Daily Total Radiation incident on a tilted surface [kWh/m?/day]

Winter
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Solar Insolation Map - January

January 1984-19%3

solar Insolation (K\Wh/m</day)

( =80
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Solar Insolation Map - April

solar Insolation (KWh/me/day)

N =H.0
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Photovoltaic Material and Electrical Characteristics

Photovoltaic (PV): a device that is capable of converting the energy
contained in photons of light into an electrical voltage or current

A photon (short wavelength and high energy) break free electrons from the
atoms in the photovoltaic material.

“The surface of the earth receives 6000 times as much solar energy as
our total energy demand”

PV Cell Efficiency

o
o

3]
4]
|

Multijunction Concentrators

[
o
|

Single crystal Si

/ﬁjﬁ;wstaline Si

%(In, Ga)Se;

10 - _ : : )
Amorphous Si . )
5| i
back contact ‘

0 I I I I I I
1970 1975 1980 1985 1990 1995 2000 2005

)
&
!

no
o
|

Efficiency (%

—
o
|
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PV History

1829: Edmund Becquerel — voltage development on an metal electrode under

illumination

1876: Adams and Day - PV effect on solid — built a cell made of Selenium with 1- 2

% efficiency

1904: Albert Einstein — Theoretical explanation of PV effect

1904: Czochralski (Polish Scientist) developed a method to grow perfect crystals of
silicon >which later in 1940s and 1950s were adopted to make the first generation
of single-crystal silicon PV cells, which continues to dominate the PV industry today

Before 1958: Cost prohibitive

1958: Practical PV, used is space for Vanguard | satellite
1970s: Oil shock spurred the commercial PV development

1980s: High efficiency and low cost PV emerged
6

2002: Worldwide PV production

600MW/year and increasing by 40% per year
Worldwide PV production, 2000-2009

12,0004

I Rest of the world
E 10,000 - China * Tanvan .
= Europe
E 2,000 4 B Japan
'g' Morth Amenica -
E 6,000
—
= 40004
L&
— —
B
2,000 J ]
_ — m N
0 — s e s | | - -

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009
Source: Photovoltaic Technologies for the 21st Century
December 2010

Average Module Manutacturing Cost ($/Wp)

| ~1992

Total PV Manufacturing Capacity (MW/yr)

;, 1993 2002 Data
- 15 PV Manufacturing R&D —
| participants with active |
01994 manufacturing lines in 2002
1995
= Direct module manufacturing
| 1998 cost only (2002 Dollars) |
-&,\»301 998
1997 7711999
200b0 O} 2002
-~ 2003
e C2()04
4 2005
- @ 2006 -
d C 2008
0
2007
0 100 200 300 400 500 600 70@ 5
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PV Semiconductor Physics

For Si PV cells, photons with wavelength above 1.11 um 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 any way — since one photon can excite only one electron.

/// SILICON

Photons with not

Photons with more
enough energy

than enough energy

% Photon energy, hv
] ¥

Photon energy (eV)
A 0 N ©® ©
] ] ] ] ] ]

3 _
Usable energy Lost energy, hv < E,
E,=1.12 2 -
13 o /
o WAL I77777,

T T T | T | T
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
Wavelength (um) 1.11

h — Planck’s constant = 6.626"(-34) [J-s]

v — frequency [Hertz[ 96



Solar Spectrum

Visible 54% O solar spectrum (&AM 1.5-G, 1000 W/m2)

o .
UV 2% visile | IR 44% . converted by crystalline silicon cell

16 |
Unavailable energy, hv > E
30.2%

Energy available, 49.6%

1.2

1100 nm - 1.1 eV = band gap of silicon

0.8 -

v

energy [W/(mZnm)]

Unavailable energy, hv < E,

0.4 [ 20.2%

2400 2400

0.0
400 1200

wavelength [nm]

1600

AM (Air Mass) Ratio
AMO: Sun in space (no atmosphere0
AM1: Sun is directly overhead
AM1.5: Sun is 42 degrees above the horizon (standard condition)
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PV Cell Circuit

Electron flow

Elec:trical contacts

Photons _ ,. g Electrons —i»
S I N _
— e [, m - m
L n-type (___:3-‘
% > Load
p-type f f,
—

Bottom contact +

Equivalent Circuit
Current source driven by sunlight in parallel with a real diode

- [
¢ “\ sV eV
© O
+ +
1 N —L N I # L
/ < _ <
|,\F}x ) /,: Load = Ig¢ A 4 . Load
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Isc: Short Circuit Current
Voc: Open Circuit Voltage

Light

s

V‘<

Dark

Current (A)

4.5

Full sun

4.0

3.0

25

3.5 \

IJSC=4A

Half sun

2.0

1.5

1.0

0.5

lsc=2 A

LT

0.0
0.0

0.1

0.2

0.3

04 0.5 0.6 0.7

Voltage (volts)
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PV Cells, Modules, and Arrays

Individual cell: 0.5V

Module:

36 cells in series
— 12V module

72 cells in series
— 24V module

Parallel — increase
current

Series- increase
voltage

':SC

CURRENT (A)

Cell Module Array
4 cells 36 cells
Adding cells in series
—_—
24V 36cells x06V=216V
0 ‘\ VOLTAGE (V) 216V

0.6 V for each cell
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|-V Curve and Power Output

Maximum Power Point (MPP)
|r: Rated Current
Vg: Rated Voltage

P: pH
< f =
— | » € Current E
= o
_______________________________________________ o
T [N = =
c !
a In Maximum Power Point | E
(MPP) |
P-o i
/ . P=0
/, : !
0 | y

0 VOLTAGE (V) Vg Voc



Maximum Power Point

The biggest possible rectangle — the area is power

Fill Factor (FF): performance measure: ratio of the power at MPP to
the product of V. and I.. (solid_rectangle/dotted_rectangle)

CURRENT (A)

0 10 20
VOLTAGE (V)
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PV Module Performance Examples

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 6d 40
(W)

Voltage at max 16.9 34.6 34 16.5 16.6
power (V)

Current at rated 7.1 4.77 4.45 3.88 2.41
power (A)

Open-circuit voltage 21.5 43.1 42.8 23.8 23.3
Vae (V)

Short-circuit current 7.45 5.46 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.) 652/25.7 826/32.44 790/31.1 741/29.18 329/12.9

Depth (mm/in.) 52/2.0 46/1.81 30/1.97 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% 0.4%
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Insolation and Temperature Effect

Decrease in insolation, decrease in short-circuit current

Increase in cell temperature, substantial decrease in open-circuit voltage,
and slight decrease in short-circuit current

Kyocera 120-W multicrystal-Si module example

IRRADIANCE: AM1.5, 1 kW/m?

30

Voltage (V)

CELL TEMP. 25°C

8.
1000 W/m#
2
g L800 W/m? | =
600 W/m?
4}
| 400 W/m?
)| 1N
200 W/m? \
0 N\
0 10 20 30

Voltage (V)
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Shading Effect and Bypass Diode

Output of a PV module can be reduced

dramatically when even a small portion of it is
shaded.

Even a single cell under shade in a long string

of cells can easily cut output power by more
than half.

External diodes mitigate the impacts of shading
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Physics of Shading

All cells under sun
The same current flows through each cell
Top cell under shade
The current source is reduced to zero for the cell

Now the current from other cells must flow through Rp, which drop the voltage, instead of
adding voltage.

I Vgy
—* 5
952‘ f.’ ’
;=0
nth cell f d é* /
shaded [/ ff;F}'p
Vin_q f-r Vi f-’ h
- n-1 on-1
N — ~ cells O ~ | . cells
U~ . ™~ .

| 0 | 0 106



Impact of Bypass Diode

For a 5 PV modules in series delivering 65V to a battery bank — one
module has 2 shaded cells.

Charging current drops to 2.2A from 3.3A
With a bypass diode, the current is recovered to 3,2 A

3.5 ——
| 1
3.0 + i
1
i ! - Full sun
2.5 Shaded - -
I N, Shaded,
4 - ho bypass - \ - with
—~ a diodes !
= 2.0 ! bypass
m 4 : diodes
o I
% 1.5 - :
© T :
1.0 - -
1
| Battery :
0.5 voltage :
- \‘:
1
U'D 1 | ] | ] | ! 1 | 1 | 1
0 20 40 60 80 100 120

VOLTAGE (V) 107



[=33A T ¢
{ 65V

/
yZa

-\-\\I

f__
- N

[=33A T

t

|

Full sun

52V

39V

26V

13V

oV

Mitigation by Bypass Diode
f:ggiisw

Partial ?
shading ’
il
i § 80V
4 _"\. -
'-\%__ J = ¢+ 60V
\
¢ 40V
[=22A T
s 20V
l oV

Partial shading
no bypass diodes

I=32A%4 t
- 65V
Partial
shading On
ol
il 65.6 V
Off
()L 49.2V
\_Tz “
\ Off
328V
[=32A T Off
16.4V
Off
oV

2
Partial shading
with bypass diodes 108



Partial Cell under Performance — Blocking Diode

In Parallel Combination of strings of cells: Separate the
malfunctioning or shaded string of cells by blocking (or “Isolation™)
diode at the top of each string

f=fg+f3
£
=1+ 1,1 -
i S T
— 4
Jy=0
I I I v I I v
e L CtE]
Wﬁ, == == P iz = N -
78 i g
g amacitgf 7 ”
i 7
, Z .
Z ey e
P ey l L _:I LS l L _5

Without blocking diodes With blocking diodes
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PV System Configurations

Utility connected PV System: Feed/get power directly
from/to the utility grid and PV

de - -fl—cn- —
Power Utility
Conditioning Ll Grid
Unit
PVs * ac

LI]] IIIH - !L‘ ‘

Stand-alone system: Charge batteries (with or without
Generator backup) and serves load

PVs
~, Supply
dc Motor “water
dc - .
Source zzzmzmmzaas 110

SESSSTmEsInTmes
water B o o L
SESRSmTmEETSTREE



Grid-Connected PV System

Combined Inversion system

Series strings

Combiner box

------ ]
f PV I - 1 -
° : I ‘ﬁL;" , \%E Utlmy
| . | meter
toE D aUN T, 4
H Fuse
re ] | Array
: H!  Lightning disconnect
E "4; ; ilige I r 1 Inverter Flicaclitas
E“ H - { | arrestor | _i_/._m_., - V! |
: 48 | | i ‘de| e |
i L A/ ac |
| E et L TV S e
: k] & —-nlv—-—' i - + ¥ House
\Grounded PV frames ___ & _________ e e 4 oads
Separate Small Inversion System gnd ==
] Utility grid
24V o 24V H 24-V B yg
module module module ] )lJ\
dec de dc Meter( -.
Inverter Inverter Inverter /
120-V ac 120-V ac 120-V ac
- » Hot - black * 120-V ac
— * : Disconnect
Neutral -white

House Loads 111



Example Stand-Alone PV System

Generator (optional)

La,

PV Array Control Panel/Charge Controller
---------------- il I
i 01
Q9 OQQ AC
Batteries ) Distribution
: BT T S ' Panel
— :
:
I T S W — E

Inverter/charger
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Operating Point

PV Cell’s I-V Curve
Load’s |-V Curve

The intersection point is the operating point.

L
l—(:—
Vi,
LOAD
P=Vyly
——— =

CURRENT»

y
Operating
point ™

. -V curve
for the load

PV |-V curve

VOLTAGE —»

Changes in Operating Points by the changes in resistance

+ VoA
’—(.

AR

* /

—

m

CURRENT

Vi

/. Resistor

PV a‘;b’ P

/  I-Vecurve MPP
7

.......... o o
-

"

Ta
N,

| I ——
\\
A
E

S Increasing R

N,

VOLTAGE
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Operating Point Change over Insolation

With fixed resistance, the operating point moves down off the MPP
as the Insolation condition changes and the PV is less efficient

Fixed

resistance load
2
1000 WYm ~—

Operating
points L

-

CURRENT

VOLTAGE
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Battery |-V Curve

|deal: Voltage remains constant no matter how much current is
drawn

|-V Curve: Straight up-and-down line

V |
N -
| + |deal Ty
QH y E Battery ¢
\ B, V=Vp —
b o a - |
BATTERY Symbol
VOLTAGE Vg
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Battery |-V Curve

Real Battery

Real battery has internal resistance: V = Vg + R, *I

Charging: Applied voltage must be bigger than Vg
Discharging: Output Voltage is less than Vj.

A R;
L."' _." . ."Il"-. ,-""'. L.n" I."I'.I f
o——\ /\/ V o—— N\ [\
+ v L | Ve e IV, Ve
[ —= —L— -— -
V e VE _—— Vf‘ 1,,-"'5 B J—
o o
g - S |
E charging E '.Ildischargin gl'.l .
E e “'\-\.H— % III e |II .
3 slope = 1—{ 3 II". '-,II slope = - ;r'_,
Ve Vs Vg Ve
discharged charged discharged charged
VOLTAGE— VOLTAGE —
{(a) Charging (b) Discharging
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Charging and Discharing

Charging moves I-V curve toward the right during the
day (from PV) = So current lowers and prevents
overcharging

Discharging moves |-V curve toward left during late
afternoon (from PV)

Discharged Charged

NOON | |

e

36 cells

LATE AFTERNOON

CURRENT (A)

f_.%II_Z}_ cells

VOLTAGE (V) o



Voltage Control

Benefit of operating PV near the knee (MPP) of the |-V Curve
throughout the ever-changing daily conditions

Conversion of DC voltages - Switched mode dc-to-dc converter
{on-off switch to allow current to pass or block}

Boost Converter: Step-up
Buck Converter: Step-Down
Buck-Booster Converter: Combination

Load

I

I

I

I

|

I ~ I

I [ I
: »

; i I

souce [ | | St | L =

| ' :

I I

I I

I I

I I

Buck-boost converter
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Circuit Operational Principle

When the switch is closed, the input voltage V, is applied across the inductor, driving current I,
through the inductor. All of the source current goes through the inductor since the diode blocks
any flow to the rest of the circuit. During this portion of the cycle, energy is being added to the
magnetic field in the inductor as current builds up. If the switch stayed closed, the inductor would
eventually act like a short-circuit and the PVs would deliver short-circuit current at zero volts.

When the switch is opened, current in the inductor continues to flow as the magnetic field begins
to collapse (remember that current through an inductor cannot be changed instantaneously—to
do so would require infinite power). Inductor current now flows through the capacitor, the load,
and the diode. Inductor current charging the capacitor provides a voltage (with a polarity reversal)
across the load that will help keep the load powered after the switch closes again.

If the switch is cycled quickly enough, the current through the inductor doesn’t have a chance to
drop much while the switch is open before the next jolt of current from the source. With a fast
enough switch and a large enough inductor, the circuit can be designed to have nearly constant
inductor current. That’s our first important insight into how this circuit works: Inductor current is
essentially constant.

If the switch is cycled quickly enough, the voltage across the capacitor doesn’t have a chance to
drop much while the switch is closed before the next jolt of current from the inductor charges it
back up again. Capacitors, recall, can’t have their voltage change instantaneously so if the switch
is cycling fast enough and the capacitor is sized large enough, the output voltage across the
capacitor and load is nearly constant. We now have our second insight into this circuit: Output
voltage Vo is essentially constant (and opposite in sign to Vi ).
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Input — Output Voltage by Duty Cycle

The duty cycle of the switch itself controls the relationship between the
input and output voltages of the converter.

The duty cycle D (0 < D < 1) is the fraction of the time that the switch is
closed. This variation in the fraction of time the switch is in one state or the
other is referred to as nulse-width modulation (PWM).

Closed __
(on)
Open
(offy =7

Closed —— ——— ————‘ ————— T-___ _____ J H
Open ——1———— — N S I A R SR -

5.00

4.00

;;U' D = 3.00
_— = - — 2
‘r"r!: | — D £ 2.00

1.00

0.00

o ' 120



CURRENT —=

MPPT and PV |-V with Duty Cycle

FVs

na
-
g’

o
o’

lsc/2

T Viow: Ipy i PN
-/ p)
MPPT _
— - :I+'I.e"'— VPV'.J —Dj.'l
- =Ty 1 =2 K"|
=lpy | |
\ D /
D=1/3
o
Original -V
curve (D =1/2)
e
D=2/3
/
Voc/2 Voc 2 Voe

VOLTAGE —=
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Estimation of PV Performance

“1-sun” of insolation is defined as 1 kW/m?

(EX)5.6 kWh/m2-day = 5.6 h/day of 1-sun = 5.6 h of “peak sun”
P.. =AC power delivered by an array under 1-sun insolation.

Daily kWh delivered = [rated power]*[number of hours of peak sun]

Area Under Curve = Solar Insolation
&

kWh/m? |
, : 20— | 1kwim 2
Energy (kWh/day) = Insolation { ———— |- A (m") - 7 i 1 KW
day S
% Equal areajunder
. . . o ~ the two clfrves
A is the area of the PV array r ; -~
o
— . e a
1 1s the average system efficiency over the day. m
Time of Day Peak Sun Hc:ursﬁmE of Day

pc power from the system |-sun of insolation,

) 1 KW N
Pd (kW) = 3 <A (M=) - N1—sun ~
© m PVUSA test conditions (PTC)
Ni—sun 18 the system efficiency at 1-sun. standard test conditions (STC)

PM{[\W} = P (kW) - [De-AC Conversion Efficiency] P.:‘.!c = Pd(-_STC x (Conversion EI]iCiCI]C}"'}
dc

Piestcy 18 the dc power of the array

Energy (kWh/day) = P,.(kW) - (h/day of “peak sun”)
53% and 70%
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Peak Sun Map

http://www.oynot.com W

|[_Search | Phone: 888-488-6048

/solar-insolation-
map.html
o SunWize

The amount of solar —“"™2€ World Solar insolation Map
energy in hours e s et ek o ekt R
(“‘peak SUN” hOUrS)  EEEEA twwaers s

received each day on

an optimally tilted
surface during the
worst month
(“design month”) of
the year.

Look on the map to find your location and the amount of hours of peak solar insolation. The dotted
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PV Energy Delivery Calculation

Estimate the annual energy delivered by the 1-
KW (dc, STC) array in Madison, WI, which
south-facing, and has a tilt angle equal to its
latitude minus 15-. Assume the dc-to-ac
conversion efficiency at 72%.

Insolation Table for Madison

Madison, WI Latitude 43.13°N
Tilt Jan. Feb Mar Apr May Jun July Aug Sept Oct Nov Dec | Year
Lat — 15 3.0 3.9 45 5.1 5.8 6.2 6.2 5.7 4.8 38 25 2.3 4.5
Lat 3.4 4.3 47 5.0 5.5 5.7 5.8 5.5 4.8 40 28 2.6 4.5
Lat + 15 3.6 44 46 4.6 4.8 4.9 50 50 46 40 29 2.8 43
90 3.5 40 3.7 3.2 2.9 2.8 29 3.2 34 33 26 2.7 3.2
[-Axis (Lat) 3.9 50 5.8 6.4 7.3 7.8 7.7 7.1 6.0 48 32 3.0 5.7
Temp. (°C) |—40 —-1.1 53 137 205 257 280 264 219 155 67 —1.2| 13.




From 72% Conversion efficiency
P..=1.kW*0.72 = 0.72kW

From the Insolation Table, the annual
average insolation is 4.5 kWh/m2-day

Same as 4.5 h “peak sun’/day
Energy Calculation

Energy = 0.72 kW x 4.5 h/day x 365 day/yr = 1183 kWh/yr
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Detailed Monthly Analysis

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

Cell Array dc Array ac
Insolation Avg Max Temp. Power Power Energy

Month  (kWh/m*-day)  Temp. (°C) (°C) (kW) (kW) (KkWh/mo)
Jan 3.0 —-4.0 29.8 0.98 0.82 16
Feb 3.9 —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 5.8 20.5 54.3 0.85 0.72 129
Jun 6.2 257 59.5 0.83 0.69 129
July 6.2 28.0 61.8 0.82 0.68 31
Aug 5.7 264 60.2 0.82 0.69 122
Sept 4.8 219 55.7 0.85 0.71 102
Oct 38 15.5 493 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 37
Avg: 4.5 13.2 kWh/yr = 1202
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SWERA

Solar and Wind Energy Resource Assessment
http://en.openei.org/apps/SWERA/

~ Solar and Wind Energy Resource Assessment
A United Nations Environment Programme facilitated effort.
SWEOI'®  Getting Started Data Sets Analysis Tools About SWERA

| (Solar_J( WM Climate, ] (. Homer J
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Getting data for Insolation and Wind speed

Select Korea

South Korea

Analyze Layer Data in

| OpenCarto |

View Country Profilein |
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Layers of Data

Solar
DNI: Direct

| -
I & -
Normal
H Solar and Wind Renewable =
I rrad I a n Ce E;:;g;nResol:rcc IL;I:::U 2Login | Base Layers
Assessment Exnloration |} ~ Fushu [ sHARE

GHI: Global

[ [ Reference

I I H t | 147 Direct Normal Irradiance
Orlzon a DNIDLR High Resolution
DNI SUNY High Resolution

Irrad ianCe DNI Geollodel High Resolution

North
Korea

South Korea Japan

I L I . I i |ted DNINREL Moderate Resolution
- /| DNINASA Low Resolution
TILT SUNY High Resolution
TILT INPE Moderate Resolution b

DNI INPE High Resolution
FI t Pl t # [_] Global Horizontal Iradiance
TILT GeoModel High Resolution
. T WREL Moderate Resolution
WI n d TILT NASA Low Resolution e s ! \
i & De ! Daeg

DNIINPE Moderate Resolution
(= Latitude Titt Irradiance
Col I eCtO r TILT INPE High Resolution
=i Wind
Wind INPE High Resolution “ 3
I I b h e H ht. Wind Risoe-DTU High Resolution : Gwarg
u Ig - Wind NREL Int'1High Resolution :

Wind NREL U.S. High Resolution Tyungan

50m Wind NREL LS. Offshore High Resoll 1 kayar I
N mag I

Wind INPE Moderate Resolution
Wind NOAA Moderate Resolution L i

Speed |n m/S | Wind NASA Low Resolution Yanchen

& [_] Climate

119.30553, 41.85824
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Getting data for Insolation and Wind speed

125°E 12TE 129
1 Click HOMER SOUIMKOREA | wonth konea r y
Chowen
2 Input: Latitude and Longitude o ““f-.,m =l -
3 Click GET Homer Data “"}'*";n';;ﬁi sjwm = mih ’
Solar and Wind Energy Resource A M'; ?ﬁj‘“w e R
| -"'m(_hqhnmu‘l/_....-'.‘:immm P e oer.

1 e 1 LEast S¢a

FCI]\SI'I.‘:' Pﬂl‘-w v x ’ 2
=
"? '\Kr.lm" Dhm

SWEeI'D® Getting Started Data Sets Analysis Tools About

36°N Funsan :l-' i
B S
(-M?i‘-'" é Dwgu -rk-ynn—;ju
Yelloaw A0 et i 3
li Sed Changlp £ A jglg_,m
1k o Yangga lr (Moo Chiangwon. i
iy mewq.u S \JMF\
3 s
Surighvn Clinhae <
M“’;‘ & ﬂs‘hf‘heo - Kije-do K
* E i
& Canada . g N.mmae do Tongybng 4*"/
. Haenaem ._./
: : »
W ™ €4
SETI-E0C it <87 [LEGEND
= United States 4N <
Atlantic : ) Afghani
Ocean g, yran
Algeria Libya Egypt Pakls, -
Saudi
Mo Arabla
Mall | Niger Sudan
Chad
Venezuela Nigeria Ethicpla
Colombia
i 7 DR Congo henva
m::w bt ~m ‘lnnz.nnlal:}
."\ Latitude Longituds Homer XML {3y Angola
| 5 Namibia
_ | 38 1275 | Get HOMER Data | b S ) meqsacar
| SoETh S
Gouogle | S Ewe Atiantic

[ Solar ][ Wind ][ Climate J[ Homer J

_______________________________________________________________________________________________________________________| |
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Data for Homer

<50 |BF_FEEDLJFCE >

- zdata=

- <monthly>

- «monthly_average_radiation=

=float=
<float=
<float=
<float=
=float=
=float=
<float=
<float=
=float=
=float=
<float=
<float=

</monthly=>

2.83
3.70
4.45
2.42
2.60
4.97
3.93
4.14
4.04
3.48
2.73
2.53

= float=
= float=
= ffloat=
= float=
= float=
= float=
= ffloat=
= ffloat=
< [float=
= float=
= float=
= ffloat=

</monthly_average_radiation>

<scaled_annual_average>
- <values=

<float= 2.98 = /float>

<wind_resource:

- <zdata=

- <monthly>

- «monthly_average_wind_speed=

<float=
<float=
=float=
<float>
<float=
<float=
=float=
=float=
<float=
<float=
=float=
=float=

</monthly>

4.60
4.604
4.43
4.53
3.99
3.23
3.21
3.32
3.37
3.08
4.23
4.59

- «values=

<float> 4.04 < /float=

= fvalues =

- zvalues>

=float> 50 </float=>

Faemlanm

—

= float=
= float=
= float=
= ffloat=
= float=
= float=
= float=
= float=
= float=
= float=
= [float=
= float=

<scaled_annual_average>

=</scaled_annual_average>
<anemometer_height>

</monthly_average_wind_speed=>
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Capacity Factor

Capacitor Factor (CF): Ratio with Rated Power
CF of 0.4 means:

the system delivers full-rated power 40% of the time
and no power at all the rest of the time, or

the system deliver 40% of rated power all of the time.
Energy (kWh/yr) = P,.(kW) - CF - 8760(h/yr)

Energy (kWh/day) = P,.(kW) - (h/day of “peak sun™)

CF for Grid-Connected PV:

(h/day of “peak sun™)
24 h/day

Capacity factor (CF) =
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CFs for a number of U.S. cities

CF: 0.16 — 0.26 for fixed south-facing panel at tilt L-15
CF: 0.20 — 0.36 for single axis polar mount tracker

CAPACITY FACTOR

0.4
7 7
1-Axis Polar ///
0.3 0 : /_ |
Fixed L-15 // 7 A /
A 4
/ 2
w2 YL 0707 il AT
%7
0.1
0.0
= = S S b = T @ @ 3
s = £ ¥ § 3 = & §& E
) = T @ z 5 2 = — L
D = T @ <C L o
pa @ a
3 <

133



Grid-Connect PV System Sizing

Questions

How many kWh/yr are required?

How many peak watts of dc PV power are needed to provide that amount?
How much area will that system require?

What real components are available ?

Example

An energy efficient house in Fresno (Latitude at 22°) is to be
fitted with a rooftop PV array that will annually displace all of the
3600 kWh/yr of electricity that the home uses.

Question: How many kW (dc, STC) of panels will be required
and what area will be needed?
Assumptions:

Roof is south-facing with a moderate tilt angle
Annual insolation for L-15 is 5.7kWh/m2-day
Dc-to-ac conversion efficiency at 75%

Solar system average 1-sun efficiency at 12.5%
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Sizing Solution

Roof is south-facing with a moderate tilt angle
Annual insolation for L-15 is 5.7kWh/m2-day
DC-to-AC conversion efficiency at 75%

Solar Cell efficiency at 12.5%

1. Annual Energy Equation

Energy (kWh/yr) = P,.(kW) - (h/day @1-sun) - 365 days/yr

3600 KWh/yr
2. AC Power P, = ) )1 — 1.73 kKW
5.7 h/day x 365 days/yr
P 1.73 kW ,
3. DC POWGF R!(~~_5'T{_'_~ = — - — — — =23 kW
Conversion efficiency 0.75

4. Area Calculation 2. . 2
Picste = 1 KW/m™ insolation - A (m~) - p

2.3 kW

A= — — 18.4 m* (198 ft*)
1 kW/m~-0.125

135



PV and Inverter Modules

Sharp Shell Uni-Solar
Module: NE-K125U2 KCI158G SP150 SSR256
Material: Poly Crystal  Multicrystal  Monocrystal — Triple junction a-Si
Rated power Py, sre: 125 W 150 W 256 W
Voltage at max power: 26.0 V 34 V 66.0 V
Current at max powers: 480 A 440 A 3.9
Open-circuit voltage Voc: 323V 434 V 95.2
Short-circuit current {gc: 546 A 4.8 A 4.8
Length: 1.190 m 1.619 m 11.124 m
Width: 0.792 m 0.990 m 0814 m 0.420 m
Efficiency: 13.3% 11.4% 5.5%
Manufacturer: Xantrex Xantrex Xantrex Sunny Boy  Sunny Boy
Model: STXRI500  STXR2500 PV 10 SB2000 SB2500
AC power: 1500 W 2500 W 10,000 W 2000 W 2500 W
AC voltage: 211-264 V. 211-264 V208 V.3d 198-251 V 198-251 V
PV voltage range 44-85 V 44-85 V  330-600 V 125-500 V 250-550 V
MPPT:
Max input voltage: 120 V 120 V 600 V 500 V 600 V
Max input current: — 31.9 A 10 A [l A
Maximum efficiency: 92% 95% 96% 94%
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Sizing Solution -- Continued

PV Module selection
Kyocera KC158G 158-W module: 23.2V
Number of modules?

From DC Power = 2300W-> 2300/158=14.6
2-string: 23.2x2=46.4V

3-string: 23.2x3=69.6V --- Pick this. Open
Circuit voltage (28.9x3=86.7V) is still below
120V max of the STXR2500 inverter

3x5 (15 modules)

Inverter Module

Xantrex STXR2500 Inverter:
MPPT Input voltage 44-85V
Max input voltage: 120V

Check if the energy requirement is met
Area = 15 modules x 1.29 m x 0.99 m = 19.1 m? (206 )
FPic ste = 158 W/module x 15 modules = 2370 W

Energy = 2.37 kW x 0.75 x 5.7 h/day x 365 day/yr = 3698 KWh/yr

Kyocera

Module: KCI158G
Material: Multicrystal
Rated power Py, stc: 158 W
Voltage at max power: 232V
Current at max power: 6.82 A
Open-circuit voltage Ve 289 V
Short-circuit current fg¢e: 158 A
Length: 1.290 m
Width: 0.990 m
Efficiency: 12.4%
Manufacturer: Xantrex
Model: STXR2500
AC power: 2500 W
AC voltage: 211-264 V
PV voltage range 44-85 V

MPPT:
Max input voltage: 120 V
Max input current: —
Maximum efficiency: 945




Final Design NEC Article 690

Other requirements
NEC — 600V max voltage limit

Fuse and disconnect switch: withstand 125% of expected dc voltage

Consider potential exceeded solar insolation: give 125%

Combiner fuse rating: (7.58 PV short circuit current)x(1.25)x(1.25) =11.8A

Array disconnect switch rating: 11.8Ax 5 = 59.2A
Inverter fuse rating (125%): 1.25x[2500W/240V]=13A

Combiner
5
- + +  +] + 12-A Array
E I!I I! fuses disconnect Inverter
2500 W
60-A
| . | [ | 1 fuse 240V
il |.i Array
D EI E 2370 Wdc
' 19.1 m?
_ - _ _ L .

Utility
disconnect
15-A

Grid
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Grid-Connected PV System Economics

Estimation of the cost of electricity generated by PV

Amortizing cost of Principal (P $) over a period (n year) with interest
rate of | for Loan payment.

Annual Payment (A $/yr) divided by Annual kWh = $/kWh
CRF (Capital Recovery Factor): CRF(i. n) — (1 +1)"

Annual Loan Payment (A): (140" —1

A= P .CRF(, n)

Example: A PV system costs $16,850 to deliver 4000 kWh/yr. If the
system is paid for with a 6% 30-year loan, what would be the cost of
electricity, ignoring income tax benefit, loan tax deduction, etc?

: Y] 30 -
CREG. n) — i(1 ‘+f) _ Oﬂﬁ(l.ﬂ()) — 0.07265/yr D2 v R prss(Bepen)
(I+iy—1 (1.06)° —1 y A B C| D E | ¥ G
t Pl il n|  CRF| A kwh|COE [Shwh)
A = P CRF(i. n) = $16.850 x 0.07265/yr — $1224/yr | 2__16es0] 0.6] 30] 0.07264s] 1224.13] 4000 0.31
’ ’ 3 16850] 0.0| 30| 0065051 1096 12| 4000 027
4 16850 0.04] 30 005783| 974.44] 4000 0.24
$1224 /vi 5 16850] 0.03| 30] 0051019] 859.67| 4000 021
Cost of electricity = = $0.306/kWh 6 16850 0.02] 30| 0.04465| 752.35] 4000 019
4000 kWh/yr 7 sl oo ] oowra sz ot
3




Stand-Alone PV Systems

When grid is not nearby, electricity becomes more 0.4 1
valuable, and stand-alone power system can provide z: T
enormous benefit, and complete, instead of $0.1/kWr ;.:.'3;

utility power, with $0.5/kWh gasoline or diesel Zo2. —=
generators. ] .
A general stand-alone PV system with back-up 0.1+ —
generator and separate outputs for AC and DC R ——
loads. e
de - m— de
> L1 3 dce p.| Batteries de p| Fuseo
Charge Controller Box
== L) .
—
— O oo A Charger Inverter 1 ac o
PVs !
ac 1 ac todc dctoac ac Fuse
Generator | g Mo - —P» Box
[ |




Design Process for Stand-Alone System

Load study

Know your object and (future) target : P,

Inverter and System Voltage (12, 24, or 48V)

Relevant to PV output voltage
PV Sizing

P, efficiency, Area, V., and I ..
Battery Sizing
Hybrid PV System (Generator Sizing)

System Cost Analysis
COE ($/kWh)
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Load Study

Kitchen Appliances

Refrigerator: ac EnergyStar, 14 cu. ft
Refrigerator: ac EnergyStar, 19 cu. ft
Refrigerator: ac EnergyStar, 22 cu. ft
Refrigerator: dc Sun Frost, 12 cu. i
Freezer: ac 7.5 cu.ft

Freezer: dc Sun Frost, 10 cu. ft
Electric range (small burner)
Electric range (large burner)
Dishwasher: cool dry

Dishwasher: hot dry

Microwave oven

Coffeemaker (brewing)

Coffeemaker (warming)

Toaster

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, 880 Whiday
1250 W
2100 W
700 W
1450 W
750-1100 W
1200 W
6000 W
800-1400 W

TV:100 W  Vacuum Cleaner: 1000 W  Ceiling Fan: 100 W

Computer: 125 W Laptop: 20 W
Window A/C: 1200 W Iron: 1000 W

Clothes Washer: 250 W
Component Stereo: 40 W

Clock Radio: 2 W Electric Blanket: 60 W Microwave: 1000 W
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Example Electricity Demand

A modest household monthly energy demand for a cabin:

19-cu ft refrigerator

6 30W compact fluorescent lamp (5h/day)

19 in TV (3h/day) connected to a satellite

Cordless phone

1000W Microwave (6 min/day)

250W Washing machine (30 min/day)

100W pump for 100ft deep well that supplies 120 gallons/day (1.25 h/day)
Power and Energy Demand (3.11kWh/day)

Appliance Power (W) Hours Watt-hours/day Percentage
Refrigerator, 19 cu. ft 300 1140 37%
Lights (6 @ 30 W) 180 5 900 29%
TV, 19-in., active mode 68 3 204 7%
TV, 19-in., standby mode 5.1 21 107 3%
Satellite, active mode 17 3 51 2%
Satellite, 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 ft, 1.6 gpm 100 1.25 125 4%

Total 3109 100% 143
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System Voltage

System voltage: Inverter dc input voltage = battery bank voltage =
PV array voltage

High voltage:

low current 2 minimize wire loss
More batteries in series

A guideline:

Keep the maximum steady-state current drawn below around 100A -
readily available electrical hardware and wire size can be used

Suggest system voltage

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

BOS (Balance of System): Balance of equipment necessary to integrate PV array

with site load, which includes the array circuit wiring, fusing, disconnects, and
inverter 144



Comparison of Battery Characteristics
SLI: engine Starting, vehicle Lighting, and engine Ignition

Energy
— Cycle Calendar Bt ol )

Max Depth Density i LLiIl: Efficiencies 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% S0 [000-2000 8-10 70 63 1200

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

Lead-Acid: Cheapest, highest efficiency

NiCd: Expensive, longer life cycle, dischargeable 100% without
damage, more forgivable when abused
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Nickel Cadmium Battery

LOW-COST CASE

S'EI.'SI4
Battery capital cost | -:l
Electricity price - ‘:l
Fixed Q&M | |
MID-RANGE CASE - 50.83
Battery capital cost - _:
Electricity price | l:
Fixed Q&M | |i
HIGH-COST CASE | 30.89
Battery capital cost - —
Elactricity price - -:
Fixed Q&M | I
0.44 C.;SE I:ITE I:I.;iﬂ I:I.I?"E- C.:&d C.IQE 1.;IIE. 1.I1E

Cost of Energy ($/kWh)
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Sodium Sulfur Battery

LOW-COST CASE
Batiery capital cost
Electricity price

Fixed O&M

MID-RANGE CASE
Battery capital cost
Electricity price

Fixed Q&M

HIGH-COST CASE
Battery capital cost
Electricity price

Fixed O&M

| $E'.:24
T —
' E—
4 1
| e
: I E{I_;?_E
E—
4 1
I
4 |
| C mm
1 I 50 .IZS
' 1
i |
| —
02 G..I?_E '3..'24 III.;ZE III.;ZE.!I: UTS

Cost of Energy ($/kWh)

032
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Vanadium Redox (Reduction-Oxidation) Battery

LOW-COST CASE $0.27
Electrolyte capital cost | — ]
Cell stack capital cost ] -::I
Electricity price ] _::l
Fixed O&M | .
MID-RANGE CASE ] 028
Electrolyte capital cost | — ]
Cell stack capital cost ] -III
Electricity price ] _::I
Fixed O&M | -:I
HIGH-COST CASE ] 5030
Electrolyte capital cost | —
Cell stack capital cost | _:I
Electricity price ] _IZI
Fixed O&M | -:I

0.29 0.3 0.33 0.35 0.37 0.39 0.41 0.43 0.45
Cost of Energy ($/kWh)

[N
=1

021 023 0.25 0
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Lead-Acid Batteries

1860s: Raymond Gaston Plante first fabricated battery cells with corroded
lead-foil electrodes and a dilute solution of sulfuric acid and water

Chemical reaction in discharge
Positive plate :  PbO, 4+ 4H* 4 SO;™ 4 2¢~ — PbSOy4 + 2H,0

Negative plate : Pb + SO;~ — PbSO, + 2¢~

Compound State Symbols
(s): Solid
(1): liquid
(9): gaseous
(aq): aquaeius - solution

Dilute

Fully Discharged Fully Charged

% of the $30 B global market are for automobile SLI (400 — 600 A for starting,
after that alternator quickly recharges the battery. Not for deep discharge)

2V per cell
Deep Discharge type: thicker plates, greater space around the plates, big and
heavy, can be discharged by 80%

Biggest utility battery bank: 10MW (5000A at 2kV) for 4 hours in to grid

(Chino, CA) 149



Installed Large Scale Battery Energy Storage

Table |. Examples of installed large scale battery energy storage systems.

Name

Crascent Bectric Membership
Cooparatie jnow Energy United)
BESS, Slatesville, NC, USA

Berliner Kraft- und Licht
(BEWAG) Battery System,

Darli -
Rarlin
e, |

Southern Califomia Edison
Chino Battery Storage Project,

CA, USA

Puerto Rico Electric Power
Authority (PREPA) Battery
System, Puarto Rico

PQ2000 installation at
the Brockway Standard
Lithography Plant in
Homerville, Georgia, USA

Metlakatla Power and Light
(MP&L), Alaska, Baftery
System, Alaska, USA

Golden Valley Electric

Association (GVEA) Fairbanks,

Alaska, USA

Application

Frequency Regulation
and Spinning Resarve

Several “demo”
modes including load-
leveling, transmission
line stability, local
VAR controi. black

starn

Frequency control and
spinning resarve

Power Quality,
Uninterruptable
Powar Supply

Voltage regulation
and displacing diesel
generation

VAR Support,
spinning resene,
power system
stabilization

Operational
Dates

1987-May, 2002

1987-1995

1986-1997

11/1994-12A990

1986-2001

1997-present

9/19/2003-prasant

Power

500 kw

8.5 MW in 60
min of fraquency
requlation; 17
MW far 20 min.
of spinning
reserve

Energy:

14 MW

20 MW

2 MW

1MW

27 Mw

Energy

500 KWh

14 MWh

40 MWh

14 MWh

55 kWh

1.4 MWh

14.6 MWh

Battery Type

Lead-acid, flooded | 2,080 Ah @ C/5; 324 cells

call

Lead-acid, floodad
cell

Lead-acid, floodad
cells

Lead-acid, flooded
call

| ead-acid

Valve requlated

lead-acid

Absolyta [IP

Nickelfcadmium

type SBHA20 calls

Cell Size &
Configuration

7,080 cells in 12 parallel
strings of 580 cells each;
Cell size: 1,000 Ah

8,256 cells in & parallel
strings of 1032 calls
each; Cell size: 2,600 Ah

6,000 cells in & parallal
strings of 1000 cells
each; Cell size: 1,600 Ah

2000 Low-Maintenance,
Truck-Starting Batteries,
48 per 250 KW module,
8 modules per2 MW
PQ2000 system

1,134 cells/378 ea.,
100A7S modules in 1
string

4 strings of 3,440 cells

each, for atotal of 13,760
calls

Battery
Manufacturer

GNE Industrial Battery,
now Exida Battery

Hagen QCSM calls

Exide Batteries GL-35 cells

C&D Battery

AC Battery, acquired
by Omnion Power
Engineering in 1997, in
turn acquired by S&C
Electric in 1999

GNEB Industrial Battery,
now Exide Technologies,
and General Elactric

ABB and Saft
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Installed Large Scale Battery - Continued

AEP Sodium Sulfur Substation upgrade 2006-present 1.0 MW 7.2 MWh Sodium/Sulfur 50 KW MAS battery NGK Insulators LTD

Distributed Energy Storage deferral modules, 20 ea (battery)/ S & C Electric

System at Chemical Station, Co. (balance of systam)

M. Charleston, WV, USA

Long Island, New York Bus Load Shifting 2008-present 1.2 MW 6.5 MWh Sodium/Sulfur 20 ea. 50 KW (B0KW NGK Insulators LTD

Terminal Energy Storage peak) NAS battery (batteny)/ABB Inc.

System, NY, USA modules (integration and balance of
system)

Vanadium-Redox Battery Peak Shaving 2000-present 3 MW 800 KWh Vanadium-Redox 50 KW Sumitomo battery | Sumitomo Electric

at the Sumitomo Densetsu Flow Battery modules Industries (SEI) of Osaka,

Office, Osaka, Japan Japan

Pacificorp Castle Vailey, Utah Distribution line March 2004- 250 kKW 2 MWh Vanadium-Redox 50 KW Sumitomo battery | VREB Power Systemns

Vanadium-Redox Battery upgrade deferral, presant Flow Battery modules, 250 KW for 8 {purchased by Prudent

(VRE) System, Utah, USA

Voilage SUuppoit

hours

Energy Co., Beljing, Ghina
in 2009)

]

e s e A

Exterior and interior views of the 2MWh VRB system at Castle Valley, UT.
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NaS Battery Project

Table Il. Na/$ battery projects as of december 2009, (Courtesy of NGK.)

Name of Developer Country Location KW Start of Operation/Status
TEPCO {Tokyo Electric Power Company) Japan Many locations around Tokyo 200,000 As of the end of 2008
{approx.)
HEPCO (Hokkaldou Electric Power Company) Hapan Walkkanai City, Hokkaldo 1,500 Fab. 2008
Other Japanesa Electric Companies Japan Many locations othér than 60,000 As ol the and of 2008
Tokyo area {approx.)
JWD (Japan Wind Development Co., Lid) Japan Rokkasho Village, Aomor 34,000 Aug. 2008
AEP [Ameérican Eleciric Power) LUSA Charleston WV, Bluftton OH, 11,000 4 sites excapt for Presidio: July 2006-Jan. 2008,
Milton WV, Churubusca IN, Presidio: Shipped in Nov. 2009
Prasidio, TX
NYPA (New York Power Authority) LISA Long Island, NY 1,000 April 2008
PGAE (Pacific Gas and Electric Company) USA Hot decidad 6,000 Shipped In 2008
Acel USA Lireme, MN 1,000 Hov. 2008
Younicos Germany Barlin 1,000 July 2000
Enercon Germany Emden, Lower Saomny 800 July 2000
EDF France Reunion Island 1,000 Dec. 2009
ADWEA (Abu Dhabl Water & EIEﬂTrIm}' LAE Abu Dhabi 48,000 Part iy operated
Authaority)
Total 365,300
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Battery Storage Capacity

Energy Storage: Amp-hour (Ah) at a nominal voltage and at a
specified discharge rate

Ah capacity [C] that would drain from 2V {full charge} to 1.75V {full
discharge}

12-V 10-h 200-Ah: delivers 20A for 10 h, then the voltage drops to
6x1.75=10.5 V, considered as fully discharged.

Discharging rate: C/h <delivering current
C/20 rate is standard in PV system
Example of Deep-Cycle Lead-Acid Battery Characteristics

BATTERY Voltage Weight (1bs) Ah @ C/20 Ah @ C/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 12ZCSTIPS 12 272 357 503
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Battery Storage Calculation

Example

Suppose that batteries located at a remote
telecommunications site may drop to —20-C. If they must
provide 2 days of storage for a load that needs 500
Ah/day at 12 V, how many amp-hours of storage should
be specified for the battery bank?

Assume that, to avoid freezing, the maximum depth of
discharge at —20-C is 60%.

Also, assume that the actual capacity of the battery at
—20-C discharged over a 48-h period is about 80% of the
rated capacity.

Solution:

1. Energy need for 2 days: 500x2 = 1000 Ah

2. Battery storage for 2 days with discharge no more than
60% (which means that 60% of the stored energy must
be able to cover the energy need): Battery storage=
1000Ah/0.6 = 1667 Ah

3. Since the actual capacity is only 80%: Battery storage
= 1667 Ah/0.8 = 2083 Ah

-20C

100%

100% 1667 Ah 80%

60% 1000 Ah
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Battery Wiring

Series: Voltages add = Ah remains the same

Parallel: Currents add - Ah adds

24V, 100 Ah 24V, 200 Ah
o
+ G’;IE_:E, + {_ﬂ*) + {3")‘ "
12 V, 200 Ah Gﬂ\:m Ah O O
/] /’| JJFG _—,f’] _. ) - j
12V + 0 + 0O 1oV Cu PRy +C + G
100 Ah (}_\ &\1 00 Ah G-ﬂ 00 Ah o o
= =) - = —\ =) -,

(a) Parallel, Amp-Hrs add (b) Series, Voltages add (c}) Series/Parallel
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Battery Sizing

Statistical nature of weather

No set rules about how best to size battery storage except the cost trade-
off

Battery system of meeting demand 99% of the time may be 3 times higher
than that of meeting 95% of the time.

The number of days of storage to supply a load in the design month [the
month with the worst combination of insolation and load]

Days of “usable battery storage” needed for a stand-alone system
16

14 \\
| N
10 \
- \ 99% Availatjlity
] “"'\/
[ —

—_
3]

Days of Usable Storage
o

4 ] h‘\_
T —
- _‘—"-"—u_._‘_‘_.__
- 95% Availapility [
0 | T T | |
2 3 4 5 6 7 8

Peak Sun Hours 156



Battery Sizing

Nominal rated storage vs. usable storage:
Usable battery capacity
(MDOD)(T, DR)

Nominal (C/20, 25°C) battery capacity =
Variables:

MDOD (maximum depth of discharge): 0.8 for lead-acid;
0.25 for auto SLI

(T,DR): Discharge Rate Factor under a given
Temperature

120

110 4

= 100

Capacity/{Rated Capacity)

_30 —20 0 10 20 25 30 40
Battery Temperature (°C) 157



Battery Sizing Example

A cabin near Salt Lake City, Utah, has an ac demand of 3000
Wh/day in the winter months. A decision has been made to size the
batteries such that a 95% system availability will be provided, and a
back-up generator will be kept in reserve to cover the other 5%.
The batteries will be kept in a ventilated shed whose temperature
may reach as low as —-10-C. The system voltage is to be 24 V, and
an inverter with overall efficiency of 85% will be used.

SOLUTION APPROACH
1. AC load - DC load demand (with 85% inverted efficiency)
2. Battery Capacity (Ah)
3. Usable storage (Ah)

4. Nominal capacity (Ah)
Assumption: 80% deep discharge <MDOD
Assumption: 95% discharge rate < (T,DR)

5. Battery Bank Design
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SOLUTION - details

AC load 3000 Wh/da
DC load = He TV 3529 Whiday
Inverter efficiency 0.85
= eak-sun
3529 Wh/day _ ’

Load = YR, = 147 Ah/day @ 24 V Tilt Jan Feb Nov Dec Year
120 — Lat—15 29 40 33 25 5.2
10 § day discharge == Lat 32 43 37 29 53
o0 — Lat+15 34 44 39 [31] 50

c72
%_.

AN\
RERNN

a &
i i

Capacity/(Rated Capacity) %

Q
%1 g \
=]
50 + @ 10
E = '}"In i il
40 4 5 . \... 99% Availaiility
]
21 ?IS 6 ) N-—-.__
N+— T — T % =l 4.6 NN B
-30 20  [F0] 0 10 20 25 o £ ~—
Battery Temperature (C) : ] /;}“"--.___"‘--_.____
] 95% Availabilty I B
Usable storage = 147 Ah/day x 4.6 day = 676 Ah 0 51 ' '
= - - 2 33 4 5 6 7 8
Peak Sun Hours
: - _ 676 Ah
Nominal (C /20, 25°C) battery capacity = = 871 Ah (at 24 V)

0.80 x 0.97 159



Battery Selection - Example

871 Ah @ 24V

BATTERY Voltage Weight (Ibs) Ah @ C/20 Ah @ C/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 12CS1IPS |12 272 357 503
: — — O
@ e (P o 24V
900 Ah

f;l\? 3\&" O\", ;-;\?

= (e (e

{51\_ H\. C}\ i}\

A (I (] (S 6V, 225 Ah ea.

o |G | a\.

= (I () (2

sl SIS
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Hybrid PV Systems

Supplying load in the worst month (“design month”) is much more
demanding than the rest of the year

Hybrid system option: Most of the load covered by PV and the
remainder supplied by a generator

Key decision: relationship between shrinking the PV system and
Increasing the fraction of the load carried by the generator

Example (Salt Lake City case) of significant reduction in PV size
while covering high fraction of the annual load.
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o i
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= 30 )4
(] 4
2 20 ,,/
< 1014
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Design Month Solar Percentage

PV system designed to deliver only 50% of the load in the design

month will still cover about 80% of the annual load
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Batteries and Generators for Hybrid PV Systems

Battery Storage Bank:

can be smaller since the generator can charge during the poor
weather condition

nominal 3-day storage system is often recommended

Generators: 5 kWh/gallon

Maintenance Intervals (hours)

Size
Range Cost
Type (kW) Applications ($/W) O1l Change  Tune-up  Engine Rebuld
Grasoline | -20  Cabin Light $0.50 25 300 20005000
(3600 rpm) use
Gasoline 5-200 Residence $0.75 50 300 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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Capital Cost Reduction in Hybrid PV

Capital Cost of System ($)
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PV-Powered Water Pumping

Most economically viable PV application

Water pumping in remote areas: raise water from a well or spring
and store it in a tank = irrigation, cattle watering, village water

supply

PV Array directly attached to a DC pump
No battery is required

Simple, low cost, and reliable

DC
PV i

ELECTRICAL SIDE

dc motor

HYDRAULIC SIDE
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Hydraulic System Curves

|_l—
I =
Staric . f 2 Friction Head
Head = l
E = _ - - - -
[yn]
| —
g i
- | Pump = Static Head
\ / > =
iy Discharge, Q (gpm)
(@) (b)

Static Head (“feet of water”)
|-t cube weighing 62.4 1b would exert on its 144 square inches
[ ft of head = 62.4 1b/144 in.* = 0.433 psi
12" . pounds per square inch (psi)
I psi = 2.31 {t of walter.

12"

Typical city water pressure = 60 psi = 140 feet of
water

Friction in the Pipe system (roughness inside the

pipes, # of bends, valves, etc) 165
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Pressure Loss due to Friction

Plastic Pipe
Feet of Water per 100ft of Tube for various tube diameters

0.5m. 0.795in. 1l 1.5 2in.  3in.
1 1.4 0.4 0.1 0.0 0.0 0.0
2 4.8 1.2 0.4 0.0 0.0 0.0
3 10.0 2.5 0.8 0.1 0.0 0.0
4 17.1 4.2 1.3 0.2 0.0 0.0
3 25.8 6.3 1.9 0.2 0.0 0.0
6 36.3 8.8 2.7 0.3 (0.1 0.0
8 63.7 15.2 4.6 0.6 0.2 0.0
10 07.5 26.0 6.9 (0.8 0.3 0.0
15 49.7 14.6 1.7 0.5 0.0
20 86.9 25.1 2.9 0.9 0.1

gpm: Gallons per minute
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Friction Loss in Elbows and Valves

Friction loss expressed as equivalent lengths of tube

Fitting 0.5 in. 0.75 1n. 3 in.
90-degree ell 1.5 2.0 2.7 8.0
45-degree ell 0.8 1.0 1.3 3.8
Long sweep ell 1.0 1.4 1.7 5.2
Close return bend 3.6 5.0 6.0 18.0
Tee—straight run 1.0 2.0 2.0

Tee—side inlet or outlet 3.3 4.5 5.7 17.0
Globe valve, open 17.0 220 27.0 82.0
Gate valve, open 0.4 0.5 0.6 1.7
Check valve, swing 4.0 5.0 7.0 20.0

“Units are feet of pipe for various nominal pipe diameters.

Interpretation: 0.75in 90-dearee elbow adds to the pressure drop of
the same amount as would 2.0ft of straight pipe.

Static Head + Friction Head = Total Dynamic Head (H)



Pumping Head Calculation Example

A pump is required to deliver 4 gpm from a depth of 150 ft. The well
is 80 ft from the storage tank, and the delivery pipe rises another 10
ft. The piping is 3/4-in.diameter plastic, and there are three 90

elbows, one swing-type check valve, and one gate valve in the line.

Q: What is the pumping head?

3/4”
PVC
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Length of pipe = 150+80+10=240 ft
Equivalent pipe length for 3 elbows: 3x2.0=6 ft
Eq. pipe length for check valve: 5.0 ft

Eq. pipe length for the gate valve (open): 0.5 ft
Total Eq. Pipe Length: 240+6+5+0.5=251.5 ft

Pressure drop at 4 gpm per 100ft pipe: 4.2 ft
Therefore, the Friction head = [4.2 x 251.5] /

[100] = 10.5 ft
Static Head = 150+10 = 160 ft

Total Head = 160 + 10.5 = 170.5 ft of water

pressure

Fitting 0.5 in. 0.75 in.
90-deeree ell 1.5 2.0
45-degree ell 0.8 1.0
Long sweep ell 1.0 l.4
Close return bend 3.6 5.0
Tee—straight run 1.0 2.0
Tee—side inlet or outlet 3.3 4.5
Globe valve, open 17.0 22.0
Gate valve, open 0.4 0.5
Check valve, swing 4.0 5.0

ocpm 0.5 1n. 075 in,

I l.4 0.4

2 4.8 1.2

3 10.0 2.5

4 7.1 4.2

5 25.8 6.3

6 36.3 8.8

8 63.7 15.2

10 97.5 26.0

15 49.7 169

20 86.9



Hydraulic Pumps

Different flow rate will results in different pump head

To determine the actual flow for a given pump, we need to know
the characteristics of the pump

2 types of pump for PV-power system
.. " Centrifugal pump

Fast spinning impellers create suction input side of the pump and create pressure on
the delivery side, which throw water out of the pump

Limited by the ability of atmosphere pressure to push up water into the suction side
of the pump — theoretical max is 32 ft.

Positive displacement pump
Helical pumps: rotating shaft to push water up a cavity
Jack pumps: oscillating arm drives shaft up and down (like the classic oil-rig pumper)
Diaphragm pumps: rotating cam opens and closes valves
Most useful in low volume applications

Centrifugal Positive Displacement

High-speed impellers Volumeltric movement

Large flow rates Lower flow rates

Loss of flow with higher heads Flow rate less affected by head

Low irradiance reduces ability to achieve Low irradiance has little effect on head

head
Potential grit abrasion Unaffected by grit 170
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Hydraulic Pump Curve

Graphical relationship between head (H) and flow (Q)

Centrifugal pump

. e
3
£ /

Positive

displacement pump

. Flow rate Q
Observations

Centrifugal pump: Raising the open end of the hose higher and higher
(increasing the head) will result in less and less flow until a point is
reached at which there is no flow at all.

Flapper valve, diaphragm, or rotating screw in a positive displacement
pump holds up the water column mechanically, so their flow rates are
much less affected by increasing head.
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Power delivered by pump

conversion factors...
453.54g=11b
1000 mL =1L

1000 L = 264.17 gal

P=pHQ  pis fluid density

conversion equation...

In American units = 8.35 Ibs/gal

(1.00g/mL) x (11b / 453.54g) x (1000 mL / 1L) x (1000 L / 264.17 gal)

P(watts) = 8.34 Ib/gal x H (ft) x Q(gal/ min) x (I min /60 s)

1.356 W/ (ft-1b/s)

X
P(watts) = 0.1885 x H (ft) x Q(gpm)

\l'( -

Q

A4
DensiTy oF Warer w 6 /cM?®

id
c,hld‘_vgs-c"j $#

10000~ ———
; . ~ _ L | welw \\
In SI units, | P(watts) = 9.81 x H(m) x O(L/s) 09996 Tewar N ke
09996 e
0.9994] <
08992 \\\_
- » 2 5 2 B P M 5

Temperature in °C

172



Total Head (ft)

6\:.
G

Pump curves under different input voltages

Example gpm and pump efficiency
Jacuzzi SJ1C11 DC Centrifugal Pump for PV application
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Combination of Hydraulic System Curve and Pump Curve

Q-H System curve

Well System (Situation)

Q-H pump curve
Pump Capability

Determine the hydraulic

operating point
Observation

Pump will not deliver any
water unless the voltage
applied to the pump is

at least 36V

At 45V, about 5 gpm would

pumped

At 60V, the flow would be

9.5 gpm

Which one is better? Higher Efficiency?

350

ENES
o

300

T 1%

0

250

Total head (ft)

/

|

——
|/

M,

4

10

Flow rate (gpm)

N




PV-Pump Design Process

1. Determine the water production goal (gallons/day) in the design month (highest water need
and lowest insolation)
2. Use the design month insolation ( hours at 1-sun) as the hours of pumping, and find the

pumping rate Q (gpm): Daily demand (gal/day)
Q(gpm) = . -

[nsolation(h/day @1 -sun) x 60 min /h
3. Find the total dynamic head H at Q. Friction head may be assumed to be 5% of the static

head

4. Find a pump capable of delivering the desired head and flow Q. Note the input power and the
nominal voltage. Pump efficiency for suction pumps is 25% and submersible pumps 35%.

Power to fluid  0.1885 x H(ft) x Q(gpm)

_ _ Pump efficiency ]
5. The number of PV modules in series (15V PV module) from the pump voltage

P, (W) to pump =
|-'Il||'?

Pump voltage(V)

Modules 1n series = —
15 V/module

6. The number of PV strings in parallel using pump input power, and PV rated current (IR), and
de-rating factor (for dirt and temperature effect) with 0.80.

Pump input power Py,,(W)

# strings = : : ,
_ # mods in series x 15 V/mod x [g(A) x de-rating
7. Estimate the water pumped.

Q(gal/day) = 15 V/mod x [ (A) x (# mods) x (Peak h/day) x 60 min /h
x de-rating x np/[0.1885 x H (ft)]
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PV-Pump System Design Example

Sizing an Array for a 150-ft Well in Santa Maria, 50 3
California. o fra
Goal: pump at least 1200 gallons per day from the m TS
150-ft well. . I

Directions

200 45 |

Use Jacuzzi SJ1C11 pump

Total head (ft)

Use Siemens SR100 15-V PV modules with rated 150 ]

-‘h""-u.

current 5.9 A I

]

The worst month (December) insolation is 4.9 kWh/m?-day 100 [doi

Question: Size the PV array

—

50
Sol. 1200 gal/day S SmanEN

—

) = - . = 4.1 gpm
1. . 4.9 (h/day @1-sun) x 60 min /h ¢l % 2 4
Flow rate (gpm)

2. @4.1 gpm, the hydraulic curve shows that
about 170 ft of head is needed and at the
operating point the pump efficiency is about 34%

- estimated pump input power
0.1885 x H(ft) x Q(gpm)  0.1885 x 170 x 4.1 386 W

Pump efficiency 0.34 176

Pa(W) =



Example-Solution (continued)

3. At the above operating point, the pump voltage required is a little
under 45V - 3 15-V modules in series

4. Number of Parallel Strings (de-rating at 80%) (5.9A — rated current)

386 W

3 modules string x 15 V/module x 5.9 A x 0.80 n
So 2 parallel strings.

5. Estimated water delivery in December
N IS5V x59 A x 6 modules x 4.9 h/day x 60 min /h x 0.80 x 0.34
- 0.1885 x 170 ft

# strings = 1.8

Q

= 1325 gal/day

+
+

/ Linear

—|| [|— Arréy | current

disconnect booster
— _

- - Surge
+ +
R ] protector
g 22V Storage
SAFTS Y tank

N
— Well
_— _I




Buck Converter as Linear Current Booster

Low sun = not enough torque to pump

Lower voltage and increase current - lower speed pumping, but
pumping anyway
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