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Gis-Based Site Suitability Analysis for Solar Power Systems in Mongolia

Munkhbat Uranchimeg

Department of Energy Resources Engineering, The Graduate School,

Pukyong National University

Abstract

In this study, we employed a geographic information system (GIS)-based
approach to identify sites suitable for large-scale solar photovoltaic (PV)
power plant installations in Mongolia. Accordingly, cells of 30 X 30 m
were used, and data based on seven criteria, including annual global
horizontal radiation, annual average temperature, elevation, slope, slope
direction (aspect), and distances from main roads and major power lines,
were collected for each cell. GIS layers for these seven criteria were then
converted into rated value layers using four grades. The weightings
applied to the seven criteria were determined, using an analytical
hierarchy process, by ten solar field experts. By combining the seven
rating value layers with the weightings, a site suitability map was
developed, using good, fair, low, and poor suitability grades. The results
showed that sites graded as good, fair, low, and poor accounted for
3.27%, 53.06%, 42.59%, and 1.08% of the total surface area, respectively.

Good sites were predominantly located in the southern and central



regions of Mongolia. As the current demand for electric power in
southern and central regions is low and high, respectively, we concluded
that the central region of Mongolia should be prioritized for installing PV

power plants

Keywords: renewable energy; site evaluation; analytic hierarchy

process; geographic information system:; solar energy; Mongolia
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I . Introduction

The Energy Information Administration (EIA) expects global energy
consumption to grow by approximately 50% between 2018 and 2050.
Fossil fuels are becoming increasingly expensive and elusive, and
limited access to fossil fuels in the long run will lead to high prices.
Therefore, in recent years, many countries have formulated policies
aiming at reducing their energy costs and reliance on fossil fuels.

With increasing awareness regarding the risks of climate change, many
countries have undertaken strategies for a transition to low-carbon
economies. This has led to a focus on the use of renewable energy
sources, as they are generally considered “clean”, with a considerably
lower impact on the environment than other energy sources. Renewable
energy accounted for 26.2% of global electricity generation in 2018,
which is expected to grow to 45% by 2040, making renewable energy
the fastest growing source of electricity.

Solar energy is an unlimited and clean renewable energy source,
which is gradually replacing non-renewable energy sources (Lucas, et
al, 2013). Solar power generation has become one of the fastest
growing renewable energy sources. As the price of solar panels is
steadily declining, and various stimulus policies are being implemented,
the growth rate of photovoltaic (PV) energy is increasing. PV energy is
considered one of the most promising energy alternatives, owing to its

ubiquitous and sustainable nature (Al Garni H.Z and Awasthi A, 2017)



In recent years, many studies have identified suitable sites for PV
power plants. A suitable site for solar installation depends not only on
the amount of solar radiation received, but also on other technical,
economic, environmental, and social factors—such as local topography,
the need to conserve protected areas, environmental impact, water
availability, and urban development. Therefore, site selection is not
simple. All of these factors—as well as the scope for expansion,
proximity to urban areas and roads, and access to power grids—need
to be considered (Choi Y, et al., 2019)

To address these issues, multiple-criteria decision analysis (MCDA; also
known as multiple-criteria decision-making or MCDM) has been widely
used, in conjunction with geographic information systems (GIS), in
many studies (Choi Y, et al, 2019) . MCDA has been applied to energy
issues such as energy planning, site selection, resource allocation, energy
exploitation, energy policy, building energy management, and
transportation energy management (Malczewski ], 2006). Among the
various MCDA methods, the analytic hierarchy process (AHP) has been
commonly used for evaluating site suitability for solar power plants
(Table 1). Uyan (Uyan M, 2013) analyzed site suitability for PV solar
farms in Karapinar, Turkey, using GIS and the AHP. Using the AHP,
Ziuku et al. (Ziuku S, et al, 2014) determined the weights of criteria
for analyzing site suitability for concentrated solar power (CSP) plants.
In addition, a combination of GIS and the AHP has been used to
identify the most suitable sites for PV system installations in southern

England (Watson J.JW and Hudson, M.D, 2015) Tanzania (Aly A, et



al, 2017),, Saudi Arabia (Al Garni H.Z and Awasthi A, 2017), West
Africa (Yushchenko A, et al., 2018), and Morocco (Tahri M, et al., 2015)
(Merrouni A.A, et al, 2018 ). Some studies used an integrated method
of fuzzy logic and the AHP in order to evaluate site suitability for PV
systems in Iran (Asakereh A, et al, 2014) (Noorollahi E, et al, 2016),
Korea (Suh J and Brownson ].R.S, 2016), and Spain (Sanchez-Lozano J.M
et al, 2013). However, no study has investigated site suitability for PV
systems, using GIS and the AHP, in Mongolia.
Table 1. Summary of previous studies that analyzed site suitability for

solar power plants using geographic information systems (GIS) and the
analytic hierarchy process (AHP).

Reference Plant Type MCDA Method Country Scale

Uyan [9] Pv, Csp AHP Turkey Regional

Ziuku et al. [10] CSP AHP Zimbabwe National

Watson and Hudson [11] PV, CSP AHP England Regional

Aly et al. [12] PV, CSP AHP Tanzania National

Al Garni and Awasthi [5] PV AHP Saudi Arabia National
Yushchenko et al. [13] PV, CSP AHP West Africa Continental

Tahri et al. [2] PV AHP Morocco Regional

Merrouni et al. [14] PV AHP Morocco Regional

Asakereh et al. [15] PV Fuzzy AHP Iran Regional

Noorollahi et al. [16] PV Fuzzy AHP Iran National

Suh and Brownson [17] PV Fuzzy AHP Korea Regional

Sanchez-Lozano et al. [18] PV Fuzzy AHP Spain Regional

The purpose of this study was to use a combination of GIS and the
AHP to map the most suitable sites for PV power plants in Mongolia.
Mongolia has enormous solar energy resources that can potentially be
used to strengthen its energy security, reduce pollution, meet its global
climate commitments, and develop regional electricity exports. To place
Mongolia’s abundant solar energy resources into economic circulation

and attract foreign investors, it is initially necessary to identify suitable



PV system installation sites. A large national-scale GIS database was
constructed, which includes seven criteria layers representing site
characteristics and their relative weightings calculated using the AHP.
Finally, a GIS tool was used to generate compound site indexes, which
were then applied to create a location compatibility map, with the
country divided into four potential location groups: good, fair, low, and

poor.



II. Study Area

Mongolia is a sovereign state located across east and central Asia,
with an area of 1,564,116 km2, and is the 18th-largest country in the
world. It has a population of over 3.3 million, and 0.43% of the
territory is covered by surface water. It is a landlocked country,
bordered by Russia to the north and China to the south. It has a
diverse geography, being mostly covered with grassy steppes, with
mountains to the north and west, and the Gobi Desert to the south
(Figure 1). Ulaanbaatar, the capital and the largest city, is home to
approximately 45% of the country’s population.

Mongolia has an average annual electricity consumption of 8.5 billion
kWh, of which 20% is imported, with the Oyu Tolgoi plant receiving
most of its imported electricity (approximately 1.4 billion kWh) from
China. Approximately 300 million kWh of electricity is imported
annually from Russia.

In addition to the huge mineral deposits that contribute significantly
to the national economy and increase export earnings, Mongolia is rich
in solar energy resources. The entire country is cloud-free for 270 - 300
days annually, with annual average sunshine of 2250-3300 h,
delivering 1200 - 1600 kW/m2 at an average radiation intensity of >4.3 -
4.7 kWh/m2/day. Therefore, by exploiting more solar energy, Mongolia

could export electricity to other countries rather than importing it.



Fig.1 Map of Mongolia



III. Methods

3.1 Selection of Criteria and Data Collection

Selecting the criteria for rating is an important step in any site
suitability assessment process for PV systems. Table 2 shows the criteria
considered in previous studies that analyzed site suitability for PV
systems. Among them, this study considered seven criteria to analyze
the PV site suitability of Mongolia, in consideration of the availability
of data at the mnational scale: global horizontal irradiance (GHI),
temperature, elevation, slope, aspect, distance from a main road, and
distance from a major power line (Figure 2).

Table 2. Criteria considered in previous studies for analyzing
photovoltaic (PV) site suitability.

Reference Cl C2 C3 C4 C5 C6 C7 €C8 (09 C10
Uyan [9] X X X X X
Watson aﬁlfl] Hudson X X X X
Aly et al. [12] X X X X X
Al Garni ?g]d Awasthi X X X X X X
Yushchenko et al. [13] = X X X X
Tahri et al. [2] X X X X X X
Merrouni et al. [14] X X X X X X
Asakereh et al. [15] X X X X X X
Noorollahi et al. [16] X X X X X X X X
Suh and Brownson [17] X X X X X X
Sanchez-Lozano et al. X X X X X X

[18]

Cl: Global horizontal irradiance, C2: temperature, C3: slope, C4: aspect,
Ch: elevation, C6: distance from a residential area, C7: distance from a
road, C8: distance from a power line, C9: land use, C10: waterbody.
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Fig.2 Selection criteria used in PV site suitability analysis in Mongolia.



GHI is the total amount of microwave radiation received by a
horizontal surface on the ground. This value is interesting for light
electrical installations, and includes both direct normal radiation (DNI)
and diffuse horizontal irradiance (DHI). Figure 3 shows the GHI for
Mongolia, generated using data from the Global Solar Atlas.

The efficiency of a solar panel depends on its temperature, which in
turn depends on both the ambient temperature and the intensity of the
incoming solar radiation. Mongolia’s annual climate cycle involves four
seasons, which are characterized by high temperature fluctuations, low
precipitation, and conspicuous latitudinal and altitudinal differences. The
average temperature varies between —4 and 10 °C across the four

seasons, and annual average temperatures are illustrated in Figure 4.
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Fig. 3 Global horizontal irradiance of Mongolia.
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Fig.4 Annual average temperatures in Mongolia



The highlands receive more solar radiation than the lowlands. The
Mongolian Plateau is the second-largest plateau in central and east Asia,
surrounded by the Gobi Desert to the south and the southeast, at an
altitude of 523 - 4318 m above sea level —as shown in Figure 5, which
displays a digital elevation model (DEM) of Mongolia, with a resolution
of 30 m.

The slope and aspect of a site are considered important parameters for
site selection for PV systems, as they determine the amount of radiation
received by the solar panels. Figures 6 and 7 illustrate Mongolian slope

and aspect data, as generated from the DEM of Mongolia.

_‘|2_
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Fig.5 Elevation of Mongolia developed using a digital elevation model
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Fig.6 Slopes of Mongolia derived from a digital elevation model.
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Proximity to main roads and major power transmission lines affects
the cost of infrastructure construction and the associated environmental
damage (Aly A, et al, 2017) (Charabi Y and Gastli A, 2011). The major
Mongolian main roads and power transmission lines are illustrated in

Figures 8 and 9, respectively.

_‘|5_
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Fig.7 Aspect data for Mongolia, derived from a digital elevation model.
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Fig.8 Main roads in Mongolia.
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Fig.9 Major power transmission lines in Mongolia.
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3.2 Rating Criteria

Because the PV site suitability of Mongolia was analyzed through
comparison, this study assigned rated values of 100, 75, 50, and 25 for
seven criteria on a relative scale, where the conditions at the applicable
site were evaluated as good, fair, low, or poor, respectively (Table 3).
The class ranges were mostly set at equal intervals between the good
and poor ratings.

PV systems require at least 4 kWh/m2/day of solar irradiance for
economic use, owing to the efficiency of PV systems in the sunlight
zone (Noorollahi E, et al, 2016). Many previous studies on site
suitability analysis for PV systems considered that slopes > 3% are
typically unsuitable for PV system installation, as panels will shade
adjacent rows, reducing the PV system’s efficiency, and thereby
impacting economic viability (Uyan M, 2013) (Yushchenko A, et al,
2018) (Sanchez-Lozano J.M, et al., 2013). Therefore, in this study, areas
with slopes < 3% and located in the south, southeast, or southwest
were highly rated. In addition, areas with distances of <25 km from
main roads and power transmission lines were rated as good sites for

installing PV power plants.

_‘|9_



Table 3. Rating criteria used in this study

Criterion Class Rated Value Remark
4.62-4.94 100 Good
Global Horizontal 4.31-4.62 75 Fair
Irradiation (kWh/m?/day) 4.00-4.31 50 Low
<4.00 25 Poor
-20-0 100 Good
o 0-3 75 Fair
Temperature (°C) 6 50 Low
6-10 25 Poor
3318-4318 100 Good
. 2023-3023 75 Fair
Elevation (m asl) 10232023 50 Low
523-1023 25 Poor
<1 100 Good
o 1-3 75 Fair
Slope (%) 3_1d 50 Low
>11 25 Poor
S 100 Good
Aspect SE or SW 75 Fair
E or W 50 Low
Others 25 Poor
<25 100 Good
Distance from a main road 25-50 75 Fair
(km) 50-75 50 Low
>75 25 Poor
<25 100 Good
Distance from a major 25-50 75 Fair
power line (km) 50-75 50 Low
>75 25 Poor

_20_



3.3 Weighting Criteria

The AHP method was developed by Saaty, and has been used for
decision-making, especially for determining weightings for multiple
criteria [10]; it has the advantage of minimizing comparisons of complex
decisions in pairs. This method is also an important technique that can
check the consistency of decisions, and reduce any bias that may apply
to decision analyses. Then, a pairwise comparison matrix (M) is created,
as shown in Equation (1). If n is the number of criteria, the size of M

is n x n. rade-Investment Promotion Agency, 2015), is applied to print

the model.
1 P q
1
—= 1 r
M= p 1)
- Rn
q T

Here, each element of M indicates the relative importance of the two
criteria, using a numerical scale from 1 to 9, as evaluated by experts
(Charabi, Y and Gastli A, 2011).

To calculate the weight of each criterion, the elements of the column
must be divided by the sum of the elements of the same column,
thereby normalizing M. The average of the rows of the new matrix
provides the required relative test weights. The consistency of a weight
determined by the AHP method can be checked by calculating the
consistency ratio (CR). To calculate the CR, the consistency index (CI)
must first be calculated using Equation (2):

M faw — T
Cf = JMa 2)

n—1

_2‘|_



where is the largest eigenvalue of the comparison matrix, and n is the
number of criteria. Finally, the CR was calculated by dividing the CI by the
randomness index (RI), as shown in Equation (3). Here, the RI values for the
corresponding n values were considered. Notably, to achieve significant
results using the AHP, the CR must be <10%; otherwise, the pair

comparison values would need to be recalculated (Saaty T.L, 2008).

CR = CI/RI 3)

3.4 Generating a Suitability Map

In this study, the rated value for each criterion was multiplied by its
weight from the pairwise comparison, and the results were accumulated, as
shown in Equation (4)

S =D w,, (4)

where S represents the final score, rei)resents the weight of criterion i, and
represents the criterion’s standardized score. As the criterion weights were all
summed to one, the final scores of the combined solution can be expressed
using the same scale. In addition, the weightings given to each criterion
determined the trade-off level relative to other criteria, which implied that
high scores and weightings from standardized criteria could compensate for

low scores from other criteria.

_22_



IV. Results

Rating maps of the site suitability criteria for PV arrays in Mongolia are
shown in Figure 10. Values of 25, 50, 75, or 100 for each of the seven GIS
layers were assigned to each cell (spatial resolution: 30 m?2), using the
criteria shown in Table 3. Ten experts participated in the AHP survey—five
from Mongolia and five from Korea—all of whom were professors or
electricians employed in the energy and electricity sectors. All of the
participants have more than 10 years of experience and expertise in PV
power plants.

The AHP results are provided in Table 4, indicating that global solar
irradiance has the highest weight (43%), followed by slope (12%), distance
from a major power line (12%), aspect (11%), and distance from a main road
(9%). As the CR was 6%, the results of the pairwise comparisons for this

study were acceptable, and the values were regarded as stable.

_23_



Fig. 10 Criteria rating maps used in this study for Mongolian PV site suitability
analysis: (a) global horizontal irradiation; (b) temperature; (c) elevation; (d) slope;
(e) aspect; (f) distance from a main road; and (g) distance from a major
powerline.

_24_



Table 4. Pairwise comparison matrix, the weights allocated to each criterion,
and the consistency ratio (CR).

1 2 3 4 5 6 7  Weight CR
GHI 0448 0444 0307 0473 0.516 0.390 0.448 0.43
Temperature 0.064 0.063 0.152 0.059 0.046 0.063 0.058 0.07
Elevation 0.071 0.020 0.049 0.018 0.068 0.088 0.061 0.06

Slope 0.091 0.102 0267 0.096 0.097 0.104 0.074 0.12
Aspect 0.089 0.139 0073 0101 0.102 0.148 0.124 0.1 0.06
Distance from 193 7098 0054 0091 0068 0.098 0.112  0.09
main road

Distance from 45 5135 0098 0162 0102 0.109 0.124 0.12
major power line

The suitability map, with areas rated as having good, fair, low, and poor
conditions for installing PV power plants in Mongolia, is shown in Figure
11. The areas rated as having good conditions accounted for 3.27% of the
total area, with the majority rated as having either fair (53.06%) or low
(42.59%) conditions.

Areas rated as good should be considered first when planning the

construction of a PV power plant in Mongolia.
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Fig.11 Suitability map for installing PV systems in Mongolia.
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V. Discussion

The suitability map generated for installing PV systems was
statistically analyzed by considering the administrative areas (Figure 1),
as presented in Table 5. Among the five administrative areas, the
southern area showed the highest mean score for suitability, at 78.72
(between fair and good conditions), followed by the center (65.68), Altai
- Uliastai (65.01), eastern (57.83), and western areas (55.31). The
suitability score’s standard deviation in the southern area was also
lower than that in the other areas (8.99).

Table 5 Statistical analysis of each Mongolian administrative area’s

suitability score.

Min  Max Range Mean Sgggggi Majority Minority
Center 25 100 75 65.68 14.42 75 25
Eastern 25 75 50 57.83 11.75 50 25
Altai-Uliastai 25 100 75 65.01 12.55 75 100
Southern 25 100 75 78.72 8.99 75 25
Western 25 75 50 55.31 11.18 50 25

Approximately 80% of Mongolia’s population is concentrated in the
central area, which consumes most of Mongolia’s electricity, as shown
in Figure 12. The central area’s power systems import approximately
300 million kWh of electricity annually from Russia, mostly during peak
periods. The present results show that the mean suitability value for PV
systems in the central area is 65.68, demonstrating a level of installation
suitability conditions rated between low and fair, with a standard
deviation of 14.42. Considering its population and power consumption,

the central area should therefore be prioritized for the installation of PV

_27_



power plants.

The southern area, which has the highest mean suitability score,
includes the Gobi steppe, and is home to Mongolia’s largest gold and
copper mine, the Oyu Tolgoi mine. Approximately 1.1 billion kWh is
annually imported from China for operations at this mine, suggesting
that installing PV systems in the southern area could supply

supplementary power to this mine.

_28_
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Fig.12 Power consumption and population for each Mongolian regional administrative area
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VI. Conclusion

In this study, we identified areas that are potentially suitable for the
installation of large-scale PV power plants. Seven criteria, including
annual global horizontal radiation, temperature, elevation, slope, aspect,
distance from a main road, and distance from a major power line, were
considered, and were formulated using GIS into a database as raster
datasets, at a 30 x 30 m resolution. The GIS layers were rated at four
grades (25, 50, 75, and 100), and their weightings were determined
using the AHP, by considering the opinions of 10 experts from the
solar - electric field. By combining the seven rated GIS layers with their
weightings, a PV system installation suitability map, which classified
areas of Mongolia into good, fair, low, and poor site suitability grades,
was created. Areas with good and fair grades accounted for 3.27% and
53.06% of Mongolia, respectively, whereas low and poor grades
accounted for 42.59% and 1.08%, respectively. Areas with good grades
were concentrated in southern and central Mongolia; hence, considering
power demand and population, the central area was selected as the top
priority for installing PV power plants.

In recent years, the global trend in the use of renewable energy has
been increasing, with emerging interest in it as an investment. The
national government has begun implementing targeted policies to
support renewable energy in Mongolia, which currently supplies only
17% of its domestic energy capacity. The main issues related to large

solar installations are high investment costs and identifying the most
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suitable plant locations, and resolving these issues can be considered
the most important step in the development of this sector. Therefore, by
offering screening data for PV site suitability analysis for Mongolia, the
findings of this study are expected to benefit researchers, industry
professionals, and policy-makers. Referring to these data can positively
bridge the communications and decision-making gaps between academia,
industry, and the general public.

There are a few limitations to this study. First, this study used the
GHI data obtained from the Global Solar Atlas [16]; however, no
comparison between the GHI data used in this study and those
measured at the ground stations was performed, because climate data
are limited in Mongolia. GHI data collected at many ground stations in
Mongolia can provide more accurate results of PV site suitability
through the verification of data. Second, this study analyzed the PV site
suitability at the national scale, considering seven criteria. For the actual
implementation of PV power plants, detailed analysis is required,
considering additional criteria and high-resolution spatial data that can
be obtained at the local scale. Third, this study analyzed PV site
suitability by comparison and, therefore, the rated values were given for
the seven criteria on a relative scale of good, fair, low, or poor. More
justifications on the rating criteria are needed in order to conclusively
evaluate PV site suitability. Therefore, future research activities must
include improving the combination between GIS and MCDA methods in
order to comprehensively analyze PV site suitability in Mongolia using

more reliable and verified data obtained at the local scale.
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