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Photovoltaic Array Sizing Design Tilt
Total energy demand per day (A9)

Battery round+rip efficiency (0.70 - 0.85)

Required array output per day (Cl/C2)

Seleaed PV module max power voltage at STC x 0.85

Selected PV module guaranteed power output at STC

Peak sun hours at design tiit for design month

Energy output per module per day (C5 x C6)

Module energy output at operating temperature. Use derating factor,
DF = 0.80 for hot climates and critical applications; DF = 0.90 ior
moderate ciimates and non<riticai applications (DF x C7)

C9 Number of moduies required to meet energy requirements (C3lC8)

C10 Number of modules required per string (A2/C4) rounded to next
higher integer

Cll Number of strings in parallel (C9lC10) rounded to next
higher integer

C12 Number of modules to be purchased (Cl0 x Cl l)
C13 Nominal rated PV module output

Cl4 Nominal ratd array output (C13 x C12)
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tA moduies

97 n^ro
S/O:. watts

D. Balance-of-System (BOS) Requirements

l. A voltage regulator is recommended unless array output current (at 1000 W / mz condition), less any

continuous load current, is less than 5% of the seiected battery bank capacity (at the 8-hour discharge rate).

2. Wiring should be adequate to ensure that losses are less than l7o of the energy produced.

3. In low voltage (i.e., less than 50 vols) sysems, germanium or Schottky blocking diodes are prefened over

silicon diodes.

4. Fues, fuse holders, switches, and other components should be selected to satisfy both voltage and current

requirements.

5. AU battery series branches should contain fuses.

6. Fused disconnects are strongly recommended to isolate the battery bank from the rest of the system.
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(Al): Inverter efficiency (decimal). This quantity is rsed as a power
adjrstmeot factor when current is changed from dc to ac. The efficiency

of the inverter selected for this application is assumed to be 0.E5.

(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.

,f*" components (appliances) that the system wiil power are:

5lights (30W ea.), combined rated wattage 150, used 2hrs/day.
Refrigerator, rated wattage 500, tsed 5 hrs/day.
3 ceiling fans (45W ea.), com-bined rated wattage 135, used 8 hrs/day.

Dishwasher, rated wattage 600, rxed 2hrs/day.
Washer, rated wattage 1500, used 6 hrs/wk or 0.86 hrs/day.
Toaster, rated wanage 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).

APPLICATION: Stand-alone home 5

LOCATION : Tallahassee, FL

A. LOADS

Component

5 lights (30W ea.)

Refrigerator
3 ceiling fans (45W ea.)

Dishwasher
Washer
Toaster

miles from utility line

LATITUDE: 30.38o North

(A4)
Rated

Wattage

150

500
135

600
1500
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 vaiue

(Al) is inserted in column (A5). For this application the adjustment factor

is 0.85.

(46): Adjusted wattage. Dividing rated wattage (A4) by the adjustment factor

(A5) adjusts the wanage to compensate for the wattage los due to inverter

inefficiency. (A4)/(A5).

Adjusted
= Wattage (.46)

:* S*a"" 6
Stand-otutc Systea

Sbins Ptror,edtlacs

176
588
159
706

1765
t765

Component

5 lights (30W ea.)

Refrigerator
3 ceiling fans (45W ea.)

Dishwasher
Washer
Toaster

Component

5 lights (30W ea.)

Refrigerator
3 ceiling fans (45W ea.)

Dishwasher
Washer
Toaster

(A4) / (As)

150 / 0.85
500 / 0.85
135 / 0.85
600 / 0.8s

1500 / 0.85
1500 / 0.85

(A5) x (A7)

176 x2
588x5
159x8
706 x2

1765 x 0.86
1765 x0.25

Total

Energy per day

= (A8)

352
2940
t272
r4t2
1518

441

1935

(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 (A7)'
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(A9): Totai energy demand per day. The sum of the quantities in column (A8)
determines the totai energy demand required by the components per day.

For this application the total energy demand per day is 7935 watt-hours.

(A10): Total amphour demand per day. The battery storage subsystem is sized

independently of the photovoltaic array. In order to size the battery bank
the total electricai load is converted from watt-hours to amphours. Amf
hours are determined by dividing the total energy demand per day (A9)
by the battery bus voltage (A2). (A9) / (M).

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

(At l): 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.

(Al2): 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

desiga temperatwe is assumed to be 25oC.

(Bl): Days of storage desired./required. The loss of electricity for the residence

in this application, although undesirable, would not be catastrophic. Con-

sequently, the banery storage s.vstem 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): Ailowabie depth-ofdischarge limit (decimal). The maximum fraction of
capaciry 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 appiication the ailowabie depth of discharge

is 0.8.
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(B3) : Required battery capasity. The required banery capacity is derermined
by fint multiplying the total amFhours per day (A10) by the daily allowa-
ble depth of discharge (81), 331 x7 = 23t7, and then dividing this
number by the allowable depth of discharge limit (B2).
(A10)x(B1)/(82)1.

2317 / .8 = 2896 amphours.

(B4): Amphour capacity of selected battery. Once the required number of
amphours has been determined (B3), baneries or battery cells can be
selected using manufacturers' informatioa. Exide 6E95-1 1 industrial
grade batteries were selected for this application because of their long
cycle life and rugged construction. Figure 6.2 shows that Exide 6E95-
1l's capacity (over seven days) is 478 amp-hours.

Figure 62 Exide battery specifications

(B5): Number of batteries in parallel. The number of batteries or battery cells
needed to provide the required battery subslntem capaciry is determined
by dividing the required battery capacity (B3) by the amphour capacity
of the selected battery (B4). (83) / (84).

2896 amphours / 478 amphours = 6.

To 1.90 Volts Per Cell

'YPE

VOLTS
PER
uNtl

NOMIXAL
A.H. CAP.

2(' OAY
(4a(' HRI

A.H. I AilPS

1O OAY
(24o HF)

l.x. I lnps

5 DAY
(12() HR)

l.x. I lnps

3 DAY
(72 HR)

A.H. I AuPs

32F
(o c,

500 Hn A.H.

6E95.5 t2 180 192 0.40 r92 0.80 192 'r.60 192 2.67 184

oE95- / 12 270 288 0.60 288 1.20 288 2.40 288 4.00 216

6E95-9 2 360 383 0.80 383 1.60 383 3.19 aqa 368

6E95-1 1 1a 450 478 1.OO 47A r.99 478 3.98 478 5.64 459

6E 20-9 12 500 538 12 538 2.24 538 4.48 538 7.47 516
bE 20. 1 2 625 673 40 o/J 2.80 673 5.6r 673 9.35 646

6E 2@ 12 750 804 1.68 808 3.37 808 6.73 808 11.22 776
t,E 20- 5 12 875 942 96 942 3.93 942 7.85 942 3.08 904

JE 20- 7 6 ooo 1077 2.24 1077 4.49 077 8.98 1077 4.96 034
ac 20- I 6 125 1212 2.53 1212 5.05 212 o.1 0 1212 6.83 163

JE 20-21 b 250 1 346 2.80 1 346 5.61 346 1.22 1 346 18.59 1292

3E 20-23 6 JI J 1481 3.09 r481 6.1 7 481 2.34 1481 24.57 422

20.25 6 500 1616 3.37 r 616 o./J 616 3-47; 16 16 22.44 551

3E120-27 6 625 1 750 3.65 r 750 7.29 750 4.58 1 750 24.3i 1 680

3E 20-29 6 750 1 885 3.93 1 885 7.85 885 5.71 1 885 26.1 8 809

54
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(86): Number of baneries in series. The number of batteries needed to provide
the necesary voitage is determined by dividing the banery brx voltage
(A2) bV the selected battery or banery cell voltage (taken from manrrfac-
turer's information). (A2) / battery voltage.

24 volts / 12 volts = 2.

(B7): Total number of baneries. Multiplying the number of batteries in parallel
(85) by the number of batteries or battery cells in series (86) determines
the total number of baneries needed. (85) x (86).

6x2=12.

(B8): Total battery amp-hour capacity. The rotal rated capacity of selected
batteries is determined by multiplying the number of batteries in parallel
(B5) by the amphour capaciry of the selected bartery (B4). (85) x (B4).

6 x 478 amphours = 2868 amphours.

(B9): Tctal battery kilowan-hour capacity. Based on the selected batteries, the
energy capacity is determined by first multiplying the total amphour
capacity (88) times the battery brs voltage (A2), and then dividing this
number by 1000. [(88) x (A2)] / 1000.

[2868 amphours 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 amphour demand per day
(Al0), and then dividing this number by the total banery amphour c:rpac-
iry (88). [0.75 x (A10)] / (88).

[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
mtxt consider the time of year with the minimum amount of sunlight (in the
Northern hemisphere, typically December or Janr:ary). Knowing the insolation
available (at tilO and the power output required, the array can be sized rsing
module spec'ifications 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 moduie, the
array c:tn be sized.

The array is sized to mcet 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 becaue the sun is low in the sky during December will be
tilted at an angle of 40" from horizonial in order to maximize the amount of
insolation received during December.

DESIGN MONTH: December

DESIGN TILT : 40o for maximum insolation during the design monrh.

(Cl): Total energy demand per day. (A9). 7935 watt-hours.

(c2): Battery round-trip efficiency. A factor berween 0.70 and 0.85 is ued to
estimate baftery round-trip efficiency. For this application 0.85 is used
because the battery selected is relatively efficient and becaue a signifi-
cant percentage of the energy is nsed during daylight hours.

(C3): Requiied array output per day. The watt-hours required by the ioad are
adjnsted (upwards) because batteries are les than 100% efficienl
Dividing the total energy demand per day (cl) by the battery round+rip
efficiency (C2) determines the required array ourput per day. (Cl) / (CZ).

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 rhis quantity is multiplied by 0.85 ro
establish a design operating voltage for each module (not the anay).
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ARCO Solar M75 modules are used in this application. According to

iigure 6.3, the maximum power voltage at STC for the ARCO Solar M75

is 16.0 volts.

16.0 vols x 0.85 = 13.6 volts.

PolEr Sp.cificatiooa' Hofirancr C-hatrtaristi6

Pffi{iygdiloilt) 47.0Wlllr

Ooen Crrcurl Vollage tlyOCar) r99 ro!<

Phy!.cCCt r.c{a?irt€s

L{Eln 48,nr 1219lm

13rnr33Om

1 { n/36 6m

t1 5lbis2kq

'fui. sdEam - a nffi ld d{s! ol
10@ WrHr. 2SrC cdl rm@ & 3OGlw o,
1.5rlB

tErtcl,{rcrd{ dry&ffi,16
,,drffi'@ovrfr.'{d'6rH:d
ffi.u. frrrE€i @CdO*4

Figure 63 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 seiected

module. Figure 6.3 shows that the nominal power output at 1000

watts/m2 and 25oC is 47 watts. The guaranteed power output is 90% of
this vaiue, or 423 watts.

(C6): Peak sun hours at optimum tilr This Egure 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 40o

tilt for Tallahasee in December equals 3.77- hours.

VAYI ]U* I JUL I UG I sEP

trl lah.rr.a. FL I I f,

_r.9!
J:99.
J.0e
5-0,

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 outpu[ at STC (C5) by the peak sun hours at

design tilt (C6). (C5) x (C6).

42.3 x3.77 = 159.5 watt-hours.

(C8) : Module energy output at operating temperature. A derating factor of 0.90
(for moderate ciimates 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 lrom one moduie.

DF x (C7).

0.90 x 159.5 watt-hours = 143.6 watt-hours.

(C9) : Number of modules required to meet etrergy requirements. Dividing the

required output per day (C3) by the moduie energy output at operating
temperature (C8) determines the number of moduies required to meet

energy requirements. (C3) / (C8).

9335 watt-hours / L43.6 watt-hours = 65 modules.

(C10): Number of modules required per string. Dividing the battery bus voitage

(A2) by the module design operating voltage (C4), and then rounding this

figure to the next higher integerdetermines the number of modules

required per string. (M) / (C4).

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

(Cl1): Number of strings in parallel. Dividing the number o[ modules required to

meet energy requiremena (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 (Cl0) by the number of strings in parallel (Cl 1)

determines the number of modules to be purchased. (C10) x (Cl1).

2 x33 = 66 modules.
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(Cl3): Nominal rated PV module output. The rated module ourput in watrs as

stated by the manufacturer. Photovoltaic modules;ue usually priced in
terms of the rated module output ($/watt). The ARCO Solar M75's rated
moduie power is 47 watts.

(Cl4): Nominal ratd array output. Multiplying the number of modules to be
purchased (C12) by the nominal rated module output (Cl3) determines
the nominai rated array output. This number wiil be rsed to determine
the cost of the photovoltaic afiLy.

66 moduies x 47 watts = 3102 watts.

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

The application for this example is the same as for example I - a residence in
rural Tallahassee, Florida" with the same electrical appliances. Rather than rxing
a photovoltaic system, however, this example considers a gasoline-powered

engine generator. To minimize the run-rime of the engine and to utilize it effi-
ciently, battery storage is provided. Becawe 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 baueries.

Becarse the appliances use ac power, an inverter is required benveen them and

the banery subsystem. A smaller battery subsystem than that required in the

stand-alone photovoltaic system can be rsed because available sunshine is not
a factor for this system. Exide indrstrial 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, thrs esublishing the battery brs voltage at this level.

The following is a copy of the completed sizing workheet for stand-alone gener-

ator systems. Detailed explanations on the completion of each step follow the

worksheet.
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*k. Desigr tilt ?0"
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-0 
r ln n/a , F i Latitucie e 3. .rs "/c

lnsotration Availa bilify
Early insoia ilon = -4&.-[kWh/(m2-day)]
Usabie inscrlarion = Pl q, Aq 

-x deraung facv,l, A' ?5
q.0 3 *fkwh/(mrday)l

P3 Peak sun hours avaiiable = P2 = 1. os (hrs/day)

Pumping FIow Requirements

P4 Daii-v quanriry of water required = ? OOa @ai/day1
pg peak ftow rare = p4 Vq.g-L-- / e3 *.Pg x d0; = *l-&.t-ff.-(gat,,min)
P6 Pipe inside diarneter = l- (in) I'ype lle-e-,1

Pi Peak veloary =PS /&,€ / e6 
-L 

-F x.408 = -&'7-7 * 1ys7

Fumpirig Head R,equirements

Sratic llead

P*q Sucdon liir (or Head) o = 
-l'fl

Pc Discharge heaci = 
-llf-- 

tftl
pj63 pressure head = _ 4!. _ (pSiC) x2.31 =

Flt Toul static head = P8 -15-
* rq -ll$*.r Pl6 o = /€-0- (rt)

iil narnic Head 
. \ -

Fl? Veis:ity heaci = {?1 b' /5 - -)2 x 0.0155

Fh**ovolrtaic Water Pumping System Design

= Ar7 (fr)

(ft)

(fr)

Fricuoc Head
Fitung Quanriry
ffao /

r )._\

'' [nter t negailvt nitrnber 1or suation head-

Equivalent
Lengrh Factor

a.'7

Actual pipe length

Toul equivalent length

d

- 
rd-} - ltit

1A?*-?. ** (n)

Equivalenl
Length

-1 7
tl . t

1 fr)

(fi)

(fr)

(fr)

(fit
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Pl4

Pl5

P16

P19

no
Pzi

Total dynamic head

Total system head =

Motor voltage = {f " { volr"s }

Electric power = .-*-&--,- i?atts)

Daily electricai energy = p26 €2A * pg 9' d = _-9-h-d'- ivth/dav)

Photovoltaic Array Sizing

selected pv Module So /ar* SX- tu(c

Standard tests conditions (STC): l kW/m2,25"C

Ml Module voltage at max power (STC)

Nlz Module current at max Flower (STC) ) 'b7 '-- (amps)

M3 Module guaranteed power output at I kW/m2 (STC) = Ml x M2

M4 Total energy demand = P2l

M5 Impedance mismatch and non-linear effects for direct coupled

systems=(0.7-0.9)

M6 Required array output =M4lM5

M7 PV module operating voltage = Ml x (0.8 - 0.9)

M8 Daily energy output per module = M3 x P3

M9 Temperature derating factor = (0.80 - 0.90)

MfO Derated module energy output = M8 x M9

Mll Number of modules ro meer daily energy requiremenis =M6lMl0

Ml2 Number of moduies per srring rounded to the next higher integer

= Pl9/M7

M13 Number of srnngs in parallel rounded to the next higher integer

= Mll/M12

o.?
rl/2o
/f.3
trd
o.Q 0
/b&
25

?

?
1d

Fricrionhead= pg /3.7^f-/l00xlossper Lff ft /7' P = 22'7 61

=pl2 0,7 +Prc 22.,7 = 23,1 
-1ft1

ilt- /oe-+pg 23,'/ =zt2i 6q

Pumping Energy Requirements

P1,1 Hydrauiic energy =

na / 2? (ft) x pa ? Ooa Gauday) x 0.0031 = )€33 (wh/dav)

P18 Hydrauiic power =

p5 lb,U (gallmin)xPrc t7y (ft)x0.188= --FP$ (wans)

Pump Selection

Flow rare = p5 /b, S (gallmin)

Totai system head = na !-L!-$S
Select a pump/motor combination capable oi meeung fiow and head requirements

with high efficiency.

Pump/motor model 7.c4"2; Sf t'bto
Efficienci ig (Y"l

/f -. (votts)

{1, - (watts)

3Z od (wh/day)

(Wh/day)

(volts)

(Wh/dzy)

(wh/day)

(modules)

(modr.ri*)

(smnp)
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6.5 Example-1: Sizing a Photovoltaic Water Pumping System

The foilowrng example iilustrates a systemauc methodoiogy lor designing stand-

alone photovoltaic water pumping systems.

The appiicarion presenlg( crlls lor a direct<oupled pumping system cepabie oi
deiivenng "i000 gallons of water per day in the Orlando, flonda, vicrnity. A sub-

mersibie pump is lo be used at a depth of 65 leet below ground level. The water

tabie level is asumed to be 40 feet beiow ground level on the ;verage. The

pump is required to lift the water to a height of 60 ieet rbove ground level ior

slortge, rhus *iiminatrng the need lor banery storxge. Steel pipe with an inside

diameter af i rnch rs lo be used. Figure 6.14 iliustrates lhis pumping example.

Walsf requiromenls
4000 96lldsy Tank at

atmo!pheric
pressu re

Water
supply

Figure 6.14 Pump system itriustration

The lollowing is rhe completed siang worksheet Tsed for rhis appiicatlon.

Detailed explanations of each step follow the workheet-
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rys"9_l:Arl o ry_A v AILAB ILITY

Tire k-rcacion of the appl.ication is Oriando, Flonda. which rs rt f3'55" \orth latr-

nrcie. The a.rray h cxigned lo meet lhe average dailv lcarJ Juring ihe ivont rnso-

iacicn month. For December in oriando, 3n lverage ct':i 10' liom honzontai s

neariv oprimum.

Ilesign Penod: December

Desigr I-,omrion: Orlando" FL

Dmign Tilc 10o

L.rlILutlt: 1S.55' )Jorth

p1 : Dariy insr:iarion- The rmounr of insolauon L'ccurring,lt the cesign ioct-

uon (Oriardo, FLl during the design period (Dece mber) rt iiesign rrlt (-10")

s obrained irorndarly insclarion cjara shown in iigure 6.15. The daily

insolarion lor this appiication is -{lJ kWhi (mr-dayi'

fl \ov . JtC

?2: Usable insolaiion- Pump/motors directlycoupled lo ;l pho(ovolLatc an'ay

require a minimum eurreni before iaitlng. Becru:e :he irraciiance on ihe

photovoit,ricalTaymustreachathreshoidbefore|heoumpSlarts-Some
of rhe insolarion iinregrated inadiance) is not i:sable" Figure 6'16 illus-

[atespump,/motorlurn-onandturo.ofrpointsanciihelesultingunusabie
insoiaaon.

Figure 5.15 Insolation data
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Time of day

Figure 6.16 Photovoltaic pumping start/stop characteristics

fh* approximate amount of insoiauon ihal is usabie per day is deter-

mined by muitipiying ihe daily insolation (P1)by I derairng lactcr^ 
-l'hLs

deraung factor is an esrimared value derermined b.v- comparing pump

iurn-on and turn-off points with inSoiation data ior a grven photovoltarc

rrray. For rhrs application a derating iactor oi 0'95 is '"rsed.

Usable insolatron = 1.24 x 0.95 = -1.03 kWhi (mr-day)'

Pe;:k iun hours available. 
.fhe pflk sun hours rvailable ere numencaily

jquiu lo the amount of insolation lhal is usable per day (P2)'

iP2) = 4'03 hrs/daY'

Pr MPING FLow $j]QUIRFI{EYS

P4: Dailv quantit-v of water required.

lun:cing sl/stem 'lpplic:tion. For

iequired per day is -1000 gailons.

This quanrity is determined bY rhe

this .roplication lhe lmount oi'rater

5-3i
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I']5:Peakricrv;ale.Thepexk!'eiocityst"vhich"vaierLs'leiivereCbvthe
pump, nssuming lha( the daiiy quanuty ot water is pumped with ihe sun f,t

pesk in(enslrv dunng the usable pesK sun houis, is determined bv ilvid-

ing lne,:ariy quanrirv ol warer fequlrect i,P-t) bv rhe xable pelk sun hours

iPit. iThrs me3surement 6 coo!ened |rorn gai,'hr ro ga];'min by multrplv-

lng ,.saoie run hours bv 60.)

"t000
-= i6.5 gallmin.Pe:lk lli:w rate = -1.08 r 50

F6:

P?:

Prpe inslde ,:iamerer. The instde ,liameter ci rhe pipe size '.rsed rn this

applicadcn ls I inch, ;rnd the pipe ls made oi steel'

peax veiocrr.;. To determine the peak Uow veiocity ol rhe water ncving

ihrough:he oipe, rhe peak iiow rrre iF5tis divided bv the inside pipe

,Iu,nJte, ,quaied. This number rs ihen muitiplied by a conversion iacror

'rf t"1.-{ll8 r0 ':onven io ft,/sec.

Pe*it veioity = -i*l-- x -108 '' 6'73 fti'sec"
(1)l

PUiviPIN G I{EAD IR.EQUIREV{E}ITS

STATIC |{EAD

iuction iiii 1r:r head). sucricn lift s ihe venical distance (ft) irom ihe sur-

flsce or ihe warer source ro the cenrer i:f the pump. Figure 6- 17 iilu:trates

ihepuuloconfiguration.Becauselhepumpislocatedi5feetbeiow
,arer ieuei rhe iucUon lift rs a negadve 'raiue. This negarrve 'raiue is

retened io "ts a suction head.

Suctton head = 15 rt (or iucuon iift = -15 ft)'

r-i8
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Water requirements
'1000 ga!/day 'fank al

a tmosp heric
pressure

W ater
s up piy

Ground ievei __!--T--I
i

Water table level

Submersible
pump

Figure 6.17 System sJed in example

P9: Discharge head. Discharge head b the torai vertica.l distance (ft) iiom
the center of the pump to lhe point o[ lree discharge. As iliustrated in
iigure 6.17 the vertical rjisunce lrom the center o[ the pump to the water

rabie is 15 lt. 'ftre vertical distance from the water r;:.ble to ground le'rei is

"10 ft and the vertical ,Jistance flrom ground levei to the srorage tank

rs 60 ft.

Discharge head = ii il'-10 ft.60 ft = 115 ft.

P10: Prruure head. if a linal discharge pressure other rhan atmosphenc
pressure b desired, the purnp musl be abie io suppllr lhe extra neecied

energy. The pressure head is the equivaient leet oi head required io

overcome these iosses. A iactor 2.31 is used ro conven unts of psig io

ft. Since the tank in ihis applicaiion s ar e.tmosphenc presure. the Dres-

sure head is 0.

6-t9



P1i: Stauc Herd. The mersure,:[ the rote-l heed reQuirec l': iifi ihe water lo ]
desued le.;ei rnd to s{ore it rn r rank rr r prescnbe'l pr$sure rs ihe sum

of rhe Sucuon iifi or head (P3), the discharge heacl ('P9), lnd lhe presure

herd (F10).

Static heed = -15 [t' l15 lt * 0 ti = 100 ft'

DYNA},[C HEAD

P12: veioclty head. The equivelent heed that x pump must sr:op['v- io m')\/e 3

iluid rhrough pipe rt a given velocity rs cetermined bv squenns ihe pesk

velociry (P7) end multipiying this number by ihe iactor 0'0155 l{) 'jonvert

roft.Thisnumberisusuaiiysmallrnd;enoiten,oencglected.

Velocity heed = 16'73): x 0'0155 = 0'7 it'

P1i: Toral equivalent length. in rddiuon to the enersy required to lift lnd store

lhewater,energyis-alsorequired|oovercomelossesdueiopipetnction.
Fnction heed il rhe heaci required io overcome rhe energv ioses ihat

rccur as a iluid flows ihrough the pipe'

in lhrs :ppiimdon there Ls :ne 90o lining oi I rnch 'jiameter' 
The equi-

valenI iengrh iactor oilhis iintng (obained irom the ;hart sho"vn:n l'igure

5.18) rs 2.7.

$ S*'io" f
Sond-alonc SYstcm

Sizinq Proaduns

fr ET.:^-:,, th; r i z'a't t' I I

r,5 I
3J i.Jl s.s i s.s i .3.c I

ro.o I
lrcl 'r3 20 25

0.8 t.t I z.o | 2.5 I 3-o i 3.4 l

(n I E.: i 7.1 '. 3.r l?

1.0 il t.sl t.zl s2l g.ol 11.01 1,.017.0

3.5 5.ol ?6T' a-tr,ofl '30 : 150 i 18'c' 2t.C 1
:r:i 17c :9.0i

rl t-T-rTill I r I s i I I

;;i ril rul s"oTEolrrol rzo I
n.a I iol rr.o i ro.o i

nni zto I :s.o I r:.0 I 55.0 I 57 o I u.o ,,ro.o I rso.o I aon )

1ml-iili-Gnl z.c leg.o i::-o l'zo at n ro.o1 53.oilro.o

c-sT ffil-oJf r.o I r: I r.r I t'z I
tt I 29 l :.si ts)

::i:sis2i55

Si:r o{ fit
10'3ll
45. Ell

Swc*o El
qost galum Itnd
Tc+-Slrrtgnt Fun

Ic*-Sida lnld ot Outl.t J.J I

Giova VrtYr Cgan

vrtvi Cgcn

Gat. Vah.q-'.iuiv OgGn

ar*cl Vllvr (Srinq) 43 I

G\tcX Vat"t (SOnng) s l8

Figure 6.18 Equivaient number of feet of 'straight pipe

for different fittings
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ltuluciving the equivalent iength lactor ior each iirring lype by the cuan-

riry of that lype determines the equivalent lenglh.

Equivalent iength = i t 2.7 =7-7 ft.

Acual Pine Lengrh. The sctuai lengrh of sueight pipe used in rhis rppii-

,xuon s 125 ft.

The rotai *qurvalent length ot'pipe tor the rpnliceuon is determined by

rdd.ing ihe equivalent iengths of the iinings to lhe rctual pipe iength"

--*ti -lr<r.t -111 -Ft
-./ 'L- 

l-J ll. Lnt't \t'

P1.l: Fncuon Heed. The equivaienr head requued to overcome the ioss o[

.nergy that occurs rs tiuid 0ows through a pioe is determrned by dividing

rhe total equjva.lent pipe length (P13) by 100 rnd muitiplying ths number

by rhe kictron ios per 100 ft. Fnction loss per i00 tt is dependent on lhe

rype of piping used and, for this appiication, is obnined by [rnciing peak

flow rate Dn fte chart shown in figure 6.19'

Fricdon head
r00

x 17.8 = )2.i [t.

ll{'
FL l'*.'a I FL lL.tg I FL lL-ba

1?o i r3.@l 5..5 I ..i81

rao I lr aol r: cz I roo0l

z.ol5..9ola.6l lJ7
ico i 63.501 35.91

i 16.50lr5.7o I a-s7l la1 I

I r8.iol !0.9. I r1 30i 5.07 I

I 52.7Ol2a. l r5.OO| 3.15 I

5aI

r6l

il.i
5l
rl
ff

j0l a4

131 a{

I lrs€ol B.€l
I I r.coi 9.89

15.5
qpm

I .9.;0121 J7 i

,..60 I 2r. r€ r3.5Ol 5.a5 | a.261 2.s9 I

Figure 6.19 Friction loss per 100 ft of steel pipe

3l

I 73..0131 i6

i.32 I 3.irI 1.51 I 1.i!l .n I 521 2' I

L91l 1 26 t7l 27 to.nl ..vt 2.n| 6€.'0137 @

ffi"*-
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P15: Dynamrc head- "l-nc meesure o[pressure fequiled lo move liquid:t "t

gven veioiry tnd to overcome effects due io incuon is determrned bv

rdding the veioiry heed (P12) ro the inctron heed (Pl't)'

Dynamic head = 0-i '12.7 = J3'J ft-

P16: Toai system heed. The tota.l system heso rs tne Sum oi the lotjil staac

head rnd to1al ciynamic heed. The system heaci :nd rlre t'iow rate deter-

mine the power requgements lor pumping" The lotal s,Ystem heed is

dete :-mined b.r-' rdding rhe tocsl statrc hesd i P 1 I ) to ihe totri dynamrc

heed (Pli)"

I,rrai svstem head = 100 - 13.'l = lpprox' l2l it'

ryNPING EI.{ERGY REQUiRE}{ENTS

Pl r-: Hydrau.iic *nergy. The mechanicel energy requireci to deliver x pres-

crib€d voiume of warer at a given head s determined by mu.ltipiving the

tot.ll system head (P16) by the daiiy quantit-v of water required per dai'

iP4). lhrs frgure ri muiuplied bv the lactor 0.0031 to conven rrniu to

wart-itours Per dr.v.

Hydraulic energy = 124 ft x 't000 gai,'dair x 0'0031 =

I 538'.ryatt-hoursz' daY.

P18: Hydrauiic power. This iigure is deteimrned by multioiying rhe peak ilow

rate (P5) cv ihe torai sysrem head (P16). This quantity is then muitrpiied

by tle iacior 0.138 io convert uniu co waits'

Hydrauiicpower=l.6jgailminr124ftx0.188=385warts.

PUTVIP SELECTION

fte criterion for pump selecrion [or any pumping applicetion is that the pumpr

motor combinauon be capable o[ meering llow and head requiremenu with high

efficiency.

The pump/motor selecteci ior this applicatron is the Jacrrzzi SJ1-D10' At rhe

prescnbed peak ilow conditions ii.e., roai heaci oi i2{i1 and 'r pcek ilow iare 'lt

i6"5 gpn l, this pump has rn efficiency of approxifiGlr'14%'
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Pi!): ![oror voirage. The motor voltage is determined by inrerpolar:ng rhe

manufacture/s data Ln Egure 6.20.

il[otor voltage = 55 volts lappronmateiy).

sJl 010
sEcTlcH r20

cuRvE NO: 306,182
iacuz:l 8FOS.olv

7!-

70-

35-

a0-

s5.-

JO-

{.! -
nO!

,."1

, o-]
I

,.J"-t
ru-'l

I

s-{
I

, o-.1

c(\/

q

z.
z

I
x;P

100

U
rlrS

firo
J

/\

t\

q
F
F

3
F

--'l
I

9.3A

Figure 6.20 Efiiciency graph 1o, 72sttrrt SJI D10 pump
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I

I

P20 Elecrnc powel. The eiectric power requlred io dnve the pump motor is

also obarned lrom figure 6.20. For a peek i'iow rate of l6'5 gpm rt
xpproxjmateiy 55 volts, one mn interpolate between the .{5V md oOV

.urves iusing the lower iamiiy c[curyes) lo estimate the input wetrs.

Eiectric Pr:wer = 92A wafts (aporoximately)

P?l: Daily eiecrncal energy. The amount r:f electical energy required io pro-

vide 'rhe rJarl,v water requirements 3t a given heed is determrned by

muitiplying:he eiectric pump power LP20) times rhe peek sun hours

rvrilable , P3 ).

Daily clecrricel energy = 920'rlalts x 4 03 hrszday

1708 watt-hours/day.

PHOTOVCL'TAIC ARRAY SIZING

A Solarex pi:utor',:luic module, modei SX-146, was selected

Figure 5.1i prcvrdes :he manufacturer's specifications tor rhe

lor this applicstton
SX-146 mociuie.

rYHeal fr tscrnteal cH^racfl ntsTlclt
IciEf VkhgCpatfgundoG

l2-Yolt 6rolt
Cffitcd flnmufr rqr Powet 16v +6V
frpKi.i psfl powr (Pp) i8v r8v
vols8r x( pa.k poe6 (vPP) lEv 9v
aurrar r. po,l po*d (lPP, l:674 1.1{A

i-
i

r
!

I
l-
i

i.

t
I

(

5

Cmr rr ipccrned volt:gc

.iho(.m( currsnr {bc)
Cpen<ircuir eolugr {vo<)
Tmp<f,ruc coclflctent oJ i
Tmpcnrur cocfnclcf,t 0f V
.rpprcumztc cffctr o{

imp€nruG co ircqd

2.:3A t.i6A
o t5v a'.rv
2.9A t.aA
zzv llv
2.7 q&l'C 1.i nrAi'C
-8a mV/.C -14 oV/.C

-o,t%/'c -o.r%/"c
:,lote
Ihe d:o icpa"knr lhc pcrfoffirl<c of lyprol (rcdul6
s lHued ?t (hor ou(put lqmln:.is, 1nd do no( includc
rtr cff(r ol Ju<h lddi(to€l cqupffia 5 diod6 znd

czbling. fhc d:t: n Dz*d on mffianars mda :(
St-dard i6( Ccndit oc {STC), {hKh 2E

e lUmiflarirn of I k\t/rnr (l ,un) z( ipccrnl dltrnbu(rcn
o{ AM l.,< (l !i rmGphcE)

. C€1| rmp<ntuE l{ ?5'C r l'C or x oah(F& rndrsrcd
lon ory6).

I I I I l-1. I I l-l ! !.
,1rttI|10I:f

rFl* tYl

Figure 6.21 Sotarex SX-146 module specilications
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!13:

L{4:

}l{oduie vcluge at max power (STC). The phctovoitarc module voitage is

obrained irom rhe manufacrurer's speificstions, "ls in figure 6.1l. The

voluge at maximum power for the SX-146 is 18 voits'

Nlodule current at m&x power (STC). "fhe photovoltaic mociuie culrent ]t

maximum power iS riso obrained kom the rnanut'acturer'S Specifi$uons'

Cunent for ihe SX'l'16 at ma'umum power is l'67 lmps'

Ntroduie guaranteed powel ou(put lt I kW' mr 'S'l"C). llodule gulrxnteeo

power output 3t Standard lest Conditions is obnrned irom the manufac-

irr.r,, speificarions shown in figure 6.2i. The glaranteed power output

ior this moduie, inciicated by the manuticturgl'i -rpeciflcxtion daa.

is'16 wans.

Toui energy demand. The roui energy demano lhat the photovoiraic

array mus1meer is equal to rhe darly electricx,i cnergy requrred by the

pump/moror ro provide the daily quanriry o[ water at a g:ven head (P?i).

Total energy demand = 3708 watt-hoursrday'

Impedance msmatch and nonlinear effecu ior direct"coupled systems

to.; - o.l). Becerise ihe modules do not cperale 1r lhe :ne.ximum power

poinr firoughout the day, a derating factor is usecl ro adjust lhe energy

demand. In addition. the pump/motor ffiay i,1o, cperete at ihe design efli-

ciency for all irradiance levels. For rhis applicadon r factor oi 0"9 is useci'

Required array ourpur. The required alray outpul h the adjusted total

.n.igy demand. To derermine the requked array output, the lotai energy

demand (NIa) is d.ivided by the derating lactor (k{5)'

Required aITaY outPut =

3708 watt-houn/day i 0.9 = '{120 watt-hours/day'

PV module operaung voiuge. The module voitage at maximum power

(M1) is muttipiiea u! an aJjrsment lactor(between 0.8 and 0.9) ro estabiish

a moduie opeiaring voltage rhat is, on an i-V curve, to the left of &e max-

imum po*., voluge. A derating factor of 0.85 is used for this application'

PVmodu.leoperatingvoltage=18v.oltsr0.85=15.3volts.

rv{ i'

i,{ ('

,v{7:
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!18: Dariy :nergy output per moduie. The daily snergy output per moduie 3t

STC s determined by multiplying ihe guaranteed moduie power output at

lkWzmr iivl3) rimes the pmk sun hours avaiiabie lP3).

Daily energy output per moduie =

"16 watts r 4.03 hr/ day = 185 waft-hours / day.

iV{9: Iernperature derating hctor. A temperature derating tactorbetween
,J.80 -0.90) is used to compensate lor the difference beiween :ctuai

Jperaung condirions xnd standard test conditions. For this application a

iemperature derating lactor of 0.90 is rxed.

!{10: Derated module energ,v oulput. The derated moduie enersy output is

determjned by muitipiying ihe dail,v energy output per moduie iN{8) trmx

fie temperature derating iactor (Nf9).

Derated moduie energy output = 185 watt-hour,i day x 0'90

= 166 watt-hours/My.

.\y{i l. iriumuer c[ moduies io meer daily energy requirements. To ,Jetermine fie

number clf modules needed to meet the daily energy requirements, lhe

iequiled sgal/ outpui (l\l{6) is Jiorded by the derated mcrjrile energy oul-

pu{ (&'{i 0).

Number of modules io meet daily energy requirements =

"1120 wan-houn/day t 166 watt-hours/day = 15 moduies'

!{12: Number of moduies per string. To determine lhe number ':f modu.les

needed tor each string, the motor voitage (Pi9) is divided by the photo-

voltaic module operating voitage (M7). This number is then rounded to

the next }ugher integer.

Number of modules per stnng = 55 volts i l5'3 volts = 4 modules'

Mi3: NLrmber of srrings in parallel. The number of strings in parallei required to

supply rtre needed etrergy is determined by dividing the number of

moduies needed to meet the daily energy requiremenrs (Ml l) by the

number of modr:les per string (M12). This number is rounded to lh€ nexl

higher integer.

Number of strings in parailel = 25 modui es i 4 mociuies = 7 strings.
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\l

.v

futi4:Tonlnumbero[moduiesrequlred.Thetonlnumbero[modulesrequired
iorthu'pprit'"tioni;;;;til"touv*Jripivingthe'1Y*b*to[modules
perstrins(Mi;;;;iitnu*ut'oi"''ng'inparailel(ivlll)'

Toui number o[ motiules^reQuired =

+ 
'oOuit' 

'* 7 stnngs = 18 modules'

f
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