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The continual lowering of costs for photovoltaic (PV)
systems components has led to an unprecedented growth
in solar energy generation. The weighted average of the
levelized cost of energy (LCOE) in 2018 was 0.085
(USD/kWh), and 1t’s forecasted to be between 0.02 and
0.08 (USD/kWh) by 2030, and between 0.014 and 0.05
(USD/kWh) by 2050 [1]. The design of the PV plants, 1s
directly related to such costs although many different
variables are to be considered [2]. The racking systems
and the characteristics of the land are two fundamental
variables. Land cost can be estimated of more than 5%
of total project budget.

The racking systems for the modules used in PV
systems can be classified into two types: those with a
fixed tilt angle and those with variable tilt angle (dual-
axis trackers , single-axis trackers ).

The single-axis trackers can have different
orientations: horizontal North-South, horizontal East-
West, and parallel to the Earth's axis. In practice, North-
South aligned systems are the most commonly used,
though for higher accuracy, more expensive dual-axis
trackers can be implemented.

The availability of flat land 1s related to the decrease 1n
the cost of PV plants. However, there are areas where
flat land 1s not available and the terrain slope largely
influences the electrical output and construction costs of
large-scale PV plants [3].

A common criterion on the maximum terrain slope
accepted 1n this type of installations has not yet been
reached. For example, Yushchenko et al. [4] proposes
the criterion of 5.71 (°) (or 10%) of terrain slope, Alami
et al. [5] accepted a maximum of 5% terrain slope and
IRENA [6] proposes the criterion of 11.3 (°) (or 20%).
The single-axis tracker aligned with the North-South
axis were designed for the installation on flat terrain.
Considering that this tracker 1s the most common
solution for installing large solar projects, 1t 1S necessary
to conduct a study of their performance in installations
on sloping terrain. This paper deals with the relationship
between terrain slope and energy yield of a single-axis
tracker aligned with the North-South axis. Said tracking
geometry has been reviewed developing operating
equations and carrying out simulations for different
locations and slopes of terrain.

Fig.1 shows the solar geometry used in the current study.
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Fig. 1. Solar geometry used in the current study.

The solar position can be determined by a unit vector
always orientated to said star, called solar vector ng,
which can be represented by eq. (global reference
system):

i = (sinw cosd, cosw cosb, sind) - (1,7, k)
where: 0 - solar declination, rad; o - hour angle, rad. If

the Earth reference system 1s used, the solar vector can
be represented by eq.:

ns = (sinw cosod, cosw coso, sind).
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where: A - latitude, rad. Taking into account the terrain
slope results 1n some changes to these equations. For this
purpose, the axis of the solar tracker 1s considered to
form an angle A with the horizontal. In this reference
system, the solar vector can be represented by eq.:

Ns

= (sinw cosod, cosw coso sind —sind cosd,

For A=0 (°) 1s noted that 1n the lowest latitude location
(Medellin) a better cos 0 1s gotten compared to the rest of
the locations, especially in the winter months. As the
latitude of the location increases, the cos 0 decreases.
Therefore, the astronomical tracking systems yield better
results 1n lower latitude locations.

For A=\ (°) 1s noted that similar values of cos 0 are
obtained in all two locations.
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The vector normal to the collector surface, n,, can be
deduced:

n, = (siny, 0, cos ). (1”, )", k”)
where: vy - angle between 1, and Oz", rad. This angle
can be calculated using the tracking condition:
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The incident angle can be calculated:
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After complex operations to eliminate 1, the incident
angle can be calculated:

cos @
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The tilt angle can be calculated:

cos =ﬁtu.|?r

Performing mathematical operations, the tilt angle 1s:

f = arccos
cos w cos & cos(A — A) —I—)

sin d sin(A — A)
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In this study several cities around the World are
considered. Tab.1 shows the geographic characteristics of
said cities.

Table. 1. Cities under study.
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Cities Latitude Longitude Altitude

Medellin (Colombia). 06°14'38'N  75°34'04"W 1469 (m)

Bangkok (Thailand). 13°45'14"N 100°29'34"E 9 (m)
Morelia (Mexico). 19°42'10"N 101°11224"W 1921 (m)
Karachi (Pakistan).  24°52'01"N  67°01'51"E 14 (m)
Cairo (Egypt). 30°2924"N  31°14'38"W 41 (m)
Almeria (Spaimn). 36°50'07"N  02°24'08"W 22 (m)
Toronto (Canada). 43°39'14"N  79°23'13"W 106 (m)
Wien (Austna). 48°15'00"N  16°21'00"E 203 (m)
Hamburg (Germany). 53°33'00"N  10°00'03"E 19 (m)
Helsinki (Finland). 60°10'10"N  24°56'07"E 23 (m)

Influence of the terrain slope on cos 0

Fig. 2 shows the cos 0 depending on the time of day and
the day of year, 1n Medellin and Helsinki, respectively.
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b) Medellin, A= A° cos 6
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Fig. 2. Cos 0 for the cities of Medellin and Helsinka.
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Influence of the terrain slope on annual energy

Fig. 3 shows of annual energy in the cities under study.

The values are as a percentage of energy, with respect to
the A=0 (°) situation, that is:
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Fig. 3. Comparison annual energy.

An 1Increase 1n terrain slope 1ncreases the energy

generated, an effect which 1s most pronounced as latitude
increases. The percentage of the energy gains associated
with terrain slope, referenced to flat terrain ranges from

0.14% (low latitude) to 10.71% (high latitude).

The main conclusions drawn from all these work

are:
- In all climate areas the terrain slope increases both
the annual energy and the cos 0.

- For flat terrains the value of cos 0 1s considerably
greater as latitude decreases, so 1t can be concluded that
astronomical tracking yields better results in lower
latitude locations.

- As the slope of the terrain increases such difference
between latitudes 1s diminished, with annual energy
production increasing for all locations, more

remarkably 1n those locations of higher latitude.

- The percentage of the energy gains associated with
terrain slope, referenced to flat terrain, ranges from a
merely 0.1 — 0.2% 1n low latitudes to over 10% for PV
systems at high latitudes.
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