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Abstract: This study presents a GIS-based model to identify optimal sites
to install large-scale smart grid-connected Photovoltaic (PV) power plants.
Input datasets include digital elevation model, road networks, grid lines and
daily average solar radiation. Using multi-criteria decision-making
approach, we set constraining conditions for slope, proximity to the road,
proximity to grid lines, solar radiation and land use to optimize the process
of selecting suitable sites. Also, we predicted energy generation potential,
installation capacity and CO, emission reduction potential. The result
shows that 790.48 km® (40%) of the study is optimal for large-scale PV
installation. Furthermore, a total of 105276.88 GWh/yr annual electricity
generation, 59.29 GW installation capacity and yearly CO, emission
reduction of 66324 (kt—CO,/yr) are estimated for Selangor. This study
indicates that based on the 2030 national energy demand, about 38.4% of
the annual energy demand could be met if 59.29 GW capacity is install in
Selangor. Similarly, the study predicts 13.2% annual carbon emission
reduction offset from the predicted 2020 CO, emission.
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Introduction

Global attention has been focusing on renewable
sources of energy especially solar and the wind option. The
challenges of meeting the increasing energy demands and
the devastating effects of greenhouse gas emission to global
climate from conventional energy sources have resulted in
the wide use of Photovoltaic (PV) technology. Photovoltaic
system, otherwise called solar power system, converts solar
energy into electrical energy using semiconducting
materials that exhibit the photovoltaic effect as alternative
means of power generation (Zeman, 1987). In developed
nations like USA, Germany, Spain, Japan, UK and others
(IEA, 2014) solar energy has gained impressive
applications at different scales (standalone and grid
network). However, the pace of development in
developing countries like Malaysia is very slow despite
the abundance of this providence of nature.

Efforts to promote the development of alternative
sources of energy using solar resources have recently
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been advancing in Malaysia due to two major reasons.
One is the awakening reports from both global and local
environmental fronts revealing that 226988.90 CO,-kt/yr
of CO, emitted into the atmosphere in the country alone
as of 2013 (EDGAR, 2013). According to sources (e.g.,
Ali et al., 2012; Chua and Oh, 2010; Mekhilef et al.,
2012; Noh, 2012; Ong et al., 2011), 95% of the energy
consumed in Malaysia comes from fossil sources (i.e.,
oil, coal and natural gas). Worst still is the prediction that
by 2020 about 500 megatons of CO, will be emitted into
the atmosphere if no measures are taken (Ahmad et al.,
2011; Ang et al., 2013; Mekhilef et al., 2012; Wee et al.,
2008). The second reason is the increasing demand for
power supply beyond the current generating capacity.
The total electricity generated in 2013 was 111,020 GWh
(Energy-Commission, 2014) as against peak annual
national energy demand of 16,562 MW. According to
Ali et al. (2012; Mekhilef et al., 2012), with an
anticipated 4.7% annual rise in industrial and
commercial development, the predicted peak electricity
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demand could be up to 274 TWh by the year 2030.
Furthermore, uncertainty about the sustainability of
fossil fuel to generate electrical power became more
worrisome with the prediction of possible gas depletion
by 2046 (Ali et al., 2012; Ong et al., 2011). These factors
have triggered the need for proactive measures as
witnessed in the present drives for Renewable Energy
(RE) sources such as wind and solar energy.

Fortunately, Malaysia has good solar insolation; with
approximately 4-5 kWh/m?*/day (Affandi e al., 2013;
Ali et al., 2012). Upon this reality, the 8th Malaysia plan
projected 5% Renewable Energy (RE) as the initial move
to complement the energy mix by 2015 (Chen, 2012a).
In the outcome of the national strategic plan (9th
Malaysian plan 2006-2010), the country targeted 300
MW capacity of Renewable Energy (RE) to be
connected to national grid across peninsular Malaysia.
Moreover, a 40% reduction in the recorded carbon
emission for year 2005 is projected to be achieved by the
year 2020 (Amirruddin et al., 2011; Chen, 2012b). A
major prerequisite to successful large-scale PV
installation of this nature (i.e., 300 MW) is locating
potential sites that will deliver optimum output. It
may be a difficult task considering the multiple
criteria involved in decision-making for practical
implementation. More so, locations with apparently
higher solar potential may not always be optimal for
PV plants when considered in parallel with
environmental, climatic and economic factors (Van
Haaren and Fthenakis, 2011).

The capability of GIS as a decision support tool has
been widely used to provide an answer to complex
decision-making problems of this nature. For instance in
Oman, PV site suitability analysis was conducted using
GIS combined with FLOWA multi-criteria evaluation
technique. The researchers found out that only about
0.5% of the total land area was highly suitable for
installing large solar plants (Charabi and Gastli, 2011).
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In a similar study conducted in Turkey (Uyan, 2013),
GIS with Analytic Hierarchy Process (AHP) technique
was employed. The research revealed four classes of
suitability (low, moderate, suitable and best suitable)
making up 15.38, 14.38, 15.98and 13.92% of the total
study area respectively, while 40.34% of the area was
found to be unsuitable. Likewise, by employing GIS
with ELECTRE-TRI multi-criteria evaluation method,
the municipality of Torre Pacheco, Spain, was reported
to be the best site for PV solar farms placement
(Sanchez-Lozano ef al., 2014). The Iranian case study
utilized GIS combined with AHP and Fuzzy Logic
which reported that 18.25% of the total Shodirwan area
is feasible for solar farms location (Asakereh et al.,
2014). This paper presents a study that aimed at
establishing a model that combines multiple data and
criteria with GIS to selection optimal sites for PV
installation and to quantify the amount of CO, reduction
in Peninsular Malaysia.

Materials and Methods
Study Area

Figure 1 presents the study area. Selangor is one of
the 11 states in Peninsular Malaysia. The location of
Selangor is within latitude 3.519863N and longitude
101.538116E and has nine districts.

It is bounded to the north by Perak, Pahang to the
East, Negeri Sembilan to the south and the Strait of
Melaka to the west. Selangor is the most populous state
in Malaysia with 5,411,324 inhabitants and has
experienced rapid development due to modernization
(Yusuf et al., 2014). Economically, the state takes the
lead with GDP of RM 128.815 billion (roughly USD 42
billion) in 2014 making up 23% of the whole Malaysian
GDP. The state has a high standard of living and lowest
poverty rate (MDS, 2010).
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Fig. 1. Geographical position of the case study
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Fig. 2. Input datasets: (a) DEM of Selangor, (b) slope derived from DEM, (c) land use/land cover, (d) road networks, (e) grid lines
and (f) solar radiation
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Datasets and Criteria Definition

This study uses different datasets from various
sources. Table 1 presents the datasets, their sources and
criteria definition. Elevation data (SRTM 30 m), land
cover and vector data (roads/highway and administrative
boundary) where downloaded from Diva-gis (diva-
gis.org). NASA provided the solar radiation data and the
power transmission network/grid lines data were obtained
from Tenaga National Berhad Malaysia (TNB, 2014).
According to Sener et al. (2010), the choice of selection
criteria may differ from one region to another based on
local topography and other legal and environmental
conditions. In this study, the parameters considered are
slope, elevation, distance from roads, distance from
grid/transmission lines and land use.

Solar radiation offers information of solar energy
prospect at the site of interest (Funabashi, 2011). Long-
term average solar irradiance is the main factor required
for large-scale PV power plant installation and connection
(Tisza, 2014). For an area to be optimal, the elevation
must be less than or equal to 60 m and slope must not be
greater than 5° for all aspects (orientation). The slope of
an area influences the incoming radiation i.e., the flatter
the slope the more incoming solar radiation and hence the

more suitable for PV installation (Tisza, 2014). However,
Charabi and Gastli (2011) suggests that slope less than 5°
and facing south is the best. Within the study area, certain
land use types are marked prohibited land for use. They
include built-up areas, water bodies, forest and reserves,
wetlands, paddy and granary areas. These areas were let
off because of economic and environmental interests
(Sanchez-Lozano et al., 2013). Fig. 2 shows the datasets
used as input into the model.

Accessibility is a paramount necessity to save the
cost of infrastructural development. Therefore,
consideration is given to proximity to roads and existing
grid, for ease of access during assemblage, installation,
maintenance and as well as disassembling at the end of
the lifespan of the PV (Tisza, 2014). Land requirement
for smart large-scale PV installation has a standard,
usually measured in acreage. As a rule, 3.31 acres must
be available for | MW PV power plant (Ong et al.,
2013). In this study, we pegged average land area needed
for a 50 MW PV capacity to 165 acres.

Data Processing

Data processing passed through some stages in
hierarchy as presented in Fig. 3.
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Fig. 3. The model developed for optimal site selection suitable location for large-scale smart grid-connected PV plants

Table 1. Data, sources and criteria used

Variable Source Criteria

Elevation (DEM) Diva GIS Slope < 5° Elevation < 60 m

Land cover Diva GIS Extraction of certain Land Use type
Roads Diva GIS > 500 m and < 5,000 m

Grid lines TNB Malaysia > 500 m <5,000 m

Solar radiation NASA Classified

Land requirement - > 165 acre
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Fig. 4. Output dataset showing: (a) potential areas, (b) roads and grid intersection, (c) optimal sites map and (d) optimal sites overlaid

on reclassified solar radiation

First, slope and elevation were derived from the
DEM data where areas less than 60 m in elevation and
slope less than or equal to 5° were extracted using raster
calculator. From land use map, prohibited lands (built up
area, water bodies, forest and reserves, wetlands, paddy
and granary areas) were masked out. The three outputs
from this operation were overlaid to generate area
outside the prohibited land. Moreover, that has low-
elevation (less than or equal to 60 m) and with a slope
less or equal to 5° (Fig. 4a).

Second, the road and grid networks were converted to
raster data file using Euclidean distance tool and
reclassified. The resulting raster data was usable during
which buffer operation was done to delineate land areas
less than or equal to 500 m and those between 500 and
5000 m respectively. From this operation, we can exclude
land area within 500 to road and grid line as unsuitable
and those between 500 and 5000 m as suitable (Fig. 4b).

The third step integrates the results of first and second
steps using overlaid function. From where we obtained
areas close to the grid, close to the road, almost on the flat
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ground and of low elevation. Also, the resulting output
was vectorized (raster to polygon conversion). Using
selection tool areas greater than 165 acres were selected to
obtain areas that are large enough for 50 MW and above
PV installation. With clip function, the suitable areas were
divided by district (Fig. 4c).

Having done with the physical parameters, we
processed the solar radiation obtained from NASA, which
came as point data comprising of 30 locations across
Selangor.

The initial step was to interpolate the data using
kriging interpolation method, to provide solar radiation
for unsampled positions. Further, the interpolated solar
radiation was reclassified into two classes, that is, areas
with solar radiation potential < 5kWh/m® and areas >
5kWh/m’. The result was overlaid with the output of step
three above to evaluate annual energy generation potential,
installation capacity and carbon emission reduction
(described in section 2.4) (Fig. 4d). Finally, the result was
validated qualitatively by overlaying the final output on the
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hills hade of the study area so show the agreement of the
model with physical criteria considered (Fig. 6).

Predicting Annual Energy Generation Potential,
Installation Capacity and CO, Emission Reduction

The next step after optimal sites selection is the
predictive estimation of energy generation potential,
installation capacity and CO, emission reduction for each
district. First, annual energy generation potential was
calculated using the total area exposed to solar radiation
(packing factor) of 0.5, optimal areas, average annual solar
radiation and panel efficiency (15%). The expressions used
to estimate the annual electricity generation potential and
installation capacity are Equation 1 and 2 (Charabi and
Gastli, 2011; Gastli and Charabi, 2010):

EGP = OAx PF x ASRx PE Q)
IC = EGP | ASR ®))
Where:
EGP = The energy generation potential (GWh/yr)
OA = The total optimal areas (km?)
PF = The parking factor (unitless)
ASR = The annual solar radiation (kWh/m*/yr)
PE = The panel efficiency (%)
IC = The installation capacity (GW)
The effect on the environment due to energy

generation determines the carbon emission intensity per
unit energy generated (Nelson et al., 2014). Annual CO,
emission reduction is estimated using Equation 3
(Kawase et al., 2013):
ERe,, = RF, x EGP 3)
Where:

RF¢,, (kt—CO, /kWh) = The CO, emission reduction factor

EGP = previously defined

Carbon emission reduction factor, RF,, , differs from

one region to another (Design et al., 2006; IEA, 2006).
Table 2 presents the carbon emission factor for different
provinces in Malaysia.

The baseline emission factor also differs for different
regions (Design et al., 2006) which can be obtained
using Equation 4 (Design et al., 2006):

EF = EF,,, x 0y, + EFy,,05, (@))
Where:

EFom = The operating margin CO, emission factor
EFgy, = The build margin CO, emission factor

ooyrand oy, = The weighting of operating margin
emission factor and that of build margin
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Table 2. Emission reduction factor

Carbon emission factor

Grid system (kgCOy/kWh)
Peninsular Malaysia 0.63
Sarawak 1.12

West of Sabah 0.65

East Sabah 0.80
Results

This section presents the results of the previous stage
of data processing train. Fig. 4 shows the end products of
each level of data processing steps. Fig. 4a reveals the
potential and restricted areas, in green and red colors
respectively. Fig. 4b depicts the intersection of road
and power transmission lines with the feasible areas
that fall outside 500 m proximity constraints shown in
green color. The overlay of Fig. 4a and 4b results in the
extraction of optimal sites that fulfilled all the selection
criteria as presented in Fig. 4c. The interpolated solar
radiation reclassified to two classes, < 5kWh/m? in
yellow and > 5kWh/m” in red colors respectively, as
shown in Fig. 4d with the output of Fig. 4c overlaid.
The intersection of optimal sites and solar radiation is
translated to statistical values according to districts in
the study area. This information was useful for
extracting land requirement and the output presented in
Table 3, expressed as a function of solar radiation class
and percentage of land area.

The results of the expressions in Equation 1-3
quantified energy generation potential, installation
capacity and carbon emission reduction. For
visualization, the graphs in Fig. 5a-d were produced to
highlight the statistical analysis. Finally, Fig. 6a and 6b
presents the qualitative validation of the model with
results overlaid on the (a) shaded relief (b) land use/land
cover map of the study area.

Discussion

From the results presented above, about 40% of the
entire study area meets the initial criteria. That is have
elevation below 60 m, slope less than 5° and land use and
land cover outside the prohibited land use types (Fig. 4a).
These areas are spatially varied, predominantly in the
north and southwestern side of the study area. In Fig 4b,
the potential areas are further streamlined based on other
criteria - proximity to road and grid network. The
prospective areas concentrate along these linear features
(roads and grid lines). According to Tisza (2014), siting
PV plant close to roads and grid lines reduce construction
cost and transmission losses.

Optimal site derivation (Fig. 4c) comes from the
intersection of both physical and proximity criteria. These
areas are the most suitable and large enough to
accommodate large-scale power plant installation.
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However, the interaction of these optimal sites vis-a-vis
solar radiation is paramount to other derivatives such as
installation capacity, energy generation potential and carbon
emission. Solar resource potential (Fig 4d) shows two
distinct spatial patterns. The higher radiation potential in the
southern part of the study area has radiation > SkWh/m?” and
the remaining part has radiation < SkWh/m” However, this
may be due to two main reasons; one, the topography and
two, solar radiation orientation. In Tisza (2014), it was
reported that slope influences the intensity of the solar
radiation of a particular site. In this study, it can be observed
that the topography of the southern side is relatively flatter
than the north. Again, the sun orientation is more to the
south-eastern direction. Looking at the entire study area, by
industry standard, the solar radiation potential is good
enough for solar PV installation.

Based on the National Renewable Energy Laboratory
(NREL) classification, solar resource potential are in
four classes: Moderate (< 4 kWh/m”/day), good (> 4-5
kWh/m*/day), very good (> 5-6 kWh/m%day) and
excellent (> 6-7 kWh/m%day (Funabashi, 2011). The
contribution of this study to the field of science as well
as its relevance to the socio-economic development of
the case study is commendable.

Table 3 presents the distribution of optimal sites
based on solar radiation for each district (Fig. 4d). From
the figure, Kuala Langat has the largest optimum site
area with 46644.59 acres, corresponding to 23.87892%
of the overall optimal locations (Table 3). This is
followed by Hulu Selangor with 35091.18 acres that
constitute about 17.96434%. Gombak has the least
optimal land area with 9207.611 acres equivalent to

4.713683%. Although the districts have varying land
areas, it does not always make them the most suitable in
terms of solar radiation. For instance, Kuala Langat is
about the same optimal area with the Hulu Selangor and
Kuala Selangor but possess higher radiation potential
than both of them.

By implication, Kuala Langat, Hulu Selangor and
Kuala Selangor have almost equal Energy Generation
Potentials (EGP) around 18600 GWh annually (Fig 6a)
whereas other districts fall within 4800-13000 GWh. Of
course total energy generation potential depends on the
installation capacity, so the distribution of installation
capacity among the district (Fig.6b) maintained similar
pattern as the other parameters (optimal site area and
EGP). Kuala Langat, Hulu Selangor and Kuala Selangor
have highest installation capacity of around 12 GW. The
remaining districts have installation capacity within the
range of 2.8 and 7.6 GW.

It is unrealistic to assume that a system with lower
energy generation potential will produce higher CO,
emission reduction, as shown in Fig 6¢ and d. In this
study, the three districts with the largest area and highest
energy generation potential (Kuala Langat, Hulu Selangor
and Kuala Selangor) also produce higher CO, emission
reduction potential around 12000 kt-CO,/yr. Others have
emission reduction value ranging between 3000-8000 kt-
COy/yr. It implies that with this computation, an annual
CO, emission reduction of 66324 kt-CO,/yr is achievable
in Selangor. As predicted 500 megatons carbon emission
by the year 2030 (Ang et al., 2013) Selangor alone will be
able to offset 331.62 Mt-CO, (66.32%) of the predicted
value for the year 2020.
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Table 3. Land requirement of optimal sites according to the districts

Area (acre) Area (acre) Land area (%) Land area (%)
Districts SR>3 SR <5 Total area (acre) SR>5 SR <5 Total (%)
Gombak 0 9207.6112 9207.611 0 4.713683 4.71
Hulu Langat 9291.5569 0 9291.557 4.756657 0 4.76
Hulu Selangor 0 35091.176 35091.18 0 17.96434 17.96
Klang 0 25016.149 25016.15 0 12.8066 12.81
Kuala Langat 33517.221 13127.372 46644.59 17.15858 6.720339 23.88
Kuala Selangor 0 33561.874 33561.87 0 17.18144 17.18
Sabak Barnam 0 0 0 0 0 0
Sepang 20673.513 6176.664 26850.18 10.58346 3.16204 13.75
Shah Alam 0 9674.8085 9674.808 0 4.952857 4.95
Total 63482.3 131856 195338 32.4987 67.5013 100

From all indication, this model performs well for
optimal site selection for large-scale PV installation by
using the spatial and technical factors. Similarly, Fig 5a
and 5b shows that all criteria considered in this study
agree with the conditions applied.

Conclusion

This paper presents a proposed model for optimal sites
selection for large scale smart grid-connected PV power
plants in Selangor, Malaysia. The results achieved
demonstrated the effectiveness of the proposed model in
providing the precise location of suitable areas for large-
scale PV power plant installation. The results presented
showed excellent potentials of large-scale PV electricity
generation. Also, accurate estimation of three other
significant parameters that include energy generation
potential, installation capacity and CO, emission reduction,
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were derived. The analysis proves the robustness of GIS as
a viable decision support tool in renewable energy planning
and environmental management. Overall, the study reveals
the contribution of PV to provide relief on constrained
energy demand and CO, emission reduction.
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