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Abstract

Renewable energy could play a vital role in the total energy production of a country. It
can supplement the existing conventional energy resources and provide diversity in
overall power generation ensuring uninterrupted energy supply thereby providing
economical means of producing electricity. The major objective of this research was to
identify sites that are potentially viable for solar energy generation in Sindh area of
Pakistan. Various economic parameters like proximity to grid stations and presence of
barren land, environmental parameters like presence of agricultural lands and wetlands,
presence of urban communities, and physical parameters like solar irradiance, land
aspect, slope, etc. were taken into consideration for narrowing down to the sites most
suitable for the purpose. The rationale of selecting these parameters was the literature
reviewed for similar endeavors while taking national guidelines and legislations into
consideration. A methodology designed on Geographic Information Systems (GIS) was
developed for the study area using multi criteria decision making. Individual degrees of
satisfaction for each alternative technical and environmental parameter identified along
with the economic feasibility criteria were rated against each other using analytical
hierarchy process (AHP). Then these individual degrees of satisfaction were aggregated
into overall performance indices which were used to generate maps indicating feasible
sites for solar energy generation facilities. Since such a study has not yet been conducted
for solar energy harnessing in Sindh, this endeavor will be beneficial for investors as

well as decision makers to explore the possibility of commissioning such energy systems.

Key Words: Geographic Information Systems (GIS); Analytical Hierarchy Process (AHP); Multi
Criteria Decision Analysis (MCDA); Alternate Energy; Renewable energy farms.

1. INTRODUCTION

In the era of industrialization and information technology, coupled with an exponential demand for
energy in every nation, it may be predicted that provision of energy will be among the biggest
challenges the world will face in this century (Khan and Ahmad 2008). For this purpose, the focus is
now shifting from conventional to renewable energy sources as they also ensure environmental
sustainability. Fortunately for Pakistan, it is geographically located and naturally endowed with
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abundant alternate energy resources in order to meet the country’s growing energy requirements. Wind
and solar energy are good examples (Abdul Wahab, Yasin et al. 2009). Solar energy projects are
among the most promising ways for sustainable energy harvesting. Since cost is a significant factor in
installing and commissioning renewable energy systems, it is vital that project feasibility be done
before any such construction. Selecting a site for optimal production of photovoltaic electricity without
compromising environmental, social, political and economic factors that may ensue conflicting
objectives is a typical and complex process requiring careful addressing. Such complexities may be
resolved with the use of Multi-criteria decision making in a GIS context. The province of Sindh in
Pakistan was chosen as the study area for this research as provided in Figure 1.
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Figure 1. Study Area for Solar Energy Potential
2 Site selection for solar power generation

In order to identify viable locations in a study area for a predefined land use, it necessary to consider a
comprehensive set of influencing factors and then balancing out these factors based on their importance
to that particular use (de By 2000). Economic, physical, demographical, political and environmental
constraints pose varying degrees of complexities for selection of a suitable site. Advance methods are
required for manipulating these multi criteria constraints while keeping the conditions of physical
suitability under consideration.

Multi-criteria decision making techniques coupled with Geographic Information Systems have been
used in this study to find suitable areas for photovoltaic electricity generation. Following is a short
description of these decision making tools:

2.1 Geographic Information Systems (GIS)

A GIS is a computer system that aids in storing and analyzing data in a geographic context (Thomas
1980). It is also often described as a decision support system with modules for optimal site selection
that are based on various conditions of the area along with their conflicting objectives.

2.2 Multi Criteria Decision Making (MCDM)
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Multi criteria decision making is done through tools which are used for decision making by assigning
different weighing schemes to the various criteria under consideration in the analysis. These weights
rank the importance of these criteria thus resolving the site selection problems.

2.3 The Analytical Hierarchy Process (AHP)

The Analytical Hierarchy Process (AHP) was designed by Thomas Saaty that uses a pairwise
comparison matrix for assigning weightages to different criteria that influence a decision (Thomas
1980). A critical factor in MCDM is the establishment of “weights” for different influencing criteria in
accordance with their importance for a given purpose. Its main purpose is to prescribe ways of ranking,
evaluating and selecting the most favorable from all the available alternative(s) that are usually
characterized by multiple and conflicting criteria (Xiaohan, Y., et al. 2013). The analytic hierarchy
process (AHP) is a logical method that assists the analyst in improving the understanding of complex
decisions. It does so by breaking down the problem into a hierarchy. All the relevant criteria for the
decision are incorporated into a pairwise comparison allowing the decision maker to analyze the trade-
offs among the competing objectives.

3 Methodology

Site selection for the commissioning of solar power farms depend upon direct solar radiation, slope,
aspect, humidity, proximity to transmission grids and most significantly it requires large vacant area for
deployment of solar panel arrays (Kirby, Dahle et al. 2003). The criteria in consideration were chosen
with connivance of the literatures reviewed and national governmental regulations. The methodology is
shown as a flowchart in Fig. 2
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Figure 2. Flow Chart of Site Selection
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3.1 GIS Data

Five spatial data layers, i.e., solar irradiance, slope, landcover, transmission grids and humidity, were
prepared and reclassified into five levels of suitability. These layers were subsequently overlaid with
their computed weights in order to ascertain sites with highest aggregate suitability.

3.1.1 Solar Irradiance

NREL solar data is available for some parts of Pakistan but the resolution is 10km. Therefore solar
irradiance was calculated by the method developed by Rich in 1994 (Rich, Dubayah et al. 1994) and
further enhanced by Fu and Rich in 2000 and 2002 in which solar irradiance is calculated from the
hemispherical viewshed algorithm using various input parameters. The total amount of radiation of an
area is calculated by adding both diffuse and direct radiation and calculation is repeated for each
location on the surface using the formula

"1 TAAISEO $EA
Here direct solar radiation is computed as
$BpP 3 Zy 23 01 $;03 O1 ' JABAT 101 C) 1
where
SConst = Solar flux outside the atmosphere at the mean earth-sun distance, known as solar constant
[ = Transmissivity of the atmosphere
m(0) = the relative optical path length

Sun Dur(6,0) = time duration represented by the sky sector SunGap(6,a) = Gap fraction for the sun
map sector

AngIn(0,0) = Angle of incident between the centroid of the sky sector and the axis normal to the
surface.

whereas diffused solar radiation is computed as
$SE¥E 2 20 z2$O0WBEU' AT AEGEN 101 C) 1
where
Rglb = Global normal radiation
Pdif = Proportion of global normal radiation flux that is diffused
Dur =Time interval for analysis
SkyGap(6,0) = Gap fraction (proportion of visible sky) for the sky sector

Weight (,a) = proportion of diffuse radiation originating in a given sky sector relative to all sectors
Angln(0,0) = Angle of incidence between the centroid of the sky sector and intercepting surface.

The resultant image of the solar irradiance surface was reclassified based on total irradiance (Fig 3).
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Figure 3. Solar Irradiance

3.1.2 Slope

Slope was extracted from ASTER DEM with a resolution of 30m and reclassified into five classes
based on suitability. The lower the slope, the easier it is to install solar panels on the land and hence the
higher suitability factor (Fig 4).
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Figure 4. Slope

3.1.3 Transmission Grid

Transmission grid is another important criterion in PV solar panel site selection and the optimum site
are those which are nearest to transmission grids and those sites are given highest priority compared to
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those which are farthest from grid stations since overhead costs of commissioning go high and become

economically infeasible. GIS classified layer of grid stations rasterized for a 30m resolution is shown in
figure 5.
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Figure 5. Grid Stations

3.1.4 Humidity

Humidity is also another important criterion and it can affect the output of solar power panels.
Performance of solar panel is better in lower humidity because relative humidity adversely affects the
performance of batteries which is at the back up of solar panels hence PV panel overall performance is
dependent on humidity factor (Kirby, Dahle et al. 2003). Humidity data was obtained from Pakistan
Meteorological Department (PMD) stations and data is in point form so interpolation is applied on the
annual averages for a 30m resolution and then reclassified (Fig 6).
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Figure 6. Relative Humidity
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3.1.5 Landcover

Last but not the least, one of the most important criterions is landcover area because the optimal usage of
solar panels as a source of energy is that they should be placed away from urban areas so that

expensive urban land is not compromised. Another important factor is not compromising our vegetation
cover. As solar panels require a large area so barren area is an ideal place of energy farming.

Landcover areas is obtained by applying unsupervised classification on LANDSAT 8 image by using
ERDAS IMAGINE 9.2 and the result is shown below in figure 7.
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Figure 7. Landcover reclassified
3.2 Weighing vriteria

Weights for each criterion under consideration are derived using AHP, by directly comparing the
importance of each criterion to all the other criteria thus creating a matrix. Solar irradiance is most
important criterion in solar farm site selection and increase in solar irradiance increase the output
efficiency of solar panels. Humidity is another important criterion and efficiency of solar panels’ output is
high in areas with low relative humidity. Therefore low relative humidity enhances the performance of
solar panels and is thus given a higher priority. Transmission grid should ideally fall within 25 miles of
selected site for solar farms (Ettah, Obiefuna et al. 2011). Therefore distance from the grid is given due
consideration. Large scale PV farms require open terrain with no or moderate south facing slope with less
than a 5% gradient (Gastli and Charabi 2010). Rules that define the score can be seen in Table 1.

Table: 1 Weighing Scores Summary of weighing scores for each parameter of solar site selection are shown
in Table. 2.

et s Definiion
Unsuitable
2 Less suitable
3 Suitable
- Most suitable
5 Extremely suitable
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Table: 2 Weightages for solar farms site selection

Criterion | Irradiance | Humidity Land cover | Grid Slope Weights
Irradiance| 1 4 2 3 4 0.400427
Humidity 0.25 1 0.333 2 2 0.133944
Land

cove 0.5 3 1 3 3 0.269963
Grid 0.333 0.5 0.333 1 3 0.123932
Slope 0.25 0.5 0.333 0.333 1 0.07173
Total 1 1 1 1 1 1.000

After computing weights there is an estimation of consistency ratio to check either our weights are stable
or not. Consistency vector can be determined by dividing the weighted sum vector by the criterion weights.
It’s preferable for consistency vector to be computed for two more terms, lambda (1) and the Consistency
Index (CI). Lambda is the average value of the consistency vector. Consistency Index calculation is based
on the rationale that number of criteria (n) is always less than A for positive, reciprocal matrices., if A=n
then the pairwise comparison matrix is considered as consistent. Accordingly, A-n may be observed as a
measure of the degree of inconsistency. This measure may be normalized as follows:

CI=(0=n) /Mm-1) cocoisiian (1)

CI=(5456468-3)/(3-1)=0.114117

To determine the confidence of CI, AHP compares it by Random Index (RI) that results in the computation
of Consistency Ratio or CR, which is defined as:

CR=CIRI ...cccvvvvvereen.., )

Random Index is the established CI of a randomly generated pairwise comparison matrix from 1st to 10th
order that was obtained by approximating random indices using a sample size of 500 (Saaty, 1980). Table
3 shows the value of RI sorted by the order of matrix.

Table: 3 Random Index

Order 1 2 3 4 5 6 7 8 9 10
Matrix
RI 000 | 000 | 058 | 09 1.12 1241 132 | 141 145 149

CR=0.114117/5=0.10189

The value of CR should be less than 0.10 (CR < 0.10) for level of consistency and if the value of CR is
greater than 0.10 than the ratio indicates a certain level of inconsistency in your weights. In that case one
should reconsider and revise the values originally allocated in the pairwise comparison matrix.

3.3 Suitabilty function

GIS Spatial analyses such as buffers, classification of raster maps, and subsequent weighted overlay
techniques were performed in this study using the ArcGIS10.1 platform. The input criteria were each
assigned a weightage of influence computed through AHP based on its relative importance, then the result
successively multiplying the results by each of the constraints. This process is time tested in site suitability
studies where several factors influence the suitability of a site. The GIS overlay process can then be used to
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aggregate the factors and constraints in the form of a weight in overlaying process. The result is then
summed up producing a suitability function (F) as described by the formula.

I=N
F=Y  (WI*Mi)
1=0

4 Result of study

The results from the study show a 30m resolution map of suitable areas for solar farms in Sindh as depicted
in Fig. 8.
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Figure 8. Suitability Sites for Solar Farms

From the map of suitable sites of solar energy farms area can be calculated for suitable, most suitable, and
extremely suitable locations.

Table: 5 Area of suitable sites location

Categories Suitable Most suitable Extremely suitable
(square kilometers) (square kilometers)  |(square kilometers)
Solar farms 53408.95 39176.08 20108.31
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4.1 Conclusion

This study is an important first step towards understanding the potential of solar energy for
electricity generation in the barren and unused land of the province of Sindh. Several important
criteria like solar irradiance, landuse/landcover, distance from grid stations, slope, etc., were
taken into consideration and using analytical hierarchy process, a best trade-off was sought for
estimating total land area suitable for the purpose. It may however be noted that other important
criteria that may be critical for the study like cloud cover and protection of natural reserves,
proximity to road network and historical flood paths etc. may also be taken into consideration to
improve the results and narrow our focus on smaller areas. Moreover, power output estimates
may also be calculated on the basis of the total area considered suitable. These investigations
were beyond the scope of this study and may be incorporated in the future. It may be noted that
important criteria like cloud cover and protection of natural reserves, proximity to road network
and historical flood paths etc. may also be taken into consideration to improve the results and
narrow our focus on smaller areas. This study can however provide initial estimates for future
work.
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