Sizing of Stand-Alone Photovoltaic Systems

WORKSHEET

Application Sfana’ A/One /I/Dmc. S miles #Dm Z/?S//?‘H Z//IQ

Location 72 //a4assee £/  Latitude 30,3 g
A. Loads
Al Inverter efficiency (decimal) _._l{_
A2 Battery bus voitage Ji_ volts
A3 Inverter ac voltage _ZDL volts
Ad AS A6 A7 A8
Adjustment
Factor Adjusted Energy
Rated 1.0 for dc Wattage Hours Per Per Day
Component Wattage (Al) for ac (A4/A5) Day Used (A6 x A7)
%ﬁ#s SO Mea, /50 7S /3l - 35
/?q&\f" erater LY S 588 s 29¢p
S cesl, en, /25 5 159 P /2.%:3
_Dishwaghe ~ é00 5 206 2 /972
Wagher /S99 P75 1768 Ghesjkstoday /579
Toazter /800 Is /1765 X 47
A9 Total energy demand per day (summation of A8) _?.2.;_{._ watt-hours
A10 Total amp-hour demand per day (A9/A2) _33) amp-hours
All Peak ac power requirement (summation of A4) _2_3_!_{__ watts
A12 Peak dc power requirement (summation of A6) S/S?  waus
B. Battery Sizing Design Temperature __ 25 °¢
B1 Days of storage desired/required ___Z___ days
B2 Allowable depth-of-discharge limit (decimal) _:_L__
B3 Required battery capacity (A10 x B1/B2) 282 amp-hours
B4 Amp-hour capacity of selected battery * _ﬂL_ amp-hours
BS Number of batteries in parallel (B3/B4) __._é;__
B6 Number of batteries in series (A2/battery voltage) R S
B7 Total number of batteries (BS x B6) .~ -
B8 Total battery amp-hour capacity (BS x B4) J_n___;t_ amp-hours
B9 Total battery kilowatt-hour capacity (B8 x A2/1000) re kilowatt-hours
B10 Average daily depth of discharge (.75 x A10/BS8) Y - A

* Use amp-hour capacity al a rate of discharge corresponding !0 the total storage period, Bl.
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Photovoltaic Array Sizing Design Tilt _40° Design Month _Deeember

Total energy demand per day (A9) 7735 waut-hours
Battery round-trip efficiency (0.70 - 0.85) _Q._f«_é_'_

Required array output per day (C1/C2) _& waitt-hours
Selected PV module max power voltage at STC x 0.85 L3l voits
Selected PV module guaranteed power output at STC _92.3 waus
Peak sun hours at design tilt for design month 3,77 hours
Energy output per module per day (C5 x C6) /328 wan-hours
Module energy output at operating temperature. Use derating factor,

DF = 0.80 for hot climates and cnitical applications; DF = 0.90 for

moderate climates and non-critical applications (DF x C7) lﬂ_é_ watt-hours
Number of modules required to meet energy requirements (C3/C8) ___ &S modules
Number of modules required per string (A2/C4) rounded to next

higher integer — & modules
Number of strings in parallel (C9/C10) rounded to next

higher integer 33 strings
Number of modules to be purchased (C10 x C11) _bb  modules
Nominal rated PV module output __97__ watts
Nominal rated array output (C13 x C12) S/02  warus

Balance-of-System (BOS) Requirements

A voltage regulator is recommended unless array output current (at 1000 W/m? condition), less any
continuous load current, is less than 5% of the selected battery bank capacity (at the 8-hour discharge rate).

Wiring should be adequate to ensure that losses are less than 1% of the energy produced.

In low voltage (i.e., less than 50 volts) systems, germanium or Schottky blocking diodes are preferred over
silicon diodes.

Fuses, fuse holders, switches, and other components should be selected to satisfy-both voltage and current
requirements.

All battery series branches should contain fuses.

Fused disconnects are strongly recommended to isolate the battery bank from the rest of the system.
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@ Section 6

Stand-Alone System
Sizing Procedures
APPLICATION : Stand-alone home 5 miles from utility line
LOCATION : Tallahassee, FL LATITUDE : 30.38° North

A. LOADS

(Al): Inverter efficiency (decimal). This quantity is used as a power
adjustment factor when current is changed from dc to ac. The efficiency
of the inverter selected for this application is assumed to be 0.85.

(A2): Battery bus voltage. This is the nominal operating voltage of the
battery. The battery. bus voltage for this application is 24 volts, which
corresponds to the required input voltage for the dc side of the inverter.

(A3): Inverter ac voltage. The output voltage of the inverter selected for this
application is 110 volts.

/ The components (appliances) that the system will power are:

5 lights (30W ea.), combined rated wattage 150, used 2 hrs/day.
Refrigerator, rated wattage 500, used 5 hrs/day.

3 ceiling fans (45W ea.), combined rated wattage 135, used 8 hrs/day.
Dishwasher, rated wattage 600, used 2 hrs/day.

Washer, rated wattage 1500, used 6 hrs/wk or 0.86 hrs/day.

Toaster, rated wattage 1500, used 0.25 hrs/day.

The components are listed under the column heading Component.

(A4): The rated wattage is listed for each component in column (A4).

(A4)

Rated
Component Wattage
5 lights (30W ea.) 150
Refrigerator 500
3 ceiling fans (45W ea.) 135
Dishwasher 600
Washer 1500
Toaster 1500
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(A5): Adjustment factor. The adjustment factor increases wattage to compensate
for wattage loss due to the inefficiency of the inverter. For ac loads the value
(A1) is inserted in column (AS5). For this application the adjustment factor
is 0.85.

(A6): Adjusted wattage. Dividing rated wattage (A4) by the adjustment factor
(A5) adjusts the wattage to compensate for the wattage loss due to inverter
inefficiency. (A4)/(AS).

Adjusted
Component (A4) / (AS) = Wattage (A6)
5 lights (30W ea.) 150 / 0.85 = 176
Refrigerator 500 / 0.85 = 588
3 ceiling fans (45W ea.) 135 / 0.85 = 159
Dishwasher 600 / 0.85 = 706
Washer 1500 / 0.85 = 1765
Toaster 1500 / 0.85 = 1765

(A7): Hours per day used. The number of hours each component is used per
day is listed in column (A7).

(A8) : Energy per day. The amount of energy each component requires per
day is determined by multiplying each component’s adjusted wattage
(A6) by the number of hours it is used per day (A7). (A6) x (AD).

Energy per day

Component (A6) x (A7) = (A8)
5 lights (30W ea.) 176 x 2 = 352
Refrigerator 588 x5 = 2940
3 ceiling fans (45W ea.) 159x8 = 1272
Dishwasher 706 x 2 = 1412
Washer 1765 x086 = 1518
Toaster 1765 x025 = 441

Total = 7935
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(A9): Total energy demand per day. The sum of the quantities in column (AS8)
determines the total energy demand required by the components per day.
For this application the total energy demand per day is 7935 watt-hours.

(A10): Total amp-hour demand per day. The battery storage subsystem is sized
independently of the photovoltaic array. In order to size the battery bank
the total electrical load is converted from watt-hours to amp-hours. Amp-
hours are determined by dividing the total energy demand per day (A9)
by the battery bus voltage (A2). (A9) / (A2).

7935 watt-hours / 24 volts = 331 amp-hours.

(All): Peak ac power requirement. The sum of the rated wattages (A4) for all
components is equal to 4385 watts. Note that this is the maximum con-
tinuous power required and does not include surge requirements.

(A12): Peak dc power requirement. The sum of the adjusted wattages (A6) for
all components is equal to 5159 watts.

B. BATTERY SIZING

DESIGN TEMPERATURE: The location where batteries are stored should be
designed to minimize fluctuations in battery temperature. For this application the
design temperature is assumed to be 25°C.

(B1): Days of storage desired/required. The loss of electricity for the residence -
in this application, although undesirable, would not be catastrophic. Con-
sequently, the battery storage system is designed to provide the neces-
sary electric energy for a period equivalent to 7 days without any sun-
shine. This time period is considered a moderate level of storage for the
southeastern U.S. for non~critical applications.

(B2): Allowabie depth-of-discharge limit (decimal). The maximum fraction of
capacity that can be withdrawn from the battery is specified by the
designer. Note that the battery selected must be capable of this or greater
depth of discharge. For this application the allowable depth of discharge
is 0.8.
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(B3) : Required battery capacity. The required battery capacity is determined
by first multiplying the total amp-hours per day (A10) by the daily allowa-
ble depth of discharge (B1), 331 x 7 = 2317, and then dividing this
number by the allowable depth of discharge limit (B2).
[(A10) x (B1)/ (B2)].

2317 / .8 = 2896 amp-hours.

(B4): Amp-hour capacity of selected battery. Once the required number of
amp-hours has been determined (B3), batteries or battery cells can be
selected using manufacturers’ information. Exide 6E95-11 industrial
grade batteries were selected for this application because of their long
cycle life and rugged construction. Figure 6.2 shows that Exide 6E95-
11’s capacity (over seven days) is 478 amp-hours.

To 1.90 Volts Per Cell

VOLTS 20 DAY 10 DAY 5 DAY 3 DAY 32 F
PER NOMINAL (480 HR) (240 HR) (120 HR) (72 HR) 0 C)

TYPE UNIT | A.H.CAP. | A.H. | AMPS | A.H. | AMPS | A.H. | AMPS | A.H. | AMPS | 500 HR A.H.
6E95-5 12 180 192 | 040 | 192 | 080 | 192 | 1.80 | 192 | 2.67 184
8E95-7 12 270 288 | 060 | 288 | 1.20 | 288 | 240 | 288 | 4.00 276
5E95-9 12 360 383 | 0.80 | 383 | 1.60 | 383 | 3.19 | 383 | 5.32 368
6E95-11 12 450 478 | 1.00 478 ] 1.99 | 478 | 398 | 478 | 6.54 459
6E120-9 12 500 538 | 1.12 | 538 | 224 | 538 | 448 | 538 | 7.47 516
BE120-11 | 12 625 673 | 1.40 | 673 | 280 | 673 | 561 | 673 | 9.35 5846
BE120-13 | 12 750 808 | 1.68 | 808 | 337 | 808 | 673 | 808 [ 11.22 776
BE120-15 | 12 875 942 | 1.96 | 942 | 393 | 942 [ 7.85 | 942 | 13.08 904
3E120-17 8 1000 |1077 | 2.24 | 1077 | 449 | 1077 | 8.98 | 1077 | 14.96 1034
3E120-19 5 1125 [1212 | 253 | 1212 | 505 | 1212 [ 10.10 [ 1212 | 16.83 1163
3E120-21 8 1250 [1346 | 2.80 | 1346 | 561 | 1346 | 11.22 | 1346 | 18.69 1292
3E120-23 5 1375 1481 | 3.09 | 1481 | 6.17 | 1481 | 12.34 | 1481 | 20.57 1422
3E120-25 B 1500 1616 | 3.37 | 1616 | 6.73 | 1616 | 13.47 [ 1616 | 22.44 1551
3E120-27 5 1625 |1750 | 3.65 | 1750 | 7.29 | 1750 | 14.58 | 1750 | 24.31 1680
3E120-29 5 1750 1885 | 3.93 | 1885 | 7.85 | 1885 | 15.71 | 1885 | 26.18 1809

Figure 6.2 Exide battery specifications

(BS): Number of batteries in parallel. The number of batteries or battery cells
needed to provide the required battery subsystem capacity is determined
by dividing the required battery capacity (B3) by the amp-hour capacity
of the selected battery (B4). (B3) / (B4).

2896 amp-hours / 478 amp-hours = 6.
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(B6): Number of batteries in series. The number of batteries needed to provide
the necessary voltage is determined by dividing the battery bus voltage
(A2) by the selected battery or battery cell voltage (taken from manufac-
turer’s information). (A2) / battery voltage.

24 volts / 12 volts = 2.

(B7): Total number of batteries. M.ultiplying the number of batteries in parallel
(BS) by the number of batteries or battery cells in series (B6) determines
the total number of batteries needed. (BS5) x (B6).

6x2=12,

(B8): Total battery amp-hour capacity. The total rated capacity of selected
batteries is determined by multiplying the number of batteries in parallel
(BS) by the amp-hour capacity of the selected battery (B4). (BS) x (B4).

6 x 478 amp-hours = 2868 amp-hours.

(B9): Total battery kilowatt-hour capacity. Based on the selected batteries, the
energy capacity is determined by first multiplying the total amp-hour
capacity (B8) times the battery bus voltage (A2), and then dividing this
number by 1000. [(BS8) x (A2)] / 1000.

[2868 amp-hours x 24 volts] / 1000 = 68.8 kilowatt-hours.

(B10): Average daily depth of discharge. The actual daily depth of discharge to
be expected on the average for the selected battery subsystem is deter-
mined by first multiplying 0.75 by the total amp-hour demand per day
(A10), and then dividing this number by the total battery amp-hour capac-
ity (B8). [0.75 x (A10)] / (BS). '

[0.75 x 331] / 2868 = 0.09.

C. PHOTOVOLTAIC ARRAY SIZING

The size of the photovoltaic array is determined by considering the available
solar insolation, the tilt of the array and the characteristics of the photovoltaic
modules being considered. The array is sized to meet the average daily load
requirements for the month or season of the year with the lowest ratio of daily
insolation to the daily load.
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The available insolation striking a photovoltaic array varies throughout the year
and is a function of the tilt angle of the array. If the load is constant, the designer
must consider the time of year with the minimum amount of sunlight (in the
Northern hemisphere, typically December or January). Knowing the insolation
available (at tilt) and the power output required, the array can be sized using
module specifications supplied by manufacturers.

Using module power output and daily insolation (in peak sun hours), the energy
delivered by a photovoltaic module for an average day can be determined. Then,
knowing the requirements of the load and the capability of a single module, the
array can be sized.

The array is sized to meet the average daily demand for electricity during the
worst insolation month of the year, which is December in Tallahassee. The array
will face south and because the sun is low in the sky during December will be
tilted at an angle of 40° from horizontal in order to maximize the amount of
insolation received during December.

DESIGN MONTH: December
DESIGN TILT : 40° for maximum insolation during the design month.
(C1): Total energy demand per day. (A9). 7935 watt-hours.

(C2): Battery round-trip efficiency. A factor between 0.70 and 0.85 is used to
estimate battery round-trip efficiency. For this application 0.85 is used
because the battery selected is relatively efficient and because a signifi-
cant percentage of the energy is used during daylight hours.

(C3): Required array output per day. The watt-hours required by the load are
adjusted (upwards) because batteries are less than 100% efficient.
Dividing the total energy demand per day (C1) by the battery round-trip
efficiency (C2) determines the required array output per day. (C1) / (C2).

7935 watt-hours / 0.85 = 9335 watt-hours.

(C4): Selected PV module max power voltage at STC x 0.85. Maximum power
voltage is obtained from the manufacturer’s specifications for the
selected photovoltalic module, and this quantity is multiplied by 0.85 to
establish a design operating voitage for each module (not the array).
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ARCO Solar M75 modules are used in this application. According to

figure 6.3, the maximum power voltage at STC for the ARCO Solar M75
is 16.0 volts.

16.0 volts x 0.85 = 13.6 volts.

Power Specifications’ Performance Characteristics
= oM = —
=] Model M7S O
s st o 4 Tt B e —————————ae. GRS m L e,
Power (typecal £ 10%) 47.0 Watts
o 2l = ——— e s s e s r e r T
Curtrent (typical at 'oaa) 294 Amos 1008 Wi 47°C (NOCT)
saczagoas
[ LA Joltage (tyoical at '0ad) (6 0 vous TR—
+ o+ 4 o ; T
Short Circuit Current (typicall 327 amps
ARG Open Circutt Voitage (typicar 199 Jote
> » > 4 4 :
Physical Characteristics
r e dw = Lengtn 48n:1219 mm
e St Wiath 1310/330 mm o et
| S — Deptn 1 41n:36 mm
= Wexgnt 11616/524g
= *Power specthcations are at tandard test conaiions of ";c'; Cunsicue “,oﬁmmm;';"
1000 W/M?2. 25°C cedl temperature and spectrum ot N 0 U HOCT oras G ot Do sy
1.5 ar mass. Temoevatures. $7°C

Figure '.6.3 ARCO Solar M75 module specifications

(C5): Selected PV module guaranteed power output at STC. This number is
also obtained from the manufacturer’s specifications for the selected
module. Figure 6.3 shows that the nominal power output at 1000
watts/m? and 25°C is 47 watts. The guaranteed power output is 90% of
this value, or 42.3 watts.

(C6): Peak sun hours at optimum tilt. This figure is obtained from solar insola-
tion data (shown in figure 6.4) for the design location and array tilt for an
average day during the worst month of the year. Peak sun hours at 40°
tilt for Tallahassee in December equals 3.77 hours.

]] ! Imolason (kWh/ meday)

Ciey Tile ‘ JAN FEB | MAR | APR MAYl JUN[ JUL| \U(jl SEP | OCT NOV DEC Annual
ortzoncal || 2.77] 3.59] 4.67]5.75] 6,11 5.94|5.52]5.29 |4.71 [4.16|3.18 | 2.56 4.52
Tallahassee, FL 15 3.32| 4.07| .98 5.83| 5.97| 5.72| 5.36|5.27 | .90 [4.62 |3.77 | 3.15 4.75
4.2 J ] 22 14,93 678 13293 ] 331 4.78

Latitude 30.38 20 __}1]3.47]|4.2015.04]5.81)5.87)5.60)5.255.22 ;4.93 1 4.T2 2299
25 ]| a.et|e0]s.08]5.76] 5.70) 5.8 512|514 [4.91]6.83 |07 | 346 || ¢.T9
10 3.72] 4.38] 5.09 | 5.67 5.58] 5.26| 4.97 | 5.04 | 4.90 | #.89 | 4.19 | 3.59 6.77
s 3.82) 4.4 5.075.56] 5.39| 5.05| 4.79 | 4.91 | 4.85 |4.92 |4.28 | 3.69 4.73
| w0 1.89| 4.47] 5.02 | 5.41] 5.17] 4.82 .59 4.76 | 4.77 | 4.93 [4.35 [ Q.17 ) || s.66

Figure 6.4 Insolation data for Tallahassee, Florida
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(C7): Energy output per module per day. The amount of energy produced by
the array per day during the worst month is determined by multiplying the

selected photovoltaic power output at STC (CS) by the peak sun hours at
design tilt (C6). (C5) x (C6).

42.3 x 3.77 = 159.5 watt-hours.

(C8) : Module energy output at operating temperature. A derating factor of 0.90
(for moderate climates and non-critical applications) is used in this

application to determine the module energy output at operating

temperature. Multiplying the derating factor (DF) by the energy output per

module (C7) establishes an average energy output from one module.
DF x{C7).

0.90 x 159.5 watt-hours = 143.6 watt-hours.
(C9) : Number of modules required to meet energy requirements. Dividing the
required output per day (C3) by the module energy output at operating
temperature (C8) determines the number of modules required to meet
energy requirements. (C3) / (C8).

9335 watt-hours / 143.6 watt-hours = 65 modules.

(C10): Number of modules required per string. Dividing the battery bus voltage
(A2) by the module design operating voltage (C4), and then rounding this

figure to the next higher integer determines the number of modules
required per string. (A2) / (C4).

24 volts / 13.6 volts = 1.8 (rounded to 2 modules).

(C11): Number of strings in parallel. Dividing the number of modules required to

meet energy requirements (C9) by the number of modules required per
string (C10) and then rounding this figure to the next higher integer
determines the number of strings in parallel. (C9) / (C10).

65 modules / 2 modules = 32.5 (rounded to 33 strings).

(C12): Number of modules to be purchased. Multiplying the number of modules
required per string (C10) by the number of strings in parallel (C11)
determines the number of modules to be purchased. (C10) x (C11).

2 x 33 = 66 modules.

6-10



9 Section 6 .
Stand-alone S, ystem
Sizing Procedures

(C13): Nominal rated PV module output. The rated module output in watts as
stated by the manufacturer. Photovoltaic modules are usually priced in
terms of the rated module output ($/watt). The ARCO Solar M75’s rated
module power is 47 watts.

(C14): Nominal rated array output. Multiplying the number of modules to be
purchased (C12) by the nominal rated module output (C13) determines
the nominal rated array output. This number will be used to determine
the cost of the photovoltaic array.

66 modules x 47 watts = 3102 watts.

6.3 Example 2: Sizing of a Stand-Alone Engine
Generator System

The application for this example is the same as for example | — a residence in
rural Tallahassee, Florida, with the same electrical appliances. Rather than using
a photovoiltaic system, however, this example considers a gasoline-powered
engine generator. To minimize the run-time of the engine and to utilize it effi-
ciently, battery storage is provided. Because the electrical output of the genera-
tor is alternating current, a battery charger is needed to convert the ac signal to
dc to charge the batteries.

Because the appliances use ac power, an inverter is required between them and
the battery subsystem. A smaller battery subsystem than that required in the
stand-alone photovoltaic system can be used because available sunshine is not
a factor for this system. Exide industrial grade batteries are used with different
capacities than those used in example 1.

For this application the average operating efficiency of the inverter is assumed to
be 0.85. The required nominal input voltage for the selected inverter is 24 volts
dc, thus establishing the battery bus voltage at this level.

The following is a copy of the completed sizing worksheet for stand-alone gener-
ator systems. Detailed explanations on the completion of each step follow the
worksheet.



Photovoltaic Water Pumping System Design

WORKSHEET
Design period Lerember Dresign iy . T8
Design location Orlands < FL Latitude 2. 7. S5 N

Insolation Availability

P1 Daily insolation = _Y.2Y  [kWh/(mi-day)]

P2 Usable insolation = P! ii_‘l'_._ x derating factor _Cle_ =
4.03  [xwh/(mi-day)] ‘

P3  Peak sun hours available = P2 = ._6'_0"_’__ (hrs/day)

Pumping Flow Requirements
P4 Daily quantity of water required = _ﬁD_D_ (gal/day)

PS5 Peak flow rate = P4 #2808/ (P3 4.D03 x60)= Lb.S (gal/min)
P6 Pipe inside diameter = — /£ (in) Type _Sif_ﬁ_i,

P7  Peak velocity =P5 _ /6.8 /p6 _ [ _yxa08=_06.73 (fus)

Pumping Head Requirements
Static Head

P8 Suction lift (or Head) * = /5 ___(fy)
P9 Daischarge head = 1S (f)
P10 Presurehead=___ & (PSIG)x231=__&  (fy)
P11 Toral statuc head = P8 _:_Lé-__
+p9_ A4S +pPl0_© =__ /DO (f)
Dyvnamic Head
P12 Velocity head = (P7 _ @273y x00155=_0:7 __ (f)
Fricuor Head Equivalent Equivalen:
Fitung Quantty Length Factor Length
Gp° / - .7 = 2.7 (ft)
£ — . = (fo)
% — = (ft)
X —— = (f)
X = (fu)
Actual pipe length = = (f)
P13 Total equivalent length = /2773 (ft)

“ Enter ¢ negative number for suction head.



M

P14 Friction head =P13 /2.7  /100xlossper 1006 /208 =_22.7 ()
P15 Total dynamic head=P12 8:7 +P1422.7 =_23.¥ (i)
P16 Total system head=P11 700 +p1s_23.9 = %F/)2Y (®)
Pumping Energy Requirements
P17 Hydraulic energy =

pl6 /24  (f)xps _TP00  (4al/day)x0.0031 = LS 3 (Wh/day)
P18 Hydraulic power =

s /6.5  (qal/min)x P16 _L2Y  (fyx0188= T T (waus)
Pump Selection

Flow rate = P5 _._/_4;__:3'_ (gal/min)

Total system head = P16 _ /2% (f)

Select a pump/motor combination capable of meeting flow and head requirements

with high efficiency.

Pump/ motor model Tecuzr) STI-Bro

Efficiency e 4 (%)
P19 Motor voltage = =N g‘._.._,.m {volis)
P20 Electric power = ___-,.fi:_,{‘__- {watts)
PZi Daily electrical energy = P20 _ 720 xP3 _4.03 = I & (wh/day)
Photovoltaic Array Sizing

Selected PV Module __S8/arey SX-/496

Standard tests conditions (STC): 1 kW/m?, 25°C
M1 Module voitage at max power (STC) ___Lg_w {voits)
M2  Module current at max power (STC) ,Q_QJ_ (amps)
M3 Module guaranteed power output at 1 kW/m? (STC) = M1 x M2 __‘/___L_.__.,_ (watts)
M4 Total energy demand = P21 __3_7_@_5(__ (Wh/day)
M5 Impedance mismatch and non-linear effects for direct coupled

systems = (0.7 - 0.9) _..;Q_?;_
Mé Required array output =M4/M35 _i/-?__O_ (Wh/day)
M7 PV module operating voltage = M1 x (0.8 - 0.9) _/L3__ (volts)
M8 Daily energy output per module = M3 x P3 __LZ_Q__ (Wh/day)
M9 Temperature derating factor = (0.80 - 0.90) _Q_..i_a_
M10 Derated module energy output = M8 x M9 _[&&  (Wh/day)
M11 Number of modules to meet daily energy requirements =M6/M10 ______‘2_5___. (modules)
M12 Number of modules per string rounded to the next higher integer

= P19/M7 v (modules)
M13 Number of strings in parallel rounded to the next higher integer

= M11/MI12

7 __ (strings)
9 g‘ W TR .. e,
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6.5 Example 4: Sizing a Photovoltaic Water Pumping System

The foilowing example illustrates a systematc methodology for designing stand-
alone photovoltaic water pumping systems.

The application presented calls for a direct-coupled pumping system capable of
delivering 4000 gallons of water per day in the Orlando, Florida, vicimity. A sub-
mersible pump is 0 be used at a depth of 65 feet below ground level. The water
table level is assumed to be 40 feet below ground level on the average. The
pump is required to lift the water to a height of 60 feet above ground level for
storage, thus 2liminating the need for battery storage. Steel pipe with an inside
diameter of | inch s 10 be used. Figure 6.14 illustrates this pumping example.

W atar requirements =10y :&'

4000 gal/day ! | ! i Tank at
| \‘ | Storage | atmospheric

il tank pressure
|
| ! R =
1 ——— ",T'—' i
f l)f v | Water
s 1 N supply
s ] N 1
ol NS
I X
i ' y
[ ‘ P
N
Ground levei " " NG
: ‘i [ ‘ .
o
.l
Lol
40" ]
N
|
| l
‘Water table level |
; R

l B Il Submersible
ump
N
!

Figure 6.14 Pump system illustration

The following is the completed sizing worksheet used for this applicauon.
Detailed explanations of each step follow the worksheet.
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INSOLATION AVAILABILITY

The location of the application is Orlando, Flonda, which is at 28.53° North lat-
mude. The array is designed to meet the average daily load during the worst lnso-
lation month. For December in Orlando, an average ult of 40° from horizontal is

aqearly cpumum.

Design Period: December Design Tilt: 40°

Design Location: Orlando, FL Lattude: 28.55° North

Pl Daily insolation. The amount of insolation occurring at the design loca-
don (Orfando, FL) during the design period (December) at design ult ( (+07)
s obtained from daily insolation data shown in figure 6.13. The daily
insolation for this application is 424 kWh/(m*-day).

|| 1t i |
iy | i AN | FEB | MAR | «PR;WAY JUN | UL | G

[l tortzoneal ﬂ s 3092 8 39] 3.99] 5,27 | 5.8 | 508 [ 5228 4.
v sniives, B ‘ ‘ .;‘5{4.3‘3 30| 9.05 | 5. olsy.h_s_.a,“- 4

i L | s rs ‘

| et s |- 92| 38| 3,20 [ 5.0 299 [y |50

| ’ .‘!-9.7_.1.3«.39 REIRT 331.5.26 |

| ! . -

{ | 5.7505.3915.85 5. 071 5.07 \__ 06 6.79 K n___‘\u 49 | 4.04 _ 13 H

¢ | .30 | a7] 6,87 | 4.87 035 4,79 |4 77 1458 | 413 P

i | = ! : ‘ ‘ !

| | .82 s)} 561_&_.2\2_4‘;.7&‘&.?6{&.51-_3@ U0 |
!

Figure 6.15 Insolation data

P2 - Usable insolation. Pump/motors directly-coupled [0 4 photovoltaic array

require a minimum current before starting. Because the irradiance on the

photovoltaic array must reach a threshold before the pump starts, some
of the insolation (integrated irradiance) is not usable. Figure 6.16 illus-
trates pump/ motor tum-on and turn-off points and the resulting unusable

insolation.
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Figure 6.16 Photovoitaic pumping start/stop characteristics
[he approximate amount of insolation that is usable per day is deter-
mined by multiplying the daily insolation (P1) by a deratng factor. This
derating factor is an estimated value determined by comparing pump

-urn-on and turn-off points with insolation data for a given photovoltaic
array. For this application a derating factor of 0.95 s used.

Usable insolation = 4.24 x 0.95 = 4.03 kWh/(m?-day).

3. Peak sun hours available. The peak sun hours available are numerncally
squal to the amount of insolation that is usable per day (P2).

(P2) = 4.03 hrs/day.

PUMPING FLOW REQUIREMENTS

P4: Daily quantity of water required. This quantity is determined dy the
sumping system application. For rhis ipplication the amount of water

Laldaad

required per day is 4000 gailons.

1

[@2Y
v
(&%
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PS: Peak fdow rate. The peak velocity at which water is delivered by the
pump, assuming that the daily quanaty of water is pumped with the sun at
peak intensity during the usable peak sun hours, is determined by divid-
ing the daily quanuty of water required (P4) by the usable peak sun hours
(P2, (This measurement is converted from gal/hr t0 gal/min by multiply-
:ng usable sun hours by 60.)

_— 4000 o e fhd o
Peak flow rate = ————— = 10,3 gal/min.
4.08 x 80 -

P6: Pipe inside diameter. The inside diameter of the pipe size used in this
application is 1 inch, and the pipe is made of steel.

P7- Peak velocity. To determine the peak ow velocity of the water moving
through the pipe, the peak flow rate (PS) is divided by the inside pipe
diameter squared. This number is then multiplied by a conversion factor
»f 0.408 to convert to ft/sec.

=y oy :

Daals ralr Sty == v \Q - A i /o
Pesk velocity = 1 ¢ 408 = 6.73 ft/sec.
\ L)

PUMPING HEAD REQUIREMENTS

P8 Suction lift (or head). Sucton lift is the vertical distance (ft) from the sur-
face of the water source to the center of the pump. Figure 6.17 ilustrates
the pump configuration. Because the pump is located 13 feet below
vater level the suction lift is a negauve value. This negative value is

ceferred 10 1s a suction head.

Suction head = 15 ft (or sucton lift = -13 ft).
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Figure 6.17 System sized in exampie

P9: Discharge head. Discharge head is the total vertical distance (ft) from
the center of the pump to the point of free discharge. As illustrated in
figure 6.17 the vertical distance from the center of the pump to the water
table is 15 ft. The vertical distance from the water table to ground level is
40 ft, and the vertical distance from ground level to the storage tank
is 60 ft.

Discharge head = [5ft - 40 ft = 60 ft = 115 ft.

P10: Pressure head. If a final discharge pressure other than atmospheric
pressure Is desired, the pump must be able to supply the 2xtra needed
energy. The pressure head is the equivalent feet of head required (o
overcome these losses. A factor 2.31 is used to convert units of psig to
ft. Since the tank in this application is at atmospheric pressure, the pres-

sure head 1s 0.
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P11 Static Head. The measure of the towl head required 1o lift the water to a
desired level and to store it in a tank at a prescribed pressure is the sum
of the suction lift or head (P3), the discharge head (P9), and the pressure
head (P10).

Static head = -15 ft = 115 1~ 0 ft = 100 ft.
DYNAMIC HEAD
P12: Velocity head. The equivalent head that a pump must supply 10 move a
fluid through pipe at a given Jelocity is determined by squarnng the peak

velocity (P7) and multiplying this number by the factor 0.0155 to convert
1o ft. This number is usually small and can otten be neglected.

[

Velocity head = (6.73)* x 0.0135 = g7 f.

Total equivalent length. [n additon to the energy required to lift and store
the water, energy is also required to overcome losses due to pipe fTcuon.
Friction head is the head required to overcome the energy losses that
secur as a fluid flows through the pipe.

"y
—
Gl

in this application there is one 90° fitting of 1 inch diameter. The equil-
valent length factor of this fitung (obtained from the chart shown in figure

6.18) is 2.7.

/
/

3

Size of Filling, Inctes | %~ | %< 17 1wt 1ha T %3 [ 4~ | 5~ | 8 | & |1
30° &l 13| 20C27) 3.5 43| 55| 65 30| 100/ 140! 15 | 20 25
457 €1 98] 10! 131 1.7] 20| 25| 3.0f 3.3 50| 83] 71! 341 12
Long Sweep Ell THl 14| L7] 23] 27| 28] 42| s2} 70| 3.0 11.00 140
Clese Qeturn Send 16| 50| 80| 33 10.0] 13001501801 2401 110! 370| 90

T 1212 3| 31415 | | | | |

Tes=Sirargnt Aun

=7] 75| 3.0/12.0[14.0[170 20l 270! 31.0] 400

TegSide Iniet or Cutlat 33| 4.5]
Giove Vaive Coen 1701220270 36.0]43.0]550!87.0/3201 1108 | 140.0 ] 160.0 | 220.0 !
12.0]150|18.0/22.0/28.0133.0/420| %80 I 70.0| 33.0] 1100
04| 05| 08| 08/ 1.0 121 14} 171 23| 29| 35| 45

Gats Vatve—ruily Qpen
Chack Valve (Swing)
Checx Vaive (Sonmg)

4 | s |7 3 |11 |13 |8 |20 | 28 ks 19 | 2 | 55

|

2 18 | 8 |12 14 |1y (23 Jz | 43 %8 | | |

|

4

}
Angla Vatve Coen | 8.4

|

|

Figure 6.18 Equivalent aumber of feet of straight pipe
for different fittings
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Multiplying the equivalent length factor for each fitung type DY the quan-

ity of that type determines the equivalent length.
Eguivalent length = 1 x 2.7 = 2.7 ft.
Actual Pipe Length. The actual length of straight pipe used 1n this appli-
caton is 125 ft.
The total equivalent length of pipe for the applicanon is determined by
1dding the equivalent lengths of the fittings to the actual pipe length.
278+ 1258 = 127.7 &

Pl4: Friction Head. The squivalent head required to overcome the loss ot
anergy that occurs as fluid flows through a pipe is determined by dividing
the total equivalent pipe length (P13) by 100 and multiplying this number
by the friction loss per 100 ft. Fricuon loss per 100 ft is dependent on the
type of piping used and, for this applicaton. is obtained by finding peak
flow rate on the chart shown in figure 6.19.

| Friction head = —1 §= 227¢
Friction head = ———=—=——x 7.8 = 22.7 ft.
[00
! G’“i EE ! 5‘ | " | % | 1~ 1%~ | 1 | -
| T | oe | FL | se | FL (s |0FL [da | FL fLde | AL Lhe | FL [ Lo
1] s0| 30| 1as| 186l 30| 28] 1] ; i | j % |
2| 120]1500| 845| 478) 206 | 1211 52| 28| .18 | | | !

3| 1801312001367 |1000| 430 250l 108 77! 33 | | i | | |
e| 240]5430/23.61]17.10 735 | 421] 181 ] 1.30| S8 34| 5] | | \ |
S| 100835013591 | 25801109 | 532) 272 | 193] &3] 51| 22| 24] 0] | |

8 80| | l38.50(15.70 | 3.87| 331 | 2.58] 1.18 ral 30| 23] 4] 1] 04
71«20/ | | 48.70/20.94 | 11 30] s.07 | 3.58] 1.3 33 40| 44l 9] 13| 8 |
3| 480/ | | 52.70126.98 | 1500| 545 | 454] 195 | 1.18] 51| s8] 24| 7] 37 |
31 540 | | | [ 18a0| aca| 555( 243 ) 148] 53| 591 30| 211 33 |
10} 500 | \ ! 2700l 389 | 538 295 1.77] 781 33| 38| 25| 1 |
121 120 | | | 1250114 G2 | 962| 414 | 248 107 | 116 5ol 34f 15 |

16.5 (. 1s| saa| | | | 49.7012137 A470\ 532 | 374) 181 | 17SL TS| sl 2 If .4
gpm /| 20 1200] | I T 5610197 @2 \g5.10/10.73 | 8341 273 | 2941 1281 &71 37 i)

25| 1.500| | | | | 18.60/16.60 | 3.55| 415 | 448| 133| 1101 <8 |

20| 1300l | | | | ! $460/23.48 | 11501 5.35 | 8.25] 259 | 1a2] 38
15| 2.1e0! | | | | 73.40(31.58 [ 18.20) 783 | 3371 3501 243 134 i

% Figure 6.19 Friction loss per 100 ft of steel pipe
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P15: Dynamic head. The measure of pressure required (0 move liquid at a
given velocity and to overcome etfects due tc fnction is determined by
adding the velocity head (P12) to the friction head (P14).

Dynamic head = 0.7 =+ 22.7 = 23.4 ft.

P16: Totl system head. The total system head is the sum of the total stanc
head and total dynamic head. The system head and the flow rate deter-
mine the power requirements for pumping. The total system head is
determined by adding the total stauc head (P 1) to the ol dvnamic

head (P12).

Total svstem head = 100 - 23.4 = approx. 124 ft.

PUMPING ENERGY REQUIREMENTS

P17 Hydraulic energy. The mechanical energy required to deliver a pres-
cribed volume of water at a given head is determined by multiplying the
total system head (P16) by the daily quantity of water required per day
(P4). This figure is mulitiplied by the factor 0.0031 to convert units to
walt-hours per day.

Hydraulic energy = 124 ft x 4000 gal/day x 0.0031 =
1338 watt-hours/ day.

P13 Hvdraulic cower. This fgure is determined by multiplying the peak dow
) ; g : plying f
rate (P3) by the total system head (P16). This quanuty 1s then multupled
by the factor 0.188 to convert units o Waits.

Hydraulic power = 1.65 gal/min x 124 ft x 0.188 = 385 watts.

PUMP SELECTION

The criterion for pump selection for any pumping application is that the pump/
motor combination be capable of meeting flow and head requirements with high
efficiency.

The pump/ motor selected for this application is the Jacuzzi SJ1-D10. At the

prescribed peak low conditions (i.e., total head of 124 ft and a peak tlow raie ot
16.5 gpm), this pump has an efficiency of approximately 44%.
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P19: Motor voltage. The motor voltage is determined by interpolating the
manufacturer’s data in figure 6.20.

Motor voltage = 33 volts (approximately).

341 010 |
175 SECTION 120 !
; CURVE NO: 306,482
JACUZZ! BROS. DIV,

75 zso-\\ /

39— 200—

175~

TOTAL HEAD IN METERS
&
i
_ YOTAL HEAD IN FEET
3
1

25+
20
54 so-

10
54

INPUT WATTS

Q 2 4 3 3 10 12 14 18 '8 20 22 4
US. GALLONS PER MINUTE

3 3 & 3 3 1.a 13 2 .3
LITERS PER SECCOND

<
-
-
¢

Figure 6.20 Efficiency graph for Jacuzzi SJ1 D10 pump
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P20 -

P21;

Electric power. The electric power required to drive the pump motor s
also obtained from figure 6.20. For a peak flow rate of 16.5 gpm at
approximately 55 volts, one can interpolate between the 45V and 50V
curves (using the lower family of curves) to estimate the input waltts.

Electric Power = 920 watts (approximately).

Daily electrical 2nergy. The amount of electrical energy required 0 pro-
vide the daily water requirements at a given head is determuned by
multiplying the electric pump power (P20) times the peak sun hours

1928984

available (P3).

Daily electrical energy = 920 waus x +.03 hrs/day =
3708 watt-hours/day.

PHOTOVOLTAIC ARRAY SIZING

A Solarex photovoltaic module, model SX-146, was selected for this application.

e 5.21 provides the manufacturer’s specifications for the SX-146 module.

i«¥ Charsctens tes

TYPICAL ELECTRICAL CHARACTERISTICS
Nowminal Wiring Coaflgucation

12-volit 6-volt
Juarantesd MUNUMUM peak power  16W +OW
Tvpical peak power (Pp) 48W A18W
Volitzge 1t peak power (Vpp) 18V 9V
Current at peak power (Ipp) 2.67A 5.34A
Current 1t specified voltage 2.73A 5.46A
@ 15V & "3

short-curewt cugrent (isc) 2.9A 5.84
Open-circuit voltage (Voc) 22V 1y =
Temperature coetficient of | 2.7 mA/sC SA mA/°C z
Temperature coefficient of V -88 my/°C -4 mv/°C 2
Approxumate effect of o i 3

(eMmperature on power ~04%/°C  -0.4%/°C
Note: N
These data represent the performance of typical modules
13 measured 3t (heir output termunais, ind do not include
the effect of such addinonal equipment as diodes and -
cabling. The data are based on measurements made 1t Tt p
Standard Test Coaditions (STC), which are: 12—

° [lumination of 1 k%/m2 (1 sun) at spectral distnbuton { 4 1 A D SN S NS B s |

of AM 1.5 (1% umospheres) | ilfmammd 4 8 3 10 12 4 8 X 2 u
! | S Y S S O A S S S |
* Cell temperature of 25°C 1z 3°C or as otherwise indicated N o ! I D D A T R
on curves), Jenes (V)

Figure 6.21 Solarex SX-146 module specifications
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M

M4

Mé:

MT7:

Module voltage at max power (STC). The photovoltaic module voltage 1s
obtained from the manufacturer’s specifications, as in figure 6.21. The
voltage at maximum power for the SX-146 is 18 voits.

Module current at max power (STC). The photovoltaic module current at
maximum power is also obtained from the manufacturer’s specifications.
Current for the SX-146 at maximum power is 2.67 amps.

Module guaranteed power output at | kW m? (STC). Module guaranteed
power output at standard test conditions is obtained from the manufac-
turer’s specifications shown in figure 6.21. The guaranteed power output
for this module, indicated by the manufacturer’s specification data,

is 46 watts.

Total energy demand. The total energy demand that the photovoltaic
array must meet is equal to the daily electrical energy required by the
pump/ motor to provide the daily quantity of water at a given head (P21).

Total energy demand = 3708 watt-hours/day.

[mpedance mismatch and nonlinear effects for direct-coupled systems

(0.7 - 0.9). Because the modules do not operate at the maximum power
point throughout the day, a derating factor is used to adjust the energy
demand. In addition, the pump/motor may not operate at the design effi-
ciency for all irradiance levels. For this application a factor of 0.9 is used.

Required array output. The required array output is the adjusted total
energy demand. To determune the required array output, the total energy
demand (M4) is divided by the derating factor ( MS).

Required array output =
3708 watt-hours/day / 0.9 = 4120 wait-hours/ day.

PV module operating voltage. The module voltage at maximum power
(M1) is multiplied by an adjustment factor (between 0.8 and 0.9) to establish
a module operating voltage that is, on an [-V curve, [0 the left of the max-
imum power voltage. A derating factor of 0.85 is used for this application.

PY module operating voltage = 18 volts x 0.35 = 15.3 volts.
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MO

Mil

M12:

Daily =nergy output per module. The daily energy output per medule at
STC is determined by multiplying the guaranteed module power output at
[kW/m? (M3) dmes the peak sun hours available (P3).

Daily energy output per module =
16 watts x 4.03 hr/day = 185 wart-hours/day.

Temperature derating factor. A temperature derating factor { between
0.30 -0.90) is used to compensate for the difference between actual
sperating conditions and standard test conditions. For this application a
remperature derating factor of 0.90 is used.

Derated module energy output. The derated module energy output is
determined by muitipiying the daily energy output per module (M8) times
the temperature derating factor (M9).

Derated module energy output = 185 watt-hour/day x 0.90
= 166 watt-hours/day.

Number of modules 10 meet daily energy requirements. To determune the
rumber of modules needed to meet the daily energy requirements, the

a8 2n 17

requized array output (M6) is divided by the derated module 2nergy out-
put (M10).

Number of modules to meet daily energy requirements =
4120 wartt-hours/day / 166 watt-hours/day = 25 modules.

Number of modules per string. To determine the aumber of modules
needed for each string, the motor voltage (P19) is divided by the photo-
voltaic module operating voltage (M7). This number is then rounded to
the next higher integer.

Number of modules per string = 35 volts / 15.3 volts = 4 modules.

Number of strings in parallel. The number of strings in parallel required (©
supply the needed energy is determined by dividing the number of
modules needed to meet the daily energy requirements (M11) by the
number of modules per string (M12). This number is rounded to the next

higher integer.

Number of strings in parallel = 25 modules / 4 modules = 7 strings.
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er of modules required. The total number of modules required
‘or this applicaton s determined DY qultiplving the Jumber of modules
oer string (M12) by the qumber of strings i parallel (M13).

.

vii4: Total numb

Total number ot modules required =
modules.

1 modules x 7 strings = I8



