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INTERNATIONAL ELECTROTECHNICAL COMMISSION

LAND USAGE OF PHOTOVOLTAIC (PV) FARMS -
MATHEMATICAL MODELS AND CALCULATION EXAMPLES
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IEC TR 63149, which is a technical report, has been prepared by IEC technical committee 82:
Solar photovoltaic energy systems.

The text of this technical report is based on the following documents:

Enquiry draft Report on voting
82/1319/DTR 82/1411/RVDTR

Full information on the voting for the approval of this technical report can be found in the
report on voting indicated in the above table.

This document has been drafted in accordance with the ISO/IEC Directives, Part 2.
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The committee has decided that the contents of this document will remain unchanged until the
stability date indicated on the IEC website under "http://webstore.iec.ch" in the data related to
the specific document. At this date, the document will be

e reconfirmed,

e withdrawn,

e replaced by a revised edition, or
e amended.

A bilingual version of this publication may be issued at a later date.

IMPORTANT - The 'colour inside' logo on the cover page of this publication indicates
that |it contains colours which are considered to be useful for -the cj>rrect
undeletanding of its contents. Users should therefore print this document using a
colour printer.
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INTRODUCTION

It is very important to calculate the land usage of PV power plants. If the plant is poorly
designed, it would result in either a waste of land due to too large an area, or the loss of
power generation because of shading between arrays. This TR gives a simple calculation for
a quick guideline of the land usage of PV farms. For accurate and optimum land usage design,
a more sophisticated numerical computation is encouraged.

The key factor to affect land usage of PV plants is the distance between PV arrays. The
calculation of the distance between PV arrays is affected by the following factors:

° Su arth rnlafinnchip;

e solar declination angle (determining the date of a year);
e solar hour angle (determining the time of a day);

e latifude of the location of PV plant;

e azimuth of PV array;

e tiltdd angle of PV array;

o flat{land or tilted land;

o efficiency of PV modules;

e molnting and tracking arrangements if used (e.g. fixed,-single-axis tracking, douljle-axis
tragking);

e the|coordinates system (ground horizontal coordinates, equatorial coordinates);
e thelratio of length and width of PV array, and

o the|possible maximum mechanical tilted angle of PV array, etc.

Increaged land usage comes with powerggeneration. To maximise generation and mjnimise
land ugage has many advantages including decreasing cost.
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LAND USAGE OF PHOTOVOLTAIC (PV) FARMS -
MATHEMATICAL MODELS AND CALCULATION EXAMPLES

ope

This document is aimed at building mathematical models for calculation of the distance
between arrays, to farthest avoid shading and reasonably reduce the land usage of PV farms.

In gen
boundg
docum
when {
depend
all the

The sh
energy
docum
the for

PV arrays. Where shading occurs on the PV array site othler Calculations are required t

not wit

northen hemisphere in this document, but all fomulas can also be used for the sq

hemisp

The ng
tracker
tracker

For sg
Coordi

This ddg
e Fix
e Fix

e Fix

e HollizontakE-W tracking in Equatorial Coordinates

o Tilt

bral, there will be longest south-north shading on the day of the winter solstig
ry condition to calculate the south-north (S-N) distance between PV arrays-used
ent is based on winter solstice. The longest east-west (E-W) shading i§) on th
he sun is in the east. The users can change the boundary conditions{(date an

e. The
in this
e time
d time)

ing on local conditions (latitude, land limitation, facing direction, etch,'the formulas are
same.
pding distance calculation is based on date and time boundafies, not based on s

losses that may be very complicated. The no-shading(distance calculation
bnt is only for the distance between PV arrays, not forgther surrounding objeq
mula can also be used to calculate the no-shading distance between the obje
hin the scope of this document. The no-shading, distance calculation is based

here.

-shading calculation model is differentfor fixed PV arrays and PV systems wif
5. This document derives mathematical models for both fixed PV arrays an
S.

lar trackers, there are 2, different coordination systems: the Ground Ho
hates (GHC) and Equatorial Coordinates (EC).

cument provides land usage calculations of PV farms for the following array typd

bd PV array on/flat<land and face to the south
bd PV array.on flat-land and face to non-south direction

ed PV array on tilted land and face to the south

bd ‘B4 W tracking in Equatorial Coordinates

hading
in this
ts, but
ts and
hat are
on the
uthern

h solar
i solar

izontal

e Pole-Axis tracking in Equatorial Coordinates

e Double tracking in Equatorial Coordinates

e Solar Azimuth tracking in ground horizontal coordinates

e Manual solar altitude tracking in ground horizontal coordinates

e Double tracking in ground horizontal coordinates

In the following clauses, the different coordinates systems are introduced and the land usage
calculations for different operational models are provided.
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2 Normative references

The following documents are referred to in the text in such a way that some or all of their
content constitutes requirements of this document. For dated references, only the edition
cited applies. For undated references, the latest edition of the referenced document (including
any amendments) applies.

IEC TS 62727:2012, Photovoltaic systems — Specification for solar trackers

3 Terms and definitions

For thg purposes of this document, the following terms and definitions apply.

ISO and IEC maintain terminological databases for use in standardization at the following
addrespes:

e |E( Electropedia: available at http://www.electropedia.org/

e |ISQ Online browsing platform: available at http://www.iso.org/obp

3.1
array gzimuth
angle Retween a line due south at northern hemisphere (or due north at southern hemigphere)
and the shadow cast by the normal of PV array on Eatth. It defines in which directlon the
normall of PV array is. This convention states the angle\is positive if the line is east of south
and ndggative if it is west of south. It equals to zero when pointing to south at nprthern
hemisghere and to north at southern hemisphere.

Note 1 t¢ entry: Solar azimuth is denoted by .

3.2
array tjilted angle
angle hetween horizontal ground and\the plane of PV array

Note 1 t¢ entry: S-N tilted angle is denpted by Z and the E-W tilted angle is denoted by 4.

3.3
cosine losses
in-plan|solar irradianceequal to the direct irradiance times cosé (0 is incidence angle),| so the
cosine|losses coefficient is equal to 1-cosé

Note 1 t¢ entry._For incidence angle see 3.8, and incidence angle is denoted by 6.

3.4
day length
time period from sunrise to sunset

Note 1 to entry: Unit: hours.

3.5

Equatorial Coordinates

EC

show the relationship of earth and sun referenced on equatorial plane. The sun position is
determined by solar declination and hour angles.

3.6

Ground Horizontal Coordinates

GHC

show the relationship of earth and sun referenced on ground horizontal plane. The sun
position in the sky is determined by solar altitude and solar azimuth.


http://www.electropedia.org/
http://www.iso.org/obp
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3.7

hour angle

is one of the coordinates used in the equatorial coordinate system to give the direction of a
point on the celestial sphere. The hour angle of a point is the angle between two planes: one
containing the Earth's axis and the zenith (the meridian plane), and the other containing the
Earth's axis and the given point (the hour circle passing through the point).

Note 1 to entry: The angle is expressed as positive east of the meridian plane and negative west of the meridian
plane. The angle may be measured in degrees or in time, with 24 h = 360° exactly. The hour angle is denoted by w.

Note 2 to entry: The solar hour angle is paired with the solar declination to fully specify the location of the sun in
the equatorial coordinate system.

3.8
incidence angle
angle hetween solar beam and the normal of PV panel. The smaller of the incidenece angle the
less of|cosine losses of the incidence solar power.

Note 1 t¢ entry: Angle of incidence is denoted by 6.

3.9
latitudp
angle which ranges from 0° at the Equator to 90° (North or South) at the poles. Ljnes of
constant latitude, or parallels, run east—west as circles parallel to'the equator.

Note 1 t¢ entry: Latitude is denoted by ¢.

3.10
longitude
meridigns (lines running from the North Pole to the South Pole) connect points with thg same
longitugle. By convention, one of these, the Prime Meridian, which passes through thg Royal
Obseryatory, Greenwich, UK, was allocated the position of zero degrees Iongitudf. The
longitufle of other places is measured as)the angle east or west from the Prime Megridian,
ranging from 0° at the Prime Meridian to+180° eastward and -180° westward.

Note 1 t¢ entry: Longitude is denoted by 4:

3.11
no-shgding distance
distande between PV arrays at specific time when the back array is not shaded by front array
and thip distance is used in the design to install PV arrays

Note 1 tp entry: The main purpose of this document is to calculate the S-N no-shading distance and |E-W no-
shading distance between PV arrays.

3.12
shading-\distance
shading projections behind PV arrays produced by solar beam

Note 1 to entry: Shading distance is denoted by L.

3.13
solar altitude
refers to the angle of the sun relative to the Earth's horizon

Note 1 to entry: Solar altitude is measured in degrees. Solar altitude is denoted by « and the formula is:
sina = sing sind+cosg cosd cosw.

3.14

solar azimuth

angle between a line due south at northern hemisphere (or due north at southern hemisphere)
and the shadow cast by a vertical rod on Earth. It defines in which direction the sun is. This
convention states the angle is positive if the line is east of south and negative if it is west of


https://en.wikipedia.org/wiki/Equatorial_coordinate_system
https://en.wikipedia.org/wiki/Celestial_sphere
https://en.wikipedia.org/wiki/Axial_tilt
https://en.wikipedia.org/wiki/Zenith
https://en.wikipedia.org/wiki/Meridian_(astronomy)
https://en.wikipedia.org/wiki/Axial_tilt
https://en.wikipedia.org/wiki/Hour_circle
https://en.wikipedia.org/wiki/Meridian_(astronomy)
https://en.wikipedia.org/wiki/Declination
https://en.wikipedia.org/wiki/Equatorial_coordinate_system
https://en.wikipedia.org/wiki/Equator
https://en.wikipedia.org/wiki/North_Pole
https://en.wikipedia.org/wiki/South_Pole
https://en.wikipedia.org/wiki/Prime_Meridian
https://en.wikipedia.org/wiki/Royal_Observatory,_Greenwich
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south. It equals to zero when pointing to south at northern hemisphere and to north at
southern hemisphere.

Note 1 to entry: Solar azimuth is denoted by g and the formula is: sing = cosdsinw/cosa (for g < 90°) or
cosp = (singsina- sind)/(cosacosg) (for =0 -180°).

3.15

solar declination

the declination of the sun is the angle between the equator and a line drawn from the centre
of the Earth to the centre of the sun. The declination angle, denoted by J, varies seasonally
due to the tilt of the Earth on its axis of rotation and the rotation of the Earth around the sun.
If the Earth were not t|Ited on its axis of rotatlon the decllnatlon would always be 0°. However,

northeqn hemisphere.

Note 1 t¢ entry: Abbreviated as dec; symbol ¢.

Note 2 tp entry: The formula is: § = 23,45sin(360 x (284+N)/365) (known as(Copoper equation) where [V is the
number pf days from Jan. 15t

3.16
solar tjme
calculation of the passage of time based on the/peosition of the sun in the skly. The
fundamental unit of solar time is the day. Two types of solar times are local true solpr time
(sundigl time) and mean solar time (clock time). Ttherlength of mean solar day based onp mean
solar time is 24 h and the length of true solar day,is not exactly 24 h, the length of a sglar day
varies through the year.

Note 1 t¢ entry: Since shading is always produced-by the true sun, the time in this document is the true splar time.
Note 2 t¢ entry: The difference between locakstandard time and true solar time can be calculated by the fprmula:
True solg@r time = local standard time +dis¢repancy between two kinds of solar times
+4 x (lorjgitude of local standard time — local longitude).

Note 3 t¢ entry: Local standard‘time is based on time zone.

Note 4 tb entry: Discrepancy between two kinds of solar times can be found in any text book of dun-earth
relationship.

4 AZimuth-and hour angle coordinates

There are-several definitions for azimuth coordinates:
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90 -90 +90
E E E
IEC IEC IEC
a) Clockwise b) Clockwise c) Counterclockwige
Prigin is due north Meridian plane and origin and origin is due soyth

is due south

Figure 1 — Current definition of azimuth and hour angle coordinates

The mpst popular azimuth and hour-angle coordinates is the middle, one which is used by
PVSyst and RETScreen design software. In this document, it is proposed that (c) in Fjgure 1
be used for calculation to make less confusion because the results of the azimuth formula
(cos p)land hour-angle formula (cos ) are always positive, never hegative. Solar hourtangle,
solar agimuth and PV array azimuth all follow the same definition; see Figure 2.

+180

+90
E
+180
IEC IEC
Northern hemisphere Southern hemisphere

Fjgure 2 — Definition of azimuth and hour angle coordinates for this document

All examples in this'document are based on northern hemisphere.



https://iecnorm.com/api/?name=9a17e8b429505f449a0eac41322d3060

IEC TR 63149:2018 © IEC 2018 -13 -

5 Coordinate systems (Figures 3 to 6)

5.1 Ground Horizontal Coordinates (GHC)

South

IEC

Key
Vertifal axis from ground to sky
Normal of PV array

Tilted angle of PV array

“ Nz X

Solaf beam

Solag altitude

N

Solaf azimuth

r PV afray azimuth

Figure 3 —PV array in ground horizontal coordinates

The sojar trackers based on GHC take the ground horizontal plane as the reference. The sun
position is defined.by-solar altitude and solar azimuth. There are four types of operafions in
these ¢oordinatesi-fixed PV arrays, altitude tracking (usually manual adjustment), single axis
azimuth tracking)and double axis tracking:

o Forlfixed-PV arrays, the tilted angle of arrays is always fixed and the azimuth of the|arrays
can be”zero (face to south) or face to non-south directions. The PV arrays are irstalled
either on flat land or on sloped land.

e For double axis tracking (2-axis) system, the tracker follows two variables: the solar
altitude and solar azimuth. The function is achieved by adjusting the tilted angle and
azimuth of the PV arrays.

e For single axis azimuth tracking, the tracker simply follows the solar azimuth by adjusting
the azimuth angle of PV array and the tilted angle of PV array remains fixed.

e For altitude-tracking (usually manual-adjustment), the tracker follows the solar altitude by
adjusting the tilted angle of PV array and the azimuth of the array is always facing to the
south in the northern hemisphere and north in the southern hemisphere.
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5.2 Equatorial Coordinates (EC)
rfl PV array
2§ Summer solstice
§ +23 45°
: —§= Equinox
: -2345°
<@ Winter solstice
-\ . N
\_\ /
: Earthiaxis / \
B ol Horizontal axis
S IEC
Key
Z Tilted angle of PV array
¢ Latitlde of the location

1 PV afray will be parallel with earth axis if the tilt equals to latitude

2 Solaf incidence angle (o) varied + 23,45° during a year

Double-tracking system

Hour-angle tracking'by
rotating the main-axis

Q

Solar|declinatien tracking
by gdjusting’PV tilt on
niaih axis

Figure 4 — PV array in equatorial coordinates

Pole-axis tracking

Tracking hour-angle by
rotating the main-axis

-—

of
axis

Tilted anglg
array on mair
z=0

Z= Iatitude?\

Z= Iatitude?\

IEC TR 63149:2018 © IEC 2018

Figure 5 — Equatorial tracking systems

IEC

Solar trackers based on Equatorial Coordinates take the Earth's axis and the Earth's
equatorial plane as the reference. The sun position is defined by solar hour angle and solar
declination. There are four types of trackers in these coordinates: horizontal E-W tracking,
tilted E-W tracking with tilted PV array on horizontal axis, pole-axis tracking with main-axis
tilted angle equal to latitude, and double axis tracking.
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Solar beams

PV array

Key
A4 E-W
0 Turn
w Sola
0 =4
Hour an
e For
axig
sim
e For
the
typ
hig
e For
rotd
fixe

East —

IEC

Tilt of array
ng angle

hour angle

le tracking means: make 4 =
Figure 6 — Relationship between 4, 2 and o

pole-axis tracking, the S-¥tilted angle of main axis is equal to latitude, so th
b is parallel with the earthraxis that connects the south-pole and north-pole. The
ply follows the solar,hour-angle by rotating the main-axis from east to west.

e main
tracker

horizontal axis E-W*tracking, the tracker simply follows the solar hour-angle by irjotating

main-axis from_east to west. PV arrays are installed horizontally on the main-ax
b of solar trackers is very popular due to low cost, but it is not suitable for loca
n latitude (2-35°) due to higher cosine losses during the winter season.

tilted—E=W tracking, the tracker operates the same as horizontal E-W tracki
tes(the main-axis to follow solar hour angle from east to west. PV modules

d\lilted angle on the horizontal main-axis.

s. This
ions in

ng and
have a

e For double-tracking systems, the tracker follows two variables: solar declination and the
solar hour angle. It follows solar declination angle by adjusting the S-N tilted angle of PV
modules and follows the hour angle by rotating the main-axis.

6 Boundary conditions

The longest S-N shading between PV arrays is on winter solstice and the longest E-W shading
is at the time when the sun is in the east. Decoupled calculation for S-N and E-W no-shading
distance is necessary. So the boundary conditions for both S-N and E-W distance calculations
need to be provided.

In fact, optimization between land usage and power generation is required in design. For
example, when the land cost is high, boundary conditions may need to change to reduce the
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land usage. The proposed conditions for calculation of no-shading distance are provided
below. Users may change the condition depending on the situation of the projects.

a) For S-N distance, the no-shading period between arrays is set at the time of 75 % of day
length (suitable for all latitudes) or from 9:00am to 3:00pm on winter solstice (for locations
within 20° — 40° of latitude). See Table 1.

Table 1 — No-shading set time on winter solstice for various latitudes

Latitude Degradation Sunrise Sunrise time| Day length | No-shading Set hour Set time
hour angle period 75 % angle
day length

o Py P

o o o h h o
0 -23,45 90,000 6:00:00 12,000 9,000 67,500 7:30:00
10 -23,45 85,613 6:17:33 11,415 8,561 64,210 7:43:09
20 -23,45 80,916 6:36:20 10,789 8,092 60,687 7:57:15
30 -23,45 75,496 6:58:01 10,066 7,550 56,622 8:13:31
36,35 -23,45 71,455 7:14:11 9,527 7,145 53,591 8:25:38
40 -23,45 68,655 7:25:23 9,154 6,866 51,491 8:34:02
50 -23,45 58,872 8:04:31 7,850 5,887 44,154 9:03:23
60 -23,45 41,295 9:14:49 5,506 4,130 30,971 9:56:07

b) Thegre shall be some day and sometime when solar altitude reaches 20° and the|sun is

jus

in the east when the E-W shading is the loengest during a year. So, for E-W digtance,

no-shading condition is set at 20° of solat~altitude and the solar azimuth is 90°. See

Table 2.

Table 2 — Date and time when solar altitude is 20° and the sun is in the east|

Latitude Solar Date Sunrise_ | Sunrise | Sunrise | Set solar | Set solar | Set hour | Sgt time
declination time azimuth | altitude | azimuth angle
v s angle ; ; @
0 0,00 Maf:24 | 6:00:00 90,00 90,00 20,00 90,00 70,00 7:20:00
10 3,50 Mar.29 | 5:57:28 90,62 93,55 20,00 90,00 70,30 7:18:11
20 6,75 Apr.7 5:50:53 92,47 97,19 20,00 90,00 71,13 7:15:30
30 9,75 Apr.15 | 5:37:47 95,69 101,28 20,00 90,00 72,45 7:10:48
36,25 11,75 Apr. 20 | 5:24:05 98,77 104,63 20,00 90,00 73,70 7:05:48
40 12,75 Apr. 24 | 5:16:47 100,95 106,74 20,00 90,00 74,45 7:02:48
50 15,25 May. 2 | 4:44:50 108,96 114,15 20,00 90,00 76,90 6:52:36
60 17,25 May. 9 | 3:49:08 122,54 126,38 20,00 90,00 79,72 6:41:53
c) No-shading distance does not only depend on solar altitude, but also on tilted angle of PV

d)

e)

arrays. The earlier the array faces to the sun, the higher the array tilted angle is. The tilted
angle of the PV array is also limited by the mechanical ability. The tilted angle of PV
arrays in this document is defined as the S-N tilted angle and the E-W tilted angle.

No-shading distances can be decoupled into S-N distance and E-W distance. The S-N
distance is only relevant with length of PV array and the S-N tilt of PV array; the E-W
distance is only relevant with width of PV array and the E-W tilt of PV array.

The boundary conditions can be changed depending on certain situations to optimize the
power generation and land usage, they are local latitude, land limitation, land cost, feed-in
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tariff (FIT), etc., the calculation method and all formulas for different conditions are all the
same.

f) The calculation method and all formulas can also be used for CPV land usage, the only
difference is the boundary conditions.

The proposed boundary conditions for S-N distance and E-W distance calculations of all
types of PV operations are listed in Table 3:

g)

Table 3 — Proposed boundary conditions

Ground-horizontal coordinates
Type of S-N distance Array tilt E-W distance Array azimuth Remarks
operatiomn
Fixed RV arrays | 75 % day length, ® NA 0°
or 9:00am to
3:00pm on winter
solstice
Manualiregulated | 75 % day length, |2 times or 4 times NA 0° No morg¢ than
arrays or 9:00am to 4 times
3:00pm on winter
solstice
Azimuth tracking | 75 % day length, ® Solar altitude 20° | = solar azimuth L:K Rptio
or 9:00am to Solar azimuth 90° 1:1~[1:2
3:00pm on winter
solstice
Double axis 75 % day length, 60° Solar altitude~20° | = solar azimuth L:K Rptio
trapking or 9:00am to Solar azimuth 90° 1:1~[1:2
(for fllat-plate 3:00pm on winter
papels) solstice
Double axis Solar altitude 70° Solar altitude 20° | = solar azimuth L:K Rptio
trapking reaches 20°, on Solar azimuth 90° 1:1 ~[1:2
(for HCPV and winter solstice
LGPV)
Equatorial Coordinates
Type .Of S-N distance Array tilt E-W distance Array tilt Remarks
operation
Horizontal E-W NA Solar altitude 20° 60°
trapking Solar azimuth 90°
Tiltdd E-W 75 % day-length, 12 ¢ Solar altitude 20° 60°
trapking or 9;60am to Solar azimuth 90°
3:00pm.an winter
Solstice
Pole-ax|s tracking~75 % day length, 0] Solar altitude 20° 60°
(for flat-plate or 9:00am to Solar azimuth 90°
pahels) 3:00pm on winter
solstice
Pole-axls-ttacking75-%-daylength P Solar-altitude-20° 70°
(for line-focus or 9:00am to Solar azimuth 90°
LCPV) 3:00pm on winter
solstice
Double axis 75 % day length, ¢+23,45 Solar altitude 20° 60°
tracking or 9:00am to Solar azimuth 90°
(for flat-plate 3:00pm on winter
panels) solstice
Double axis Solar altitude ¢+23,45 Solar altitude 20° 70°
tracking reaches 20°, on Solar azimuth 90°
(for HCPV and winter solstice
LCPV)
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7 Land use calculations for fixed PV arrays on flat land (Figure 7)

IEC

Figure 7 — Fixed PV array cg(lat land
L
N

b) No|need for calculation of E-W distance, ! calculate the S-N distance between arrgys;

71 Boundary conditions
a) Fixpd PV arrays faces to the south;

c) Noishading period is based on 75 %.of-day length on winter solstice;
d) The arrays are installed on flat Iarg\\ot sloped land.

7.2 Calculation models for the;lﬁxed PV arrays on flat land

Figure |8 shows the relatlonshg.bf solar beam and PV array and the distance between grrays.

The&V f the front
Q~ array Solar rays

Supporting
structure

R~ — [ PR S eeceaaean » Ground surface

Solar rays /
f: Solar azimuth

South

J 4 Projective length

of solar rays 7/ Width of PV array

IEC

Figure 8 — Relationship of solar beam and PV array
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From Figure 8:

DI =LxcosZ H=LxsinZ

D2=cospxL’,L’=H/tana

S-N distance between arrays:

D =DI+D2 = (L %x cos Z) + (L xsin Z) x cosf / tana

where

S is splar azimuth;

a is solar altitude;

L’ is shading distance behind PV arrays produced by solar beam;

is the height of front PV arrays
is the length of PV array;
is the tilted angle of PV array;

N N ST

is the width of PV array.

Formulia of solar altitude «:

sina = sing sin&+co0$¢* COSo Cos w

Formula of solar azimuth g:

cospf = (singsina- sind)/(cosacosg)

where
¢ is the latitude of the locatian;
& is the solar declination,\=23,45° on winter solstice;

o is the solar hour angle.
7.3 Example of land usage for fixed PV arrays on flat land

Locatign: Anywhere (if the latitude is the same, the calculation is the same)

Latitudp ¢i/36,25° N

Fixed PV arrays facing to the south

Date: on winter solstice, solar declination 6 = —-23,45°

No-shading set time: hour angle o = 53,59° at 8:25:38am (75 % of day length)
Day length of winter solstice (from sunrise to sunset): 9,53 h

Sunrise at 7:14:11 (solar time)

Solar altitude « = 11,76° at 8:25:38 am (solar time)
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Solar azimuth g = 48,95° at 8:25:38 am (solar time)

Array azimuth y = 0°

Tilted angle of array: 36,25°

255 W

C-Si Module: Length = 1,685 m, Width = 0,997 m, Module efficiency = 15,18 %

Module configuration of PV Array: 4 in length: L = 3,988 m; 22 in width: K = 37,07 m and
88 modules in total.

Rated

Calculg
Relativ
DI =3
Distan
Array v

Net lan

bower of array: 22,44 kW

tion results:

e height H = L x sin Z = 3,988 x sin 36,25° = 2,358 m
216 m, D2 =7,44 m

e=D/+D2=10,65m

idth K = 37,07 m

d occupation = 394,96 m2

PV array = 22,44 kW

Unit lapd occupation = 17,60 m2 /kW

Consid
farm a
require

NOTE

ring the gap between PV modules, the gap between PV arrays and the road wi
d the inverter/transformer areas within the PV farm, an additional 15 % of
d. So the final unit land usage of PV farm is:

17,60 m2 / kW x 1,15 = 20,24 m2 | kW

[he\land usage outside the PV farm by control buildings, warehouse, high-voltage transformer

living ar

dS ana suroundaing rence 1s not mciuded.

8 Special consideration of non-south direction and sloped land

8.1 General

hin PV
and is

station,

Where the PV array does not face directly south and/or the land is not horizontal, the

calcula

tion needs to be changed as follows.

8.2 Boundary conditions

a) Fixed PV arrays and face to +15° of the south;

b) No-shading between arrays during 75 % of day length on winter solstice;

c) The arrays are installed on sloped land;
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d) The relative height between arrays is known.

8.3

Calculation models

Figure 9 shows the relationship of solar beam and PV array and the distance between arrays:

Back PV
array
The length of the front ! Solar rays Supporting
PV array = structure
L— :
Z
i1
\% ! ] Ground level 2
z SHEEN
L ......‘........a.x".-..........................--..-.
|‘ D1 D2 b Ground level 1
-------------- SRREEEEEEELEE = :
1 p: Solar azimuth
. Array azimuth
Any direction —~——k
e ——
Width of array
Solar rays/ Projective length “T—

of solar rays

IEC

rays

Figufre 9 — Relationship of solar beam and PV array and the distance between ar
From Rigure 9:
DI =\L x cos Z
H=LXS8inZ=hl+h2, hl = H-h2
D2 =cos(f-r) x L', L’ = hl | tana
Distance.D = DI + D2 = (L x cos Z) + (L xsin Z-h2) x cos(f-r) / tana

where
£ is the solar@zimuth;
y is the array azimuth;
a is the solar altitude;
L’ is the shading distance behind PV arrays produced by solar beam;

H is the height of front array H = hl + h2;

is the relative eight between arrays;

is the height difference of the land (available);

is the length of PV array;
is the S-N tilted angle of PV array;
is the width of PV array.

Formula of solar altitude «:

sina = sing siné+cosg COSd Cosw
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Formula of solar azimuth g:

cosp = (singsina- sind)/(cosacosg)

where
¢ is the latitude of the location;
o is the solar declination;

o is the solar hour angle.

8.4 Example for fixed PV arrays with non-south direction

Locatign: Anywhere (if the latitude is the same, the calculation is the same)
Latitude: 36,25° N

Fixed RV arrays and face to 10° deviate from the south

Date: gn winter solstice, solar declination 6 = -23,45°

No-shdding set time: hour angle o = 53,59° at 8:25:38am (75 %.of daylength)
Day length of winter solstice (from sunrise to sunset): 9,63.h

Sunris¢ at 7:14:11 (solar time)

Solar dltitude « = 11,76° at 8:25:38 am (solar.time)

Solar gzimuth g = 48,95° at 8:25:38 am (sélar time)

Array gzimuth y = 10°

Tilted gngle of array Z = 36,25°N

255 W|C-Si Module: Length = 1,685 m, Width = 0,997 m, Module efficiency = 15,18 %

Modulg configuration” of PV Array: 4 in length: L = 3,988 m; 22 in width: K = 37,07
88 modules in total

Rated power/of array: 22,44 kW

Calculation results:

H =1L xsin Z= 3,988 x sin 36,25 = 2,358 m

B -y =38,95°
DI =3,216 m
D2 =8,809 m

Distance = DI+D2 = 12,025 m

Array width K = 37,07 m

m and


https://iecnorm.com/api/?name=9a17e8b429505f449a0eac41322d3060

IEC TR 63149:2018 © IEC 2018 - 23 -

Net lan

d occupation = 445,759 m?2

PV array = 22,44 kW

Unit land occupation = 19,86 m2 /kW (this is larger land usage than the example facing to the

south).

Considering the gap between PV modules, the gap between PV arrays and the road within PV
farm and the inverter/transformer areas within the PV farm, an additional 15 % of land is

require

d. So the final unit land usage of PV farm is:

19,86 1

NOTE
living arg

8.5

Locatia

Latitud

Fixed F

Date: g

No-shad

< /[ kKW x 1,15 = 22,84 m< [ KW

'he land usage outside the PV farm by the control building, warehouse, high-voltage transforme
as and surounding fence is not included.

Fxample for fixed PV arrays on sloped land

n: Anywhere (if the latitude is the same, the calculation is the same)
e 36,25° N

P\/ arrays and face to the south

n winter solstice, solar declination 6 = -23,45°

ding set time: hour angle o = 53,59° at 8;25:38am (75 % of daylength)

Day lemngth of winter solstice (from sunrise to*sunset): 9,53 h

Sunris¢ at 7:14:11 (solar time)

Solar qltitude « = 11,76° at 8:25:38 am (solar time)

Solar 4

Array 3

Tilted 4

zimuth g = 48,95° a@1,8:25:38 am (solar time)
zimuth y = 0%
1 m (the.relative height between arrays)

ngle of array Z = 36,25°N

255 W

C-Si Module: Length = 1,685 m,Width = 0,997 m, Module efficiency = 15,18 %

Module configuration of PV array: 4 in length: L = 3,988 m; 22 in width: K = 37,07
88 modules in total

Rated power of array: 22,44 kW

H =L xsin Z= 3,988 x sin 36,25 = 2,358 m

hl=H-h2=2,358-0,4=1,958m

Calculation results:

station,

m and
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DI =3,216 m
D2=6,177Tm
Distance = D/+D2 = 9,393 m
Array width K = 37,07 m
Net land occupation = 348,188 m?2

PV array = 22,44 kKW

>
N
P>

ConsidLering the gap between PV modules, the gap between PV arrays and truo-?éad within PV

farm and the inverter/transformer areas within the PV farm, an additicmé\ 15 % of Jand is
requirgld. So the final unit land usage of PV farm is: Q-

15,52 2/ kW x 1,15 = 17,84 m2 / kW C)

Unit lapd occupation = 15,516 m2 / kW (it is less land usage than flat land)

NOTE The land usage outside the PV farm by the control building, wareﬁg&e, high-voltage transformef station,
living arg¢as and surounding fence is not included. Q

9 Land usage for solar altitude tracking in g\nQ d horizontal coordinates
(Figures 10 and 11) \0\

Z

IEC

Figure 10 — Manual adjusted supporting structure


https://iecnorm.com/api/?name=9a17e8b429505f449a0eac41322d3060

IEC TR 63149:2018 © IEC 2018 - 25—

9.1
a)

b)

c)

d)

e)

Figure 11 — Manual adjusted PV. ray

Boundary conditions Q

Solar altitude tracking system in ground hor\h@ntal coordinates only tracks the¢ solar
altifude by adjusting PV tilt.

The¢ azimuth of PV array faces to south §@4e location where the latitude is higher than
the|tropic line. For the location where t@ titude is within the tropic line, PV azimuth may
facp to north during summer season. Q

This type of tracking system |sdﬁen used as manual adjustment, not the automatic
tragking.

PV([tilt is adjusted to mak "NSéldence angle as small as possible to have lowest|cosine
losses during a year. The @ustment of PV tilt can be 2 times, 4 times or 6 times during a
yedr. For certain locations, for example, in case of 2 times adjustment, the annual PV
output will be 4,81 9 her than fixed PV arrays; for 4 times adjustment, the annual PV
output will be 7,1§§bhigher than fixed PV arrays. For 6 times adjustment, the ingreased

is no more than 8,5 %, but too much work on adjustment. So, |people

itude, but when we talk about PV energy output, it is not only relevent with
latifu ut also relevent with local climate, elevation, irradiation level, direct and |diffuse
irradiation ratio, etc., the energy output is different location by location.

The caculation model for the manual adjustment is the same with the fixed array. It only
needs to consider the maximum tilted angle of PV arrays on winter solstice. See Table 4.
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Table 4 — Adjustment rules for solar altitude tracking

2 times adjustment with 2 tilted angles

6 times adjustment with 4 tilted angles

Date of adjustment

Position and tilted angle

Date of adjustment

Position and tilted angle

Mar. 21 Position 1: Latitude — 12,0° Mar. 21 Position 1: Latitude — 6,0°
Sep. 23 Position 2: Latitude + 12,0° May 06 Position 2: Latitude — 18,0°
4-time adjustment with 3 tilted angles Aug. 06 Position 2: Latitude — 6,0°
Date of adjustment Position and tilted angle Sep. 23 Position 3: Latitude + 6,0°
Apr. 20 Position 1: Latitude — 16,0° Nov. 08 Position 4: Latitude + 18,0°
Aug. 21 Position 2: | atitude Feb 05 Position 3: | atitude + 6,0°
Oct. 23 Position 3: Latitude + 16,0°
Feb. 20 Position 2: Latitude

The principles for the adjustment of PV tilted angles are shown below:

Specific dates:

Spring equinox is on March 21
Autumn equinox is on Sep. 23
Winter solstice is on Dec. 21

Summer solstice is on Jun. 21

And & ¥ + 24,00° during a year

If the tillt of PV array equals to the local latitude, the PV array will be in parallel with earth-pole.

1) 2 times adjustment is shown in Figure 12;

\ —_—

Earth. axis

Jun 21, o = +23 45°

’Position 1

Point 1 Mar 21 and Sep 23
a=0°

Process:

w .........}.....

=
FUSIUUNT £

Dec 21, o = -23,45°

Figure 12 — 2 times adjustment rules

IEC

i) When the sun moves to Point 1 on Mar. 21, PV tilt is adjusted to Position 1 (latitude —

12°);

ii) When the sun turns back to Point 1 on Sep. 23, PV tilt is adjusted to Position 2

(Latitude + 12°);
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iiil) When the sun runs to Point 1 again on Mar. 21 next year, PV tilt is adjusted to Position

2) 4t

Process:

9.2

The ca

9.3

1 again.
mes regulation is shown in Figure 13:

Jun 21, 0 = +23,45°

hecesscsscance Z

Position 1

Point 1 Apr 20 and Aug 21

...i............

Position 3

s Dec 21, ¢ = —23,45°
IEC

Figure 13 — 4 times adjustment rules

16°);
When the sun turns back to Pointtd on Aug. 21, PV tilt is adjusted to Pog
(Latitude);

\When the sun runs to Point 2con Oct. 23, PV tilt is adjusted to Position 3 (lat
16°);

When the sun goes baek.to Point 2 again on Feb. 20 next year, PV tilt is adju
Position 2 (Latitude);

[The process goestoii) again.
Calculation models for solar altitude tracking

Jculation fermula is the same as for fixed PV arrays:

D=Dl+D2, DI =L %xcosZ

\When the sun moves to Point 1 on Apr. 20} PV tilt is adjusted to Position 1 (latjtude —

ition 2

tude +

sted to

D2 = cos(f-y) x L’

L’=H/tana, H=L xsin Z

D=DIl+D2=(Lx%xcosZ)+ (LxsinZ)xcos(f-y)/tana

Example of land usage for 4-times adjustment

Location: Anywhere (if the latitude is the same, the calculation is the same)

Latitud

e: 36,25° N
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Mannual regulated PV arrays and face to the south
Largest tilted angle on winter solstice: 36,25° + 16,0°
Date: on winter solstice, solar declination 6 =-23,45°
Time: hour angle w = 53,59° at 8:25:38am (75 % of day length)

Day length of winter solstice (from sunrise to sunset): 9,53 h

Sunrise_at 7:14:11 (cnlnr timp)

Solar qltitude « = 11,76° at 8:25:38 am (solar time)

Solar gzimuth g = 48,95° at 8:25:38 am (solar time)

Array gzimuth y = 0°

Tilted gngle of array Z = 52,25°N

255 W |C-Si Module: Length = 1,685 m, Width = 0,997 m, Module efficiency = 15,18 %

Modulg configuration of PV array: 4 in length: L = 3,988 m; 22 in width: K = 37,07 |[m and
88 modules in total.

Rated fower of array: 22,44 kW
Calculgtion results:

Relative height = 3,15 m

DIl =2}44 m

D2 =995 m

Distange = D/+D2<=\12,39 m
Array width K=37,07 m

Net lanjd occupation = 459,22 m?

PV array = 22,44 kW
Unit land usage = 20,46 m2 /kW

Considering the gap between PV modules, the gap between PV arrays and the road within PV
farm and the inverter/transformer areas within the PV farm, an additional 15 % of land is
required. So the final unit land usage of PV farm is:

20,46 m2 /kW x 1,15 = 23,53 m2 /kW. The land usage is larger than ordinary fixed PV arrays
(20,24 mZ2 /kW), but the output will be 5 %-7 % higher than the fixed arrays.

NOTE The land usage outside the PV farm by the control building, warehouse, high-voltage transformer station,
living areas and surounding fence is not included.
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10 Land usage calculation for horizontal E-W tracking in equatorial coordinates

10.1 Boundary conditions <

a)

b)

c)

d)

(Figure 14)

IEC

Figure 14 - Horizontal\ggt/ tracking
QO

The PV modules are installed horizont \c':m the main axis and the S-N tilted anglg
mofdules is 0°. This is the single axis@ ker, the main-axis tracks the solar hour an
it i$ only necessary to calculate the " E-W distance between PV arrays and no n
calgulate S-N no-shading distanc‘g@

The boundary condition: T e\(g gest E-W shading distance is at the time when the
in {he east. The boundar ndition for E-W distance set at solar altitude is 20° 4
sur] is in the east. N

-

ading distance d not only depend on solar altitude, but also on tilted angle
arrays. The earli e array faces to the sun, the higher the tilted angle of the a

makimum E- ed angle of PV arrays is 60° for flat-plate PV modules and 70° f

of the
gle, so
eed to

sun is
nd the

of PV
‘ray is.

pr CPV

The tilted an%ﬁ& e array is also limited by the mechanical ability. In this documgnt, the

The h ntal E-W tracking is only suitable for the regions below 35° latitude. |
: @s where the latitude is higher than 35°N, the cosine losses will be too high

For the
during

10.2 Calculation models

The distance between PV arrays is shown in Figure 15.
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A:E-W Tilt

Solar beam Q: Turning angle
4=0

¥ Width of

array K

\
Normal of Array in

array . Q back
. I\‘
7
__ 4 {1___¥ ________________ Supporting
I | | structure
I |
I | East |
| [ B |
| | |
] I ! d—
] I [
I D1 | D2 | Ground surface
[ —————P[ecccccccccccccccccnccs >

Figure 15 — Horizontal E-W tracking
DI =K xcos 4
D2 =H/tana, H= K x sin 4
D =DI + D2 =(Kxcos A) t(Kx sin 4) / tana

o = arcsin (singsiNo+cospcosicosw)

a is the solar altitude;

A is the E-W tilted angle of PV arrays;
H is the height of front PV arrays;
K is the width of PV array;
o is the local latitude;

0 is the solar declination angle;
(4]

is the solar hour-angle.

10.3 Example — Land usage for horizontal E-W tracking

LocatignsAnywhere (if the latitude is the same, the calculation is the same)

Latitude:36,25° N

From Table 2, the right date and time can be found when the solar altitude is 20° and the sun
is in the east:

Date: April 20, solar declination 6 = 11,75°
Day length (from sunrise to sunset): 13,17 h

Sunrise at 5:24:05 (solar time)
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Time: 7:05:48am, solar hour angle v = 73,70°

Solar altitude « = 20°

Solar azimuth g = 90°

E-W tilted angle: 60°

255 W

C-Si Module: length is 1,68 m,width is 0,997 m, module efficiency is 15,18 %

Module_canfiguration of PV array (see Figure 14 as example): 1 module installed in E-W
directign, the width of the array: K = 1,68 m; 20 modules in series along the S-N mair@

length

pf the array is 19,94 m. 20 modules in total.

P

Total ppwer is 5,1 kW bﬁb
,b'\
Calculdtion: %@
H=KxsinA=1,68 x sin 60 = 1,45@)
;\\
D2 = H/tan a = 1,45 / tan20 g<4(,%o m
The re

length

sults: DI =0,84 m, D2 =4,00 m,E-W distan Qetween arrays is 4,84 m,know
bf arry is 19,94 m, so the pure land usage &,46 m2.

. . o
The tofal power is 5,1 kW, the unit land usa§e®19,25 m2 / kKW.

Consid
inverte

f/transformer areas within thg\@V farm, an additional 15 % of land is required.

final unit land usage of PV farm is:

NOTE

)
@x 19,25 x 1,15 =22,14 m2 / kW

[he land usage o<§;® the PV farm by the control building, warehouse, high-voltage transforme

living arg¢as and suroundin nce is not included.

11 La

Ind usae?for pole-axis tracking (Figure 16)

Kis, the

ng the

lering the gap between PV m\&ules, the road within the PV farm anpd the

So the

station,

(a) (b)

Figure 16 — Pole-axis tracking
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11.1 Boundary conditions

a) Pole-axis tracking is that the main axis is tilted equal to latitude. In this case, the main
axis is parallel with the earth pole.

b) The PV modules are installed on tilted main axis. The main axis rotates to track the hour
angle from east to west. For such trackers, it is not only necessary to consider the E-W
distance between arrays, but also the S-N distance.

c) For S-N no-shading distance, the condition is set at the time of 75 % of day length or from
9:00am to 3:00pm on winter solstice. The calculation formula is the same with fixed PV
arrays since S-N tilt of main axis never changes.

d) For E-W no-shading distance, the condition is set at 20° of solar altitude and the sun is in
the 8aS ha __'.- ormHa ' he—same amith .::-' E-J] --‘3 '._ Solar

e) The¢ pole-axis tracking is suitable for any latitude. There is no problem of higher|cosine
losges in winter for the places at high latitude.

11.2 The calculation for E-W distance

The cajculation of E-W distance is the same as the horizontal E-W tracking system.
The digtance between arrays is shown in Figure 15 which is for horizontal E-W tracking.
See Figure 16 (b) as example.

The bojundary conditions for E-W distance calculation ‘are as follows:

D1 = Kx<¢os 4

D2 = Hfy%ana, H =K x sin 4

D =DI +D2 = (K x cos 4) + (K x sin 4) / tana

o’ = arcsin (singsind + cospcosdicosw)
Latitudp:36,25° N

Date: April 20, seolar declination § = 11,75°

Day Iev||gth (from sunrise to sunset): 13,17 h

Sunrise at 5:24:05 (solar time)

Time: 7:05:48am, solar hour angle o = 73,70°
Solar altitude a = 20°

Solar azimuth g = 90°

E-W tilted angle: 60°

255 W C-Si Module: length is 1,68 m, width is 0,997 m, efficiency is 15,18 %
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Module configuration of PV array: 1 module installed in E-W direction, the width of the array:
K =0,997 m; 4 modules are installed along the S-N main-axis, the length of the array is 6,72
m. 4 modules in total.

Total power is 1,02 kW

The calculation results:

D2 =H/tana =2,37 m (H=0,86 m, a = 20°)

The E-

11.3

DI =K xcos 4=0,997 x cos 60° =0,499 m

[V distance between arrays: D = DIl + D2 = 2,87 m.

The calculation for S-N distance

The calculation of S-N distance is the same as for the fixed PV arrays) the S-N tilted a

PV arr

The dig

See Fi

The bo|

From H

South-

y is always the same during operation.

tance between arrays is shown in Figure 8 which is for the“fixed PV arrays.
jure 16 (b) as example.

undary conditions for S-N distance calculation.are as follows:

igure 8:

DI =LX%XcosZ H=L %xsinZ

D2=cospx L’ L’=H/tana

North distance between arrays:

D-=DIl+D2=(LxcosZ)+ (L xsinZ) %xcospf/tana

Sina = sing sind + cosp cosd cosw

cosp = (singsina — sind)/cosacose

Ingle of

where

N Q

N N ox

is the solar azimuth;

is the solar altitude;

is the shading distance behind PV arrays produced by solar beam;
is the height of front PV arrays;

is the length of PV array;

is the S-N tilted angle of main axis.

11.4 Example 1: no-shading distance is set within 75 % day length on winter solstice

Location: Anywhere (if the latitude is the same, the calculation is the same)
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Latitude ¢: 36,25° N
Main axis of PV arrays is facing to the south
Date: on winter solstice, solar declination ¢ =-23,45°
Time: hour angle w = 53,59° at 8:25:38am (75 % of day length)

Day length of winter solstice (from sunrise to sunset): 9,53 h

Sunrise_at 7:14:11 (innr timn)

Solar qltitude « = 11,76° at 8:25:38 am (solar time)

Solar gzimuth g = 48,95° at 8:25:38 am (solar time)

Main akis azimuth y = 0°

Tilted gngle of array: 36,25°

255 W |C-Si Module: Length = 1,685 m, Width = 0,997 m, Module efficiency = 15,18 %

Modulg configuration of PV array: 1 moduls installed<n“E-W direction, the width of thg array:
K =0,997 m; 4 modules are installed along the S-N-main-axis, the length of the array |is 6,72
m. 4 mpdules in total.

Total ppwer is 1,02 kW

Calculation results:

Relative height H = 3,97 m
L’=19,09m

DI =542 m, D2 =12/53m,

S-N Didtance D.=O7 + D2 =17,95 m

11.5 Example 2: no-shading period is from 9:00am to 3:00pm on winter solstice

41 b

. L \
hetatitude s thesame, thecatcutationmis thesame)

Locatiom—Anywhereif
Latitude ¢: 36,25° N
Main axis of PV arrays is facing to the south

Date: on winter solstice, solar declination § = -23,45°

Time: hour angle w = 45,00° at 9:00:00am (solar time).

Day length of winter solstice (from sunrise to sunset): 9,53 h

Sunrise at 7:14:11 (solar time)
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Solar a

ltitude o = 16,73°

Solar azimuth g = 42,64°

Main axis azimuth y = 0°

Tilted angle of array: 36,25°

255 W

Modul
K =0,9
6,72 m

0]

Total p
Calculg
Relativ
L’=13
DI =5
S-N Dis

11.6

285 W
higher

Modu
K=0,
6,66

Swoa

Total p
Locatid

Latitud

C-Si Module: Length = 1,685 m, Width = 0,997 m, Module efficiency = 15,18 %

97 m; 4 modules are installed along the S-N main-axis, the length of the
4 modules in total.

pwer is 1,02 kW

tion results:

e height H = 3,97 m

, 22 m

42 m, D2 =9,73 m,

tance D =D/ + D2=1515m

Example 3: Calculation for high-efficiency PV modules

C-Si Module: Length = 1,665 m, Width = 0,992 m, Module efficiency = 17,26 %
than 255 W modules).

configuration of PV array:1 module is installed in E-W direction, the width of th

4 modules in total.
pwer is 1,14 kW
n: Anywhete (if the latitude is the same, the calculation is the same)

5 :(36,25° N

array:
rray is

11,37 %

£ array:

92 m; 4 modules are\installed along the S-N main-axis, the length of the Jrray is

S-N distance calculation:

Main axis of PV arrays is facing to the south

Date: on winter solstice, solar declination 6 = -23,45°

Time: hour angle @ = 45,00° at 9:00:00am (solar time)

Day length of winter solstice (from sunrise to sunset): 9,53 h

Sunrise at 7:14:11 (solar time)

Solar altitude o = 16,73°
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Solar azimuth g = 42,64°

Main axis azimuth y = 0°

Tilted angle of array: 36,25°

Relative height H = 3,94 m

L’=13,10 m

DI=537Tm, D2=964m

IEC TR 63149:2018 © IEC 2018

S-N Didtance D = DI + D2 =15,01 m

E-W digtance calculation:

DIl = K|x cos 4

D2 = H|/ tana, H= K x sin 4

D =DI|+ D2 =(Kxcos 4) + (K x sin 4) / tana
a = archin (singsind+cospCcosicosw)
Latitudp:36,25° N

Date: April 20, solar declination 6 = 11,75°
Day lepgth (from sunrise to sunset): 13,17 h
Sunris¢ at 5:24:05 (solar time)

Time: 1:05:48am, solar hodr angle o = 73,70°
Solar gltitude o = 20°

Solar gzimuth ='90°

E-w tilt]ed angle: 60°

Array width: K = 0,992 m
The calculation results:
D2=H/tana =2,36 m (H=0,859 m, a=20°)

DI =K xcos 4=0,992 x cos 60° =0,496 m

The E-W distance between arrays: D = D/ + D2 = 2,856 m.

11.7 Land usage for pole-axis tracking

Example 1: no-shading period is set within 75 % day length on winter solstice
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The E-W distance between arrays is 2,87 m, and the S-N distance is 17,95 m, so the total land

usage

of PV array is 51,52 mZ2.

The array power is 1,02 kW, the unit land usage is 50,51 m2 / kW.

Considering the gap between PV modules, the road within the PV farm and the
inverter/transformer areas, an additional 15 % of land is required. So the final unit land usage
of PV farm is:

Example 2: no-shading period is from 9:00am to 3:00pm on winter solstice

The E-
usage

The ar

50,51 x 1,15 = 58,09 m2 / kW

J distance between arrays is 2,87 m, and the S-N distance is 15,15 m, so the tof
bf PV array is 43,47 mZ2.

ay power is 1,02 kW, the unit land usage is 42,61 m2 / kW.

al land

Considering the gap between PV modules, the road within, the PV farm anpd the

inverte

of PV farm is:

Examp]e 3: Calculation for high-efficiency PV modules

The E-

land udage of PV array is 42,87 m2,

The ar
than lo

f/transformer areas, an additional 15 % of land is required. So the final unit land

42,61 x 1,15 = 49,01 m2./ kW

IV distance between arrays is 2,856_m; and the S-N distance is 15,01 m, so th

ay power is 1,14 kW, the unitdand usage is 37,60 m2 / kW. (11,76 % less land
w-efficiency PV modules)

usage

e total

usage

Considering the gap between PV modules, the road within the PV farm apd the

inverte

of PV farm is:

NOTE

areas and surounding fence is not included.

f/transformer areas;.an additional 15 % of land is required. So the final unit land

37,60 x 1,15 = 43,24 m2 / kW

'he landsusage outside the PV farm by control building, warehouse, high-voltage transformer stati

usage

n, living


https://iecnorm.com/api/?name=9a17e8b429505f449a0eac41322d3060

- 38 - IEC TR 63149:2018 © IEC 2018

12 Land usage calculation for double-axis tracking in equatorial coordinates

(Figure 17)
Figure 17 — Double tracking systep&?ﬂ‘:our-angle and solar declination)

12.1 Boundary conditions ‘\Q)$

a) Dotble axis tracking in equatorié coordinates should track both solar declinatipn and
solar hour angle, so it is not o f/\necessary to consider the E-W distance between jarrays,
but|also the S-N distance. ‘\Q

b) For double-axis tracking, 63) modules shall track the solar declination ¢ by adjust|ng S-N
tilt [of PV modules, which‘changes only about 0,25° per day. On winter solstice, the S-N
tiltg equals to loc itude plus 23,45° and the tilt will not change all day. o, S-N
distance calculati@ the same as fixed PV arrays.

c) Fon S-N no-s g distance, the condition is set at the time of 75 % of day length pr from
9:0pam to m on winter solstice. The calculation formula is the same with fixed PV
arrays si -N tilt of PV modules is never changed during the day of winter solstice.

d) For

E Iﬁdlstance calculation, it is based on 20° of solar altitude and the sun is in tr]

The ealculation formula is the same with horizontal £-J/ tracking since solar beams

in parallel.

e east.
are all

e) Equatorial double-axis tracking is usually used for concentrating PV (CPV), the no-
shading distance calculation is the same with flat-plate modules, but the boundary
conditions are different. The examples in this document are for flat-plate modules.

12.2 Calculation model for E-W distance

The calculation of E-W distance is the same as the horizontal E-W tracking system.

The distance between arrays is shown in Figure 15 which is for horizontal E-W tracking.

The bo

undary conditions for E-W distance calculation are as follows:

DIl = K x cos 4
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D2 =H/tana, H=K x sin 4

D =Dl +D2=(Kxcos A4)+ (K xsinA4)/tana

o = arcsin (singsind+cospcosicosm)
Latitude: 36,25° N

Date: April 20, solar declination 6 = 11,75°

Day Ier||gth (from sunrise to sunset): 13,17 h
Sunris¢ at 5:24:05 (solar time)

Time: 1:05:48am, solar hour angle w = 73,70°
Solar gltitude a = 20°

Solar gzimuth g = 90°

E-W tilted angle: 60°

See Figure 17 as example.

Take flat-plate PV modules as calculation model: 255 W C-Si Module: length is 1,68 m,width

is 0,99F m, efficiency is 15,18 %.

Like in| Figure 17, two modules installed in parallel in E-W direction, the width of thg array:

K=1,994 m; two rows of 2 modules along the S-N main-axis, the length of the
L = 3,36 m. 4 modules in total in“ene block. Total power of the block is 1,02 kW. 10
make g PV array and the total pewer of one array is 10,2 kW with 40 modules in total.

Calculation results:

K=1994m,Z=60°, H=1,73 m

D2 =H/tana = 4,74 m

array:
blocks

DI =K X005 A4 =U,J97 M
The E-W distance between arrays is D = DI + D2 = 5,74 m.

12.3 Caculation for S-N distance

The south-north distance between arrays is as shown in Figure 18:
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D2 D1 Array length

Solar beam

,
K

/]
s

<

Solar altitude

PV array Main axis At winter-solstice Z = ¢ + 23,45°
Y/ \ \ \ South

~ \
N o I

From suprise to sunset, the main axis will rotate to follow the solar hour angle.

The PV array will face to the sun within 75 % of day-length or from 9:00 to 3:00 pm.
On certalin days PV array will have the same S-N tilted angle from sunrise to sunset.
On wintgr solstice, the S-N tilt of PV array is: Z = ¢ + 23,45°.

E-W distance between PV array: follow the same rule of horizontal E-W tracking.

S-N distance between PV arrays: follow the same rule of fixed PV arrays.

Figure 18 — PV array and solar beam{or'double-axis tracking

The S-) distance between PV modules (D) is as follows:
D:;="DI + D2
DIl =L xcosZ
D2=cospxL’,L’=H/tana

H=LxsinZ

South-North distance between arrays:

D =Dl +D2=(LxcosZ)+ (Lx*sinZ)xcosf/tana

where

S is the solar azimuth;

a is the solar altitude;

L’ is the shading distance behind PV arrays produced by solar beam;
is the height of front PV arrays;

H

L is the length of PV array;

Z is the S-N tilted angle of PV array;
K

is the width of PV array.

Formula of solar altitude «: sina = sing sins+cosg cosd cosw

Formula of solar azimuth g: cosp = (singsina- sind)/cosacosg
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¢ is the latitude of the location;

o is the solar declination, -23,45° on winter solstice;

o is the hour angle.

12.4 Example 1: no-shading distance is set within 75 % day length on winter solstice

Locatio

n: Anywhere (if the latitude is the same, the calculation is the same)

Latitude ¢: 36,25° N

Main akis of PV arrays is facing to the south.

Date: @

Time: K

Day length of winter solstice (from sunrise to sunset): 9,53 h
Sunris¢ at 7:14:11 (solar time)

Solar qltitude « = 11,76° at 8:25:38 am (solar time)

Solar 4

Main a

S-N tiltg¢d angle of array: Z = ¢ + 23,45° =259,7°

255 W

Calcul{

=1
= 3,36 m. 4 modules infotal in one block. Total power of the block is 1,02 kW.

n winter solstice, solar declination 6 = -23,45°

our angle w = 53,59° at 8:25:38am (75 % of day length).

zimuth g = 48,95° at 8:25:38 am (solar time)

Kis azimuth y = 0°

C-Si Module: length is 1,68.m,width is 0,997 m, efficiency is 15,18 %.

Figure 17, two modules’ installed in parallel in E-W direction, the width of the
94 m; two rows of. 2 modules along the S-N main-axis, the length of the

tion resultss

L =3,36 m, Z=59,7°, tana = 0,208

H=LxsinZ=2901m,L =H/tana= 13,934 m

DI =LxcosZ=1,695m,D2=cospxL =9,150m

The S-N distance between blocks D = D/ + D2 = 10,846 m.

12.5 Example 2: no-shading period is from 9:00am to 3:00pm on winter solstice

Location: Anywhere (if the latitude is the same, the calculation is the same)

Latitud

e ¢: 36,25° N

Main axis of PV arrays is facing to the south.

array:
array:
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n winter solstice, solar declination § =-23,45°

Time: hour angle w = 45,00° at 9:00:00am (solar time).

Day length of winter solstice (from sunrise to sunset): 9,53 h

Sunrise at 7:14:11 (solar time)

Solar a

ltitude o = 16,73°

Solar

Main akis azimuth y = 0°

S-N tilted angle of array: Z = ¢ + 23,45° = 59,7°

Array ¢

255 W

Calculd

12.6

Examp

The E-
usage

=1
= 3,36 m. 4 modules in total in one block. Total power of the block is 1,02 kW.

zimuth B8 = 42 64°
Vi T

zimuth y = 0°
C-Si Module: length is 1,68 m,width is 0,997 m, efficiency is 15,18 %.

Figure 14, two modules installed in parallel in E-W(direction, the width of the
94 m; two rows of 2 modules along the S-N_-main-axis, the length of the

tion results:
H=LxsinZ=290%m, L’=H/tana = 9,652 m
DI =L xcosZ=1,695m,D2=cospxL’ =7,101m

The S-N distance between blocks D = DI + D2 = 8,796 m.

Land usage for equatorial double-axis tracking

e 1: no-shading puriod is set within 75 % day length on winter solstice

I distance between arrays is 5,74 m, and the S-N distance is 10,85 m, so the tof
bf PV array is 62,25 mZ2.

The ar

Consid

Examp

A AR o ey . . 4 2 4 aay
ay power is 1,UZ Kvv, The unit idind usdge 1s 0 1,US TN= 7 KVV.

array:
array:

al land

ering the gap between PV modules, the road within the PV farm and the
inverter/transformer areas, an additional 15 % of land is required. So the final unit land usage
of PV farm is:

61,03 x 1,15 = 70,19 m2 / kW

le 2: no-shading period is from 9:00am to 3:00pm on winter solstice

The E-W distance between arrays is 5,74 m, and the S-N distance is 8,796 m, so the total land
usage of PV array is 50,49 m2.

The array power is 1,02 kW, the unit land usage is 49,50 m2 / kW.
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Considering the gap between PV modules, the road within the PV farm and the
inverter/transformer areas, an additional 15 % of land is required. So the final unit land usage
of PV farm is:

49,50 x 1,15 = 56,92 m2 / kW

NOTE The land usage outside the PV farm by control building, warehouse, high-voltage transformer station, living
areas and surounding fence is not included.

13 Land usage calculation for tilted E-W tracking

IEC

Figure 19 —C}iﬁéd E-W tracking (horizontal main axis)

-

13.1 Boundary conditi :

a) The tilted E-Wtrazi(a@ is that the main axis is horizontal and the PV modules are irstalled
on the horizont in axis with a fixed tilted angle (refer to Figure 19).

.

b) The main-axi ates to track the hour angle from east to west. For such trackers, it is not
only nece to consider the E-W distance between arrays, but also the S-N d|stance
betwee modules on main axis;

c)

d) The optimized S-N tilted angle of PV module on the horizontal main axis is equal to 1/2
latitude.

e) For E-W distance calculation, it is based on 20° of solar altitude and the sun is in the east.
The maximum E-W tilt of PV array (4) is 60°. The calculation formula is the same with
horizontal E-W tracking since solar beams are all in parallel.

13.2 Why optimized S-N tilt is equal to 1/2 latitude

The smaller of the incidence angle is the less of cosine losses of solar power. The average
incidence angle is calculated for different latitudes and typical days (equinox, winter solstice
and summer solstice). For typical days, the average incidence angle is the average value
between sunrise time and noontime. The calculation results are given in Table 5.
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Table 5 — Annual average incidence angle for different latitudes and different tilts

Annual Annual
Latitude Tilt Rt Latitude Tilt Rt

angle 6 angle 6
0 0 15,63 30 0 24,12
0 0 15,63 30 15 21,94
0 0 15,63 30 30 22,82
10 0 17,43 36,25 0 27,98
10 5 17,43 36,25 18,125 23,72
10 10 17,43 36,25 36,25 25,94
PO 0 19,50 40 0 30,43
PO 10 19,50 40 20 24,92
PO 20 19,50 40 40 27,42

For thg places within tropic line, just putting PV arrays horizontally, since the annual 4
inciderice angle is the same for different tilts, means the cosine Josses are the same W
PV array has tilt or not. For the places outside of tropic line, the”optimized tilt of PV &

1/2 lati

13.3

The ca

ude to get the smallest incidence angle, to have lowestcosine losses during a |

The calculation model for E-W distance

Jculation of east-west distance is the samec¢as)for the horizontal E-W tracking sys

The digtance between arrays is shown in Figure 20:

WSE-W Tilt
Solar beam Q: Turning angle
4=0

Width of
w arayk

.
.

brmal of ‘~.‘
array

Array in
back

Supporting
structure

Tilted E-W tracking

verage
hether
rray is
par.

tem.

D2 Ground surface

lt ——— plagpocccccccaccsctocccccacccacy

IEC

Figure 20 — E-W distance for tilted E-W tracking

13.4 Example of E-W distance calculation

The ca

Iculation formulas are the same as the horizontal E-W tracking system.

The distance between arrays is shown in Figure 20.

The boundary conditions for E-W distance calculation are as follows:

DI =K x cos 4
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D2 =H/tana, H=K x sin 4

D=DIl+D2=(Kxcos A)+ (K xsinA)/tana

a = arcsin (singsind + cos@pcosdcosw)
Latitude: 36,25° N

Date: April 20, solar declination 6 = 11,75°

Day Ielﬁgth (from sunrise to sunset): 13,17 h
Sunris¢ at 5:24:05 (solar time)

Time: 1:05:48am, solar hour angle w = 73,70°
Solar gltitude a = 20°

Solar gzimuth = 90°

E-W tiljed angle: 60°

See Figure 19 as example.

Take flat-plate PV modules as calculation model? 255 W C-Si Module: length is 1,68 m,width
is 0,99f m, efficiency is 15,18 %.

Modulg configuration of PV array: like in"Figure 19, 1 module installed in E-W directipn, the
width of the array: K = 1,68 m; the length of PV array is 0,997 m.

Calculation results:
K=168m,Z=60°, H=1,455m
D2 = H/ tana = 3,997 m

DI =K xcos4=0,84m

The E-W distance between arrays is D = DI + D2 = 4,837 m.

13.5 The calculation model for §-V distance

Note that the south-north tilted angle of PV modules of this tracking system changes during
tracking the hour angle. At noon time, the tilted angle is the largest one during a day.
Therefore, the shading distance is calculated based on noon time. If the latitude is ¢ = 36,25°,
the optimized S-N tilted angle of PV modules is equal to 1/2 of latitude, Z = 18,125°. See
Figure 21.

South-north distance between PV modules is shown in Figure 22:
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PV tilted

PV array

The tilte

At noon
time.

The larg
The opti

o Solar beam
‘\ ' ) ;“
\ :
\ H /
: -
Ty Main axis
S
IEC

i angle of PV modules on horizontal main axis is equal to 'z latitude.

time, the tilted angle is the highest during the day, so the S-N no-shading distance is calculated| at noon

Figure 21 — The relationship between PV array‘and solar beam

Array length

Solar beam

Z=112¢

Main axis PV module South

1T

st S-N tilted angle of the PV modules is at noon time during a day.

mized S-N tilt of PV modules on horizontal main axis is % latitude.

Distancdg

befwwen PV array: D1 =L x cosZ, D2 = H/ tana = L x sinZ/ tana (« is solar altitude).

I§C

Figure 22 — S-N distance between PV modules

The distance between PV modules (D) at noon time on winter solstice is as follows:

D=DIl+D2

DI = L x cos Z (L:length of PV module)

D2=H/tana, H=L x sin Z

On winter solstice, at noon time (hour angle » = 0°):
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sina = singsind+conpcosd = cos(p-0) = sin (90°-(p-9))

a = 90°-9-23,45 (solar declination § = -23,45)

D=Dl+D2=Lxcos Z+L xsinZ/tan(90°-¢-23,45)

13.6 Example of S-N distance calculation

Latitude: 36,25° N

Date:

Day lepgth: 9 h and 31,6 min,

Solar qltitude at noon time: 30,30°

Solar 3

S-N tilted angle of array: 36,25° x 1/2 = 18,125°

Array g
255 W
See Fi

Moduldg
K=1,4

Total p

Calculd

DI =1L

eC. 2 Witter sofstice

zimuth at noon time: g =0°

zimuth at noon time: y = 0°
C-Si Module: length is 1,68 m,width is 0,997 m<fficiency is 15,18 %.
jure 16 as an example.

configuration of PV array: 1 module installed on main axis, the width of the
8 m and the length of PV array L =0,997 m.

pwer is 0,255 kW
tion results:
L,20,997 m, Z=18,125°, H= L x sinZ = 0,503 m
x cosZ = 0,948 m, D2 = H/ tana = 0,531 m, the south-north distance between m

D=DI+D2=1,479 m.

13.7

array:

bdules

{ f tilted i

The E-W distance between arrays is 4,837 m, and the S-N distance is 1,479 m, so the total
land usage of one PV block is 7,151 mZ2.

The array power is 0,255 kW, the unit land usage is 28,04 m2 /kW.

Consid

ering the gap between PV modules, the road within the PV farm and the
inverter/transformer areas within the PV farm, an additional 15 % of land is required. So the
final unit land usage of PV farm is:

28,04 x 1,15 = 32,25 m2 / kW

NOTE The land usage outside the PV farm by control building, warehouse, high-voltage transformer station, living

areas an

d surounding fence is not included.
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14 Land usage calculation of double-axis tracking in ground horizontal
coordinates (Figure 23)

- ’ IEC

Figure 23 — Double axis-tracking in gro@ gorizontal coordinates

N
14.1 Boundary conditions s\\‘r

a) Dotble-axis tracking in ground horizontaal{"c\oordinates tracks the solar altitude anf solar
azimuth.

b) The¢ azimuth of PV array can rotate&gf)ﬂ so the system can track the solar azimugh from

surjrise to sunset, the azimuth of PV array is equal to solar azimuth (§ = y) all day; and the
tiltgd angle of array is equal mplementary solar altitude, namely Z = 90-a sifce the
sur] rays should be perpend@s}gr to PV plane, but the tilted angle of array is consfrained
by the mechanical structu@) so it is assumed that the largest designed tilt of PV grray is
604 for flat-plate modules and 70° for CPV.

c) Degoupled calculati@ required for E-W distance and S-N distance separately.

d) Fon S-N no-shadi istance, the condition is set at the time of 75 % of day length pr from
9:0Ppam to 3: on winter solstice.

e) FonE-w d'@nce calculation, it is based on 20° of solar altitude and the sun is in the east.

f) Doubletaxis tracking is usually used for concentrating PV (CPV), the no-shading d|stance
cal :»é}ion is the same with flat-plate modules, but the boundary conditions are diffefrent.

14.2 Calculation model for S-N distance

To calculate S-N distance, 5 distances need to be known. The 5 distances between PV arrays
are shown in Figure 24.
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Array distance D

CZSN

S-N distance at longest shading

-

E-W distance at|longest shading
Dew

I~ Shading length at any time

SD

IEC

Figure 24 — Distance items relevent with no-shading distance calculation

a) D 4p: the north-west (N-) distance at longest shading, D gp = D/+D2 at set time;

b) Dygn: S-N distance at longest shading, Dygn =D gp X COSpS;
c) Dgp: the front array shading length at anydime, Dgp = DI + D2, the value is from |

small (smallest at noon time);

d) Dcgn: S-N staggered distance, it is_from small to large till <, when Dgy = Degy |

required Dcgy:
DC 5N =K/ tanﬂ;

) Dcpsn:
DC SN = DCSN / COSﬂ.

For abpve formulas:

where
is the length of PV array;

is thedwidth of P\/ array:

the S-N distances of arrays Dgzgns

it can be derived

D=Dl+D2=(LxcosZ)+ (LxsinZ)/tana

from

arge to

is the

Dcsn»

is solar altitude;

=™ { N x

is solar azimuth.

is the tilted angle of PV array;

NOTE Dy is E-W distance at longest shading, Dy, = D gp X Sing, will be used for E-W distance calculation.

The calculation process is as follows:

a) calculate the longest N-W distance between PV arrays D gp at 75 % day-length or from

9:00am to 3:00pm;

b) calculate S-N distance at longest shading Dygy;

c) calculate the shading distance Dgp and the staggered distance Dgy Step by step and to
find the point when the shading distance is equal to the staggered distance (Dgp = Dcgn)-
Record the staggered distance Dggp;;
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d) calculate the PV array S-N distance Dszgy from Degys
e) compare D75 and Dygy, take the larger as the final S-N distance Dgy.

14.3 Example 1: calculation for S-N distance at 75 % day-length on winter solstice
(Table 6)

Location: Anywhere (if the latitude is the same, the calculation is the same)

Latitude: 36,25°N

Date: o

n winter solstice, solar declination § =-23,45°

Time: K

Day len

our angle o = 53,59° at 8:25:38am (75 % of day length)

gth of winter solstice (from sunrise to sunset): 9,53 h

Solar dltitude « = 11,76° at 8:25:38 am (solar time)

Solar gzimuth g = 48,95° at 8:25:38 am (solar time)

Tilted 4

C-Si 2§

Modulg
modulg

ngle of array: Z = 60°

5 W Module: length is 1,685 m, width is 0,997 m¢ and its efficiency is 15,18 %.

configuration of PV array: longitudinal 5.modules, length is L = 4,985 m; Igteral 4

s, width is K = 6,74 m; total 20 modules.

Total ppwer of PV array is 5,1 kW

a) Dyq
b) Dy

K
D

p=DI+D2=(LxcosZ)+(LxSinZ)/tana = 23,23 m;
N = DLSD X COSﬂ = 15,25 ms,

c) Dgp = Dcgn = 12,05 m at hour angle is 29°;

d) Dcpsn =12_)32,g1 m which is smaller than Dygy, SO the final S-N distance Dgy is e
5N = , m.

D

Dy

qual to
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Table 6 — S-N distances calculation at 75 % day length on winter solstice

- 51—

0 z 0 (0] a B L K
o o . . o o m m
36,25 60 -23,45 53.59 11,76 48,95 4,985 6,74
36,25 60 -23,45 45 16,73 42,64 4,985 6,74
36,25 60 -23,45 40 19,36 38,68 4,985 6,74
36,25 60 -23,45 30 23,92 30,12 4,985 6,74
36,25 60 -23,45 29 24,32 29,21 4,985 6,74
36,25 60 -23.45 23 26,47 23,61 4,985 74
36,45 60 -23,45 15 28,64 15,70 4,985 q,74
36,45 60 -23,45 10 29,56 10,55 4,985 q,74
36,45 60 -23,45 5 30,11 5,30 4,985 q,74
36,45 60 -23,45 0 30,30 0,00 4,985 4,74
H D2 DI DLSD/DSD DYSN DCSN DSZSN
m m m m m m m
4,32 20,74 2,49 23,23 15,25 5,87 4,94
4,32 14,36 2,49 16,86 7,32 4,95
4,32 12,29 2,49 14,78 8,42 10,78
4,32 9,73 2,49 12,23 11,62 1B,43
4,32 9,55 2,49 12,05 12,05 18,81
4,32 8,67 2,49 11,16 15,42 16,83
4,32 7,90 2,49 10,40 23,98 24,91
4,32 7,61 2,49 10,11 36,18 36,80
4,32 7,44 2,49 9,94 72,61 7p,92
4,32 7,39 2,49 9,88 w w
14.4 Example 2: calculation for S-N distance at 9:00am on winter solstice (Table |)
Latitude: 36,25°N
Date: gdn winter solstice, solar declination 6 = -23,45°
Time: Qourcangle w = 45,0° at 9:00am.

Day lengthrof-wintersofstice(fromsunrise tosumnset) 9,53

Solar altitude « = 16,73° at 9:00 am (solar time)

Solar azimuth g = 42,64° at 9:00 am (solar time)

Tilted angle of array: Z = 60°

C-Si 255 W Module: length is 1,685 m, width is 0,997 m, and its efficiency is 15,18 %.

Module configuration of PV array: longitudinal 5 modules, length is L =4,985 m; lateral
4 modules, width is K = 6,74 m; total 20 modules.

Total power of PV array is 5,1 kW
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c)
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D gp=D1+D2=(Lx*xcosZ)+(LxsinZ)/tana = 16,86 m;
DYSN = DLSD X COSﬁ = 12,40 m;
Dgp = Dcgn = 12,05 m at hour angle is 29°;

IEC TR 63149:2018 © IEC 2018

d) Dczsn = 13,81 m which is larger than Dygy, so the S-N distance (Dgy) is equal to

Table 7 — S-N distances calculation at 9:00am on winter solstice

7} VA 0 0] a p L K
o . o o o o m m
36,25 B0 23,45 3] 16,73 342767 717985 74
36,45 60 -23,45 40 19,36 38,68 4,985 4,74
36,45 60 -23,45 30 23,92 30,12 4,985 q,74
36,45 60 -23,45 29 24,32 29,21 4,985 4,74
36,45 60 -23,45 23 26,47 23,61 4,985 q,74
36,45 60 -23,45 15 28,64 15,70 4,985 4,74
36,45 60 -23,45 10 29,56 10,55 4,985 q,74
36,45 60 -23,45 5 30,11 5,30 4,985 4,74
36,45 60 -23,45 0 30,30 0,00 4,985 4,74
H D2 DI DLSD/DSD DYSN DCSN DSZSN
m m m m m m m
4,32 14,36 2,49 16,86 12,40 7,32 4,95
4,32 12,29 2,49 14,78 8,42 1p,78
4,32 9,73 2,49 12,23 11,62 18,43
4,32 9,55 2,49 12,05 12,05 18,81
4,32 8,67 2,49 11,16 15,42 16,83
4,32 7,90 2,49 10,40 23,98 241,91
4,32 7,64 2,49 10,11 36,18 36,80
4,32 7,44 2,49 9,94 72,61 7p,92
4,32 7,39 2,49 9,88 w w
14.5 Example of-E-W distance calculation
For E-l distance calculation, it is based on 20° of solar altitude and the sun is in the eqgst.
For hokzental-deduble-axis—tracking—selarazimuth—is—equalto—array—azimuth—al—day- (8 = y).
Distance calculations are based on array length L and array tilt Z.

The boundary conditions are as follows:
DI =L xcos Z
D2 =H/tana, H=Lx sin Z
Dygw = D1 + D2 = (L x cos Z) + (L x sin Z) / tana
Dygw: the calculated E-W distance in horizontal coordinates

o = arcsin (singsind+cospCcosdcosw)
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Latitude: 36,25° N

Date: April 20, solar declination 6 = 11,75°

Day length (from sunrise to sunset): 13,17 h

Sunrise at 5:24:05 (solar time)

No-shading time: 7:05:48am, solar hour angle v = 73,70°
Solar altitude o = 20°
Solar gzimuth g = 90°

E-W tilted angle: 60°

C-Si 2§

Modulg
4 modu

Total p

Calculd

b) Ca

5 W Module: length is 1,685 m, width is 0,997 m, and its efficiency’is 15,18 %.

configuration of PV array: longitudinal 5 modules, length is L =4,985 m;
les, width is K = 6,74 m; total 20 modules.

pwer of PV array is 5,1 kW
tion results:
L=4,985m, Z580°, H=4,32 m
D2 =-H/ytana = 11,86 m
DE=L xcosZ=249m

¥ distance between arrays is Dygyw = DI + D2 = 14,35 m.

culation for E-W distance at longest shading at 75 % day-length on winter solstic

w = D gp X sifipy= 17,52 m which is larger than D,z above (14,35 m), so the
istance of arfay Dg\y = Dygw = 17,52 m for the boundary condition of 75 % day-

culation fof E-W distance at longest shading at 9:00am on winter solstice:

[ distance of array Dg\ = Dygw = 14,35 m for the boundary condition of 9:00am.

lateral

=N

final E-
ength.

w =Dgp X sing = 11,42 m which is smaller than Dy above (14,35 m), so the final

14.6

Examp

Land usage for horizontal double-axis tracking

le 1: no-shading period is set within 75 % day length on winter solstice

The E-W distance between arrays is 17,52 m, and the S-N distance is 15,25 m, so the total
land usage of PV array is 267,21 mZ2.

The array power is 5,10 kW, the unit land usage is 52,39 m2 /kW.

Consid

ering the gap between PV modules, the road within the PV farm and the
inverter/transformer areas, an additional 15 % of land is required. So the final unit land usage
of PV farm is:

52,39 x 1,15 = 60,25 m2 / kW
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Example 2: no-shading period is from 9:00am to 3:00pm on winter solstice

The E-W distance between arrays is 14,35 m, and the S-N distance is 13,81 m, so the total
land usage of PV array is 198,17 m2.

The array power is 5,10 kW, the unit land usage is 38,86 m2 /kW.

Considering the gap between PV modules, the road within the PV farm and the
inverter/transformer areas, an additional 15 % of land is required. So the final unit land usage
of PV farm is:

38,86 f 1,75 =44,69 m* T kW

NOTE The land usage outside the PV farm by control building, warehouse, high-voltage transformer-stati¢n, living
areas and surounding fence is not included.

15 LaEd usage calculation for azimuth tracking in ground horjzontal
coordinates (Figure 25)

IEC

Figure 25 — Solar azimuth tracking (fixed PV tilt)

15.1 Boundary conditions

a AZI tth traclina in AratinAd harigantal ~AaArdinatac tranlrc tha cnlay A
IFRott—a e g— g oo e oL E0 0 et eSS —tHatKks TR e—Soa—aL

array tilted angle is fixed, in general, the array tilt Z is < latitude ¢.

=), and

b) Decoupled calculation is required for E-W distance and S-N distance separately.

c) For S-N no-shading distance, the condition is set at the time of 75 % of day length or from
9:00am to 3:00pm on winter solstice.

d) For E-W distance calculation, it is based on 20° of solar altitude and the sun is in the east.
15.2 Calculation model for S-N distance

To calculate S-N distance, 5 distances need to be known. The 5 distance between PV arrays
is shown in Figure 24.

a) D gp: the north-west (N-) distance at longest shading, D, gp = DI + D2 at set time;
b) Dygn: S-N distance at longest shading, Dygy = D| gp X COSS;
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c)

d)

e)

Dgp: front array shading length at any time Dgp: Dgp = DI + D2, the value is from large to
small (smallest at noon time);

Dcgn: S-N staggered distance, it is from small to large till ©, when Dgy = D¢cgp, it is the
required Dggy:

DCSN =K/ tanﬂ;

Dczgn: the S-N distance of arrays DgzgN, it can be derived from Degy,
DCZSN = DCSN / COSﬁ.

For above formulas:

D=Dl+D2=(LxcosZ)+(LxsinZ)/tana
where

L is the length of PV array;

K is the width of PV array;

Z is the tilted angle of PV array;

a is splar altitude;

£ is sjplar azimuth.

NOTE D is E-W distance at longest shading, Dy, = D gp X sing, will be tsed for E-W distance calculgtion.

The cajculation process is as follows:

a)
b)

c)

d)
e)

15.3 Example 1: calculation.for S-N distance at 75 % day-length on winter solstice

Locatign: Anywhere (ifthe latitude is the same, the calculation is the same)
Latitude: 36,25°N

Date: dn winter solstice, solar declination 6§ = -23,45°

cal¢ulate the longest N-W distance between PV arrays D gp at 75 % day-length ¢r from
9:0pam to 3:00pm;

calg¢ulate S-N distance at longest shading Dygy;

cal¢ulate the shading distance Dgp and theé staggered distance Dgy step by step|and to
find the point when the shading distance\is equal to the staggered distance (Dgp =|Dcgn)-
Regord the staggered distance Dggpj;

cal¢ulate the PV array S-N distance\Dczgn from Degps
compare DqzgN and Dygy, takelthe larger as the final S-N distance.

Table 8)

Time: hour angle o = 53,597 at 8:25:38am (/5 % of day length)

Day length of winter solstice (from sunrise to sunset): 9,53 h

Solar altitude « = 11,76° at 8:25:38 am (solar time)

Solar azimuth g = 48,95° at 8:25:38 am (solar time)

Tilted angle of array: Z = 36,25°

C-Si 255 W Module: length is 1,685 m, width is 0,997 m, and its efficiency is 15,18 %.

Module configuration of PV array: longitudinal 5 modules, length is L =4,985 m; lateral
4 modules, width is K = 6,74 m; total 20 modules.
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Total power of PV array is 5,1 kW

a) D gp=DI+D2=(LxcosZ)+(LxsinZ)/tana=18,18 m;
b) DYSN = DLSD X COSﬂ = 11,94 m;
¢c) Dgp =Dcgn = 10,91 m at hour angle is 31,79°;

d) Dczgn = 12,82 m which is larger than Dygy, so the final S-N distance Dgy is equal to

Table 8 — S-N distances calculation for azimuth tracking at 75 % day length

D VA 0 3} o s L K

. . s s s . m m
36,45 36,25 -23,45 53,59 11,76 48,95 4,985 4,74
36,45 36,25 -23,45 45 16,73 42,64 4,985 q,74
36,45 36,25 -23,45 35 19,36 38,68 4)985 q,74
36,45 36,25 -23,45 31,77 23,92 30,12 47985 q,74
36,45 36,25 -23,45 25 24,32 29,21 4,985 4,74
36,45 36,25 -23,45 20 26,47 23,61 4,985 q,74
36,45 36,25 -23,45 15 28,64 15,70 4,985 q,74
36,45 36,25 -23,45 10 29,56 10,55 4,985 q,74
36,45 36,25 -23,45 5 30,11 5,30 4,985 q,74
36,45 36,25 -23,45 0 30,30 0,00 4,985 q,74
H D2 D1 DLSD/DSD DYSN DCSN D:ZSN

m m m m m m m
2,95 14,16 4,02 18,18 11,94 5,87 4,94
2,95 9,81 4,02 13,83 7,32 4,95
2,95 7,38 4,02 11,40 9,80 111,90
2,95 6,88 4,02 10,91 10,91 19,82
2,95 6,10 4,02 10,12 14,13 15,65
2,95 5,69 4,02 9,71 17,84 19,07
2,95 5,40 4,02 9,42 23,98 24,91
2,95 5,20 4,02 9,22 36,18 36,80
2,95 5,08 4,02 9,10 72,61 7p,92

2,95 5,04 4,02 9,06 % w0

15.4 Example 2: calculation for S-N distance at 9:00am on winter solstice (Table 9)

Latitude: 36,25°N

Date: on winter solstice, solar declination § = -23,45°

Time: hour angle @ = 45,0° at 9:00am

Day length of winter solstice (from sunrise to sunset): 9,53 h

Solar altitude « = 16,73° at 9:00 am (solar time)

Solar azimuth g = 42,64° at 9:00 am (solar time)
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Tilted angle of array: Z = 36,25°

C-Si 255 W Module: length is 1,685 m, width is 0,997 m, and its efficiency is 15,18 %.

Module configuration of PV array: longitudinal 5 modules, length is L =4,985 m; lateral
4modules, width is K = 6,74 m; total 20 modules.

Total power of PV array is 5,1 kW

a) Digp=DIl+D2=(LxcosZ)+(LxsinZ)/tana=13,83 m;
b) Dygn = Dygp X cosp = 10,17 m;
¢) Dgp = Dcgn = 10,91 m at hour angle is 31,77°;
d) Dcpsy = 12,82 m which is larger than Dygy, soO the final S-N distance Dgyis efiual to
Dcpsn = 12,82 m.
Table 9 — Distances calculation from the set time to noon_time
o zZ 0 [0} o p L K
o o o o o o m m
36,45 36,25 -23,45 45 16,73 42764 4,985 q,74
36,45 36,25 -23,45 35 19,36 38,68 4,985 q,74
36,45 36,25 -23,45 31,77 23,92 30,12 4,985 q,74
36,45 36,25 -23,45 25 24,32 29,21 4,985 q,74
36,45 36,25 -23,45 20 26,47 23,61 4,985 q,74
36,45 36,25 -23,45 15 28,64 15,70 4,985 q,74
36,45 36,25 -23,45 10 29,56 10,55 4,985 4,74
36,45 36,25 -23,45 5 30,11 5,30 4,985 q,74
36,45 36,25 -23,45 0 30,30 0,00 4,985 q,74
H b2 D1 DLSD/DSD DYSN DCSN D'_)ZSN
m m m m m m m
2,95 9,81 4,02 13,83 10,17 7,32 4,95
2,95 7,38 4,02 11,40 9,80 101,90
2,95 6,88 4,02 10,91 10,91 1p,82
295 6,10 4,02 10,12 14,13 15,65
2)95 5,69 4,02 9,71 17,84 19,07
2,95 5,40 4,02 9,42 23,98 241,91
2,95 5,20 4,02 9,22 36,18 35,80
2,95 5,08 4,02 9,10 72,61 72,92
2,95 5,04 4,02 9,06 w0 w0

15.5 Example of E-W distance calculation

For E-W distance calculation, it is based on 20° of solar altitude and the sun is in the east.

For horizontal double-axis tracking, solar azimuth is equal to array azimuth all day (8 = y).
Distance calculations are based on array length L and array tilt Z.

The boundary conditions are as follows:

DI =L xcos Z
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D2=H/tana, H=L xsin Z

Dygw =D1 + D2 = (L xcos Z) + (L x sin Z) [ tana

o = arc

Latitud

Date: April 20, solar declination 6 = 11,75°

sin (singsind+cospcosdcosw)

e: 36,25° N
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Day length (frnm sunrise to leqnf)' 1317 h

Sunris¢ at 5:24:05 (solar time)

No-shad

Solar dltitude « = 20°

Solar gzimuth g = 90°

E-W tilted angle: 36,25°

C-Si 25

Modulg
4 modu

Total p

ower of PV array is 5,1 kW

Calculdtion results:

L=4,985m,7Z=236,25°, H=2,95m

D2 = H|/ tana = 8,09 m

DI =L

The E-

a) Ca

x €C0S Z = 402'm

ding time: 7:05:48am, solar hour angle o = 73,70°

5 W Module: length is 1,685 m, width is 0,997 €1,"and its efficiency is 15,18 %.

v distance between arrays is Dygy = D/+D2 = 12,11 m.

culation for E-W distance at longest shading at 75 % day-length on winter solstic:

configuration of PV array: longitudinal 5 modules, length is L =4,985 m;|lateral
les, width is K = 6,74 m; total 20 modules:

Dygw = D gp X sinB =13,71 m which is larger than Dyg,, above (12,11 m), so Dygy
(13,71 m) should be taken as the final E-¥ distance (Dgyy) for such boundary condition.

b) Calculation for E-W distance at longest shading at 9:00am on winter solstice:

Dygpw = D gp X sing =9,37 m which is smaller than Dygy above (12,11 m), so Dygw
should be the final E-W distance (Dg,y) for such boundary condition.

15.6 Land usage for horizontal azimuth tracking

Example 1: no-shading period is set within 75 % day length on winter solstice

The E-W distance between arrays is 13,71 m, and the S-N distance is 12,82 m, so the total

land usage of PV array is 175,76 mZ2.

The array power is 5,10 kW, the unit land usage is 34,46 m2 /kW.
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Considering the gap between PV modules,

— 59 —

the road within
inverter/transformer areas, an additional 15 % of land is required. So the final unit land usage
of PV farm is:

34,46 x 1,15 = 39,63 m2 / kW

Example 2: no-shading period is from 9:00am to 3:00pm on winter solstice

the PV farm and the

The E-W distance between arrays is 12,11 m, and the S-N distance is 12,82 m, so the total

land usage of PV array is 155,28 mZ2.

The arfay power is 5,70 kW, the unit Tand usage is 30,45 m< /kW.

Considering the gap between PV modules,

of PV farm is:

30,45 % 1,15 = 35,01 m2 / kW

the road within the PV farm’ apd the
invertef/transformer areas, an additional 15 % of land is required. So the finalCunit land usage

NOTE The land usage outside the PV farm by control building, warehouse, high-voltage transformer stati

areas and surounding fence is not included.
16 Array length and width ratio

No-shgding distance for ground horizontal azimuth and double tracking will be affected

array lgngth and width ratio. PV array can be configured into 3 senarios, see Figure 26:

PV module data:

Module length: 1,685 m
Module width: 0,997 m
Module power: 255 Wp

PV array data’

Scenario 1(

L =5 madulés = 4,985 m
K = 4-modules = 6,74 m

Seenario 2:
L =4 modules = 3,988 m
K =5 modules = 8,425 m

Dimensions i
P 6,740 -~ 3,988 |
L1 4 77[
| 1 L
: ] i
< =
L g r
L | o LA
Scenario 1 ‘
L |
8,425 “* L

Scenario 3

n, living

by PV

h metres

Scenario 3.
L =5 modules = 8,425 m
K =4 modules = 3,988 m

Scenario 2

IEC

Figure 26 — Array configuration for horizontal double tracking

Land usage for 3 scenarios at different latitude were calculated and listed in Table 10 and

Table 11.
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Table 10 — Length and width ratio effect for 3 scenarios

E-W Distance calculation
9 (°) J(°) w (%) a () B() Z(°) Dgyy (M)
20,00 6,75 71,125 20 90 60 14,35
36,25 11,75 73,699 20 90 60 14,35
Scenario 1
L=4985m 40,00 12,75 74,450 20 90 60 14,35
K=6,740 m _ . .
Power = 5.1 kW S-N Distance calculation
o (°) J(°) o (°) a(®) B () Z(°) Dgy (M)
20.00 -23 45 45 28 26 47 43 60 10,84
36,25 -23,45 45 16,73 42,64 60 12,82
40,00 -23,45 45 13,95 41,95 60 14,98
Tdtal land usage (m?2) ¢ =20°: 155,55 ¢ = 36,25°: 183,97 0. ='40°: 214,p6
Unif land usage (m2/kW) » =20°: 30,50 ¢ = 36,25°: 36,07 ¢ = 40°: 42,15
E-W Distance calculation
9 (°) J(°) o (%) a () B(°) Z (%) Degfy (M)
20,00 6,75 71,125 20 90 60 11,48
36,25 11,75 73,699 20 90 60 11,48
Scenario 2
L +30988 40,00 12,75 74,450 20 90 60 11,48
K 8,425 S-N Distance\calculation
Powef = 5,1 kW
o (°) J(°) o (°) aN(®) B () Z(°) Dgf, (m)
20,00 -23,45 45 28,26 47,43 60 11,68
36,25 -23,45 45 16,73 42,64 60 14,07
40,00 -23,45 45 13,95 41,95 60 14,97
Tdtal land usage (m?) @ =20°: 134,09 ¢ = 36,25°: 161,52 » =40°:171,B6
Uni{ land usage (m2/kW) » =20°: 26,29 ¢ = 36,25°: 31,67 ¢ =40°: 33,70
E-W Distance calculation
9 (°) 2 (%) o (%) a () B () Z (%) Degfy (M)
20,00 6,75 71,125 20 90 60 24,26
36,25 11,75 73,699 20 90 60 24,26
Sce¢nario 3
L ¥8425 40,00 12,75 74,450 20 90 60 24,26
K 3,988 S-N Distance calculation
Powef = 5,1 k\W
9 (°) J(°) o (%) a(®) B() Z (%) Dg), (m)
20,00 -23,45 45 28,26 47,43 60 12,36
36,25 -23,45 45 16,73 42,64 60 20,96
40,00 -23,45 45 13,95 41,95 60 24,97
Total land usage (m?) ¢ =20°: 299,85 ¢ = 36,25°: 508,49 » =40°: 605,77

Unit land usage (m2/kW) ¢ = 20°: 58,79 ¢ = 36,25°: 99,70 ¢ = 40°: 118,78
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