote economic progress of surrounding region: A biomass power plant can
provide numerous job opportunities to local people, drive thetgrofwother
related industries (such as logistics), promote regional GDP growth, raise the
level of the local per capita income, and improve the quality of life.
- Ease the supply of the demanded electricity: a biomass power plant can
effectively alleviatgpower supply of the local and surrounding areas.
Construction scale of a biomass power plant should be based baridca
neighboring power demand.
So, the criterion we are looking for is the population density. Bpelption isanother
attribute to be ecounted for, yet the number of households is considered a more
suitable parameter since it is reliable indicator of energy consumption.

The sulbcriteria needed and their definition:

- Population densitylocating the power plants nearby the adequatswoer is
a key factor that should be taken into account. Establishing a farm near the
highly populated cities is an advantage.

Other criteria
The criteria needed and their definition:

- Slope Steep slopes make construction difficult and more expengiith the
increase of the slope, the complexity of the design increases; hence, leading to a
proportional increase in costs.

- Elevation high altitude areas have higher transportation cost and are not
preferable.

- Land use and land coveand use ishe main basis and the most influential
criteria for urbarrural planning and the distribution of various lauk types

leads to considerable constraints in urban and rural planning. Certain land use
types have restricted use. These areas may not béesaadse of economic and
environmental interests. Land cover represents all the physical and biological
material on the Earthodés surface that me
installation of a power plant.

- Visual impactsThe presence of power plapoduce changes in views and
skylines, and thus have a visual impact on the area in which they are cited.
Visual impacts may be an especially important consideration if the turbines are
to be located in pristine or wilderness areas. The access roadsveardipes

needed for gricconnected turbines can cause additional aesthetic impacts.

- Availability of water The presence of large sheets of water will also allow us

to choose between the different alternatives.
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4. Geothermal Energy @chnology

a. Definition

Geothermal energy is the heat from the Earth; it's clean and sustainable.
Resources of geothermal energy range from the shallow ground to hot water and hot
rock found a few miles beneath the Earth's surface, and demdeeper to the
extremely high temperatures of molten rock called magma.

Geothermal energy has been widely recognized as an environmentally friendly
energy source compared to the fossil fuels. Moreover, geothermal plants can be built
much more rapidly #in plants using fossil fuel. But any geothermal power plants have
some requirements prior to construction; producing electricity with minimum impacts
on environment and maximum economic benefits for developers.

b. Site Selection Criteria for Geothermal Eme Technology

Site selection is a complex problem. The location of a geothermal plant must
satisfy a number of criteria and constraints such as geological and environmental
reserve restrictions that are imposed by several government regulations; in@ting, |
the potential location of biomass energy plants.

The main factors determining influence on location of geothermal power plants
are: the temperature and the capacity of the source, the depth of resources available and
the degree of mineralizatiori water sources as well as their efficiency. Below is a list
of site selection criteria for geothermal power plant:

Criterion 1 Accessibility

Accessibility is one of the most important facttr$e considered in the
geothermapower plant site seleatn in order to reduce the cost of infrastructural
development and maintenance. As such, proximity to the existing grid and road system
is prioritized to achieve lower transmission losses and ease of access to the plant for
activities and operation throughicthe expected life of the system.

Thesub-criteria needed and their definition:

- Proximity to roadsOne of the important parts of every
socioeconomic study is the condition of road netwAudcess roads
aredefined as one of the criteria for selecting the approppiaer
plant site from twaffectingpoint: economic and environment.

- Proximity to transmission linegs new power plant requires a
transmission line which connects the plant to the electricity
transmission network. Potential impacts from construction are also of
interest to local communities and adjacent landowners. Construction
of the required transmission line from a proposed power plant site to
the nearest distribution line is one of the ¢astnecessary to take
into account in site selection.
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Other criteria

Slope:Slope refers to how steep the surface of the land is. Steep
slopes are a limitation for geothermal power plant development, not
only because of the cost and transportatoon also water that can
find pathway from the drain to flow on the surface.

Faults In geology, faults are discontinuities (cracks) in the earth's
crust that have been responsible for many destructive earthquakes.
Geothermal plumbing systems might batrolled by fault planes.
Therefore fractures and faults play an important role in geothermal
fields, as fluid mostly flows through fractures in the reservoir rocks.

Anomaly zoneGeothermal fluids can be transported economically by
pipeline on the Earth surface only a few tens of kilometers, and thus
any generating or directse facility must be located at or near the
geothermal anomaly zone.

Land use and land covelrand use is the main basis and the most
influential criteria for urbasrural planning and the distribution of
various laneuse types leads to considerable constraints in urban and
rural planningCertain land use types have restricted use. These areas
may not be used because of economic and environmental interests.
Land cover represents all the physical and biological material on the
Eart hds sur f ac either favaréble orakfevawablarn ar e a
the installation of a power plant.

Visual impactsVisual perception is an important component of
environmental quality that can be affected by new structures. The
location, design, and/or maintenance of power plant facilities may
adversely affect visual features of the landscape. Concern over
adverse visuampacts can be a source of opposition to the project. In
geothermal projectshe visual quality may be deteriorated by loss of
naturalness and the imposition of maade structures such as drill
sites, drilling rig, and accessories creating artifi@aldscape
elements in the project area. These are, however, temporawjland
beremoved when drilling is completed. The power house and related
facilities are the main mamade structures thosepresent in the area
for theentireproject lifetime and camsideration of its visual impacts
are very important. Because natural geothermal manifestations such
as hot springs and fumaroles are attractive for tourists, particular
attention to the visual effects of a geothermal power plant is
necessary.

In conclwsion, renewablenergy plannindpas multiple objectivesiefinitions
and criteriahencemaking it more diffcult to attain a system with perception of
sustainability. Ths, an adequate planning systemnsidering necessary political,
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sodal, economicand environmentalspects is essential to overcotinerising demand

for energy with a visiof sustainable development. To solve such complex problems
concering energy planning, muttriteria decision making (MCDM) igroved to be

one of the better tis for efficient energy planning.

In the light of thisthe objectivas to choose the optimal site location for different
renewable energy resources, not just one type of renewable energy system. To attain
this objective a suitable decision rulehichintegrated the dria established in
accordance with this objectiveras created. This allowexshe toassgn a weight to each
criteriondepending on the influence of eaahtbe performance of the futurenewable
energy installation

D. Review of the Multi-Criteria Decision Making Methods

In spite of sustainable development, energy planning has become complex due
to the involvement of multiple benchmarkgludingtechnical, social, economic and
environmentabnes This in retirn puts major constraints for decision makers to
optimize energy alternatives independently and discretely especially in the case of rural
communities where additional constraints, like culture, play an important role. In
addition, topographical limitatits concerning renewable energy systems, which are
mostly distributed in nature, add to th@mplexities of energy planning. In such cases,
decision analysis plays a vital role in designing such systems by considering various
criteria and objectives.

MCDM is a branch of operational research that seeks finding optimal results in
complex scenarios including various indicators, conflicting objectives, and criteria.
MCDM is booming in the field of energy planning due to the flexibility it provides to
decision nakers- to take decisions while considering all criteria and objectives
simultaneously. MCDM techniques have found wide application in pgbbtor as well
as in privatesector decisions on agriculture resource management, immigration,
education, transpgrinvestment, environment, defense, health care, etc. In the recent
decade, MCDM has found its grounding appl@atin energy system design.

MCDM has become popular in energy planning as it enables the decision maker
to give attention to all the criteravailable and make appropriate decision as per the
priority. Since a perfect design is governed by multiple dimensions, a good decision
maker, in certain situations, may look for the parameters (i.e. technical or economical)
that can be compromised. MCDpfloblems generally comprises of five components
which are:

- Goal

- Decision maker's preferences
- Alternatives

- Criteria

- Outcomes

MCDM remains controversial as objectives can lead to diffe@ntions at
different times based on the priority set by decision makers or persons involved in the
procedure. Moreover, a particular problem can be approached by different methods
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based on the functions defined. Every method or model has its own dravelmatck
restrictions. However, a general procedure of MCDM is illustrated in Figure 1 below.

Defining a system with objectives to be met

<

Finding all the criteria affecting system based on objectives

<~

Seeking alternative systems for feeding need of objectives

<

Setting priority/weights to alternatives

]

Selecting MCDM method for the purpose

v

Finding and presenting an optimal alternative for evaluation

Figurel. General MCDM procedure

Different MCDM methods were found and these are the popular one, following
with a table summarizing their major steps along with their strengths and weaknesses:

a) Weighted Sum Model (WSM) by Fishburn in 1967

b) Weighted Product Model (WPM) by Bridgman 1922

c) ELimination and Choice Expressing Reality (ELECTRE ) by Benayoun et al. 1966
d) Technique for Order Preferences by Similarity to Ideal Solutions (TOPSIS) by
Hwang and Yoon 1981

e) Multi-Attribute Utility Theory (MAUT) by Edwards and Newman 1982

f) Prefeence Ranking Organization Method for Enrichment Evaluation
(PROMETHEE) by Brans and Vincke 1985

g) ViseKriterijumskaOptimizacija | KomprominsnoResenje (VIKOR) by Opricovic
1998

h) Analytic Hierarchy Process (AHP) by Saaty, 1970's

1. Weighted Sum Model (WSM):

a. Steps:
- CaICU|ate:fwai§hradsum = W‘.Lfi + WZJE + .- wmfm
Where w( i = 1m) is 2 #eighing factor fofiobjective function and J is a function

of designed vector. The best alternative is chosen as maytskun [9].
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b. Advantages:
- Simple computation.

- Suitable for single dimension problem [9].

c. Disadvantages:

-Sensitivity to unitsdé ranges and
- Only a basic estimate of one's penchant function.

- Fails to integrate multiple preferences [9].

d. Areas of Application:
Structural Optimization, anchergy Planning [9]

2. Weighted Product Model (WSM):

a. Steps:
0 — M w
- CalculateP = Hj.zl[[rni}.)mm:]
Where Pis the overli score of the alternativen; is the normalized value of an
attribute wis the weightand M is the number of criter[8].

b. Advantages:
- Labelled to solve decision problems involving criteria of same type.

- Uses relative values and thus eliminates problem of homogeneity [9].

c. Disadvantages:
-Sensitivity to units6é ranges and

exagger a

exagger a

- Leads to undesirable results as it priorities or deprioritize the alternative which is far

from average [9].

d. Areas of Application:

- Division of labor in a process based on various elements, and bidding strategies [9]

3. Elimination and Choice Expressing Reality (ELECTRE):

a. Steps:

Steps are based on three pillars:

- Determination of threshold function.

- Concordance index and Discordance index.
- Outranking degree [10].

b. Advantages:
- Takes uncertaintgnd vagueness into account [10].

- Deals with both quantitative and qualitative features of criteria [9].
- Final results are validated with reasons [9].
- Deals with heterogeneous scales [9].
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c. Disadvantages:

- Process and outcome can be difficuleta pl ai n i n | aymandés ter ms
the strengths and weaknesses of the alternatives to not be directly identified [10].

- Less versatile.

- Demands good understanding of objective specially when dealing with quantitative

features [9].

d. Areas of Application:

Energy management [9, 10], economics, environmental, water management [10],
business management, information technology & communication, financial
management [9] and transportation problems [9, 10].

4. Technique for OrdePreferences by Similarity to Ideal Solutions (TOPSIS):

a. Steps:

- Calculation of matrices.

- Normalized and decision.

- Calculation of positive and negative ideal solutions.
- Calculation of separation and relative closeness. [9].

b. Advantages:
- Has a simple process [10]

- Easy to use and program [10]

- The number of steps remains the same regardless of the number of attributes [10]
- Works with fundamental ranking [9]

- Makes full use of allocateidformation [9]

- The informdion need not be independent.[9]

c. Disadvantages:

-lts use of Euclidean Distance does not <co
consider any difference between negative and positive values [9, 10].

- Difficult to weight and keep consistencf/jadgment [10].

d. Areas of Application:

Supply chain management and logistics [9, 10], chemical engineering [9, 10],
manufacturing systems, business and marketing, environmental, human resources [10],
energy management [9] and water resources managémani.

4. Multi-Attribute Utility Theory (MAUT):

a. Steps:

- Identify dimensions of each objective and assign weight to each.

- Calculation of % weight and updating values based on weight assigned to options of
each dimension.
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- Multiplication of updated vales of weight and previously obtained values.
- Add product of each dimensions to get final sum for each options and thereby
determine the decision. [9].

b. Advantages:
- Takes uncertainty into account [10].

- Can incorporat@references [10].

- Accounts for any difference in any criteria [9].

- Simultaneously compute preference order for all alternatives [9].
- Dynamically updates value changes due to any impact [9].

c. Disadvantages:

- Needs a lot of input [10].

- Preferenes need to be precise [10].

- Difficult to have precise input from decision maker [9].
- Outcome of the decision criteria is uncertain [9].

d. Areas of Application:
Finance, water management, energy management, agriculture [10], city planning,
economic pbcy [9, 10], and government policy [9].

5. Preference Ranking Organization Method for Enrichment Evaluation
(PROMETHEE):

a. Steps:

- Finding evaluation matrix and comparing them pairwise considering every single
criteria.

- Assigmment of preference function with values from 0 to 1 depending on the
difference between pairs.

- Calculation of global matric and determining the rank by adding the column which
express the supremacy of one alternative over the other [9].

b. Advantages:

- Easy to use [10].

- Does not require assumption that criteria are proportionate [10].

- Involves group level decision [9].

- Deals with qualitative and quantitative and qualitative information [9].
- Incorporate uncertain and fuzzy information [9].

c. Disadvantages:

- Does not provide a clear method by which to assign weights [10].

-Doesnodot structure the objective properly
- Depends on the decision maker to assign weight [9].

- Complicated and so users are limited to experts [9].
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d. Areas of Apjtication:

Environmental, hydrology, water management, business and finance, chemistry,
logistics and transportation, manufacturing and askembergy, agricultures [10]isk
analysisstructural analysisand mning Engineering [9]

6. ViseKriterijumskaOptimizacija | KomprominsnoResenje (VIKOR):

a. Steps:

- Determination of best and worst values

- Calculation of values of Sj and Rj, where Sj is weighted and normalized Manhatten
distance, Rj is weighted and normalized Byshev distance.

- Calculation of Qj, the computation index of VIKOR

- Ranking of alternatives and sorting by values of S, R and Q leading to formation of
three list.

- A compromise solution from the final three rank lists [9].

b. Advantages:
- An updated version of TOPSIS [9].

- Calculates ration of positive and negative ideal solution thereby removing the impact

[9].

c. Disadvantages:

- Difficulty when conflicting situation arises.

- Need modification while dealing with some terse data lasabme difficult to model a
real time model [9].

d. Areas of Application:
Mechanical engineering, manufacturing engineering, energy policy, business
Management, medicine and health [9].

7. Analytic Hierarchy Process (AHP):

a. Steps:

- Defining objective into a hierarchical model.

- Determining weights for each criteria.

- Calculating score of each alternative considering criteria.
- Calculating overall score of each alternative [9].

b. Advantages:
-Easy t o tinwkecdmplexsmathematics [9, 10].

- Scalable [10].

- Hierarchy structure can easily adjust tanfiiny sized problems/adaptaf®e 10].

- Not data intensive [10].

- Intuitive and has the ability to handle criteria qualitative and quantitatively [10].
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c. Disadvantages:

- Problems due to interdependence between criteria and alternatives can lead to
inconsistencies between judgment and ranking criteria/hazardous [8sdl0].

- Involvement of more decision maker can make the problem more complicate while
assigning weights (are judgmental and based on decision maker preference) [9, 11].
- Demands data collected based on Experience [9].

- Accuracy in this method carebwidely varied in subjective problems [11].

d. Areas of Application:

Performanceaype problems, political strategy [10], resource management, corporate
policy and strategy, public poliand energy planning [9, 10], aralistics &
transportation engineeg [9].

E. Conclusion and Future Work

Considering the growing demand for energy worldwide and other factors, many
countries ha® endorsed strategies for a transition to low carbon economies with a
conspicuous attention on renewables worldwide. Careful selection of energy investment
projects and efficient use of resources is gaining importance. We took the case of
Lebanon regardings fiscal deficit and economic situation to enhance an insight
strategic energy planning for the site selection problem of renewable energy
investments.

Moreover, to deploy a solar or wind project on a utisibale, several criteria
and factors shodlbe considered with the aim of optimizing the location which will
result in more gfcient system, more economic to supply the needed customers and less
impact on the environment. Site selection criteria were selected by the different scholars
for the different renewable energy technologies. Likewise, the wind power site selection
problem, in general, involves different stakeholders such as the regulatory authority,
investors and society, where each party can pursue different types of priorities and
preferences. Together with this, the different topographical or other sort of properties,
rules and regulations, as well as commonly accepted criteria makes the site selection
procedure multidimensional. In the light of this nuaimensionality, we propose a
dedsion-aiding approach on the site selection problem through an integration of
Geographic Information Systems and Multiple Criteria Decision Analysis together. A
literature review of the different multiriteria decision making methods and a know
how of ushg the GIS software was done during this proposal phase.

The proposed methodology consists ofglinination of infeasible sites,
ranking, and sorting of available site selection criteria. It involves both handling of
deterministic and uncertain data.duch a manner, it provides a boutique approach to
the initial problem and provides different types of results. Besides, it suggests a
structural procedure and is applicable to other types of site selection problems with the
related criteria depending dime problem.

The selection problem will be induced to specify land areas (fields) for
implementing feasible renewable energy projects after an elimination of infeasible areas
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in the Geographic Information System and applying appropriate MCDM metheds; th

results are presented in terms of fields. Furthermore, the electric power generation

potential for the selected alternatives will be calculated.

The proposed approach can address different stakeholders and has a flexible design that

can reflect differenpreferences of the dealing parties and is applicable to any potential
area. Thatodos why we are thinking of develc
to organize and establish this studied energy planning to help students work on projects

and deviop their career.
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CHAPTER I

PROPOSEIMETHODOLOGY

A. Study Area

Lebanon, a developing country, is located on the eastern edge of the
Medi terranean Sea between the 38®r tamdL &taistt
Longitudes 35A 066 220 and 36A 376 2206. |
has a coastline of about 220 km long. Although its land area is very small, Lebanon has
four different topographical areas: a narrow coast plain, two pamadiehtainous
regions: Mount Lebanon and Artebanon Range separated by an inland plateau,

Bekaa valley. As a result of this diversity, the climate variéglmnon and from one
place to another: mild to cool wet winters, and hot dry summers; with tipetetare in

the capital Beirut ranging from 5 °C in winter to 36 °C in summer. The Lebanese
Mountains experience heavy winter snows. Moreover, Lebanon has a high population
density with relatively high standards of living, which reflects a relativelyelargergy
demand. The population is around 4 million and it has $4010 per capita Gross National
Income (GNI) [16]. Lebanon meets nearly all its energy needs from the importation of
oil products because it currently lacks the conventional fossil fuel eresgyrces and

is not effectively benefiting from the available renewable energy resources. In 2008,
more than 5 million toe (tons of oil equivalent) were imported, of which 49% were
consumed for electricity generation. In the same year, renewable enargg shly

3.7% of the total primary energy supply (TPES) [16].

Renewable energy plays a marginal role in the energy balance of Lebanon.
Hydropower was the unique renewable source used in electricity generation although
Lebanon has the potential to bah&bm other resourcesespecially solar and wind.
Lebanon is rich in solar irradiation during almost 300 days a year, where this huge solar
energy could be exploited to heat domestic water through the use of solar absorbing
collectors or to generate etecity through photovoltaic modules (PV) or concentrating
solar power systems (CSP). Concerning wind energy, the National Wind Atlas for
Lebanon estimated a wind potential of at least 1500 MW [17]; however, most high wind
speeds exist in remote areaedfically on top of mountains, where the total wind
power investment may be very expensive. Furthermore, the Municipal Solid Waste
(MSW), an important biomass resource, exists in Lebanon. It could provide about 107
MW of the electricity needs based on éafaility rate of 4300t/day and an electrical
generation rate of 600 kWh/t [18]. Moreover, accessible biogas and biodiesel are
supposed to cover 4% of the Lebanese electrical needs [18]. Moving on to the
geothermal energy, and considering the historicaltfeat some regions in Lebanon
(extreme north and extreme southeast) used to be volcanic; hence, there is a high
probability of finding important geothermal energy in the country. Although significant
potentials of important renewable energy resourcdar(seind, hydro, geothermal, and
biomass) exist in Lebanon, several barriers are preventing the development of their
technologies.

Thus in order to overcome these barriers, an energy plan is recommended to
develop the renewable energy strategy andresehaavestment in the RE sector.

29



B. Datasets and Site Selection Criteria Questionnaire

Upon previewing the Lebanese electrical energy situation, adopting renewable
energy projects is critical to enhance economic growth. Howtheerenewable energy
site selection is one of the most important, yet challenging task, when developing
renewable energy plants. In other words, site selection plays an important role in the
entire life cycle of the proposed renewable energy power plajgagbr Thus, the
identification of preferable locations for renewable energy systems is problematic;
hence, requiring a decision made after evaluating the potential of the resources together
with economic and environmental limitations; taking into accouanty factors such as
weather, geology, social acceptance, distance to infrastructure, etc.

So, a literature review was done, including a list of site selection criteria for the
different renewable energy resources. To make this list cesg¢msitive fol.ebanon, a
guestionnaire was conducted in favor of n
perspective9d responses from experts in Lebanon were collected and opinions were
treated equally along the work analydike data sets for these criteware collected
from different resources and some were generated using GIS. Maps were updated and
devel oped according to the constraints anc
and the literature review.

Then, a multicriteria decision makingpgoach was proposed as a method to
process available technical information to support decision in selecting the appropriate
energy system. AHP was chosen to assign weights to the factor criteria. The importance
of each factor criterion over the other wasrtldetermined and quantified. The
suitability values and the weights obtained from the AHP methods were combined into
a GIS to calculate suitability values of the land mapping units for each map type. The
scores obtained from this calculation were clasgifrom most suitable to least suitable.

In the end, a new map of Lebanon will be generated, showing the optimal site location
for the specific renewable energy resources.

lal)

30



Data Collection

Site Selection
Criteria Analysis

t

MCDM
Implementation

LS

GIS Analysis

t

Figure2. The Proposedhethodology

Step 1: Data Collection
Datacorresponding to site selection criteware collected from different resources.
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Figure3. Datacollected fromdifferentresources

There were several limitations at the data collection stage in Lebanon when it comes to
biomass and geothermal technologies. These limisiinclude lack of data and lack of
measurement equipment. Therefore, the analysis in fhesecific areas was

insufficient compared to the other areas studszig selection criteria for these 2
technologies were limited to the available data in belbaData was especially limited

for biomass and geothermal energy.

Step 2:Site Selection Criteridnalysis

A questionnaire related to site selection criteria for renewable energy resources was
conducted baseah the literature review findings. This questionnaire aims at finaing
selected range for Lebanon and ranking criteria according to the country specifi@ation
persons from the energy field participated in this questionnaire, giving their expert
opinionto select criteria and specify ranges specifically for Lebdsea Appendix 1)
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Figure4. Site selectioncriteria questionnaire
Some criteria were selected and others were eliminated.
Step 3: MCDM Implementation

Analytical Hierarchy Processas used to assign weights to each evaluation criteria, and
thus determined their relative importance in the final decision. The methadad on
pairwise comparison within a reciproceaatix, in which the number of rows and
columns is defined by the numberariteria. Note that he average opinioof each site
selection criterion for each renewable energy technolagitte 9 expertrom the
guestionnaire were used to construct the pairwise matrix. Aftervasdgrocess is
generating an auxiliary matrixnormalized pairwise comparison matrix in which the
value in each cell is the result of the division of each value judgment byrthefshe
corresponding column. Finally, the average of normalized values of rows is obtained,
which corresponds to the priority vector. This is normalized by dividing each vector
value by n (the number of vectors), thus obtaining the normalized oveaaitypri

vector, representing all factor weighlisiplementation of this method is shown in the
next chapter for each technology.
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X

Score of criteria I to criteria  (Pyg) Definition

1 Criteria 1 and j are of equal importance

3 Criteria 1 1s slightly more important than j

5 Critenia 1 15 moderately more important than §

7 Criteria 1 1s strongly more important than §

9 Critenia 1 1s extremely more importance than

2.4.6.8 Intermediate values

Table 11. Preference score values interpretation

D Criteria name Ranking of the experts

Cl1 Wind power density 1

C2 Slope 0.75

C3 Land use and land cover 0.857143

Table 18. Selected criteria among the experts’ response
Criteria | C1 2 3 _ .
Cl 1 7 5 Criteria | €1 | €2 | c3 | Weight | Weight
c2 0.14 [1 0.33 (o) | [W]
3 02 13 1 C1 0744 | 064 [079 [7235 |072
c2 0.106 | 0.091 | 0.05 833 0.08

som 134 |11 633 c3 0.149 | 0272 [0.15 [1932 |0.19

Table 19. The pairwize matrix [C]

Consistency check:

Table 20. The normalized matrix

Detenmine the weight sums vector: Find the consistency vector: {Consis}=Dot
[1=[CIW] Product[1].[1/W]

2272592 3.141082

02510861 3.013655

0.587811 3.042719

Table 21. Consistency check tables
Figure5. AHP process fomweightingcriteria

Step 4.GIS Analysis

At this stage, GIS was used for editing data and analysis.

Criteria maps were created and ranges were applied for each criteria maps and

corresponding renewable energy resources. Weiglieihed from the MCDM

methodwere specified for each criteria. Finally, suitable site were obtained from the

intersection of all these maps.
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Range (median from questionnase) | Werght
(%)
>260 Waw 3717
| =500m and <10000m 12,30
>125m and <15000m 12.50
>1000m 3.74
>500m and <10000m 1250
>1000m 12 50
Max 851° 3.74
<1500m 374
1 km away from peotected areas, 1.61
water bodies and forests, 2.5 ke away
from arpons. Preferred land:

Suitable map for energy resources

Figure6.GIS Analysis
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CHAPTER VM

SITE SELECTION CRITERIA FOR RENEWABLE ENERGY
TECHNOLOGIES

In this research, we tried to find out all the important factors that can refect th
merits of site selection through the literature review. Moreover, our study area is
contextualized within Lebanon. Therefore, the relevant technical specifications and
expert opinions should be taken into consideration. Based on this, some similar
indicators are removed and other selected indicators are classified reasonably.

In this chapter, site selection criteria results from the literature review are
presented. A questionnaire was administered aiming at finding a selected range for
Lebanonandrankng cri teria according to the coun:
chapter, analyzed site selection criteria were selected for each technology and
appropriate ranges were set for the study case of Lebanon.

A. Site Selection Criteria Resuk from the Literature Review

From the conducted literature reviews, 23 criteria were collected for the
different renewable energy technologies. Below is a list of the site selection criteria
followed by the number of references for each netbgies

Table2. Site selection criteria from the literature review

ID | Criterion Technology
Onshore| Offshore | CSP PV Biomass| Geothermal
Wind Wind
Total Total Total Total Total Total
number | number of | number | number | number | number of
of articles: of of of articles: 3
articles: | 23 articles:| articles: | articles:
24 13 39 13
Frequency
1 | Wind speed 23 22 0 0 0 0
2 | Wind power density| 12 17 0 0 0 0
3 | Wind direction and | 11 18 0 0 0 0
wind frequency
4 | Turbulence intensity 7 15 0 0 0 0
5 | Solar irradiance 0 0 8 26 0 0
6 | Proximity to roads | 22 9 5 21 11 2
7 | Proximity to 19 20 4 24 3 1
transmission lines
8 | Distance to shore |1 11 0 3 0 0
9 | Proximity to urban | 20 4 2 21 0 0
areas
10 | Distance to rural 6 1 1 1 0 0
communities
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11 | Population density | 10 8 2 7 6 0
12 | Slope 18 8 5 25 5 2
13 | Elevation 13 8 1 6 1 0
14 | Aspect 0 0 6 17 0 0
15 | Land ownership 2 2 1 3 0 0
16 | Foundation and soil| 3 3 0 2 0 0
quality
17 | Land use and land | 19 9 9 26 9 2
cover
18 | Noise 4 4 0 0 0 0
19 | Bird strikes 4 4 0 0 0 0
20 | Visual impacts 2 2 0 1 1 1
21 | Water depth 0 11 0 0 0 0
22 | Distance to 5 7 0 0 0 0
waterways
23 | Water availability 0 0 7 15 1 0

A framework of the indicator system is obtained from the literature review.
However, this system must be refined accordingame circumstances in the study
area. Accordingly, a questionnaire was administered aiming at depicting the ranking
criteria according to the countryo6s speci f
systems filled the questionnaire and 9 responses collected.

B. Site Selection Criteria Results from the Questionnaire

Experts in renewable energy field from Lebanon have participated in the study
and have provided their insight to help us rank the site selection cfdeltav is a
table of the obtained results.

Table3. Site selection criteria from the questionnaire

Technology
Onshore | Offshore .
D | criterion Wind Wind CSsP PV Biomass | Geothermal
Number of responses if applicable
Total number of responses: 9 (yes, no, no answer)
1 | Wind speed | 9 9 2 6 1 1
p | Wind power| - 7 0 0 0 0
density
Wind
g |direction = | ¢ 6 1 2 1 1
and wind
frequency
4 | Turbulence | o 6 0 0 0 0
intensity
g | Solar 0 8 8 0 0
irradiance
Proximity to | 9 4 9 9
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roads
Proximity to

7 | transmission| 9 3 9 9 4 4
lines

8 Distance to 3 > 7 7 1 1
shore

9 Proximity to 9 3 7 8 5 5
urban areas
Distance to

10 | rural 9 2 6 5 4 3
communities

11 | Population |, 2 1 2 4 4
density

12 | Slope 8 6 6 8 4 4

13 | Elevation 8 3 8 7 4 4

14 | Aspect 2 1 2 6 2 2

5 |tand g 5 6 6 6 4
ownership
Foundation

16 | and soil 8 4 6 5 2 2
quality
Land use

17 | and land 7 6 6 6 6 6
cover

18 | Noise 8 2 1 1 2 2

19 | Bird strikes | 8 8 2 1 1 1

20 | Visual 5 2 6 4 3 3
impacts

21 | Water depth| 3 5 1 2 1 1

29 Distance to 5 3 > 5 3 3
waterways

g3 | Water 1y 1 4 4 3 3
availability

We aim at selecting relevant and appropriate criteria fossletion of
renewable energy systems in Lebanon. From the literature review, a qualitative picture

of site selection criteria was il lustratec
a gquantitative picture of site selection criteria for Lebanas built.

The decision of selection criteria was
guestionnaire 50% (the majorjtwere selected as suitable criteria for each renewable
energy technology.
It is notable to mention that some criteria were radrg
Below is the decision of each technology:
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C. Site Selection Criteria Decision for Renewable Energy Systems

1. Technology 1. Onshore WinEnergy

Table4. Site selection criteria for technology 1

Rank from the questionnaire

. ) Decision: criteria Final
ID | Criterion (Number of applicable selected (above 0.5)| decision
responses/Total number of respons
1 | Wind speed 1 Yes No*
o | Wind power 0.777777778 Yes Yes
density
Wind direction
3 | and wind 0.75 Yes No?
frequency
4 Turbulence 0.75 Yes No®
intensity
Solar irradiance | 0 No No
6 Proximity to 1 Yes Yes
roads
Proximity to
7 | transmission 1 Yes Yes
lines
8 | Distance to shorg 1 Yes Yes
9 Proximity to 1 Yes Yes
urban areas
10 Dlstance_t_o rural 1 Yes Yes
communities
11 | Population 0.285714286 No No
density
12 | Slope 1 Yes Yes
13 | Elevation 1 Yes Yes
14 | Aspect 0.333333333 No No
15 | Land ownership | 0.857142857 Yes No*
16 | Foundation and | 0.75 Yes No®

! The wind power densitis expressed as:

The

wi nd

speed V is

1

P=—p_ *=Area=V?

2
t he

wind turbine performance by4% as a reduction range.

So, criterionl (wind speed) was merged withterion 2 (wind power density). In this case, the maximum

rank from this criteria is 2 that is the wind speed.

2 Dataare not available. Moreover, wind turbines can attagite variation of wind direction.

mo s fi can affecothie tcaparcity fafta af & o r

8 Data are not available. Moreover, wind turbines can adape variation of turbulence intensity.

4 This criterion is common to all renewable energy technologies and can be eliminated.
5 The soils of Lebanon are typically Mediterranean, generally calcareous, except for the sandy soils
formed on the basal cretaceous strata of the Akkar Plain and the alluvial soils of central and western

Bekaa Valley[20]. This will not affect the assignedahnology.
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soil quality
17 Land use and 1 Yes Yes
land cover
18 | Noise 1 Yes No®
19 | Bird strikes 1 Yes No’
20 | Visual impacts | 0.714285714 Yes No®
21 | Water depth 0.428571429 No No
9o | Distance to 0.714285714 Yes No®
waterways
o3 | Water 0.166666667 No No
availability

Result adjustment

The wind power density criterion is considered the most important of all criteria.
Although the resultsf the questionnaire do not reveal this fact, where the wind power
density criterion is as equal as the criteria of proximity to road, proximity to
transmission lines, distance to shore, distance to rural communities, slope, elevation and
land use and land cover. However, one cannot build a wind farm in a place that is close

to transmission |Iines but has | owthevi nd s pe
wind power density criterion by lifig up its rank.
Furthermore, the fANo answero is taken intc

criteria because of the narrow scoring.

We rescora the criteria according to the following classification:

We hae 4 categories:

- Category 1: which includes criterion 1 as the most important criterion; it will take the
value of 1.

- Category 2: which includes criteria 2, 3, 5 and 6. Those that had the same score as
criterion 1 but are less important; they will tak&5 as a score {I/4=0.75; score 1 was
fragmented into 4*0.25. 4 for 4 categories)

-Category 3: which includes criteria 4, 7
answero result. TR®O25=055 core is as foll ows:
- Category 4: which includesicrt er i on 9. Il n this criterion,

and the score is as follows:3¥0.25=0.25
We will obtain the following ranking:

6 This criterion can be merdavith distance to rural communities and proximity to urban areas criteria.

" This criterion can be merged with land use and land cover criterion, considering bird strikes as protected
areas.

8 This criterion can be merdavith distance to rural communities and proximity to urban areas criteria

° This criterion can be merged with land use and land cover criterion.
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Table5. Ranking adjustment

Rank from the gestionnaire (Number of

ID | Criterion applicable responses/Total number of respon
1 | Wind speed 1

2 | Proximity to roads 0.75

3 | Proximity to transmission lines | 0.75

4 | Distance to shore 0.5

5 | Proximity to urban areas 0.75

6 | Distance to rural communities | 0.75

7 | Slope 0.5

8 | Elevation 0.5

9 | Land use and land cover 0.25

2. Technology 2: Offshore Win&nergy

Table6. Site selection criteria for technology 2

Rank from the questionnaire Decision: criteria Final
ID | Criterion (Number of applicable ' -
selected (above 0.5) decision
responses/Total number of respons
1 | Wind speed 1 Yes No*
o | Wind power 0.777777778 Yes Yes
density
Wind direction
3 | and wind 0.75 Yes No'!
frequency
4 | Turbulence 0.75 Yes No?2
intensity
Solar irradiance | 0 No No
6 Proximity to 0.5 No No
roads
Proximity to
7 | transmission 0.375 No No
lines
8 | Distance to shorg 0.25 No No
9 Proximity to 05 No No
urban areas
10 | Distance to rural| 533333333 No No
communities
11 | Population 0.285714286 No No
density

10 Refer to footnote 1.
11 Refer to footnote 2.
12 Refer to footnote 3.
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12 | Slope 0.75 Yes Yes
13 | Elevation 0.375 No No
14 | Aspect 0.166666667 No No
15 | Land ownership | 0.714285714 Yes No'3
16 Fo'undat!on and 05 No No
soil quality
17| Landuseand | g 057140657 Yes Yes
land cover
18 | Noise 0.285714286 No No
19 | Bird strikes 1 Yes No'*
20 | Visual impacts | 0.25 No No
21 | Water depth 0.714285714 Yes No'®
2o | Distance to 0.428571429 No No
waterways
o3 | Water 0.166666667 No No
availability
3. Technology 3: Concentrated Solar PowEnergy
Table7. Site selection criteria for technology 3
Rank from the questionnaire Decision: criteria Final
ID | Criterion (Number of applicable ' .
selected (above.B) | decision
responses/Total number of respons
1 | Wind speed 0.25 No No
5 Wlnd_power 0 No No
density
Wind direction
3 | and wind 0.142857143 No No
frequency
4 | Turbulence 0 No No
intensity
Solar irradiance | 1 Yes Yes
6 Proximity to 1 Yes Yes
roads
Proximity to
7 | transmission 1 Yes Yes
lines
8 | Distance to shorg 0.875 Yes Yes
g | Proximity to 0.875 Yes Yes
urban areas
10 | Distance to rural | o551 45657 Yes Yes
communities
11 | Population 0.142857143 No No
density

13 Refer to footnote 4.
14 Refer to footnote 7.
151n spite of the geology of Lebanon, water depth range falls in a safe range.
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12 | Slope 0.857142857 Yes Yes

13 | Elevation 1 Yes Yes

14 | Aspect 0.333333333 No No

15 | Land ownership | 0.857142857 Yes No'®

16 | Foundationand | ¢ Yes Not?
soil quality

17 |Landuseand |, g0 58057 Yes Yes
land cover

18 | Noise 0.125 No No

19 | Bird strikes 0.25 No No

20 | Visual impacts | 0.75 Yes No*®

21 | Water depth 0.142857143 No No

9o | Distance to 0.285714286 No No
waterways

o3 | Water 0.66666667 Yes Yes
availability

4. Technology 4: Photovoltaic Energy

Table8. Site selection criteria for technology 4

Rank from the questionnaire

D | Criterion (Number of applicable Decision: criteria Final decision
responses/Total number of selected (above 0.5)
responses)

1 | Wind speed 0.66666667 Yes No'®
Wmd' power 0 No No
density

3 | Wind direction and  5g571 4566 No No
wind frequency

4 | Turbulence 0 No No
intensity

5 | Solarirradiance |1 Yes Yes

6 | Proximity to roads| 1 Yes Yes

7 PrOX|m_|ty _to . 1 Yes Yes
transmission lines

8 | Distance to shore | 0.875 Yes Yes

g | Proximity tourban| ; gagagassg Yes Yes
areas

10 | Distance torural | 29 4505714 Yes Yes
communities

11 | Population density| 0.285714286 No No

12 | Slope 1 Yes Yes

13 | Elevation 1 Yes Yes

16 Refer to footnote 4.
17 Refer to footnote 5
18 Refer to footnote 6.
®View the history of wind data in Lebanon; this cr
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14 | Aspect 1 Yes Yes
15 | Land ownership | 0.857142857 Yes No?°
16 | Foundationand |, o Yes No?
soil quality
17| Land use andland  g57145657 Yes Yes
cover
18 | Noise 0.125 No No
19 | Bird strikes 0.125 No No
20 | Visual impacts 0.5 No No
21 | Water depth 0.285714286 No No
2o | Distance to 0.333333333 No No
waterways
23 | Water availability | 0.66666667 Yes No?
5. Technology 5: Biomass Energy
Table9. Site selection criteria for technology 5
Rank from the questionnaire Decision: criteria Final
ID | Criterion (Number of applicable ' .
selected (above 0.5) decision
responses/Total number of respons|
1 | Wind speed 0.125 No No
5 Wlnd_power 0 No No
density
Wind direction
3 | and wind 0.166666667 No No
frequency
4 | Turbulence 0 No No
intensity
Solar irradiance | 0 No No
g | Proximity to 0.857142857 Yes Yes
roads
Proximity to
7 | transmission 0.571428571 Yes Yes
lines
8 | Distance to shorg 0.2 No No
g | Proximity to 0.333333333 No No
urban areas
10 Dlstance_t_o rural 08 Yes No?
communities
11 | Population 0.66666667 Yes Yes
density

20 Refer to footnote 4.
21 Refer to footnote 5.
22 Some feasible technigues cannot be used to clean the panels.

2 |nstalling a biomass plant will create job opportunities for citizens. This feature is related to population
density criterion more than distance to rural
select the biggest rank for both.

comn
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12 | Slope 0.571428571 Yes Yes
13 | Elevation 0.8 Yes Yes
14 | Aspect 0.4 No No
15 | Land ownership | 0.8 Yes No**
16 Fo'undat!on and 0.4 No No
soil quality
17| Landuseand | g 057140657 Yes Yes
land cover
18 | Noise 0.285714286 No No
19 | Bird strikes 0.142857143 No No
20 | Visual impacts | 0428571429 No No
21 | Water depth 0.166666667 No No
9o | Distance to 06 Yes N0
waterways
23 Wat_er . 06 Yes Yes
availability
6. Technology 6: Geothermal Energy
Tablel0. Site selection criteria for technology 5
Rank from the questionnaire
D | Criterion (Number of applicable Decision: criteria Final
responses/Total number of selected (above 0.5)| decision
responses)
1 | Wind speed 0 No No
2 | Wind power density| O No No
3 Wlnd direction and 0 No No
wind frequency
4 | Turbulence intensity 0 No No
5 | Solar irradiance 0 Yes Yes
6 | Proximity to roads | 0.857142857 Yes Yes
7 PrOX|m_|ty _to . 0.5 Yes Yes
transmission lines
8 | Distance to shore | 0.166666667 No No
9 Proximity to urban 05 No No
areas
10 Dlstance_t_o rural 06 Yes Yes
communities
11 | Population density | 0.166666667 No No
12 | Slope 0.5 No No
13 | Elevation 0.5 No No
14 | Aspect 0.25 No No
15 | Land ownership 0.8 Yes No*

24 Refer to footnote 4.
25This criterion can be merged with land use and land cover criterion, proximity to rivers.
26 Refer to footnote 4.
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16 Four_ldatlon and soil 08 Yes No?’
quality

17 Land use and land 1 Yes Yes
cover

18 | Noise 0.142857143 No No

19 | Bird strikes 0.142857143 No No

20 | Visual impacts 0 No No

21 | Water depth 0.333333333 No No

29 Distance to 04 No No
waterways

23 | Water availability | 0.66666667 Yes No?®

Results and Conclusion

The site selection of renewable energy systems is a complex detiskomg
problem that needs to consider many factors such as the wind and solar energy
resources, the grid construction cost, the distance to load center, the economic and
social factors, all of which can affect the economy of projects and may threat the safe
and stable operation of the grid.

Therefore, we tried to find out all of the important factors that can reflect the
merits of site selection through literature statssaind then obtain a more complete
indicator system. However, redundant indicators are easily introduced. Therefore, the
relevant technical specifications and expert opinions should be taken into consideration.
Based on a conducted questionnaire, somé#asimdicators were reduced and merged,
and all the selected indicators are classified reasonably for each renewable energy
technology.

Note that criteria for biomass and geothermal energy are very limited and are
only used here for illustrative purpas

27 Refer to footnote 5.

28 Geothermal power production utilizes water in two major ways:

- The first method, which is inevitable in geothermal production, uses hot water from an underground
reservoir to power the facility.

- The secod is using water for cooling (for some plants only).

Note that geothermal fluid is considered a water resource, and therefore, the water availability criteria can
be merge with the land use and land cover criteria.
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CHAPTER V

IMPLEMENTATING MCDM FOR OPTIMAL RENEWABLE
ENERGY SITE SELECTION IN LEBANON

Decisionmaking is about identifying and choosing alternatives to find the best
solution that takes into account different factors whilesatgring the decisiema k e r s 0
expectations. Evergingle decision is made with regard to a certain environment. This
environment is the collection of a set of information, alternatives, values and
preferences available at the time when the decision musate.

After selecting site criteria for each renewable energy technology, this chapter will
contribute to finding the best decision of installing the specific technology, in a

particular site, by implementing a muttiiteria decision making method.

One d the most popular muHiriteria decisiormaking methods (MCDM) is the

Analytical Hierarchy Process (AHP). This is a theory of measurement for dealing with
qguantifiable and/or intangible criteria that has found rich applications in decision theory,
conflict resolution and models of the brain. It is based on the principle that in order to
make decisions, the experience and knowledge of people is as valuable as the data used.
In this chapter, site selection criteria for each renewable energy technolobg will

weighted using the AHP methods. All the procedure will be shown in the next section.

A. The AHP Procedure, an Overview

The AHP is a decision support tool that can be used to solve complex decision
problems. It uses a mulevel hierarchical structure of objectives, criteria, sub criteria,
and alternatives. The pertinent data are derived by using a set of pairwise comparisons.
These comparisons are used to obtain the weights of importance of the decision criteria
and the relatie performance measures of the alternatives in terms of each individual
decision criterion. If the comparisons are not perfectly consistent, it provides a
mechanism for improving the consistency.

Applying the AHP model consists of several steps as sholewbe
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Selection of goal

.

Selection of alternatives

Selection of decision criteria

T~

Pairwise comparison of criteria Pairwise comparison of alternatives
using each criterion
if no L l Iif no
Consistency check Consistency check
Comparison matrix of criteria Comparison matrixes of alternatives

using each criterion

\/

Selection of the most appropriate alternative

Figure?. Steps bapplying the Analytical Hierarchy Process model [19]

It starts with setting thgoal followed by the selection of alternatives. Practical
judgment is necessary for criteria selection. Pairwise cosgaiare required among
criteria.

Matrixes of pairwise comparisomasecreated by the experts on condition that
judgments are evaluad to find suitable alternatives to estimate the associated absolute
numbers from 1 to 9, the fundamental scales of the.AlHBse comparisons are made
using Saaty's discrete 9 value scal

Tablell Preference score kges interpretation

Score of criterion | to criteriop(Pij) Definition

Criteria i and j are of equal importance

Criteria i is slightly more important than |

Criteria i is moderately more important than

Criteria i is $rongly more important than |

Criteria i is extremely more importatiian |

NOINO|W(F

,4,6,8 Intermediate values

1 P q
Aw=|1/p 1 r

1/g 1/r 1
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The relative weights of A1, A2 and A3 can be determined from matrix A by
normalizing it into a new matrix This process involves dividing the elements of each
column by the sum of the elements of the same column. Tiredleslative weights of
these alternatives are then computed as the row average of the new matrix.

Consistency check:

If the columns of A are identical, then the decismaker exhibits perfect consistency

in specifying the entries of the comparison mxa&. Mathematically, the matrix A is
consistent if: ax gk=ax for all values of i; j and k:

It is abnormal for all comparisons to be consistent. A reasonable level of inconsistency
is expected and tolerated due to the nature of human judgment. Troidetehether

the | evel of i nconsistency is Oreasonabl ec
Estimate the Consistency Index (ClI) using:
A—n
cl =
n—1

In this formula, nis the size ofthemat(ixn x n) and & can be def.i
the weighted matrix Aw and the normalized matrix.

The Consistency Ratio (CR) can be estimated using:

CI

CR=—

RC
As a rule of thumb, if the CR value is equal to or less than thé(airwise
comparison results are acceptable; otherwise,ghewyld be rejected and revised.
The Random Consistency (RC) of the matrigak be estintad using the following
standard table:

Tablel2. Random index for different values of number of elements

2 3 4 5 6 7 8 9 10 11 12

0 058 (1090 [112 124 [132 |141 [145 149 |151 |1.53
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B. The Implementation of the AHP Method

1. Case 10nshore Wind Energy

Tablel3.Sel ect ed

criteria

among t

he expertso

response

ID Criterionname Ranking of the experts

Cl Wind power density 1

C2 Proximity to roads (in m) 0.75

C3 Proximity to transmission lines (in m)| 0.75

C4 Distance to shore 0.5

C5 Proximity to urban areas 0.75

C6 Distance to rural communities 0.75

C7 Slope 0.5

C8 Elevation 0.5

C9 Land use and land cover 0.25

Table14. The pairwise matrix [C]

Criteria | C1 (o4 C3 C4 C5 C6 Cc7 C8 C9

C1 1 5 5 7 5 5 7 7 9

Cc2 0.2 1 1 5 1 1 5 5 7

C3 0.2 1 1 5 1 1 5 5 7

C4 0.14 0.2 0.2 1 0.2 0.2 1 1 5

C5 0.2 1 1 5 1 1 5 5 7

C6 0.2 1 1 5 1 1 5 5 7

Cc7 0.14 0.2 0.2 1 0.2 0.2 1 1 5

C8 0.14 0.2 0.2 1 0.2 0.2 1 1 5

C9 0.11 0.14 0.14 0.2 0.14 0.14 0.2 0.2 1

Sum: 2.33 9.74 9.74 30.20 | 9.74 9.74 30.30 | 30.30 |53

Table15. The normalized matrix
Criteria| 1 |c2 |c3 |ca |cs |ce |c7 |cs8 |co \(’(;)e)'ght E’\\/’vﬁ'ght
C1 043 |026 |0.26 |0.26 |0.26 |0.26 |0.26 |0.26 |0.17 |37.17 | 0.37
Cc2 0.086 | 0.088 | 0.09 | 0.088 | 0.088 | 0.088 | 0.088 | 0.088 | 0.1 12.50 | 0.125
C3 0.086 | 0.088 | 0.088 | 0.088 | 0.088 | 0.088 | 0.088 | 0.088 | 0.1 12.50 | 0.125
C4 0.086 | 0.088 | 0.088 | 0.09 | 0.09 |0.09 |0.09 |0.09 |01 3.74 0.04
C5 0.086 | 0.088 | 0.088 | 0.088 | 0.088 | 0.088 | 0.088 | 0.088 | 0.1 12.50 | 0.125
C6 0.086 | 0.088 | 0.088 | 0.088 | 0.088 | 0.088 | 0.088 | 0.088 | 0.1 1250 | 0.125
Cc7 0.086 | 0.088 | 0.088 | 0.088 | 0.088 | 0.088 | 0.088 | 0.088 | 0.1 3.74 0.04
C8 0.086 | 0.088 | 0.088 | 0.088 | 0.088 | 0.088 | 0.088 | 0.088 | 0.1 3.74 0.04
C9 0.052 | 0.029 | 0.029 | 0.029 | 0.029 | 0.029 | 0.029 | 0.029 | 0.033]| 1.61 0.02
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Consistency check:

Tablel6. Consistency check tables

Determine the weight sums vector: Find the consistency vector: {Consis}=Dot
[1]=[C][W] Product[1].[1/W]
3.802 10.228
1.248 9.988
1.248 9.988
0.345 9.240
1.248 9.988
1.248 9.988
0.345 9.240
0.345 9.240
0.151 9.40
Calculate the average elemest:9.700222
Calculate the consistency Index (Cl):
cr= i-n = 0.0875
n—1

Calculate he Consistency &io (CR):

()
CR=——=10.0604
RC

CR<0.1, so it is consistent.
The following table sums up the selected criteria for onshore wind technology and the

weight:

Tablel7. Selected criteria for onshore wind energy and their weight
ID | Criterion Weight (%)
C1 | Wind power density 37.17
C2 | Proximity to roads (in m) 12.50
C3 | Proximity to transmission lines (in m)| 12.50
C4 | Distance to shore 3.74
C5 | Proximity to urban areas 12.50
C6 | Distance to rural communities 12.50
C7 | Slope 3.74
C8 | Elevation 3.74
C9 | Land use and land cover 1.61

2. Case 20ffshore Wind Energy

Tablel8Sel ected criteria among t

he expertso

response

ID Criterionname Ranking of the experts
Cl Wind power density 1

C2 Slope 0.75

C3 Land use and land cover 0.857143
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Tablel19. The pairwise matrix [C]

Criteria | C1 Cc2 C3
C1 1 7 5
C2 0.14 1 0.33
C3 0.2 3 1
Sum: 1.34 11 6.33

Table20. The normalized matrix

L Weight | Weight

Criteria| C1 Cc2 C3 (%) W]

C1 0.744 1 0.64 |0.79 |72.35 |0.72

C2 0.106 | 0.091 | 0.05 | 8.33 0.08

C3 0.149 | 0.272 ] 0.15 |19.32 | 0.19
Consistency check:
Table21. Consistency check tables
Determine theveight sums vector: Find the consistency vector: {Consis}=Dot
[1]=[C][W] Product[1].[1/W]
2.272592 3.141082
0.251061 3.013655
0.587811 3.042719
Calculate the average elemest:3.065819
Calculate the consistency Index (Cl):

—n
Clr = = 0.032909

n—1
Calculate he Consistency &io (CR):
Cr
CR=—=0.05674
RC

CR<0.10, so the degree of consistency is considered satisfactory.
The followingtable sums up the selected criteria for offshore wind technology and their
weight:
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Table22. Selected criteria for offshorevind energy and their weight

ID | Criterion Weight (%)
C1 | Wind power density 72..35

C2 | Slope 8.33

C3 | Land use and land cover 19.32

3. Case 2CSP Energy

Table23Sel ected criteria among the experts6é response

ID Criterion name Ranking of the experts
C1 Solar irradiation 1

C2 Proximity to roads (in m) 1

C3 Proximity to transmission lines (in m)| 1

C4 Distance to shore 0.875

C5 Proximity to urban areas 0.875

C6 Distance to rural communities 0.857143
C7 Slope 0.857143
C8 Elevation 1

C9 Land use and land cover 0.857143
C10 Water availability 0.66666667

Table24. The pairwise matrix [C]

Criteria | C1 c2 C3 C4 C5 C6 Cc7 C8 C9 C10
C1 1 1 1 5 5 5 5 1 5 9
C2 1 1 1 5 5 5 5 1 5 9
C3 1 1 1 5 5 5 5 1 5 9
C4 0.2 0.2 0.2 1 1 3 3 0.2 3 7
C5 0.2 0.2 0.2 1 1 3 3 0.2 3 7
C6 0.2 0.2 0.2 033 |033 |1 1 0.2 1 7
C7 0.2 0.2 033 |]033 033 |1 1 0.2 1 7
C8 1 1 5 5 5 5 5 1 5 9
C9 0.2 0.2 033 |0.33 033 |1 1 0.2 1 7
C10 011 |01 011 (014 |0124 |014 |[024 |01 |04 |1
Sum: 511 |5.11 |5.11 |23.13 |23.13|29.14 |29.14 |511 |29.14|72.00

Table25. The normalized matrix

Criteria| C1 [C2 [C3 [c4 |C5 [C6 |[C7 [C8 [C9 |C10 | Weight| Weight
(%) | [W]

C1 0.19/0.20/0.20/0.22 |0.22 | 0.17 |0.17 |0.20/0.17 [0.13 |18.54 |0.19

C2 0.19/0.19/0.20/0.21 |0.21 |0.27 [0.17 |0.19]|0.17 [0.125]|1854 |0.19

C3 0.19/0.19/0.19/0.21 |0.21 |0.17 [0.17 |0.19]0.127 [0.125/1854 |0.19

C4 0.04/0.04/0.04/ 0.04 | 004 |00 [0.10 |0.04/0.10 [0.10 |6.49 0.06
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C5 0.04/0.04/0.04/0.04 |0.04 010 |0.10 |0.04/0.10 |0.097]6.49 0.06
C6 0.04{ 0.04/0.04/0.01 |0.01 |0.03 [0.03 |0.04|0.03 |0.097]|3.85 0.04
C7 0.04/ 0.04/0.04/0.01 |0.01 |0.03 [0.03 |0.04]|0.03 |0.097]|3.85 0.04
C8 0.19/0.19/0.19/0.21 |0.21 |0.27 [0.17 |0.19]0.127 [0.125/1854 |0.19
C9 0.04/ 0.04/0.04/0.01 |0.01 |0.03 [0.03 |0.04|0.03 |0.097]3.85 0.04
C10 0.02| 0.02| 0.02| 0.006| 0.006| 0.0049| 0.0049| 0.02| 0.0049| 0.014] 1.28 0.01

Consistency check:

Table26. Consistency check tables

Determine lhe weight sums vector: Find the consistency vector: {Consis}=Dot
[1]=[C][W] Product[1].[1/W]
2.084097 5.392541
2.084097 5.392541
2.084097 5.392541
0.714621 15.40862
0.714621 15.40862
0.396794 25.94089
0.396794 25.94089
2.084097 5.392541
0.396794 25.94089
0.130272 78.18793
Calculate the average elemest;10.80422
Calculate the consistency Index (ClI):

cl= ' = (0.089358

n —

Calculate he Consistency &io (CR):

()
CR=—=10.059972
RC

CR<0.10, so the degree of consistency is considered satisfactory.
The following table sums up the selected criteria for CSP technology and their weight:

Table27. Sdected criteria for CSEnergy and their weight

ID | Criterion Weight (%)
C1 | Solar irradiance 18.54
C2 | Proximity to roads (in m) 18.54
C3 | Proximity to transmission lines (in m 18.54
C4 | Distance to shore 6.49
C5 | Proximity to urban areas 6.49
C6 | Distance to rural communities 3.85
C7 | Slope 3.85
C8 | Elevation 18.54
C9 | Land use and land cover 3.85
C10 | Water availability 1.28
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4. Case 4PV Energy

Table28.Sel ect ed

criteri a

among t

he experts

0

response

ID Criterionname Ranking of the experts

C1 Solar irradiance 1

C2 Proximity to roads (in m) 1

C3 Proximity to transmission lines (in m)| 1

C4 Distance to shore 0.875

C5 Proximity to urban areas 0.888889

C6 Distance to rural communities 0.714286

Cc7 Slope 1

C8 Elevation 1

C9 Aspect 1

C10 Land use and land cover 0.857143

Table29. The pairwise matrix [C]

Criteria | C1 Cc2 C3 C4 C5 C6 Cc7 C8 C9 C10

C1 1 1 1 5 5 7 1 1 1 5

C2 1 1 1 5 5 7 1 1 1 5

C3 1 1 1 5 5 7 1 1 1 5

C4 0.2 0.2 0.2 1 0.33 |5 0.2 0.2 0.2 3

C5 0.2 0.2 0.2 3 1 5 0.2 0.2 0.2 3

C6 0.14 |01 0.14 | 0.2 0.2 1 0.14 0.14 0.14 | 0.2

C7 1 1 1 5 5 7 1 1 1 5

C8 1 1 1 5 5 7 1 1 1 5

C9 1 1 1 5 5 7 1 1 1 5

C10 0.2 0.2 0.2 0.33 0.33 |5 0.2 0.2 0.2 1

Sum: 6.74 | 6.74 |6.74 | 3453 | 31.86 |58 6.74 6.74 6.74 | 37.2

Table30. The normalized matrix

Criteria | C1 Cc2 C3 C4 C5 C6 Cc7 C8 Cc9 C10 | Weight | Weight
(%) W]

C1 0.148] 0.15 | 0.15 | 0.14 | 0.16 | 0.12 | 0.15 | 0.15 | 0.15 | 0.13 | 14.47 | 0.14

C2 0.148] 0.148]| 0.15 | 0.144 | 0.157] 0.12 | 0.148] 0.148] 0.148]| 0.13 | 14.47 | 0.14

C3 0.148] 0.148| 0.148| 0.144 | 0.157] 0.12 | 0.148] 0.148] 0.148| 0.13 | 14.47 | 0.14

C4 0.029] 0.029| 0.029| 0.029 | 0.01 | 0.09 | 0.03 | 0.03 | 0.03 | 0.08 | 3.84 0.04

C5 0.029] 0.029| 0.029| 0.087 | 0.031| 0.08 | 0.029| 0.029| 0.029] 0.08 | 4.63 0.05

C6 0.021] 0.021| 0.021| 0.005 | 0.006| 0.017] 0.021| 0.021| 0.021] 0.005| 1.62 0.02

C7 0.148] 0.148] 0.148| 0.144 | 0.157] 0.12 | 0.148] 0.148] 0.148| 0.13 | 14.47 | 0.14

C8 0.148] 0.148| 0.148| 0.144 | 0.157] 0.12 | 0.148] 0.148] 0.148| 0.13 | 14.47 | 0.14

C9 0.148| 0.148| 0.148| 0.144 | 0.157] 0.12 | 0.148] 0.148] 0.148]| 0.13 | 14.47 | 0.14

C10 0.029] 0.029| 0.029| 0.0097| 0.01 | 0.09 | 0.029| 0.029| 0.029] 0.02 | 3.11 0.03
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Consistency check:

Table31. Consistency check tables

Determine the weight sums vector: Find the consistency vector: {Consis}=Dot
[1]=[C][W] Product[1].[1/W]
1.560472 10.78702
1.560472 10.78702
1.560472 10.78702
0.401706 10.45467
0.509425 11.00099
0.163346 10.09529
1.560472 10.78702
1.560472 10.78702
1.560472 10.78702
0.313857 10.08643

Calculate the average elemest:10.63595
Calculate the consistency Index (Cl):

1
cl = = 0.000578

I —

Calculate he Consistency &io (CR):
()
CR =— =0.000388
RC

CR<0.10, so the degree of consistency is considered satisfactory.
The following table sums up the selected criteria for PV technology and their weight:

Table32. Selected critéa for PV energy and their weight

ID | Criterion Weight (%)
C1 | Solarirradiance 14.47
C2 | Proximity to roads (in m) 14.47
C3 | Proximity to transmission lines (in m 14.47
C4 | Distance to shore 3.84
C5 | Proximity to urban areas 4.63
C6 | Distance to rural communities 1.62
C7 | Slope 14.47
C8 | Elevation 14.47
C9 | Aspect 14.47
C10 | Land use and land cover 3.11
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5. Case 5: BiomasEnergy

Table33Sel ected criteria among the expertsd response

ID Criterionname Ranking of the experts
C1 Proximity to roads (in m) 0.857143

C2 Proximity to transmission lines (in m)| 0.571429

C3 Population density 0.8

C4 Slope 0.571429

C5 Elevation 0.8

C6 Land use and land cover 0.857143

Cc7 Water availability 0.6

Table34. The pairwise matrix [C]

Criteria | C1 c2 C3 C4 C5 C6 Cc7
C1 1 9 3 9 3 1 9

Cc2 0.11 1 0.11 1 0.1 0.1 0.33
C3 0.33 9 1 9 1 0.33 9

C4 0.11 1 0.11 1 0.11 0.11 0.33
C5 0.33 9 1 9 1 0.33 9

C6 1 9 3 9 3 1 9

Cc7 0.11 3 0.11 3 0.11 0.11 1
Sum: 2.99 41 8.33 41 8.33 2.99 37.67

Table35. The normalized matrix

Criteria| C1 Cc2 C3 C4 C5 C6 Cc7 Weight | Weight

(%) [W]
C1 033 022 |036 |0.22 |036 |0.33 |0.24 |2949 |0.29
C2 0.037|0.024 | 0.01 | 0.024 | 0.013 | 0.037 | 0.0088| 2.26 0.02

C3 0.11 |0.219|0.12 |0.219|/0.12 | 0.11 |0.24 16.29 | 0.16

C4 0.037]0.024 | 0.013 | 0.024 | 0.01 |0.04 |0.01 |2.26 0.02

C5 0.11 | 0.219|0.12 1 0.219|0.12 |0.11 | 0.24 16.29 | 0.16
C6 0.33 |0.219/0.36 |0.219|/0.36 |0.33 |0.24 |2949 |0.29
C7 0.037 | 0.073 | 0.013 | 0.073] 0.013] 0.037 ]| 0.026 | 3.91 0.04

Consistency check:

Table36. Consistency check tables

Determine the weight sums vector: Find the consistency vector: {Consis}=Dot
[1]=[C][W] Product[1].[1/W]

2.326245 3.390439

0.160019 44.20007

1.281449 6.139356

0.160019 44.20007
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1.281449 6.139356
2.326245 3.390439
0.276577 25.58191
Calculate the average elemest7.532798
Calculate the consistency Index (Cl):
—n
cr = = 0.0888

n —

Calculate he Consistency &io (CR):

()
CR=—=10.067272
RC

CR<0.10, so the degree of consistency is considered satisfactory.
The following table sums up the selected criteria for biomass technology and their

weight:

Table37. Sekcted criteria for onshore wind energy and their weight

ID | Criterion Weight (%)
C1 | Proximity to roads (in m) 29.49

C2 | Proximity to transmission lines (in m)| 2.26

C3 | Population density 16.29

C4 | Slope 2.26

C5 | Elevation 16.29

C6 | Land use and land cover 29.49

C7 | Water availability 3.91

6. Case 6GeothermalEnergy

Table38 Sel ected criteria among t

he expertso

response

ID Criterionname Ranking of the experts
C1 Proximity to roads (in m) 0.857143
C2 Distance to rural communities 0.6
C3 Land use and land cover 1
Table39. The pairwise matrix [C]
Criteria | C1 Cc2 C3
C1 1 5 0.33
C2 0.2 1 0.11
C3 3 9 1
Sum: 4.2 15 1.44
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Table40. The normalized matrix

Criteria| C1 | c2  |c3 \(’;?)'ght E’\\/’V‘i'ght
ClL | 024 [033 023 |26.74 027
C2 1004 | 0066|008 |637 |0.06
C3 071 |06 1069 |66.89 |0.67

Consistency check:

Table41. Consistency check tables

Determine the weight sums vector: Find the consistency vector: {Consis}=Dot
[1]=[C][W] Product[1].[1/W]

3.739726 3.025571

15.68966 3.005109

1.495071 3.056955

Calculate the average elemesnt;3.029211
Calculate the consistency Index (Cl):

1

T = 0.014606
I —

Calculate he Consistency &io (CR):

cl =

()
CR=—=10.025182
RC

CR<0.10, so the degree of consistency is considered satisfactory.

The following table sums up the selected criteria for geothermal technology and their
weight:

Table42. Selected critea for geothermaénergy and their weight

ID | Criterion Weight (%)
C1 | Proximity to roads (in m) 26.74

C2 | Distance to rural communities 6.37

C3 | Land use and land cover 66.89

Discussion and ®nclusion

The various criteria for selecting suitable sites for the different renewable energy
resources have been identified, and based
been investigated for Lebanon

AHP as a welknown decision making criteria was ugeddentify the weight
of potential of resources. The scores and weight of solar, wind, geothermal and biomass
potential for Lebanon were calculated.

The result of calculation weight will be used in the GIS environment; GIS
enables generating a theocatipotential resources map based on overlapping solar
energy, wind, biomass, and geothermal potential maps.
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A result resource map will be made by combining the AHP and GIS to show the
suitability site of renewable energy resources for the entire Lebpariontizing
renewable energy development.
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CHAPTER VI

RESULTSBASED ON EXPERTSO6 FEEDB/

This chapter presents the stigeel results of a spatial analysis site selectoon
the renewable energy technologies installations in Lebanon based on expert feedback. It
encompasses the output of solving the complex decision problems of allocating land
suitability and producing the maps.

The Arc GIS 10.6.1 was used to apply thdtreriteria decision analysis. With
its abilities to handle different kinds of topological, spatial, weather variation, GIS
models offer a great advantage for the presented problem. Several steps were created
using GIS models. First of all, data were eoted according to the selected criteria
interpreted by experts. Then, some data were digitized and others were modified and
updated in order to create thematic maps for the criteria that influence the site selection
process. All maps were projected on operdinate system:
WGS 1984 UTM_Zone_36N. Second of all, the data criteria maps were arranged
following different selected range for each renewable energy technology. At the end,
layers of these criteria setting were combined and weights, obtained &anutt:
criteria decision making method, were assigned to the factor criteria layers. Suitable
sites were selected and reclassified on a scale of 5 where 5 being the most important,
after incorporating the various criteria.

Spatial suitability modeling ith a GIS is increasingly used agseghnique to
identify potential locations for renewable eneggnerationGIS may be a ghificant
aid in collecting anarganizing spatial data for the agaltion of a location model

In this case study, several gtewere followed. First, spatial and other available
data (population, road, hydrology, protected area, transmission lines, shoreline, major
towns, and villages) were collected, and then various criteria maps were created. The
slope and slope orientatiosfsect were extracted from the digital elevation model
(DEM) by applying spatial analysis from GIS software. The solar irradiation maps were
obtained from SOLARGIS (www.solargis.com): Global Horizontal Irradiation (GHI)
map and Direct Normal Irradiation (DNmap were downloaded.

Direct Normal Irradiation Global Horizontal irradiation

WRECT NORMAL RAADATION . Medium Size A ? R
LEBANON FET— LEBANON A =

.......

Figure8. Direct Normal and Global Horizontal Irradiation maps downloaded from SOLARGIS
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The wind pover data were found in GLOBAL WIND ATLAS
(www.globalwindatlas.info); a free welasel application developed to help
policymakers, planners, and investors identify highd areas for wind power

generation virtually anywhere in the warld

GLOBAL WIND ATLAS

Search Locations Q
TLAS | ENERGYOATANFG. —

A

o0 ' A -~ N
NAIRAH ‘

— y
lenr Ill! CUSTOMIZED AREAS
" Lebanon -
» Region~

Data for 10% windiest areas

_.‘ Mean Power Density @Height 200m

‘‘‘‘‘

- Download ~

A 708 W/m & 823mis

Contact  Help?

ESMAP

R —

Lesfies | GWA 30 £2012

'i:iureg. Mean power density map forLebanonat height 200m

> Mean Wind Speed @Height 200m

windiest sreaz

o1y s
= o ® vorrex

Second, maps were created following restrictions/ranges obtained from the
guestionnaire.

In this chapter, each renewable energy technology was treated separately
following a consistent methodology and specified criteria and ranges.

A. GIS Analysis for Technology 1:0nshore Wind Energy

1. An Owerview of Selected Criteria, Ranges anceights

Table43. Selected criteria, ranges and weights for the onshore wind energy technology

ID | Criteria Range (median from questionnaire)| Weight (%)
C1 | wind power density >260 W/nt 37.17
C2 | Proximity to roads (in m) >500m and <10000m 12.50
C3 | Proximity to transmission lines (in m) >125m and <15000m 12.50
C4 | Distance to shore >1000m 3.74
C5 | Proximity to urban areas >500m and <10000m 12.50
C6 | Distance to rural communities >1000m 12.50
C7 | Slope Max 8.51° 3.74
C8 | Elevation <1500m 3.74

1 km away from protected areas, 1.61
colL water bodies and forests, 2.5 km aw

and use and land cover ; :
from airports. Preferred land:
grassland and bare land
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2. An Overview ofthe Methodology

Wind

Proximity

Distance to

— Proximity to -
P ; ) tance .
power || T || wansmssion | e | tousban ol || Slope || Elevarion (| 3500
density lines areas communities
L ' " L ’ ; / /
Mulltlple Mu_ltlplc Raster Mulltlple Mu_ltlplc Set Null Set Null
Set Null ring rng calculator ring nng
j buffers buffers l buffers buffers l l
Reclassify Reclassify || Reclassify | Reclassify | Reclassify || Reclassify || Reclassify || Reclassify || Reclassify

[
Raster
calculator

L

Figure10. Methodology applied for technology dnshore wind energy

3. Maps and Ranges

The following factors were considered in the site selection for onshore wind
farm: wind power density, proximity to roads, proximity to transmission lines, distance
to shore, proximity to urban areas, distateural communities, slope, elevation and
land use and land cover. Maps for each criterion were created based on a set of range.

a.Criterion 1: Wind Power Density

According to experts in Lebanon, wind power density must be more than 260

W/m?. Using he Set Null tool in GIS, values less than 260 Wdne returned to be

NoData.

Figure11. Wind power density map excluding values under 2603N/m
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http://energyskeptic.com/2018/power-density-of-biomass-wind-solar-requires-too-much-land-to-replace-fossil-fuels/
http://energyskeptic.com/2018/power-density-of-biomass-wind-solar-requires-too-much-land-to-replace-fossil-fuels/



https://en.wikipedia.org/wiki/Flow_velocity
https://en.wikipedia.org/wiki/Atmosphere
https://en.wikipedia.org/wiki/High-pressure_area
https://en.wikipedia.org/wiki/Low-pressure_area

























