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The Solar Resource

* Before we can talk about solar power, we need to talk
about the sun

* Need to know how much sunlight is available

* Can predict where the sun is at any time

* Insolation : incident so/ar radiation

* Want to determine the average daily insolation at a site

* Want to be able to chose effective locations and panel
tilts of solar panels
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The Sun and Blackbody Radiation

* The sun
— 1.4 million km in diameter
- 3.8 x 102 MW of radiated electromagnetic energy

* Blackbodies

— Both a perfect emitter and a perfect absorber

— Perfect emitter — radiates more energy per unit of surface area
than a real object of the same temperature

— Perfect absorber — absorbs all radiation, none is reflected
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Plank’s Law

* Plank’s law — wavelengths emitted by a blackbody
depend on temperature

3.74x10"
29 {exp(mmo)_ 1}
AT

* . =wavelength (um)

E, = (7.1)

* E, =emissive power per unit area of blackbody
(W/m2-um)
* T = absolute temperature (K)
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Electromagnetic Spectrum

Visible light has a wavelength of between 0.4 and 0.7 um, with
ultraviolet values immediately shorter, and infrared immediately longer

< Increasing Frequency (v)
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Source: en.wikipedia.org/wiki/Electromagnetic radiation
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288 K Blackbody Spectrum

The earth as a blackbody
35
30
’g ¢ Total area =o T4
£ 20f
g
£ 15}
_E ol E Area = (W/m?) between A4 and A,
ot [ G2
0 1~ . ) - e
0 10 20 M e 40 50 L
Wavelength (um) Figure 7.1
Area under curve is the total radiant power emitted
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Stefan-Boltzmann Law

Total radiant power emitted is given by the Stefan —
Boltzman law of radiation

E = AoT* (7.2)

E = total blackbody emission rate (W)
o = Stefan-Boltzmann constant = 5.67x10-8 W/m2-K#
T = absolute temperature (K)

A = surface area of blackbody (m?)
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Wien’s Displacement Rule

The wavelength at which the emissive power per unit
area reaches its maximum point

2898
Ao = ——— 7.3
max T ( )

T = absolute temperature (K)

A =wavelength (um)
Anax =0.5 pm for the sun , 7= 5800 K
Amax = 10.1 pm for the earth (as a blackbody), 7= 288 K

Nang lugng tai tao 8

Extraterrestrial Solar Spectrum
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Figure 7.2
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Air Mass Ratio

qg)“b As sunlight passes through the
N atmosphere, less energy arrives at the
earth’s surface

R T S
ure 7.3
h,; = path length through atmosphere Wltﬁ sun directly

overhead

* h, = path length through atmosphere to spot on surface
* [ = altitude angle of the sun
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Air Mass Ratio

. . 1
air mass ratio m = —==

h, sinf

(7.4)

&%’%%wm&a!%

Figure
* Air mass ratio of 1 (“AMl”) means sun is directly

overhead (m=1)
* AMO means no atmosphere
* AMI1.5 is assumed average at the earth’s surface (m=1.5)

N&ng lugng tai tao 11




Solar Spectrum on Surface
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Wavelenqth, microns

00 02 04 06 08 10 12 14 16 18 20 22

m increases

as the sun
appears

lower in

the sky. Notice
there is

a large loss
towards the blue
end for higher m,
which is why the
sun appears
reddish at sun
rise and sun set

The Earth’s Orbit

One revolution every 365.25 days
Distance of the earth from the sun

d=1.5x108{1+0.017sin{360(3+;93)}} km  (7.5)

* n=day number (Jan. 1 is day 1)

d (km) varies from 147x10° km on Jan. 2 to 152x10°

km on July 3 (closer in winter, further in summer)
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Note that the angles in this chapter are in degrees




The Earth’s Orbit

* In one day, the earth rotates 360.99°
* The earth sweeps out what is called the ecliptic plane
* Earth’s spin axis is currently 23.45°

* Equinox — equal day and night, on March 21 and
September 21

* Winter solstice — North Pole is tilted furthest from the
sun

e Summer solstice — North Pole is tilted closest to the sun

Nang lugng tai tao 14

The Earth’s Orbit

Vemal
Equinox
Mar 21 «

Summer Q Winter
Solstice % ¥ Solstice
June 21 Dec 21

Ecﬁpﬁc Autumnal
plane Equinox 7
. Sept 21 )
Figure 7.5

For solar energy applications, we’ll consider the characteristics of
the earth’s orbit to be unchanging
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Solar Declination

* Solar declination J — the angle formed between the
plane of the equator and the line from the center of the
sun to the center of the earth

* o varies between +/- 23.45°

* Assuming a sinusoidal relationship, a 365 day year, and
n=81 is the spring equinox, the approximation of ¢ for
any day n can be found from

360
0 =23.45sin| —(n—281 7.6
sm{365 (n )} (7.6)
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The Sun’s Position in the Sky

* Another perspective-

Tropic of Cancer oem” |25
Latitude 23.45° ¥ = __--"
Equator —p. - N O March 21
- . . Sept 21
-~ b 2 Solar declination -~ pt

Tropic of Capricorn

Latitude -23.45°  p.0 -h“ﬁ&zs.w .
Figure 7.6 B Q Dec 21
* Predict where the sun will be in the sky at any time
* Pick the best tilt angles for photovoltaic (PV) panels
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Solar Noon and Collector Tilt

* Solar noon — sun is
directly over the local
line of longitude

* Rule of thumb for the
Northern Hemisphere
- a south facing
collector tilted at an
angle equal to the
local latitude

Polaris O

.
_,'d June

.- -

-

-‘" Equinox
it

"-~“ v
'.' December
T
Local

horizontal

L = latitude ‘
Figure 7.8

* During solar noon, the sun’s rays are
perpendicular to the collector face
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Altitude Angle B, at Solar Noon

* Altitude angle at solar noon f, — angle between the sun
and the local horizon
Ly =90°-L+05 (7.7)

® Zenith — perpendicular axis at a site
N4 Zenith

P
Q
1

horizontal

............................................................

Figure 7.9 .




Example 7.2 — Tilt of a PV Module

* Find the optimum tilt angle for a south-facing PV
module located at in Tucson (latitude 32.17) at solar
noon on March 1

* From Table 7.1, March 1 is day n = 60

TABLE 7.1 Day Numbers for the First Day of Each

Month

January n=1 July n =182
February n=232 August n=213
March n==60 September n =244
April n=91 October n=274
May n=121 November n =305
June. n=152 December n =335

20
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Example 7.2 — Tilt of a PV Module

* The solar declination o 1s
O =23.45sin @(n—Sl) = 23.45sin ﬂ(60—81) =-8.3°
365 365

* The altitude angle is
Py =90°—L+5 =90°-32.1°-8.3°=49.6°

* To make the sun’s rays perpendicular to the panel, we
need to tilt the panel by >

. PV module /
tilt =90°— 3, =40.4° /< Altitude angle fy = 49.6°
Tilt 40.4°
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Solar Position at Any Time of Day

* Described in terms of altitude angle f and azimuth
angle of the sun ¢

B and ¢ depend on latitude, day number, and time of
day

Azimuth angle (¢ ) convention
— positive in the morning when sun is in the east
- negative in the evening when sun is in the west

- reference in the Northern Hemisphere (for us) is true south

* Hours are referenced to solar noon

Nang lugng tai tao
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Altitude Angle and Azimuth Angle

Figure 7.10
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Altitude Angle and Azimuth Angle

* Hour angle H- the number of degrees the earth must
rotate before sun will be over your line of longitude

* [f we consider the earth to rotate at 15°/hr, then

o

hour angle H = ( 15

)(hours before solar noon) (7.10)
hour

* At 11 AM solar time, H = +15° (the earth needs to
rotate 1 more hour)

* At 2 PM solar time, H = -30°
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Altitude Angle and Azimuth Angle

sin # =cos Lcoso cos H +sin Lsino (7.8)

sin g, = cososin H (7.9)

cos [
* H=hour angle

* [ = latitude (degrees)

* Test to determine if the angle magnitude is less than or
greater than 90° with respect to true south-

tan &

tan L~

if cosH >

N&ng lugng tai tao 25

then |¢|<90°, else |¢|>90°  (7.11)
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Example 7.3 — Where is the Sun?

Find altitude angle £ and azimuth angle ¢ at 3 PM solar
time in Boulder, CO (L =40°) on the summer solstice

At the solstice, we know the solar declination ¢ ° = 23.45
Hour angle H is found from (7.10)

H - (15 ).(-3 h)=—45°
h
The altitude angle is found from (7.8)

sin 3 = cos 40 cos 23.45 cos (—45) +sin 40sin 23.45 = 0.7527
B =sin(0.7527) = 48.8°
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Example 7.3 — Where is the Sun?

* The sin of the azimuth angle is found from (7.9)
c0s23.45°sin (—450)
cos48.8°

* Two possible azimuth angles exist

¢, = sin”'(-0.9848) = —80°

¢ = 180 -sin™' (-0.9848) = 260° or —100°
* Apply the test (7.11)

sin g, = =-0.9848

tand  tan23.45°

cos H = cos(—45°) =0.707 2 = =0.517
tan L tan 40°
m=) ¢ = —80° (80° west of south)
N&ng lugng tai tao 27
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Sun Path Diagrams for Shading
Analysis

* Now we know how to locate the sun in the sky at any
time

* This can also help determine what sites will be in the
shade at any time

e Sketch the azimuth and altitude angles of trees,
buildings, and other obstructions

* Sections of the sun path diagram that are covered
indicate times when the site will be in the shade
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Sun Path Diagram for Shading
Analysis

* Trees to the southeast, small building to the southwest

* (Can estimate the amount of energy lost to shading
T T YT T T TTTTT 90°
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N&ing Iwrgng ti tew —— Figure 7.15 .
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California Solar Shade Control Act

* The shading of solar collectors has been an area of legal
and legislative concern (e.g., a neighbor’s tree is blocking
a solar panel)

* (California has the Solar Shade Control Act (1979) to
address this issue

— No new trees and shrubs can be placed on neighboring property
that would cast a shadow greater than 10 percent of a collector
absorption area between the hours of 10 am and 2 pm.

- Exceptions are made if the tree is on designated timberland, or
the tree provides passive cooling with net energy savings
exceeding that of the shaded collector

~ First people were convicted in 2008 because of their redwoods
Nang lugng tai tao 30

The Guilty Trees were Subject to
Court Ordered Pruning

Source: NYTimes, 4/7/08
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Solar Time vs. Clock Time

* Most solar work deals only in solar time (ST)
* Solar time is measured relative to solar noon
* Two adjustments —

— For a longitudinal adjustment related to time zones
— For the uneven movement of the earth around the sun

* Problem with solar time —two places can only have the
same solar time is if they are directly north-south of
each other

* Solar time differs 4 minutes for 1° of longitude

* Clock time has 24 1-hour time zones, each spanning 15°
of longitude
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World Time Zone Map
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US Local Time Meridians (Table 7.4)

Time Zone Local Time Meridian
Eastern 75°
Central 90°
Mountain 105°
Pacific 120°
Eastern Alaska 135°
Alaska and Hawaii 150°
Nang lugng tai tao 34

Solar Time vs. Clock Time

* The earth’s elliptical orbit causes the length of a solar
day to vary throughout the year

* Difference between a 24-h day and a solar day is given
by the Equation of Time E

E=987sin2B —7.53cos B — 1.5sin B (minutes)

B=220_8) (degrees)
m— — — egrees
364 s

* nis the day number

N&ng lugng tai tao 35
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Solar Time vs. Clock Time

* Combining longitude correction and the Equation of
Time we get the following:

Solar Time (ST) = Clock Time (CT) +
4 min

(LT Meridian — Local Longitude) +E(min)
degree

(7.14)

CT — clock time

ST — solar time

LT Meridian — Local Time Meridian

* During Daylight Savings, add one hour to the local time
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Example 7.5 — Solar Time vs. Local
Time

* Find Eastern Daylight Time for solar noon in Boston
(longitude 71.1° W) on July 1

® July 1 corresponds to n = 182
* From the Equation of Time (7.12) and (7.13) we obtain

B= @(n—sn :@(182—81) =99.89°
364 364

E = 9.87sin(2B)—7.53cos(B)—1.SSin(B) = —3.5min

N&ng lugng tai tao 37
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Example 7.5 — Solar Time vs. Local
Time

* The local time meridian for Boston is 75°, so the
difference is 75 °-71.7 °, and we know that each degree
corresponds to 4 minutes

* Using (7.14)
CT = ST —4(min/°)(75°—71.1°) - (=3.5 min)
CT =12:00-12.1min=11:49.9 AM EST

* But we need to adjust it for Daylight Savings, so add 1
hour

CT =12:49.9 AM EDT
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Sunrise and Sunset

* (Can approximate the sunrise and sunset times
* Solve (7.8) for where the altitude angle is zero

sin # =cos L coso cos H +sin Lsin o (7.8)

sin # =cos Lcosocos H+sinLsind =0 (7.15)

cosH = —MZ—tanLtatﬁ (7.16)
cos L coso

Hour angle of sunrise [ o, = cos”'(—tan Ltand) (7.17)
* +sign on Hgy indicates sunrise, - indicates sunset
HSR
15°/h
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=) Sunrise (geometric) =12:00— (7.18)
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Sunrise and Sunset

* Weather service definition is the time at which the
upper limb (top) of the sun crosses the horizon, but the
geometric sunrise is based on the center

* There is also atmospheric refraction

* Adjustment factor Q

3.467

= min 7.19
Q cochos5sinHSR( ) (7.19)

* Subtract this from the geometric sunrise
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Clear Sky Direct-Beam Radiation

* Direct beam radiation /;-— passes in a straight line
through the atmosphere to the receiver

* Diffuse radiation /,,-— scattered by molecules in the

atmosphere
* Reflected radiation N

Ipc —bounced off a N
surface near the
reflector

Figure 7.18 il
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Extraterrestrial Solar Insolation /,

* Starting point for clear sky radiation calculations

* ], passes perpendicularly through an imaginary surface

outside of the earth’s atmosphere

* [, depends on distance between earth and sun and on
intensity of the sun which is fairly predictable

* Ignoring sunspots, /, can be written as

I, =SC- {1 1+0.034 cos(336605” ﬂ (W/m?) (7.20)

* SC = solar constant = 1.377 kW/m?

* n =day number

These changes are due
to the variation in
earth’s distance from

the sun "

Nang lugng tai tao

Extraterrestrial Solar Insolation /,

* In one year, less than half of /, reaches earth’s surface

as a direct beam

* On a sunny, clear day, beam radiation
of /,

may exceed 70%

Figure 7.19 "

N&ng lugng tai tao
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Attenuation of Incoming Radiation

* Can treat attenuation as an exponential decay function

I,=Ae™ (7.21)

B

* [, = beam portion of the radiation that reaches the
earth’s surface

* A = apparent extraterrestrial flux
* k= optical depth
® m = air mass ratio from (7.4)
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Attenuation of Incoming Radiation

‘ABLE 7.6 Optical Depth k, Apparent Extraterrestrial Flux A, and the Sky
Diffuse Factor C for the 21 Day of Each Month

Month: Jan Feb Mar Apr May June July Aug Sept Oct Nov Dec
A (W/m%): 1230 1215 1186 1136 1104 1088 1085 1107 1151 1192 1221 1233
k: 0.142 0.144 0.156 0.180 0.196 0.205 0.207 0.201 0.177 0.160 0.149 0.142

C: 0.058 0.060 0.071 0.097 0.121 0.134 0.136 0.122 0.092 0.073 0.063 0.057

Source: ASHRAE (1993).

I, =A4e™ (7.21)
From curve fits of the table data, 4 and & are approximately

A=1160+75sin {%(n —275)} (W/m?) (7.22)

k =0.174+0.035sin {%(n—IOO)} (7.23)
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Solar Insolation on a Collecting
Surface

* Direct-beam radiation is just a function of the angle
between the sun and the collecting surface (i.e., the
incident angle 0):

I, =1,co0s0

* Diffuse radiation is assumed to be coming from
essentially all directions to the angle doesn’t matter; it
is typically between 6% and 14% of the direct value.

* Reflected radiation comes from a nearby surface, and
depends on the surface reflectance, p, ranging down
from 0.8 for clean snow to 0.1 for a shingle roof.
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Solar Insolation on a Collecting
Surface, cont.

Collector

z
R R A A A R TR
Reflectance o

Figure 7.24 The ground is assumed to reflect radiation with equal intensity in
directions.

l—cosZJ

[Rc:p(IBH"'IDH)( 5
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Tracking Systems

* Most residential solar systems have a fixed mount, but
sometimes tracking systems are cost effective

* Tracking systems are either single axis (usually with a
rotating polar mount [parallel to earth’s axis of
rotation), or two axis (horizontal [altitude, up-down]
and vertical [azimuth, east-west]

* Ballpark figures for tracking system benefits are about
20% more for a single axis, and 25 to 30% more for a
two axis

Nang lugng tai tao
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Monthly and Annual Insolation

* For a fixed system the total annual output is somewhat
insensitive to the tilt angle, but there is a substantial
variation in when the most energy is generated

20° TILT, 2350 kWh/m?-yr

=4 40° TILT, 2410 KWhimPyr o

60° TILT, 2210 kWh/m?-yr

DAILY INSOLATION (KWh/m?)
O 4 N @ & O ® ~N ® ©
i T T A s

LATITUDE 40°N

T T — T T r T T T T T
JAN FEB MAR APR MAY JUN JLY AUG SEP OCT NOV DEC
Figure 7.29  Daily clear-sky insolation on south-facing collectors with varying tilt angles.

Even though they all yield roughly the same annual energy, the monthly distribution is
very different.
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US Annual Insolation

PV Solar Radiation Annual
(Flat Plate, Facing South, Latitude Tilt)
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Worldwide Annual Insolation

|.: K K

In 2007 worldwide PV peak W‘as‘about 780|0 MW, with almost half
(3860 MW) in Germany, 1919 MW in Japan, 830 in USA and

Qs iy RALR
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Té bao quang dién
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n W w
o (] a
| | |
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Multijunction Concentrators

Single crystal Si
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15 (In, Ga)Se,
109 Amorphous Si
5 —
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Figure 8.1 Best laboratory PV cell efficiencies for various technologies. (From National
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Pin quang dién
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Figure 8.2 PV module manufacturing costs for DOE/US Industry Partners. Historical
data through 2002, projections thereafter (www.nrel.gov/pvmat).
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Pin quang dién

Rest of world —

Megawatts Produced
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Figure 8.3 World production of photovoltaics is growing rapidly, but the U.S. share of
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Vat liéu quang dién

TABLE 8.1 The Portion of the Periodic Table of
Greatest Importance for Photovoltaics Includes the

Elements Silicon, Boron, Phosphorus, Gallium,
Arsenic, Cadmium, and Tellurium

[ II I 1A% Vv

5B 6C 7N

13 Al 14 Si ISP

20 Cu 30 Zn 31 Ga | 32Ge | 33 As

47 Ag | 48 Cd 49 In 50 Sn | 51 Sb

N&ng lugng tai tao
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VI
80
16 S
34 Se
52 Te
55
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Mdrc nang lwong

Valence
electrons
7 N im
®©
(a) Actual (b) Simplified

Figure 8.4 Silicon has 14 protons and electrons as in (a). A convenient shorthand is
drawn in (b), in which only the four outer electrons are shown, spinning around a nucleus
with a +4 charge.
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Mwrc nang lwong

Silicon
°
nucleus N

) °
P o Shared © @ @S °
valence j‘.) (:) (.)
electrons
JODODOL
® )

)
]
(a) Tetrahedral (b) Two-dimensional version

Figure 8.5 Crystalline silicon forms a three-dimensional tetrahedral structure (a); but it
is easier to draw it as a two-dimensional flat array (b).
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Mdrc nang lwgng

[} Conduction band
= (partially filled)
> .
= Eg } Forbidden band
g
g } Filled band
é Gap
g Filled band
= i
(a) Metals

Conduction band
(empty at T=0 K)

Eg } Forbidden band

Filled band
Gap

Electron energy (eV) >

} Filled band

(b) Semiconductors

Figure 8.6 Energy bands for (a) metals and (b) semiconductors. Metals have partially
filled conduction bands, which allows them to carry electric current easily. Semiconductors
at absolute zero temperature have no electrons in the conduction band, which makes them

insulators.
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Mwrc nang lwong

Hole Photon
+
)
Free - O
electron © 4

(¢)

(a) Formation

_./4(5) eﬁf Photon
o)

(b) Recombination

Figure 8.7 A photon with sufficient energy can create a hole—electron pair as in (a).
The electron can recombine with the hole, releasing a photon of energy (b).
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Mdrc nang lwgng

e (3 (8) re o (3) e (2)

Free - electron @
@ ,—l
electron e 9 0
A/ N
@ @
<) @
(a) An electron moves to fill the hole (b) The hole has moved

Figure 8.8 When a hole is filled by a nearby valence electron, the hole appears to move.
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Mwrc nang lwong

c= AV
he
E = l?l) = -
s

ViDu 8.1: Tinh Todn Tac Pong cia Quang Tw trén Bé Mat Tinh Thé Silic
Tim chiéu dai budc song (m) cye dai ma quang o can ¢6 dé tao duoc cap dién u - 1o
(hole) trén Bé Mat Tinh Thé Silic. Twong tmg véi tan sé nho nhat 1a bao nhiéu? Biét gid

tri néng leong virot nguémg cua silic 12 1.12 eV va 1eV = 1.6 X 10 1.
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Phé nang lwong mat trovi

7 SILICON
9 1 '
Photons with more i Photons with not
%‘ 81 than enough energy : enough energy
g 6 Photon energy, hv {
@ s i
c 54 I
£ H
Q_c‘i 4 Lost energy, v > £, '
1
3 :
Usable energy ! Lost energy, hv < E,
E;=1.12 o i
1 5 i,/
0 T LS T T T T T T T

Figure 8.9

—T T ¥
0.0 0.2 04 06 0.8 1.0 1.2 14 1.6 1.8 2.0

Wavelength (jum) 1.11

Photons with wavelengths above 1.11 pwm don’t have the 1.12 eV needed to

excite an electron, and this energy is lost. Photons with shorter wavelengths have more
than enough energy. but any energy above 1.12 eV is wasted as well.
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R o o .
Pho nang lwong mat troi
TABLE 8.2 Band Gap and Cut-off Wavelength
Above Which Electron Excitation Doesn’t Occur
Quantity Si GaAs CdTe InP
Band gap (eV) .12 142 1.5 1.35
Cut-off wavelength (wm)  1.11 0.87 0.83 0.92
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Anh hwéong cua mirc nang lwong lén
hiéu suat quang dién

1400

1200

1000 4

:

600

Radiant power (W/m? um)

400

UV 2% Visible 54% IR 44%
i ! AM 1.5

Unavailable energy, fv > E,
30.2%

Unavailable energy, hv< E,
20.2%

Band-gap wavelength

00 02 04 06 08 10 12 14 16 18 20 22 24 26

Wavelength (um)

Figure 8.10  Solar spectrum at AM 1.5. Photons with wavelengths longer than 1.11 pm
don’t have enough energy to excite electrons (20.2% of the incoming solar energy): those
with shorter wavelengths can’t use all of their energy. which accounts for another 30.2%
unavailable to a silicon photovoltaic cell. Spectrum is based on ERDA/NASA (1977).
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Figure 8.11 Maximum efficiency of photovoltaics as a function of their band gap.

From Hersel and Zweibel (1982).
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Méi ndi p-n

IO
Free electron\{%)_*. (:)
ee @

( )
DO
)

(3

(a) The donor atom in Si crystal

Silicon atoms "

Pentavalent donor
atom

Free electron
(mobile — charge)

Donor ion
(immobile + charge)

(b) Representation of the donor atom

Figure 8.12  An n-type malterial. (a) The pentavalent donor. (b) The representation of
the donor as a mobile negative charge with a fixed, immobile positive charge.
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M&i ndi p-n

JODIODIC)
Movable hole\ﬁ\“&: )7 (: )
. ® @ ee
@ _©
DODO
(a) An acceptor atom in Si crystal

Figure 8.13

Silicon atoms ’

Trivalent acceptor
atom

Hole Hole
+ o (mobile + charge)
()

S@ - O
(2) b

(immobile — charge)

Acceptor atom
(b) Representation of the acceptor atom

In a p-type material. trivalent acceptors contribute movable, positively

charged holes leaving rigid, immobile negative charges in the crystal lattice.
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M&i ndi p-n

hMoTle?ge Z:Elillgns Electric field
P \_ n P £ n
N ; ¢ :
g g o|leew® g & lofole ®
g o d|ee® S G loeroie ®
©) P © @4@ ® ®) @i@<——@i_@_
7 ' ¢
Immobile /‘ Immobile D .
; . 0 5
gﬁggg’: Junction  positive charges rei;?é?\tlon

(a) When first brought together

(b) In steady-state

Figure 8.14 (a) When a p—n junction is first formed, there are mobile holes in the
p-side and mobile electrons in the n-side. (b) As they migrate across the junction, an
electric field builds up that opposes. and quickly stops. diffusion.
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Diode dung moi noi p-n
_ qVa/kT gVy 1.602x 1071 Y, 1 Vy
— — 24 : =11, 600——
la = Io(e 1) kT 1381 x 1002 T(K) T(K)

]d — ]O(€38.9V‘, . l)

Id*

P

n

(a) p—njunction
diode

la y +
-

Vy

(b) Symbol for
real diode

(at 25°C)

Id — ‘,0 (BSB.QVd =)

Vg

(c) Diode characteristic
curve

Figure 8.15 A p—n junction diode allows current to flow easily from the p-side to the
n-side. but not in reverse. (a) p—n junction: (b) its symbol: (¢) its characteristic curve.
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Diode dung mdi ndi p-n

Vi Du 8.2: Khdo Sdt Diode Tiép Gidp p-n

Khao St Diode Tiép Gidp p-n & 250C ¢6 dong dong ngwoc Iy bao hoa = 107(A). Xic
dinh dp qua diode trong cic truedng hop sau:

a. khdng c6 dong

b. 1A

c. 10A
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Té bao quang dién

Photon Accumulated negative charge Photon

;\\\ _ _ 4 -
2 n-type
£¢ RO R R G f‘ TR 7T Depletion
o o | ORI O e
4
p-type
+ + o+ et + + +

Accumulated positive charge
Figure 8.16 When photons create hole—electron pairs near the junction, the electric field
in the depletion region sweeps holes into the p-side and sweeps electrons into the n-side
of the cell.

N&ng lugng tai tao 71

36



Mach twong dwong don gian cua té
bao quang dién

Electrical contacts

Photons \ \ Electrons —»
T e S
n-type
4 Load
p-type ;
Bottom contact l +

Figure 8.17 Electrons flow from the n-side contact, through the load, and back to
the p-side where they recombine with holes. Conventional current [ is in the oppo-
site direction.
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Mach twong dwong don gian cla té bao
quang dién

Load

Figure 8.18 A simple equivalent circuit for a photovoltaic cell consists of a current
source driven by sunlight in parallel with a real diode.
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Mach twong dwong don gian cua té bao
quang dién

- o V=0 -
Qi Q
ol

(a) Short-circuit current (b) Open-circuit voltage

Figure 8.19 Two important parameters for photovoltaics are the short-circuit current Is¢
and the open-circuit voltage Voc.

[=]SC_1d VOCZEIH(IS—C-{-I)
q Iy

I = ]5'(' — fo (()qV/kT - l)

i
Voe = 0.0257 In (% + 1)

1=[5C—I(]((’38'9V—l) 0

Nang lugng tai tao 74

Mach twong dwong don gian cla té bao
quang dién

/
— V

Load

Figure 8.18 A simple equivalent circuit for a photovoltaic cell consists of a current
source driven by sunlight in parallel with a real diode.

— kT 1
[ - ISC - ]d VOC=7m (%-{- I)

0
1=lsc—10(€(lvfkr—l) I
Voe = 0.0257 In (% + 1)

BIV _ 1y 0

I = ISC — [o(f’
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Mach twong dwong don gian cua té bao
quang dién

;A
’SC/ Light
Voc
0 \\ V»
Dark

Figure 8.20 Photovoltaic current—voltage relationship for “dark™ (no sunlight) and
“light” (an illuminated cell). The dark curve is just the diode curve turned upside-down.
The light curve is the dark curve plus Jgc.
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Mach twong dwong don gian cla té bao
quang dién

Vi Du 8.3: Khao Sit dac tinh I-V cia Té Bao Quang
Cho té bao quang ¢6 dién tich bé mat 100 cm?, véi mat do dong nguwge bao hoa Iy = 1072
AJem’. Khi du do roi, nge‘in mach 2 dau té bio quang do dwoc Isc =40 mA/cm’ & 250C.

Tim dp h& mach Voc lic du do roi va lic do roi con 50%. Vé cic ket qua?
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Mach twong dwong don gian cua té bao
quang dién

4.5
Full sun

4.0
3.5 Isc=4 A
3.0

25
Half sun

2.0

Current (A)

15 lsc=2 A

1.0
VOC =0.610 V V0C= 0.627 V
L~

0.5 \

0.0 -
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Voltage (volts)
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Mach twong dwong chinh xac cua té
bao quang dién

|%
I =(Isc— Id)—R—
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Mach twong dwong chinh xac cla té
bao quang dién

T

Figure 8.22 The simple PV equivalent circuit with an added parallel resistance.
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Mach twong dwong chinh xac cua té
bao quang dién

4.5

Rp=w, Rg=0 L

ERV s e Ce bl Tl i
slope = —

3.5 -~ - _J

Rp#eo R eea -_ip

3.0 Al=ViRp

2.5 Rp >
2.0 Isc

Current (amps)

1.5
1.0
0.5

0.0
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Voltage

Figure 8.23 Modifying the idealized PV equivalent circuit by adding parallel resistance
causes the current at any given voltage to drop by V/Rp.
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Mach twong dwong chinh xac cla té
bao quang dién

X

I v,

Load

Figure 8.24 A PV cquivalent circuit with series resistance.

I = 15(_* — Ia' = ISC — 10 (()q"d/l\’T - l)

V=V 4+1-Rs

V4+I1-R
e 232

0.01V
Ry < 20Voc
x e ISC
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r /4 > l(
Mach twong dwong chinh xac cua té
bao quang dién
gV +1-Rs) (V+I'-Rs)
I'=1Isc—1 _ -1} - ——
se =l {ex" [ KT Ry
& Rp=cs, Rg=0
40 —
35
7 30
£ 25
§ 20
3 15
1.0
0.5
0.0
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Voltage
Figure 8.25 Adding series resistance to the PV equivalent circuit causes the voltage at
any given current to shift to the left by AV = I Rs.
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Mach twong dwong chinh xac cla té
bao quang dién

Figure 8.26 A more complex equivalent circuit for a PV cell includes both parallel and
series resistances. The shaded diode reminds us that this is a “real” diode rather than an
ideal one.

; 1 o
[ =1l — 1, [()38.9(1 +IRs) _ 1] _ R_(v +IRs) at 25°C
P

Nang lugng tai tao

Mach twong dwong chinh xac cua té
bao quang dién
Ise=1+1+1p 1=l —1(e™" —1) —RL‘}” Vi=Vy—IRs
Rp=ec, Rg= 0
4.0
30+
% Rp=1.0, Rg=0.05
g 2.0 -
1.0+
0.0 T T T T T I
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Voltage

Figure 8.27 Series and parallel resistances in the PV equivalent circuit decrease both
voltage and current delivered. To improve cell performance, high Rp and low Rg are
needed.
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Ghép cac té bao quang dién

Cell Module Array

Figure 8.28 Photovoltaic cells. modules, and arrays.
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Ghép cac té bao thanh tam pin

Vmodulc = ”(vd - "RS)
Isc
4 cells 36 cells
— Adding cells in series
= - -
w
(i
o
>
o
24V 36cellsx0.6V=216V
0 \ VOLTAGE (V) 216V

0.6 V for each cell

Figure 8.29 For cells wired in series, their voltages at any given current add. A typical
module will have 36 cells.
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Ghép cac té bao thanh tam pin

Vi Du 8.4: Tinh Chon Dong va Ap cho Mé Pun PV

Mo dun PV gém 36 té bao quang noi liép. Vi do roi 1-sun (1 kW/m?), méi té bao quang

¢6 Isc= 3.4 A ¢ 25°C va dong ngwrge bao hoa Ip = 6 x 107'" A. Cho biét Rs = 0.005 Q va

Rp=16.6Q.

a. Xidc dinh dong, dp va cong suat ma mod dun PV cung cap duoc, biét moi té bio quang

6 dién dp tiép xic 12 0.5V,

b. Lap bang quan hé I va V véi hudng dan st dung cu the.
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Number of cells,n = 36
- Parallel resistance/cell Rp (ohms) = 6.6
Series resistance/cell Rs (ohms) = 0.005
Reverse saturation current [y (A) = 6.00E-10
Short-circuit current at I-sun (A) = 3.4
I =
Vya Vinodule = P (Watts)
Va Isc = Ip (6’38'9‘/" - l) — — n(Vy — I Rs) = Viodute
»
0.49 3.21 17.06 54.80
0.50 3.16 17.43 55.02
0.51 3.07 17.81 54.75
0.52 2.96 18.19 53.76
0.53 2.78 18.58 51.65
0.54 2.52 18.99 47.89
0.55 2.14 19.41 41.59
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O
VOLTAGE
Figure 8.30  For modules in series, at any given current the voltages add.
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Ghép ndi nhiéu tam pin

3 modules
I=li+h+1,
-~ O
[ 1 1 +
2 modules
— Iy I Iy
@
q t } 4 v
o
3
1 module
1 1 >
VOLTAGE

Figure 8.31 For modules in parallel. at any given voltage the currents add.
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Nang lugng tai tao 92
r b r
Ghép ndi nhiéu tam pin
i}
c
9
jus]
&}
VOLTAGE
(c)
Figure 8.32 Two ways to wire an array with three modules in series and two modules in
parallel. Although the /—V curves for arrays are the same, two strings of three modules
each (a) is preferred. The total -V curve ol the array is shown in (c).
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Pac tuyén I-V cua pin quang dién

+ V=Voo + V=0 vV
|
1=0 * I
I=lse
P=0 l LOAD
P-0 P=VI
_ - _
Open circuit Short circuit Load connected
(a) (b) ()

Figure 8.33 No power is delivered when the circuit is open (a) or shorted (b). When
the load is connected (c). the same current flows through the load and module and the
same voltage appears across them.
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DPac tuyén I-V

P=P,
< I
= | Current g
7 e i
c [~ y g
o !
3 fr Maximum Power Point | 2
(MPP) !
i
P=0 !
/ ! P=0
0 : /
0 VOLTAGE (V) Va Voc

Figure 8.34 The /-V curve and power output for a PV module. At the maximum
power point (MPP) the module delivers the most power that it can under the conditions
of sunlight and temperature for which the IV curve has been drawn.

N&ng lugng tai tao 95

48



Pac tuyén |-V

87 lgo=T75A ¥

CURRENT (A)

0 10 00 Voc=215V

VOLTAGE (V)
Figure 8.35 The maximum power point (MPP) corresponds to the biggest rectangle that
can fit beneath the 7V curve. The fill factor (FF) is the ratio of the area (power) at MPP
to the area formed by a rectangle with sides Ve and Isc.

o Power at the maximum power point Vilg
Fill factor (FF) = =
Voc Isc Voclsc
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TABLE 8.3 Examples of PV Module Performance Data Under Standard Test
Conditions (1 kW/m3, AM 1.5, 25°C Cell Temperature)
== Manufacturer Kyocera Sharp BP Uni-Solar Shell
Model KC-120-1 NE-Q5E2U 21508 US-64 ST40
Material Multicrystal Polycrystal Monocrystal Triple junction a-Si  CIS-thin film
Number of cells n 36 72 72 42
Rated Power Ppe ste 120 165 150 64 40
(W)
Voltage at max 16.9 34.6 34 16.5 16.6
power (V)
Current at rated Tl 4.77 445 3.88 241
power (A)
Open-circuit voltage 215 43.1 428 23.8 233
Voc (V)
Short-circuit current 745 546 4.75 4.80 2.68
Isc (A)
Length (mm/in.) 1425/56.1  1575/62.05  1587/62.5 1366/53.78 1293/50.9
Width (mm/in.) 652/25.7  826/32.44  790/31.1 741/29.18 320/12.9
Depth (mm/in.) 52/2.0 46/1.81 50/1.97 31.8/1.25 54/2.1
Weight (kg/lb) 11.9/26.3 17/37.5 15.4/34 9.2/20.2 14.8/32.6
Module efficiency 12.9% 12.7% 12.0% 6.3% 9.4%
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Tac dong cua nhiét doé va cwong do
birc xa

IRRADIANCE: AM1.5, 1 kW/m? . CELL TEMP. 25°C
1000 W/m?
-

800 W/m? j

600 W/m?

75°C505C25¢0C

(=)

400 W/m? |

Current (A)
[N IS
—-——f_/
N £

200 W/m? |

LU :

0 10 20 30 0 10 20 30
Voltage (V) Voltage (V)

:

Figure 8.36 Current-voltage characteristic curves under various cell temperatures and
irradiance levels for the Kyocera KC120-1 PV module.
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Tac déng cua nhiét dé va cwdng db blrc xa

NOCT — 20°
Tcell == Tamh + (—) -8

Insolation
Tcell = Iwmb + Y
0.8

1 KW/m’

Al = 0.05%/°C
AV, = - 0.37%/°C
APg = - 0.5%/°C

Vi Du 8.5: Xét Anh Huéng ciia Nhiét D té bao quang 1én Cong Suit ra cia Mé
DPun PV

Khao sit mé dun PV BP2150S 150-W, ¢6 thong s6 NOCT la 470C. Diing thong so ciia
mo dun, tinh nhiét d6 té bao quang, gid tri dp hd mach Voc ciing cong suat ra ciia mo dun

PV nay khi nhiét @6 moi triedmg 1a 30°C va dd roi 1-sun.
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Tac dong do béng che

Iy
o
— +
O< ”sgf !
\ lsc=0
I
nth
/ nth cell
cell 'S¢ Yy Rp shaded

O: :cell_s O: cel_ls
D VD

OQ| OO r _
[ 5
(a) All cells in the sun (b) Top cell shaded

Figure 8.37 A module with n cells in which the top cell is in the sun (a) or in the

shade (b).
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Vs = Va1 — I(Rp + Rs) (8.26)
With all n cells in the sun and carrying /. the output voltage was V so the voltage
of the bottom n — 1 cells will be
—-—
1 — 1
V.= (’_) v (8.27)
n
Combining (8.26) and (8.27) gives
n—1
Vsy = - V —I(Rp + Rs) (8.28)
The drop in voltage A V at any given current [, caused by the shaded cell, is
given by
1
AV:V—V5H=V—(I——)V+](RP+R5) (8.29)
n
1%
AV = —+ I(Rp+ Ry) (8.30)
n
Since the parallel resistance Rp is so much greater than the series resistance
Rg, (8.30) simplifies to
Vv
AV§T+1RP (8.31)
!
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Tac dong do bong che

J-V full sun

-V one cell shaded

CURRENT (A)
|

1 I J T T I
Vst VOLTAGE (V)

Figure 8.38 Effect of shading one cell in an n-cell module. At any given current, module
voltage drops from V to V — AV.
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Tac dong do bong che

Vi Du 8.6: Khao st Anh Huwéng Che Khuit dbi véi Mé Dun PV

Khao sit mo dun PV gom 36 té bao quang da duge mé ta & Vi Du 8.4, ¢6 dién tré song
song Rp= 6.6 Q. Liic d6 roi day va dong tai dat I = 2.14A, dp ra V = 19.41V. Néu 1 té
bao quang bi che va I qua tai khong déi. hay xdc dinh:

a. Tim dp AV bi that thodt?

b. Xic dinh gid tri ap moi?

¢. Xdc dinh cong suat bi that thodt?
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Tac dong do bong che

3.5

Full sun
3.0 —
1 cell
shaded 50%

2.5

1 cell
shaded 100%

2.0+

Battery

1.5 “" charging

CURRENT (A)
1

1.0 2 cells
b shaded 100%
0.5 —
0.0 | R B I R N B . E— E— — L L B N N B |

0 2 4 6 8 10 12 14 16 18 20 22
VOLTAGE (V)

Figure 8.39 Effects of shading on the /—V curves for a PV module. The dashed line
shows a typical voltage that the module would operate at when charging a 12-V battery:
the impact on charging current is obviously severe.
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Tac dong do boéng che

Vo=—(R,+Ry) I
V,=05V
’ Rsé b

4
Q- F
N Cell Ae
ol ot
One cell in the sun Equivalent circuit when shaded
(a) (b)

Figure 8.40 In full sun a cell may contribute around 0.5 V to the module output: but
when a cell is shaded, it can have a large voltage drop across it.
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Tac dong do bong che

V.=0.5Vo V=-06Vo

ti ti
O o Oi— Bypass 7 Z ?// ! ’Bypass
7

A / A diodeis ‘A diode
i cutoff conducts
X x
t t
o (o]
Sunny cell Shaded cell
(a) (b)

Figure 8.41 Mitigating the shade problem with a bypass diode. In the sun (a), the bypass
diode is cut off and all the normal current goes through the solar cell. In shade (b), the
bypass diode conducts current around the shaded cell. allowing just the diode drop of
about 0.6 V to occur.
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Tac dong do boéng che

3.5
3.0 o i
1 ; . Full sun
2.5 Shaded, !
= 4 no bypass —~ Shaded,
< diodes : with
= 2.0 ! bypass
g ] : diodes
g 1
g 157 i
o . i
1.0 i
1 Battery H
0.5+ voltage !
il \N:
0.0 : ‘ ; ; ; ‘ : : - ;
0 20 40 60 80 100 120
VOLTAGE (V)

Figure 8.42 Impact of bypass diodes. Drawn for five modules in series delivering 65 V
to a battery bank. With one module having two shaded cells, charging current drops by
almost one-third when there are no bypass diodes. With the module bypass diodes there
is very little drop.

N&ng lugng tai tao 107




65V
Partial Partial
shading shading On
< = -
== =) ) 65.6V
'3 / off
<4 (2 492V
Ck Oz
X \ off
328V
I=2‘2Al ::321\1 off
16.4V
i off
il oY
o o
Full sun Partial shading Partial shading
no bypass diodes with bypass diodes
(a) (b) (c)

Figure 8.43 Showing the ability of bypass diodes to mitigate shading when modules
are charging a 65 V battery. Without bypass diodes, a partially shaded module constricts
the current delivered to the load (b). With bypass diodes, current is diverted around the
shaded module.
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Tac dong do boéng che

o]
I,:l,2+"3_l‘1 +
O
—
=0 y

Without blocking diodes With blocking diodes
(a) (b)

Figure 8.44 Blocking diodes prevent reverse current from flowing down malfunctioning
or shaded strings.
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Cdéng nghé ché tao pin quang dién

(1) don tinh thé (single crystal, monocrystalline), ky
thuat silicon pho bién hién nay;

(2) da tinh thé (multlcrystalllne) trong dé méi té bao
dworc tao thanh tir mét s6 mang Ién cac hat don tinh
the méi té bao c6 klch thwée tie 1 mm dén 10 cm, bao
gdm cac da tinh thé silicon (mc-Si);

(3) mang tinh thé (polycrystalline), goém nhleu hat cé kich
thu’o'c khac nhau, ttr 1 pm dén 1 mm, chang han nhw cac
té bao cadmium teIIurlde (CdTe), copper indium
diselenide (CuInSeZ), va mang tinh thé (polycrystalline)
hay mang mong (thin-film) silicon;

(4) vi tinh thé (microcrystalline) 1a cac té bao chira cac
hat ¢6 kich thwée nhé hon 1 um; va

(5) vé dinh hinh (amorphous), khong chira cac mang
don tinh thé, giong nhuw silic vé dinh hinh (a-Si).
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Pin quang dién dung tinh thé silicon

Thick si | PHOTOVOLTAICS |

Thin films
200-500;V \-mum
‘ . Heterojunction Homojunction
Single-crystal Ey \
Multicrystalline Si CdTe
thrals,/ \ 30% cls \
Ribbon Polycrystalline thin-film Si
/ Amorphous sqz\o% GaAs

Flat-plate  Concentrator nP
50%

Multijunction,
Tandem cells

Figure 8.45 One way to organize the discussion of photovoltaic technologies. Percent-
ages represent fraction of PV sales in the late 1990s.

Hinh 8.45: M6t cach phan nhanh dé trinh bay vé cac ky thuat quang
dién. Ty lé dwa theo thi phan PV vao cubi nhivtng nam 1990.
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Ky thuat Czochralski tao silicon don tinh thé

SiHCl3 + Hy + heat — Si+ 3HCI

A

Seed crystal

Saw /

) Si Ingot
Crystalline

Si ingot Molten Si

Wafer
Quartz crucible

A

A
kerf A
Growing the crystal Slicing into wafers
@ (b)

Figure 8.46 The Czochralski method for growing single-crystal silicon.

Hinh 8.46: Phwong phap Czochralski tao ra silicon don tinh thé.
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Top metal fingers ==e—____ Buried contacts
e I oy fVWYv"ﬁNV
Surface texturing : Py.'am'd Shapad" AN A
n-layer oxide layer W,WMMM» Al i
Antireflection iy 0.2 um VY AVAAAAAAAR X W, n* layer
coatin 4 P
Ty 7 e p*layer
pt layer ~ Bottom
0.5 um ¥ contacts
&— Rear metal contact Oxide
(a) Conventional 1970s CZ-silicon cell (b) Laser-grooved buried-contact cell
Fi “Inverted”
inger pyramids

" p-silicon Oxide
P +
C ; r;a' [
Rear Oxide
contact
(c) PERL cell

Hinh 8.47: Sw phat trién cua cac té bao nang lweng mit tréi CZ-silicon. (a) Do
day cua phién ban dan cua mét té bao nhirng nam 1970. (b) Té bao c6 réanh
laser va dién cwc chim trén ca hai mat. (c) Té bao PERL. Theo Green (1993).
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Ky thuat Czochralski tao silicon don tinh thé

30
ja—
-~ 20
® —
= |
>
5 —
o L‘/n/Ef
=
w10
0+ T T : . -
1940 1950 1960 1970 1980 1990 2000
Year

Figure 8.48 Increasing efficiency of single-crystal silicon, laboratory-scale cells. From

Hinh 8.48: Téng hiéu suéat cla cac té bao quang dién dung silicon don tinh
thé trong phong thi nghiém. Theo Bube (1998).
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Cac ky thuat kéo tam silicon

Crystalline )
Si ribbon Supporting ______
dendrites

™y

Web crystal
Die Molten Si

Molten Si

(a) ' (b)
Figure 8.49 Ribbons of crystalline silicon can be grown using the edge-defined film-fed

growth process (EFG) in (a) or using the dendritic web process (b).

Hinh 8.49: TAm tinh thé silicon c6 thé dwoc kéo 1én bing phwong phap EFG
(a) hoac str dung 2 thanh kéo song song (b).
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Cac ky thuat kéo tam silicon

silicon Carbon net
. s Pulllng Si nbbon Cutler
C-fiber net ngglellate 3 Si melt reels
Silica &
crucible Hectangular cells
Feeding reel ~4—— Heater

Figure 8.50 The S-Web process produces a continuous ribbon of silicon, which can be
doped and cut into individual rectangular cells. Based on Schmela (2000).

Hinh 8.50: Quy trinh S-Web tao ra tm silicon lién tuc, c6 thé pha tap chéat kich
thich va cat thanh cac té bao hinh chir nhat. Theo Schmela (2000).
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>
A

Puc thai silicon da tinh the
(Multicrystalline Silicon)

Casting Cutting Sawing
Si
Mold i \g?rs Grains
» X

Grain boundaries

Figure 8.51 Casting, cutting and sawing of silicon results in wafers with individual
grains of crystalline silicon separated by grain boundaries.

Hinh 8.51: Duc, cat va cwa silicon dé tao thanh wafer chwa cac hat tinh thé
silicon, giira cac hat ton tai cac lan ranh phan chia.
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M6 dun tinh thé Silicon

/Q\\ Interconnecting copper ribbon PV cells

/ / | +—— Glass

m“\ EVA

-7 Polymer

Figure 8.52 Thick crystalline cells must be wired together in series and then sandwiched
in layers of glass, EVA, and polymers for structural support and weather protection.

Hinh 8.52: Cac té bao tinh thé dwoc ndi néi tiép véi nhau va sau dé dwoc bao
vé gilra cac I&p thay tinh, EVA, va polyme.
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PIN QUANG PIEN MANG MONG (THIN-FILM)

Thwe hién bing cach phu mét 1&p mang cwc mong
(thln-fllm) cac vat liéu quang dlen trén nén thuy tinh
hoac kim loai.

Ky thuat mang mong s dung it vat liéu (chi c6 dé day
hang pUm, khéng nhw tinh thé 5|I|con day dén hang tram
pm), lai khéng can két néi cac té bao phirc tap, va dac
biét phu hop véi ky thuat san xuét hang loat.

Bo mong cua th|n-f|Im cho phep cac photon chwa
du’o’c hap thu cé thé dé dang xuyén qua vat liéu quang
dlen
_ Nhe& dé co thé phu Ién cac clra s6, tao ra cac loai kinh
vira cung cap anh sang va vira phat dlen
_ Hay tao ra cac da lién két hay xép chong cac té bao dé
cho phep cac photon c6 cac bwéc séng khac nhau dwoc
hap thu trong cac |&p khac nhau.
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Silicon v6 dinh hinh

Solar input
!
\J \J
2,000,000 nm -4 Glass superstrate
=20 nm e -a— SiO, buffer layer
=60 - 500 nm |47 Transparent conducting oxide

[
| o
~torm OO © | player

=~ 500 nm ~¢— Intrinsic (undoped) a-Si:H

a4 Internal electric field
=20 nm H @ |--— player

~ 200 hm | ] -4— Aluminum back contact

Hinh 8.53: Mat cat ngang ctia mot té bao silicon vé dinh hinh p-i-n. D6 day
tinh theo nanomet (10-°m) va vé khong theo ty lé.
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Silicon v6 dinh hinh

! ke A

Figure 8.54 Flexible ¢-Si modules can be rolled up and stored when not in use. From
SERI (1983).

Hinh 8.54: M4 dun a-Si dang linh hoat c6 thé cuén lai va dé Iwu triv khi khéng
str dung. Theo SERI (1985).
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Quy trinh ché tao Silicon vé dinh hinh

1. Deposit transparent conductor on glass

-— Glass

- ]«— Transparent conductor

Glass

: AR Transparent conductor
] I I Stitch bars to
connect cells

3. Scribe transparent conductor

Glass
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Quy trinh ché tao Silicon vé dinh hinh

4. Deposit p—i—n layers

Glass

Transp%rent conductor

5. Deposit and scribe back conductors

Glass
RHRRE | RIREEs RE IS - Transparent conductor
p
i
n
[. -— Back conductors

Figure 8.55 The sequence of steps taken to create a module of amorphous silicon cells.

Hinh 8.55: Trinh tw cac bwéc thwe hién dé tao ra mét médun cac té bao
silicon v6 dinh hinh.
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Quy trinh ché tao Silicon vé dinh hinh

Scribe lines

>

Linear cells

Figure 8.56 Individual cells can run the entire length of an amorphous silicon module.

Hinh 8.56: Cac té bao riéng lé chay theo chiéu dai cia mét mé dun silicon vé

dinh hinh.
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A-Si dang da lién két hay xép 1&p
High-energy photons -— Glass superstrate
Medium [ |-&— SiO, buffer layer
energy -«— Transparent conductor
_______________ - p
Low energy a-Si:C -
"""""""" -+— N
a-Si:C p-----F----} - Highbandgap ~  [------- JR—— - p
a-Si -
a-Si p-----------|Mediumband ... : E
gap a-Si.Ge - h
B . S -
a-SiGef-temnnzon--d I.goavg band [ -« — Metal back contact
(a) (b)

Hinh 8.57: Cac té bao nang lwong mit troi dung siliccon vé dinh hinh da lién
két dwoc tao ra tir hdn hop a-Si: H (mwc nang lwong= 1,75 eV) v&i Carbon a-
Si:C & I&p trén cung (= 2,0 eV) dé hap
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Gallium Arsenide and Indium Phosphide

Tré lai bang hé thong tudn hoan cac nguyen té (bang
8. 1), Silicon nam & cot thi tw, va dwoc goi la nguyén té
nhoém IV (c6 hoa tri IV)

_Cac hop chat mai thi thwong tao ra t cac cap nguyén
té & cac cot thr ba va thir nam (gm la vat liéu IlI-V), hoac
tlr cac cot thir hai va the sau (vat liéu Iv1).

_Vidu nhw, galllum la nguyén té thuoc nhém IlI, két hop
v&i arsenic thuéc nhom V dé taora vat liéu quang dién
gallium arsenide (GaAs).

_ Twong tw, indium (nhém lll) va phét pho (nhém V) cé
thé tao ra cac té bao indium phosphide (InP)

Hay nhw vat liéu 11-VI Ia sw két hop glwa cadmium
(nhom 1) va tellurium (nhom VI) trong cac té bao CdTe
(cadtelluride).
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Gallium Arsenide and Indium Phosphide

TABLE 8.1 The Portion of the Periodic Table of
Greatest Importance for Photovoltaics Includes the
Elements Silicon, Boron, Phosphorus, Gallium,
Arsenic, Cadmium, and Tellurium

I I [11 v A% VI

5B 6 C 7N 80

13 Al 14 Si 15P 16 S

29Cu | 30Zn | 31 Ga | 32Ge | 33 As | 34 Se

47Ag | 48Cd | 491In [ 50Sn | 51 Sb | 52 Te
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Cadmium Telluride

i & i i & i fI—3— Lattice
a; constant
Matera M 85—
e.g., Cds
0 h m A h 4 i
Dangling bond ™ . )
-t ——— e ———— g —— ——] ———- Heterojunction
g R g
Material #2 4 4
e.g., CdTe A
a
o1t

Figure 8.58 The mismatch between heterojunction materials leads to dangling bonds

Hinh 8.58: Sy bat twong dong gitra hai loai vat liéu trong heterojunction, tao

ra cac lién ket lo’ Itbng.
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Copper Indium Diselenide (CIS)

Figure 8.59 The crystalline structure of CulnSe, or “CIS.” From Bube (1998) based

on Kazmerski and Wagner (1985).
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Copper Indium Diselenide (CIS)

+ Sunlight +

Transparent conductor — | =

n-type (CdZn)S (=50 nm)—»

p-type Cu In Se, (=2000 nm) —m

Back metal conductor (200 nm) —

Glass substrate ——

Figure 8.60 Structure of a simple, thin-film copper indium diselenide (CIS) cell.

Hinh 8.60: Cu tric cua té bao mang méng don gian ding copper indium
diselenide (CIS).
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Pac tinh tai cua pin quang dién

dc » -da—cb— —
Powe.r. . Utility
Conditioning | Grid
Unit

*ac

Figure 9.1 Simplified grid-connected PV system.
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Pac tinh tai caa pin quang dién

Generator (optional)

PV Armay Control Panel/Charge Controller
---------------- & & -]
i 0
00000 AC
Batteries Distribution
P Panel
— F— =] h
Bl Bl B’
@42TIRem
Inverter/charger

Figure 9.2 Example of a stand-alone PV system with optional generator for back-up.
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Pac tinh tai cua pin quang dién

PVs

— Supply

dc Motor water

de

Pump

Source ==
water

Figure 9.3 Conceptual diagram of a photovoltaic-powered water pumping system.
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DPac tuyén I-V cho tai tré

Vo PV |-V curve
+ Ve
Y o A Operating
'_ .
S point
LOAD TN \A
c ‘0
T :
P=Voly B :
- I-Vcurve
for the load |
Vo
VOLTAGE —»
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Pac tuyen I-V cho tai tro
PV |-V Resistor
+ V=Rl V. ﬁ 1=V curve MPP
I |m=====mmmofmmmcmmmmmo o oo ccnnee e 2 '
pot = ' 1 i
A 5 ! Slope = — v :
c ; <=7 -
S ey | m
v ° :
. i
Increasing R E
VOLTAGE Vi

Figure 9.5 A module supplying power to a resistive load. As resistance changes, the
operating point moves around on the PV /-V curve.
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DPac tuyén I-V cho tai tré

Fixed
5 resistance load
1000 W/m ~
Operating - .

800 W/m? points, \—___ MPPs
[ -
o 600 W/m
i
3

400 W/m? /

200 W/m2/

\

VOLTAGE
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DPac tuyén I-V cho tai déng co DC

V=IR, +

— T 5 |

ko

motor

G

dc motor
equivalent circuit

Figure 9.7 Electrical model of a permanent magnet dc motor.
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Pac tuyén I-V cho tai dong co DC

CURRENT

Starting
current —= [

o increasing with V

-~ MOTOR VOLTAGE
Starting voltage
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V 4
el ~n > . n
Dac tuyén |-V cho tai déng co DC
1000 W/m?
'i o Motor
& 800 W/m? I=v
o
o
=1
L 600 W/m?
Start-up 400 W/m?
current ™
/ k: 200 W/m?
VOLTAGE—™
Figure 9.9 DC motor /—V curve on photovoltaic -V curves for varying insolation.
In this example (somewhat exaggerated), the motor won’t start spinning until insolation
reaches 400 W/m?, but after that it only needs 200 W/m? to keep running.
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Pac tuyén I-V cho tai dong co DC

Vv
]
v/
Linear @
Current j:!;\
Booster . N
Low / High/ =—F—
High v Low V dc
motor
——— 5

Figure 9.10 A linear current booster (LCB) increases current to help start or keep the
motor running in low sunlight.
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DPac tuyén I-V cho tai acquy
V=Vg+ R;!I
v 1
@ ° s ey (v
v FLOEl v =
[<5) 8 _I
) BATTERY Symbol

VOLTAGE Vg

Figure 9.11 An ideal battery has a vertical current—voltage characteristic curve.
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Pac tuyén I-V cho tai acquy

R; R;
% v
0+ W Vg + Vg
- -
| — —— -~ —
V> VB V< VB T—_
: T : T
A ' d
& charging & discharging ~
% ™ 1 % 1
D = e— D = e——
3 slope A 3 slope 2
Ve Vg Vg Vg
discharged charged discharged charged
VOLTAGE— VOLTAGE —
(a) Charging (b) Discharging
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DPac tuyén I-V cho tai acquy

Vi Du 9.1: Khao Sat Qua trinh Nap Binh Accu Chi 12V

Cho binh Accu chi 12V, ¢6 dp bang 11.7V lic binh gan can. Dién tr& ndi Ri bang 0.03Q.
a) Tim dp cua ngudn quang dién PV biét dong nap binh bang 6A?

b) Khi dp hé mach 1a 12.7V lic binh nap day. binh cap dong 20A cho tai, tim dp vong kin

ma binh cip cho tai?
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D6 diém céng suat cwc dai (MPPT)

NOON Disch!arged Charged

36 cells

LATE AFTERNOON 30 cells

CURRENT (A)

36
30

VOLTAGE (V)

Figure 9.13 A self-regulating PV module with fewer cells can automatically reduce
charging current as the batteries approach full charge.
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Do diém cong suat cwe dai (MPPT)

! i
! switch |
Vo % 1V
i | ‘L M | 0
! T
+ } I N : Load
| ! - c l _ | Loa
Source I | Switch L I —
|| control i PR
! T | T
= } I l
L |
o |
|

Buck-boost converter

Figure 9.14 A buck-boost converter used as a the heart of a maximum power tracker.

_ 1 DT 1 DT
Prin= ?f Vilp dt = FV,[ I dt

0 0
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D6 diém céng suat cwc dai (MPPT)

T

Closed _ _

(on)
® Open J

(off) ——

-— o7 —

Closed —— - ———— e e
Open —J____ - ____J_J_[_L____]__H_. H
() D=05 (c)D<0.5 (d) D>0.5

Figure 9.15 The duty cycle D is the fraction of the time the switch is closed (a).
Examples: (b) 50% duty cycle; (¢) D < 0.5: (d) D = 0.5.
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Do diém cong suat cwe dai (MPPT)

— 1 rPbT | DT
PL,in:—f \/,-lLdrz—Vif I dt
T Jo T Jo

_ | DT
PL.in:?Vi[L[ dt = V;I;. D

0

— 1 T 1 T
Prow = T Vilpdt = ? Vol dt
DT DT

— |
Prouw= ?V()IL(T —DT) = VoI (1 — D)
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D6 diém céng suat cwc dai (MPPT)

Vi Du 9.2: Tinh toan chu ky tai D cho mach MPPT

Mo dun quang dién PV ¢6 dac tuyén I-V dat diém 1am viéc MPP tai: Vm = 17V v Im =

6A. Tim hé sé tai D can ¢6 dé mach converter dat diém lam viéc MPPT, biét tai tiéu thu

6 tré bing 10 Q.

Vv, Ipy

MPPT

——— 0o+

0 -—
— D
—— V:VPV 1-D

I=l_pv<1 —DD>

Figure 9.16 The MPPT bumps the PV voltages and currents to appropriate values for

the load (one goes up, the other down).
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Do diém cong suat cwe dai (MPPT)
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VOLTAGE —*

Figure 9.17 Redrawing the PV / -V curves with an MPPT.
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DPac tuyén |-V theo gi®
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DPac tuyén I-V theo gi®
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Figure 9.19 Hour-by-hour PV -V curves with examples of three different load types:
dc motor, 12-V battery, MPPT.
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Pac tuyén |-V theo gi®

TABLE 9.1 Daily Energy Delivered to Three Loads’

de Motor 12-V Battery MPPT

Insolation
Time (W/m?) Amps  Volts  Watts  Amps  Volts  Watts  Amps  Volts  Watts

7 224 1.3 5.0 6.5 1.3 13.5 17.6 1.1 17.3 19.0

8 461 2.7 9.6 259 27 13.5 36.5 25 17.4 43.5

9 677 4.0 13.0 52.0 4.0 13.5 54.0 3.7 17.5 64.8

10 846 5.0 15.6 78.0 5.0 135 67.5 4.7 17.6 82.7

11 954 5.3 16.9 89.6 5.6 13.5 75.6 5.2 17.7 92.0

12 991 55 17.1 94.1 5.9 13.5 79.7 5. 17.8 96.1

1 954 5.3 16.9 89.6 5.6 13.5 75.6 5.2 17.7 92.0

2 846 5.0 15.6 78.0 5.0 13.5 67.3 4.7 17.6 82.7

3 677 4.0 13.0 52.0 4.0 135 54.0 3.7 17.5 64.8

4 461 217 9.6 25.9 27 13.5 36.5 25 174 435

5 224 1.3 5.0 6.5 1.3 135 17.6 1.1 17.3 19.0
W-h: 7315 598 582 700

Eff. vs. MPPT: 85% 83% 100%

“Without an MPPT, the de motor is unable to collect 15% of the available energy and the 12-V battery loses 17%
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Hé dién mat troi doc lap

de ——r de
N R de p| Batteries LU0 g,| Fuseo
Charge Controller Box
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[= 0O oo | A ' .
PVs [=0 oo | A Charger  Inverter ac

ac 1 ac todc dc to ac ac Fuse

Generator P
—p e Box
——— 1

Figure 9.35 A stand-alone system with back-up generator and separate outputs for dc
and ac loads.
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Uéc lwong tai tiéu thu

Kitchen Appliances

Refrigerator:
Refrigerator:
Refrigerator:
Refrigerator:

ac EnergyStar, 14 cu. ft
ac EnergyStar, 19 cu. fl
ac EnergyStar, 22 cu. ft
dc Sun Frost, 12 cu.ft

Freezer: ac 7.5 cu. ft
Freezer: dc Sun Frost, 10 cu. ft

Power

300 W, 1080 Wh/day
300 W, 1140 Wh/day
300 W, 1250 Wh/day
58 W, 560 Wh/day
300 W, 540 Wh/day
88 W, 830 Wh/day

Electric range (small burner) 1250 W
Electric range (large burner) 2100 W
Dishwasher: cool dry 700 W
Dishwasher: hot dry 1450 W
Microwave oven 750-1100 W
Coffeemaker (brewing) 1200 W
Coffeemaker (warming) 600 W
Toaster 800-1400 W
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Uéc lwong tai tieu thu
General Household
Clothes washer: vertical axis 500 W
Clothes washer: horizontal axis 250 W
Dryer (gas) 500 W
Vacuum cleaner 1000-1400 W
Furnace fan: 1/4 hp 600 W
Furnace fan: 1/3 hp 700 W
Furnace fan: 1/2 hp 875 W
Ceiling fan 65-175 W
Whole house fan 240-750 W
Air conditioner: window, 10,000 Bitu 1200 W
Heater (portable) 1200-1875 W
Compact fluorescent lamp (100-W equivalent) 30 W
Compact fluorescent lamp (60-W equivalent) 16 W
Electric blanket, single/double 60/100 W
Clothes iron 1000-1800 W
Electric clock 4 W
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Uéc lwong tai tiéu thu

Consumer Electronics
TV: >39-in. (active/standby)
TV: 25 to 27-in. color (active/standby)
TV: 19 to 20-in. color (active/standby)
Analog cable box (active/standby)
Satellite receiver (active/standby)
VCR (active/standby)
Component stereo (active/standby)
Compact stereo (active/standby)
Cordless phone
Clock radio (active/standby)
Computer, desktop (active/idle/standby)
Laptop computer
Ink-jet printer
Dot-matrix printer
Laser printer

142/3.5 W
90/4.9 W
68/5.1 W
12/11 W
17/16 W
17/59 W
44/3 W
22/9.8 W
4 W
20T W
125/80/2.2 W
20 W
B W

200 W
900 W

156
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Uéc lwong tai tiéu thu

Shop
Circular saw. 7 1/4”
Table saw, 10-in.
Hand drill, 1/4”

Water Pumping
Centrifugal pump: 36 Vdc, 50-ft @ 10 gpm
Submersible pump: 24 Vde, 100-ft @ 1.6 gpm
Submersible pump: 48 Vdc, 300-ft @ 1.5 gpm
DC pump (house pressure system), typical use 1-2 h/day

900 W
1800 W
250 W

450 W
100 W
180 W
60 W

Source: Rosen and Meier (2000) and others.
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Uéc lwong tai tiéu thu

Vi Du 9.14: Xac dinh Céng Suat Tai Tiéu Thu Cia Ho Gia Dung

Hay xac dinh cong sudit tai tiéu thu coa | ho st dung toan bd tai ac, bao gém 1 ti lanh
19cu.ft, 6 béng huynh quang 30W (dung 5 gid mdi ngay), mét TV 19in (ding 3 gid mdi
ngay) két ndi vé tinh. mot dién thoai dé ban khéng day. mat 15 vi ba 1000W (diing 6 phiit

mdi ngay), va | giéng sau 100ft duge mdy bom cung cdp 120 gallons/ngay.

Appliance Power (W) Hours Walt-hours/day Percentage
Refrigerator, 19 cu. 300 1140 37%
Lights (6 @ 30 W) 180 5 900 29%
TV. 19-in., active mode 68 3 204 1%
TV. 19-in.. standby mode 54 21 107 3%
Satellite, active mode 17 3 51 2%
Saltellite, standby mode 16 21 336 11%
Cordless phone 4 24 96 3%
Microwave 1000 0.1 100 3%
Washing machine 250 0.2 50 2%
Well pump, 100 fi. 1.6 gpm 100 1.25 125 4%
Total 3109 100%
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Bo6 nghich Iwu va hé dién ap

100

@ @
=] =
| |

Efficiency (%)
S
S
Il

20

0 T T T T
0 20 40 60 80 100

Percent of Rated Power

Figure 9.36  Typical efficiency of a stand-alone system inverter.

ViDu 9.15: Xac dinh Tén Hao ciia B6 Nghich Luu

Ta du dinh dimg 1 ti lanh DC 800Wh/ngay dé thay thé cho ti lanh AC 1140Wh/ngay sit
dung & VD 9.14. Hiy wdc tinh cong sudt dc ma bé binh can cung cép trong 2 trudng hop:
a) Céc tai ddu dung dién ac

b) Cic tai déu dung dién ac trix ti lanh
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= A V4

Bo6 nghich Iwu va hé dién ap

3658 Wh/ddc 3109 Wh/d ac

|g|dc T ' ¥ [ anac

p-| Charge p-| Batteries p Inverter
Controller —®| loads

(a) All ac

3116 Wh/d dc 1969 Wh/d ac
| | —
|¥| o | = 3 g 4 P [ ac

Charge p-| Batteries Inverter || |oads
8

Controller

00 Wh/d dc —| dc
| Fridge

(b) ac/dc

Figure 9.37 Switching out the ac refrigerator with a more efficient dc one. Numbers are
based on Example 9.15.
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Bo6 nghich lwu va hé dién ap

TABLE 9.11 Suggested System Voltages Based on
Limiting Current to 100 A

Maximum ac Power System dc¢ Voltage
<1200 W 12V
1200-2400 W 24V
2400-4800 W 48 V

Dong dién Idc thwong nhé hon 100A.
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B6 nghich lwu va hé di

én ap

TABLE 9.12 The Maximum Continuous Power
Demand for The House in Example 9.14

Load Watts
Refrigerator 300
Lights 180
TV/satellite, active mode 85
Cordless phone 4
Microwave 1000
Washing machine 250
Well pump 100
Maximum ac power demand 1919
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TABLE 9.13 Steady-State and Surge Power
Acq uy Requirements for Example Loads

Steady State  Surge
Load (watts) (watts)
Refrigerator (ac) 300 1500
Refrigerator (dc) 58 700
Dishwasher 700 1400
Jet pump (1/3 hp) (ac) 750 1400
Submersible pump (ac) 1000 6000
Clothes washer (vertical axis) 650 1150
Clothes washer (horizontal 250 750

axis)
Dryer (gas) 500 1800
Furnace fan 1/4 hp 600 1000
Furnace fan 1/3 hp 700 1400
Furnace fan 1/2 hp 875 2350
Air conditioner, window 1200 1500
10 kBtu
Worm drive 7 1/4" saw 1800 3000
Table saw. 10” 1800 4500
Source: Real Goods (2002).
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Acquy

TABLE 9.14 Rough Comparison of Battery Characteristics”

Energy
ity Cycle Calendar Sciencies

Max Depth M L)ife Life M Cost
Battery Discharge (Wh/kg) (cycles) (years) Ah % Wh % ($/kWh)
Lead-acid, SLI 20% 50 500 1-2 90 75 50
Lead-acid, golf cart 80% 45 1000 3-5 90 75 60
Lead-acid. deep-cycle 80% 35 2000 7-10 90 75 100
Nickel—cadmium 100% 20 1000-2000 10-15 70 60 1000
Nickel-metal hydride — 100% 50 1000-2000  8-10 70 65 1200

“Actual performance depends greatly on how they are used.
Source: Linden (1995) and Patel (1999).

Acquy chi kh&i ddng SLI chi cho phép x& 20%. Khdi lwgng
nhe do dién cwc nho, dién tich day binh chira ken hep,...
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Acquy chi - axit
Tudi tho cia acquy chi loai deep-cycle tang Ién dang
ké néu chi xa dén 20%.
6000
5000
@ 4000 \\
|
(8] \
& 3000 ~
2000 B
1000 T T T T T T T
0 10 20 30 40 50 60 70 80 90
DEPTH OF DISCHARGE
Figure 9.38 Impact of depth of discharge on the number of cycles a typical deep-cycle
lead-acid battery might be able to provide. An automobile SLI battery delivers only around
500 cycles at 20% discharge.
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Acquy chi - axit
The chemical reactions taking place while the battery discharges are as follows:
Positive plate : ~ PbO, + 4HY + SO?;_ + 2¢~ — PbSO4 + 2H,O (9.21)
Negative plate : Pb + SO}~ — PbSO, + 2¢~ (9.22)
80 - //

607 /
e

20

Maximum Depth of Discharge
5

LT

/
-60 -50 —40 -30 -20 -10 0
Lowest Battery Temperature (°C)

Figure 9.39 Concern for battery freezing may limit the allowable depth of discharge of
a lead-acid battery.

Nhiét d6 qua th4p lam gidm kha nang xa dién ctia acquy
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Acquy chi - axit

+ CHARGED _ + DISCHARGED
L | [ | L |
H+
PbO, Pb PbSO, PbSO,
H+
H,0
SO;

Figure 9.40 A lead-acid battery in its charged and discharged states.

Khi xa can acquy: 3

_ Dung dich chua yeu la nwéc — dé dong ¢ nhiét do am (-8°).
_Lop PbSO, 1am giam beé mét phan &ng, tang dién tré ndi R;.
_ Khoi lvgng riéng clia acquy giam.
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Acquy chi - axit

12.80
12.60 — 126
12.40
Ve
5 12.20 1.22
w -
8 12.00
g 11.80 1.18
> 11.60 /_. G
11.40 1.14
11.20 |
11.00 [ 1.10
0 20 40 60 80 100
STATE OF CHARGE (%)

ALIAYYD O14103dS

Figure 9.41 Voltage and specific gravity for a typical deep-cycle lead-acid 12-V battery.

Data from Sandia National Laboratories (199

1)..
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Dung lwo'ng acquy

TABLE 9.15  Example Deep-Cycle Lead-Acid Battery Characteristics

BATTERY Voltage Weight (Ibs) Ah @ C/20 Ah @ /100
Concorde PVX 5040T 2 57 495 580
Trojan T-105 6 62 225 250
Trojan L16 6 121 360 400
Concorde PVX 1080 12 70 105 124
Surette 12CS11PS 12 272 357 503

_ Dong dién xa cang nho thi dung lwgng acquy cang tang.
_ Nhiét d6 cang thap thi dung lwgng acquy cang giam.
_ Suét xa dién C/20 & 25°C lam chuén cho hé théng PV.
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Dung Iwong acquy

120
110 —
§_ /(ﬁJ
E 704 // | i
£ 60 / / ] (%
% . /////
30
20 T T
-30 -20 -10 0 10 20 30 40

Battery Temperature (°C)

Figure 9.42 Lead-acid battery capacity depends on discharge rate and temperature. Ratio
is based on a rated capacity at C/20 and 25°C.
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Dung lwo'ng acquy

ViDu 9.16: Xdc dinh dung lwong binh theo nhiét do

Hé thong binh accu chi dat & noi ¢6 nhiét do thap nhat Ia -200C. Néu binh cin cép dung
lwong S00Ah/ngay trong 2 ngay lién véi dp 1a 12V, Héi phai chon binh accu chi ¢6 dung

lwong binh (Ah) la bao nhiéu?

_ Xem hinh 9.39 @& tinh dung lwong chuén (& 25°C) ma
acquy chuwa bj déng.
_ Xem hinh 9.42 dé tinh dung Ilwvong acquy & nhiét do -20°C.
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Dung Iwong acquy

24V, 100 Ah 24V, 200 Ah
el =Y ot
12V N *
12V, 200 Ah o100 AR o o
N = =\ =
12V 12V "2y o1 [+
100 Ah 100 Ah o 100 Ah o ol
- f— i _ e— ) m— -
(a) Parallel, Amp-Hrs add (b) Series, Voltages add (c) Series/Parallel

Figure 9.43 For batteries wired in parallel. amp-hours add (a). For batteries in series,
voltages add (b). For series/parallel combinations, both add.
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Hiéu suat Coulomb va hiéu suat acquy chi

—\ /NS —oV
Vo o + Charging: V> Vg

_—|_ B Discharging: V' < Vg
Q Ein — VC IC ATC
Figure 9.44 Thevenin equivalent circuit for a battery. Eout _ VD ]D ATD
Eouw  Vplp ATp
Ew  Velc ATc

o Vp In ATp Vp coulombs out, Ahgy,
Energy efficiency = — || —— | = { —
Ve Ie ATe Ve coulombs in, Ah;,

Energy efficiency =

Energy efficiency = (Voltage efficiency) x (Coulomb efficiency)
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Hiéu suat Coulomb va hiéu suat acquy chi

V
Voltage efficiency = 2y = 0.86 = 86%
14V
_ Khi sac acquy gan day, sé phat sinh khi hydrogen va
oxygen va lam giam hiéu suat sac acquy.
_ Khi bat dau sac, hiéu suat coulomb gan 100%. Khi qua sac,
hiéu suat bi giam con chirng 90%.

Energy efficiency = 0.86 x 0.90 = 0.77 = 77%

Do d6, hiéu suét nap-xa nang lwgng cla acquy chi chirng 75%.

Mét phan la do tén hao trén dién tré ndi R, cua acquy. Va con
tuy thudc vao trang thai sac (SOC), nhiét d6 lam viéc,...
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Hiéu suat Coulomb va hiéu suat acquy chi

Vi Du 9.17: Xéc dinh tén hao khi ép binh nap nhanh / phéng dién nhanh

Binh accu chi 100Ah, 12V, ¢6 gid tri dién dp tinh (at rest) 12.5V khi dugc nap voi sudt
dong nap C/5 va ngudn nap 13.2V. Dimng mach Thevenin trong duong ctia binh accu aé
tinh:

a) Xdc dinh gid tri dién trd ndi Ri cua binh?

b) Xde dinh ti 1€ tén hao?

¢) Thay dbi suat nap C/20, ti 1& tdn hao Itic nay 12 bao nhiéu?
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Figure 9.45  Terminal voltage and state of charge for 12-V lead-acid batteries for variou
Ning lugng tai tao rates of charging and discharging. Based on Sandia National Laboratories (1991).

Tinh toan dung lwong acquy

AN
<

12 >

10

7 99% Availahjility

Days of Usable Storage
2]
4

4 —
2
95% Availapility I —

0 T T T T T T

Peak Sun Hours

Figure 9.46 Days of battery storage needed for a stand-alone system with 95% and 99%
system availability. Peak sun hours are for the worst month of the year and availability
is on an annual basis. Based on Sandia National Laboratories (1995).

N&ng lugng tai tao 177




Tinh toan dung lwong acquy

Storage days (99%) ~ 24.0 — 4.73 (Peak sun hours)
+ 0.3 (Peak sun hours)?
Storage days (95%) = 9.43 — 1.9 (Peak sun hours)
+ 0.11 (Peak sun hours)?
Usable battery capacity
(MDOD)(T, DR)

Nominal (C/20.25°C) battery capacity =

_ MDOD (Maximum Depth of Discharge) = 0,25 cho SLI, 0,8
cho loai acquy xa sau. )
_ (T, DR) la hé s0 dwa theo anh hwdng ctia nhiét do va suat
phong dién nhw hinh 9.42.
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Tinh toan dung lwong acquy

Vi Du 9.18: Chon Dung Lirgng B¢ Binh ACCU Chi ding trong hé thong PV van han
doc lap

Phong lam viéc ¢ nhu cau dién ac I 3000Wh/ngay vao thing lanh cudi nam. Chon
Dung Lwong Bé Binh thoa man 95% nhu cau, bang cich ding thém mdy phat du phong
dé ddp g 5% nhu cau con lai. Binh bao dam thong s6 vdi nhiét d6 thap nhat -100C.
Dién dp hé théng binh chon loai 24V va bo nghich lwu ¢6 hiéu suat 85%. Hay Chon

Dung Lirong Bé Binh ACCU Chi diing trong hé Ihéng PV van han doc 1ap trén.

Sinh vién tham khao bai giai trong tai liéu.
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Tinh toan dung lwong acquy

From Appendix E the following monthly insolation data are found for Salt
Lake City:

Tilt Jan Feb Mar Apr May Jun July Aug Sept Oct Nov Dec Year
Lat—15 29 40 50 59 66 72 73 70 63 50 33 25 52
Lat 32 43 52 58 62 66 67 67 64 54 37 29 53
Lat+15 34 44 5.1 54 55 56 58 6.1 6.1 55 39 31 350
Nang lugng tai tao 180

Tinh toan dung lwong acquy

L (B TE] 24v

Lylalalle) ™

< dl> o[ s

;:3: 6V, 225 Ah ea.
-

Figure 9.47 The 24-V, 900-Ah battery bank for the cabin in Example 9.18.
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Diode chéng ngwo'c

Ah/d to Ah/d to
battery load Blocking
. diode

L/

—
@ ¥ N
L:gd
W —_
. L J
(a)

Figure 9.48 Simplest PV—battery system (a). Adding a blocking diode to prevent losses
from the battery through the PV at night (b).
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Diode chong ngwoc

. V,
Ip = I+ Ig, = In(e™*" — 1) + ==
R,
- /g
] M 7
Vy A 4 Rp — n-cells

(b)

Figure 949 Nighttime leakage from a battery back through a PV module with » cells.
(a) Equivalent circuit of one PV cell. (b) A simplified equivalent circuit at night for one
cell having Vg /n volts from the battery across it.
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Diode chéng ngwo'c

Vi Du 9.19: Ditng DIODE Chét trong Hé Théng PV - Binh ACCU Chi
Hé théng PV ghép tir 36 té bao quang, vdi dong nguge bao hoa Ip = 107'°A. Dién trd song
song Rp = 8Q. Hé thong PV cap 5A trong 6 gid moi ngiy, dwge noi truc tiep véi binh
(khong dung diode chdt) véi dp binh 12.5V.
a. Tim dung lwvgng Ah binh cung cflp trong 15 gio moi dém?
b. Bao nhiéu dién ning that thodt do hién twong dong binh Ig nap ngwoc ve
mo6 dun PV?

¢. Néu ding diode chét, xdc dinh tiéu hao trén diode khi hé théng PV nap

binh vao ban ngay?

I, = [0(@38'9‘/‘[ . 1)
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Tinh toan lap ghép dan pin mat tri

Battery current /g
/ Maximum
— '/ Power Point

Rated current /5

"1-sun"
PV I-V Curve

A

Current

Battery /-V Curve

Voltage Vg Vg

Figure 9.50 Estimating battery charging at I-sun to be the rated current of the PVs is a
lairly conservative assumption.
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Tinh toan lap ghép dan pin mat troi

Ah to load = [ x Peak sun hours x Coulomb efficiency x De-rating factor
Vi Du 9.20: Thiét Ké Hé Thong PV nap Binh van hanh Péc Lap Cho Van Phong
Lam Viéc
Phong Lam Viéc da khao sat & VD 9.18 tiéu thu 3000Wh/ngay nhan dién ac tir bo nghich
Iru ¢6 hiéu suat 85%. Biét rang dp hé thong la 24Vde, hiéu suat Coulomb 90% va hé sb
dy trir 0.9. Panel PV chon loai Kyocera KC120.

From Appendix E the following monthly insolation data are found for Salt
Lake City:

Tilt Jan Feb Mar Apr May Jun July Aug Sept Oct Nov Dec Year
Lat—15 29 4.0 50 59 66 72 73 70 63 50 33 25 52
Lat 32 43 52 58 62 66 67 67 64 54 37 29 53
Lat+ 15 34 44 5.1 54 55 56 58 61 6.1 55 39 31 50
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TABLE 8.3 Examples of PV Module Performance Data Under Standard Test
Conditions (I kW/m?, AM 1.5, 25°C Cell Temperature)

" Manufacturer Kyocera Sharp BP Uni-Solar Shell
Model KC-120-1 NE-QSE2U 21508 UsS-64 ST40
Material Multicrystal  Polycrystal  Monocrystal  Triple junction a-Si CIS-thin film
Number of cells n 36 72 72 42
Rated Power Ppe ste 120 165 150 64 40

(W)
Voltage at max 16.9 34.6 34 16.5 16.6
power (V)
Current at rated 7.1 4.77 445 3.88 2.41
power (A)
Open-circuit voltage 215 43.1 428 23.8 233
Voc (V)
Short-circuit current 745 546 475 4.80 2.68
Isc (A)
Length (mm/in.) 1425/56.1  1575/62.05  1587/62.5 1366/53.78 1293/50.9
Width (mm/in.) 652/25.7 826/32.44 790/31.1 741/29.18 329/12.9
Depth (mm/in.) 52/20 46/1.81 50/1.97 31.8/1.25 54/2.1
Weight (kg/lb) 11.9/26.3 17/37.5 15.4/34 9.2/20.2 14.8/32.6
Module efficiency 12.9% 12.7% 12.0% 60.3% 9.4%
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Tinh toan lap ghép dan pin mat troi

158 Ah/d - 142 Ahvd
+
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Figure 9.51 Design for the cabin in Salt Lake City (additional fuses, breakers, and
diodes not shown). Energy values are for the design month, December.
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Tinh toan lap ghép dan pin mat tri

6000

Demand 3000 Wh/d

Energy delivered (Wh/d)
no [93) B (42
o o (=] o
(=] o o (=]
S © o ©
1 1 L L
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Jan Feb Mar Apr May Jun Jly Aug Sep Oct Nov Dec
Figure 9.52 A PV -battery system sized to cover the worst month delivers much more
energy than is needed during the rest of the year. Data are for the system designed in
Example 9.20.
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Hé nguon dién mat trevi lai

Design mo. solar fraction = 0.625 x Annual solar fraction

(Annual < 0.80)  (9.36)

Design mo. solar fraction = 0.50 4 28(Annual solar fraction — 0.80)*°

Nang lugng tai tao
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Figure 9.53 The fraction of the annual load supplied by solar as a function of the percent
of the load covered in the worst month of the year. Derived for Salt Lake City.
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Hé nguon dién mat troi lai

Hé théng PV lai:
_ Giam dung lwgng acquy nh& c6 may phat.

_ Dong cap cho tai va dong nap acquy tir, may phat < C/5.
__Han ché so6 lan khéi déng may phat.

TABLE 9.16

Characteristics of Generators for Hybrid PV Systems

Size Maintenance Intervals (hours)
Range Cost
Type (kW) Applications ($/W) Oil Change  Tune-up  Engine Rebuild
Gasoline 1-20  Cabin Light $0.50 25 300 2000-5000
(3600 rpm) use
Gasoline 5-20 Residence $0.75 50 200 2000-5000
(1800 rpm) Heavy use
Diesel 3-100 Industrial $1.00 125-750  500-1500 6000
Source: Sandia National Laboratories (1995).
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Tom tat hé dién mat trovi doc 1ap

Sinh vién tham khao tai liéu.
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Hé dién mat tr&i hoa lwéi
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Figure 9.20 Principal components in a grid-connected PV system using a single inverter.

N&ng lugng tai tao 193




Hé dién mat troi hoa luvéi

" PR 24V Utility grid
module module BEFH — - module
de de de Meter
Inverter Inverter Inverter u
120-V ac 120-V ac 120-V ac
Hot - black 120-V ac
Di t
Neutral -white sconnee T

House Loads

Figure 9.21 AC modules each have their own inverters mounted on the backside of the
collector, allowing simple system expansion at any time.
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Hé dién mat trei hoa lwéi

+ - + -
Combiner

+ -
‘ Inverter ‘ ‘ Inverter I ‘ Inverter | 3-phase
I I I Inverter
' R
To Grid Pa bp e
(a) (b)

Figure 9.22 Large grid-connected systems may use an individual inverter for each string
(a) or may incorporate a large, central inverter system to provide three-phase power (b).
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Figure 9.23 During the day. excess power [rom the array is sold to the utility: at night,
the deficit is purchased from the utility.
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Cdng suat dinh mirc DC & AC

P,. = P,. stc x (Conversion Efficiency)

v
[ t °
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Iy I Iy +1s
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5 5
(@] O 0
30 42 0 30 36 42
Voltage (V) Voltage (V) Voltage (V)

Figure 9.24 Illustrating the loss due to mismatched modules. Each module is rated at
180 W, but the parallel combination yields only 330 W at the maximum power point.
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Cdng suat dinh mirc DC & AC
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Figure 9.25 The efficiency of an inverter depends on the fraction of its rated power at
which it operates.
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Cdng suat dinh mirc DC & AC

ViDu 9.3: Panh gia cong suat dinh mire P, prc) cia Mang (Array) PV

Khao sdt mang (Array) PV 1kW trong qui trinh thit nghiém theo chuan, Thong sé6 NOCT
(nominal operating cell temperature) xdc dinh dugc 14 470C (xem thém & Phin 8.6). Cong suat
dinh mitc MPP ngo ra suy giam 0.5%/oC khi nhiét do lam vi¢c cua té bao quang cao hon
gid tri chuan 250C.

Hay xdc dinh cong suit ac dinh mirc Poprc) clia Mang (Array) PV, biét hé Ihéng suy
giam 3% do ghép n6i mé dun khong khép, suy giam 4% do bui bim va hiéu suit ciia bd

nghich leu dat 90%.
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Tinh toan theo s6 gi® nang dinh

kWh/m? >
Energy (kWh/day) = Insolation % A (m7) -7

ay

| kKW 5
P (kW) = 2 - A (M) - N1—sun

Energy (kWh/day) = P,.(kW) -

Insolation (kWh/m?/day) ( 7 )
| KW/m® '

M1—sun

Energy (kWh/day) = P,.(kW) - (h/day of “peak sun™)
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Tinh toan theo so6 gi® nang dinh

Vi Du 9.4: Xic dinh Dién Ning Cung cip trong Niam dung s6 Gio Roi Pinh
Tinh todn Pién Nang Cung cip trong Nam ctia mot md dun PV 1kW (de.STC) ding &
VD 9.3 dit & dia diém Madison (USA). Gia st m6 dun PV hudng nam véi gée nghiéng

15° (= L-15). Diing chuan cong suét ac, PTC.

Madison, WI Latitude 43.13°N
Tilt Jan Feb Mar Apr May Jun July Aug Sept Oct Nov Dec | Year
Lat — 15 30 39 45 5.1 58 62 62 57 48 38 25 23 45
Lat 34 43 47 50 55 57 58 55 48 40 28 26| 45
Lat + 15 36 44 4o 46 48 49 50 50 46 40 29 28| 43
90 35 40 37 32 29 28 29 32 34 33 26 21 32
I-Axis (La) | 39 50 58 64 73 18 77 71 60 48 32 3.0 5.7
Temp. (°C) | —40 —=1.1 53 137 205 257 280 264 219 155 67 -—12] 131
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Tinh toan theo s6 gi® nang dinh

Vi Du 9.5: Hiéu Chinh Théng S6 Tinh Toin Pac do Tic Péng ciia Nhiét D§ Mai

Trwong

Tinh todn dién niang mot mé dun PV 1kW (dc,STC) diing & VD 9.3 ¢6 thé cung cap vio

thang

giéng ¢ dia diém Madison (USA). Gia sit md dun PV huéng nam véi géc nghiéng

= L-15 va ding nhiét do trung binh maximum trong ngay thay vi 20°C theo chuan PTC.

Gid tri NOCT (nominal operating cell temperature) tinh dugc [a 470C.

TABLE 9.2 Estimated Energy Delivered by a 1-KW (d¢, STC) PV Array in
Madison, WI, Using Average Maximum Monthly Temperatures to Compute
Performance Degradation’

Madison, WI, South L-15

dc Power I kW at STC

Temp. coef. 0.5%°C

Mismatch 0.03

Dirt 0.04

Inverter 0.90

NOCT 47°C
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Cell Array dc Array ac
Insolation Avg Max Temp. Power Power Energy
Month (KWh/m?2-day) Temp. (°C) (°C) (kW) (kW) (kWh/mo)
Jan 3.0 —-4.0 29.8 0.98 0.82 76
Feb 39 —1.1 32.7 0.96 0.81 88
Mar 4.5 5.3 39.1 0.93 0.78 109
Apr 5.1 13.7 47.5 0.89 0.74 114
May 58 20.5 54.3 0.85 0.72 129
Jun 6.2 25.7 59.5 0.83 0.69 129
July 6.2 28.0 61.8 0.82 0.68 131
Aug 57 26.4 60.2 0.82 0.69 122
Sept 4.8 21.9 55.7 0.85 0.71 102
Oct 3.8 15.5 49.3 0.88 0.74 87
Nov 2.5 6.7 40.5 0.92 0.77 58
Dec 2.3 —-1.2 32.6 0.96 0.81 57
Avg: 4.5 13.2 kWh/yr = 1202
Inverter, mismatch, and dirt losses from Example 9.3 are included.
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Tinh toan theo s6 gi® nang dinh

TABLE 9.3 Annual Energy Production in Various Cities per kW (de¢, STC) of
Installed PV Capacity”

South Facing, L-15 Fixed 1-Axis, Polar Mount

Average  Insolation Insolation Ratio

High Temp. (kWh/ Annual (kWh/ Annual  l-axis/

Location (°C) m?-d)  kKWh/kW m2-d) kWh/kW  Fixed
Seattle, WA 153 3.8 1006 4.7 1247 1.24
New York. NY 16.8 4.5 1195 5.6 1479 1.24
Madison, WI 13.2 4.5 1202 5.7 1519 1.26
Boston, MA 15.0 4.5 1209 5.7 1529 1.26
Atlanta, GA 21.8 5.0 1294 6.4 1639 1.27
Honolulu, HI 20.1 5.5 1373 74 1834 1.34
Boulder, CO 17.9 5.3 1404 7.2 1885 1.34
Los Angeles, CA 21.3 5.5 1420 7.0 1808 1.27
El Paso, TX 253 6.3 1583 8.6 2159 1.36
Albuquerque, NM 21.2 6.3 1618 8.5 2199 1.36

@ Assumed inverter efficiency 90%. mismatching loss 3%, dirt loss 4%
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Figure 9.26  Monthly energy production for four cities in KkWh per kW (dc, STC) for
fixed south-facing, L-15 tilt. Assumed inverter efficiency 90%. mismatch loss 3%. dirt
loss 4%. Includes local temperature impacts.

N&ng lugng tai tao 205

103



Tinh toan theo s6 gi® nang dinh
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Figure 9.27 Comparing energy delivered from fixed L-15 tilt with single-axis polar
tracking.
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ry =

Hé so6 str dung CF cho hé PV noi lwéi

Energy (kWh/yr) = P,.(kW) - CF - 8760(h/yr)

(h/day of *“peak sun™)
24 h/day

Capacity factor (CF) =
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Tinh toan céng suat cho hé PV noi lwéi

CAPACITY FACTOR

Nang lugng tai tao
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AC photovoltaic capacity factors for a number of U.S. cities.
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Tinh toan céng suat cho hé PV noi lwéi

Vi Du 9.6: Chon Céng Suat Hé Thong PV, Truong Hop Piu Tién
Toa nha chung cu ¢6 cong suat tai 3600kWh/nam rat thuan tién dé ge‘in h¢ théng PV trén

néc tda nha, Hoi can ding bao nhiéu kW (de, STC) panel PV 1a hop 1y, kém theo cdc yéu

cau tién quyet ra sao? Biet vi do toa lac cua toa nha la 37°

Fresno, CA Latitude 36.77°N

Tilt Jan Feb Mar Apr May Jun July Aug Sept Oct Nov Dec | Year
Lat — 15 28 4.1 55 68 76 78 79 75 68 55 36 25 5.7
Lat 3.1 44 57 67 11 72 73 73 69 6.0 41 28 5.7
Lat + 15 32 45 56 62 63 6l 63 66 67 ol 42 3.0 5.4
90 2.8 37 40 36 30 26 27 35 44 48 37 2.6 34
1-Axis (Lat) 34 52 72 89 101 105 108 103 9.2 74 47 31 7.6
Temp. (°C) 123 165 192 239 29.0 337 370 359 323 265 182 121 | 247
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Tinh toan céng suat cho hé PV ndi lw&i

Vi Du 9.7: Chon Céng Suit Hé Théng PV, Trwing Hop Panel PV Loai Bam Theo

Dung cdc Hinh 9.29 va 9.30 dé danh gid cong suat panel PV va di¢n tich tAm panel PV

can dung?
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Figure 9.29 Annual energy delivered by a 1 kW(dc, STC) PV array, with dc to ac
conversion efficiency as a parameter.
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Tinh toan céng suat cho hé PV ndi lw&i
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Figure 9.30  Area required to deliver 1000 kWh/yr with module efficiency as a param-
eter. Assumes a conversion efficiency from dc to ac of 75%.
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Tinh toan céng suat cho hé PV noi lwéi
TABLE 9.4 Important Characteristics of Several High-Power PV Modules
Sharp Kyocera Shell Uni-Solar
Module: NE-K125U02  KCI138G SP150 SSR256
Material: Poly Crystal ~ Multicrystal Monocrystal  Triple junction a-Si
Rated power Py. s7¢: 125 W 158 W 150 W 256 W
Voltage at max power: 26.0 V 232V 34V 60.0 V
Current at max power: 4.80 A 6.82 A 440 A 3.9
Open-circuit voltage Voc: 323V 280 V 434 V 95.2
Short-circuit current Ige: 546 A 7.58 A 4.8 A 4.8
Length: 1.190 m 1.290 m 1.619 m 11.124 m
Width: 0.792 m 0.990 m 0.814 m 0.420 m
Efficiency: 13.3% 12.4% 11.4% 5.5%
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Tinh toan céng suat cho hé PV ndi lw&i

TABLE 9.5 Example Inverter Characteristics for Grid-Connected Systems

Manufacturer:

Xantrex Xantrex Xantrex Sunny Boy  Sunny Boy

Model:

AC power:

AC voltage:

PV voltage range
MPPT:

STXRI500  STXR2500 PV 10 SB2000 SB2500
1500 W 2500 W 10,000 W 2000 W 2500 W
211-264 V. 211-264 V208 V,3d 198-251 V 198-251 V
44-85 V 44-85 V. 330-600 V. 125-500 V. 250-550 V

Max input voltage: 120 V 120 V 600 V 500 V 600 V
Max input current: — — 319 A 10 A 11 A
Maximum efficiency: 92% 94% 95% 96% 94%
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Figure 9.31 The Ve multiplier for crystalline silicon assuming cells are at ambient

femperature.
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Tinh toan céng suat cho hé PV ndi lw&i

Vi Du 9.8: Lwa Chon Cong Suat Hé Thong PV, Truong Hop Thir Hai

Hay tinh dién tich mdi nha cn c6 dé Iap dat 15 mé dun PV kiéu c6 dinh da thiét ké?

Pidnh gid nang lwong dién hang ndm ma hé thong PV trén cap dwgce cho lwdi?

Vi Du 9.9: Lwa Chon Théng S6 Dong & Ap Pinh Mic Cho CB (Circuit Breaker)
Bio Vé Hé Thong PV

Vi thiét ké da chon gdm 15 md dun PV chia lam 5 chudi mic song song, mdi chudi
gf")m 3 mo dun PV Kyocera KC158G 158-W mic ndi tiép. hdy chon cdu chi va CB bao vé
phtt hop?
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Figure 9.32 System design for the Fresno house example.
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Tinh toan céng suat cho hé PV néi lwi

TABLE 9.6 Performance Adjustment Factors for
Various Roof Pitches and Directions for 40°
Latitude

Tilt Angle:  Flat 20 30 40 50 90

South: 0.84 097 1.00 1.00 097 061
SE, SW: 0.84 092 093 092 088 0.56
E, W: 0.84 0.80 077 072 067 040
Reference condition is 30° tilt, south facing.
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Tinh toan kinh té cho hé noi lw&i

Hiéu qua kinh té cta hé théng

Vi Du 9.10: Lua Chon Hé Théng PV Néi Lwéi C6 Pinh hay Néi Lwéi Kiéu Bam
Theo (Tracker)

Can trang bi hé thong PV néi ludi ¢6 kha nang cung cap dién nang 4000kWh/nam, véi
cdc gid thanh linh Kién va chi phi l3p dat da ¢6 trong Bang sau, hay chon hé thong PV néi
Iudi phit hop? Cho biét hé théng PV dat hiéu sudt 12% va bé nghich hru (inverter) dat

hiéu sudt chuyén déi 0,75.

Component Cost

PVs $4.20/Wdc
Inverter $1.20/ W
Tracker $400 + $100/m?

Installation, BOS  $3800
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Tinh theo USD/W

$/W $/W
Tracker($/W) = = R - = . :
EPF  (Tracking insolation/Fixed insolation)

TABLE 9.7 Illustrating the Ambiguities Associated
with $/W Cost Indicators®

Parameter Tracker Fixed Tilt
Energy (KkWh/yr) 4000 4000
Insolation (kWh/m?-day) 7.2 5.4
System cost ($) $16.850 $18.412
Picste (W) 2029 2706

Pac (W) 1522 2029
Cost $/Wdc $8.30 $6.80
Cost $/Wac $11.07 $9.07
Cost $/Wdc (EPF) $6.23

Cost $/Wac (EPF) $8.30

4Without an energy production factor (EPF) correction in $/W,
the tracking system incorrectly appears to be more expensive.

N&ng lrgng taitao — (Data are based on Example 9.10.) = 220
Tinh theo USD/W
INSTALLATION + BOS
$1.40/Wdc
MODULES
$4.20/Wdc
INVERTER
$1.20/Wdc
TOTAL $6.80/Wdc
Figure 9.33  Average installed cost for 625 residential PV systems installed between
1994 and 2000. From Chang (2000).
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Tinh gia thanh

A = P -CRF(, n)

o
CRF(.n) = 40
(I +i)"—1

ViDu 9.11: Tinh Gia Thanh Dién PV Néi Lwoi
Khao sit hé théng PV néi luéi cap dién cho can hé (dd néu & VD 9.10) ¢6 kinh phi téng
$16850, thoi han vay 30 nam véi ldi suat nim 6%. Hé thong PV ndi ludi cap duge 4000

kWh/nam. Xdc dinh gid thanh dién nang ctia Hé Thong PV Nbi Lwéi trong nam dau tién?

Nang lugng tai tao
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TABLE 9.8 Federal Income Tax for Married Couples Filing Jointly (2002)

Income Over But Not Over Tax Is of the Amount Over
$0 $45.200 15% $0

45,200 109,250 $6,780 +27.5% 45.200
109.250 166,500 24,394 + 30.5% 109.250
166,500 297,350 41,855 +35.5% 166,500
297.350 — 88,307 +39.1% 297,350

First-year tax benefit =i x P x MTB

N&ng lugng tai tao

223

112



Tinh gia thanh

Vi Du 9.12: Tinh Gia Thanh Dién PV ¢6 xét dén Giam Trir Thué Thu Nhap

Diu tu hé thdng PV ndi luéi cdp dién cho can hé ¢6 kinh phi téng $16850 véi ldi suat
nam 6%. Khoan tra tién vay hang nam 1a $1224 trd trong vong 30 nam. Néu Chi nha
dang hudong mire hoan tra trudc thué 12 30.5% (marginal tax bracket), hdy xdc dinh gid thanh

dién nang cua Hé Thong PV Noi Lwéi trong nam dau tién?
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Figure 9.34  First-year cost of electricity with $/Wdc (STC) as the parameter. Assump-
tions: 6%, 30-yr loan, MTB 0.305, 75% conversion from de¢ (STC) to ac (PTC).
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Tinh gia thanh

Vi Du 9.13: Can Béi Tai Chinh cho Dy An Piu Tw Hé Théng PV Noi Lwoi

Mot Dw An Piu Tw Hé Théng PV Néi Lwéi c6 cong suat 1én ludi 3000Wac, du tril cap
duoc dién nang hang nam 6000kWh/nam cho tba nha dang phai tra tién dién hién tai 1a
$0.12/kWh. Dy kién hé thong c6 gid tron géi la $27,000, duge hudng vu tién giam trir
$4.50/Wac. Xét hoa von vay trong 30 nam voi lai suat nam 1a 6%. Chii nha dang huong

mtc hoan tra trude thué 1a 37%, hiy xdc dinh gid thanh dién nang ciia Hé Thong PV Noéi

Lwéi trong nam dau tién va tinh mtre 1ai rong cé dwgce trong nam dau tién dua vao khai

thac.
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TABLE 9.9

Annual Cash Flow for the PV System of Example 9.13¢

Loan Loan Loan Delta Delta Annual PV cost Utility Savings

Year Balance Payment Interest P tax Cost  ¢/kWh ¢/kWh  $/iyr
0 13,500 981 810 171 300 681 114 12.0 39

1 13,329 981 800 181 296 685 11.4 12.2 50
2 13,148 981 789 192 292 689 11.5 12.5 60
3 12956 981 777 203 288 693 11.6 12.7 71
4 12,753 981 765 216 283 698 11.6 13.0 82
5 12,537 981 752 229 278 702 11.7 13.2 93
6 12,309 981 739 242 273 708 11.8 13.5 103
7 12,067 981 724 257 268 713 11.9 13.8 114
8§ 11810 981 709 272 262 719 12.0 14.1 125
9 11,538 981 692 288 256 725 12.1 14.3 136
10 11,249 981 675 306 250 731 12.2 14.6 147
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TABLE 9.9 Annual Cash Flow for the PV System of Example 9.13¢

Loan Loan Loan Delta Delta Annual PV cost Utility Savings
Year Balance Payment Interest P tax Cost  ¢/kWh ¢/kWh  $/yr
11 10,943 981 657 324 243 738 12.3 14.9 157
12 10,619 981 637 344 236 745 124 15.2 168
13 10,276 981 617 364 228 753 12.5 15.5 179
14 9911 981 595 386 220 761 12.7 15.8 189
15 9,525 981 572 409 211 769 12.8 16.2 200
16 9,116 981 547 434 202 778 13.0 16.5 210
17 8,682 981 521 460 193 788 13.1 16.8 220
18 8,223 981 493 487 183 798 13.3 17.1 230
19 7,735 981 464 517 172 809 135 17.5 240
20 7.218 981 433 548 160 821 13.7 17.8 249
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TABLE 9.9 Annual Cash Flow for the PV System of Example 9.13°

Loan Loan Loan Delta Delta Annual PV cost Ultlity Savings
Year Balance Payment Interest P tax Cost  ¢/kWh ¢/kWh  $/yr
21 6,671 981 400 581 148 833 13.9 18.2 259
22 6,000 981 365 615 135 846 14.1 18.6 268
23 5475 981 328 652 122 859 14.3 18.9 276
24 4,823 981 289 691 107 874 14.6 19.3 284
25 4,131 981 248 733 92 889 14.8 19.7 292
26 3,398 981 204 777 75 905 15.1 20.1 300
27 2,622 981 157 823 58 923 154 20.5 306
28 1,798 981 108 873 40 941 15.7 20.9 313
29 925 981 56 925 21 960 16.0 21.3 318
30 0 0 0 0 0 0 0.0 21.7 1304
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