TECHNICAL NOTES

U.S. DEPARTMENT OF AGRICULTURE NATURAL RESOURCES CONSERVATION SERVICE
ENGINEERING #15 SPOKANE, WASHINGTON
October 2009

DESIGN OF SOLAR POWERED
WATER PUMP SYSTEMS

SUMMARY

Where conventional power supplies are unavailable or an alternative energy source is desired,
solar energy can power water pumps. This technical note provides guidance for the design of
solar powered water pump systems.

BACKGROUND
Solar powered water pumps are comprised of three basic components: solar panels, controller,
and pump.

Solar panels

The type and number of solar panels required are a function of: the geographic location
of the site, the rating of the solar panels, the volume of water needed, and the height
differential between the water in the well and the receiving body on the surface.

Controller

The controller monitors the energy generated from the solar panels and the operation of
the pump. It combines this information to more efficiently supply power for the
operation of the pump.

Pump
A direct current submersible pump designed to operate under a range of voltages likely to
occur during changing light conditions.

Figure 1 provides an example of a typical solar powered water pump system. This system
consists of solar panels, a controller, a pump and a tank for water storage. This system will
pump water only when there is sufficient solar radiation to power the pump. Some systems
incorporate batteries to store excess solar power that can then be used to power the pump when
there is no sunshine.
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Figure 1. Typical layout for a solar powered water pump system.
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Figure 1. Schematic diagram of
a typical SPSS. (Source: "Sofar
Photovoltaic Water Pumping for
Remote Locations,” University of
Wyoming, 2006.)

Submersible
Pump and Motor

DESIGN PARAMETERS

1. Quantity of water required (e.g. 100 animals @ 10 gallons/day = 1000 gallons/day).

2. Maximum feet of lift required from water well to trough or tank (e.g. trough elev. 100 ft —
water surface elev. 40 ft = 60 ft of lift).

3. Installation location (e.g. Yakima, Yakima County, WA, 46.57 degrees North latitude).

4. Solar panel energy rating (i.e. wattage, voltage and amperage).

DESIGN OF SYSTEM COMPONENTS
Solar Panels

1. Solar Insolation

Solar panels receive solar radiation. Solar insolation is the measure of the amount of solar
radiation received and is recorded in units of kilowatt-hours per square meter per day
(kWh/m?/day). Solar insolation varies by geographic location and time of year. Most reference
maps (Figures 2 and 3) report annual average solar insolation, so for the northern hemisphere
users can expect higher values in the summer months and lower values in the winter months.
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Figure 2. Western US Average Annual Solar Insolation (kWh/m?/day)
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Source: U.S. Department of Energy, National Renewable Energy Lab (NREL)

Figure 3. Washington State Average Annual Solar Insolation (kWh/m?/day)
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The tables in Appendix A should be used for design of solar powered watering systems in
Washington State. The designer can use the values from the five stations in Appendix A for
interpolation of values for specific project sites.

Appendix A includes tables of average monthly insolation (solar radiation) values for five
stations in Washington State. For example, the average monthly solar radiation (kWh/m?/day)
available in Yakima for a fixed plate collector facing south with a tilt angle of latitude minus 15
degrees would be:

Jan |Feb | Mar |Apr [May |Jun |[Jul |Aug |Sep |Oct |Nov |Dec |Ann
22 |33 |47 |57 |64 |68 |73 |68 |60 [44 |25 |19 |48

2. Solar power

Solar panels are commonly called photovoltaic (PV) panels and are rated in Watts (W,) and
direct current (DC) volts. The rating is measured at a maximum available power of 1000 W/m?
of solar irradiance. For the panels, W, can be found by multiplying volts times amps (W, = volts
X amps). By wiring multiple panels in parallel or in series, the designer can increase the
available voltage or amperage.

When panels are wired in parallel, the amps are added and the voltage remains equal to the value
of a single panel. When panels are wired in series, the voltage of each panel is added together,
while the amps remain equal to the value from a single panel. For example, if the pump motor
needs 36 volts and each panel produces 12 volts, three panels wired in series would be needed.

3. Orientation

The amount of solar radiation received is also a function of the orientation of the solar panel.
Solar panels can either be set in a fixed position or can be allowed to rotate along one or two
axes to track the path of the sun. If panels are mounted in a fixed position, the most efficient
position for collecting summer sun is with the solar panels facing south with a tilt angle from
horizontal equal to the latitude of the site less 15 degrees. For a site at 47 degrees north latitude,
the most efficient tilt angle would be 47 — 15 = 32 degrees from horizontal.

One axis tracking (fixed tilt angle, tracks sun from east to west during the day) can increase solar
collection by 25 to 40% in Washington State. Two axes tracking (changing tilt angle throughout
the year, tracks sun from east to west during the day) provides a slight 2% increase in solar
collection over one axis summer tracking.

4. Sunshine hours

The hours of available sunshine are used with the solar radiation data in Appendix A to size the
solar panels for the given project. The actual hours of sunshine per day will be only a fraction of
the clear day values shown in Table 1 as some days will be cloudy, foggy, overcast or otherwise
obstructed due to changing weather conditions. Designers in western Washington shall apply a
factor of 0.5 to the above clear day values (Table 2) and designers in eastern Washington shall
apply a factor of 0.67 (Table 3) to adjust for local weather conditions.
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Month | Jan | Feb | Mar | Apr | May |Jun | Jul Aug | Sep | Oct | Nov | Dec

Hours | 8.7 [10.0 |116 | 133 [149 |157 |153 /141 |123 |106 |91 |83

Table 1. The mean hours of clear day sunshine per day at 47 degrees north latitude (center of
Washington State) for the 15" day of the month (Source: FAO Paper 56).

Month | Jan | Feb | Mar | Apr | May |Jun |Jul Aug | Sep |Oct | Nov | Dec

Hours |44 |50 |58 |67 |75 |79 |77 |71 |62 |53 |46 |42

Table 2. Mean hours of sunshine for design of solar powered water pumps in Western
Washington.

Month | Jan | Feb | Mar | Apr | May |Jun | Jul Aug | Sep | Oct | Nov | Dec

Hours |58 |67 |78 [89 [10.0 /105 |103 |94 |82 |71 |61 [56

Table 3. Mean hours of sunshine for design of solar powered water pumps in Eastern
Washington.

Controller

Controllers regulate the pump and monitor the voltage from the solar panels. Controllers can
also accommodate connections from other power sources such as batteries, wind machines, and
generators. The controller ensures the most efficient use of power to pump the most water. The
controller will also vary the voltage and amperage to start the pump during low sun times and
protect the motor from overheating. It is recommended to use controllers and pumps that are
made by the same manufacturer to ensure compatibility.

Controllers may be configured in a number of different ways depending on the system needs and
conditions where they will be installed. Caution should be used in researching the power source
for the planned system to identify the correct controller.

Solar Pumps
Solar pumps are designed to use direct current (DC) from either solar panels or batteries. They

can generally operate under a range of voltages from 24 to 300 volts DC, so are ideal for use
under changing light conditions. During times of low sunlight, the solar panels will still produce
electricity, but the pump will run at a lower speed reducing both the flow and lift produced.

Solar pumps are rated by flow, Q (measured in gallons per minute, gpm), lift (measured in feet,
ft), and power required, W, (measured in watts, W). The efficiency of the pump determines the
power required to achieve the planned flow and lift. Establish solar pump specifications to
match project site conditions.

The flow, Q, which the pump must produce, is a function of the amount of water needed
(gallons/day) and the number of hours of sunshine per day to power the pump (hours/day).

50f 12 WA Engineering
Technical Note #15



For example:
Q = 3000 (gal/day) / 10 (hrs/day) of sunshine / 60 (min/hr) =5 (gal/min)

Submersible solar pumps are used to lift a volume of water to a desired elevation. The change in
height from the water surface elevation in the well to the discharge point (e.g. tank or trough) is a
measure of the lift or feet of head pressure, H. The pump must develop enough force to
overcome this head plus any friction loss.

H = 100 (ft) discharge elev. — 40 (ft) water surface elev. + friction loss = 60 (ft) + friction loss.
Siting

Access for upkeep and maintenance to the solar pump and panels is important to ensure a long
life for the system. Locate the components of the system in sites where there is full sun to the
panels but out of the way. Locate the solar panels to reduce the possibility of damage from
vandalism and target practice. Clear sun view is important but placing the panels off of the top
of a ridge should not drastically reduce the amount of water pumped.

EXAMPLE DESIGN
Livestock watering system

Determine the solar panel, controller and pump requirements for a typical livestock watering
system, given the following design parameters:

1500 gallons of water per day pumped to a trough for storage

6-inch diameter well, with a static water level of 126 ft and total depth of 180 ft
5 gallon per minute maximum flow rate

Trough located 100 ft from well, at the same elevation plus trough height of 3 ft
100 watt solar panels at a fixed angle of latitude minus 15 degrees

Located in Okanogan County

Water needed from May 1 to October 31

Solar insolation

Referring to the tables of solar radiation in Appendix A and interpolating from the available data
for Spokane and Yakima, there are a minimum of 4.2 kWh/m?%day of solar radiation available
during the period from May 1 to Oct 31.

Sunshine hours

In order to provide 1500 gallons of water per day, a 5 gallon/minute pump must work for at least
5 hours per day ([1500 gallons/day]/[5 gallons/minute * 60 minutes/hour] = 5 hours/day). Using
Table 3, the mean number of hours of sunshine available in October are 7.1 hours per day, so
there are sufficient hours of available sunshine.
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Lift or feet of Head Pressure

The well has a static water level of 126 ft which will be drawn down during pumping and will
vary seasonally, but will not be less than 180 ft unless the well runs dry. The trough where the
water will be stored is located 100 ft from the well and the inlet is 3 ft above ground surface.
The maximum head equals 183 ft + 10% to accommodate friction loss. Apply a head of 200 ft as
the pressure the pump will need to produce.

Pump selection

A solar pump must be selected from a manufacturer that can generate 200 feet of vertical lift at a
rate of 5 gpm. A number of manufacturers can provide solar pumps that meet these criteria, but
the one recommended can do this using only 450 watts of power.

Solar panels
For this design the solar panels must supply a minimum of 450 watts of power. The individual

panels recommended are capable of generating 100 watts each, so a minimum of 5 panels are
required, in order to get up to the 450 watts. The panels are wired in parallel to provide the
additive amperage power needs of the pump.

However, if higher voltage is required the panels could be wired in series for additive voltage.
Work with your dealer/supplier/electrician to ensure adequate voltage and wattage and capability
of the pump and solar panels.

Controller

A controller from any manufacturer that meets the system needs could be used, but it is often
best to select a controller made by the same manufacturer as the pump to ensure compatibility
and proper functioning. The controller will adjust the power generated by the solar panels to the
voltage and amperage requirements of the pump for the most efficient use of power.

REFERENCES

Bushermohle, M.J. and R.T. Burns, Solar-powered Livestock Watering Systems, PB1640-1M-
1/00, Agricultural Extension Service, University of Tennessee, 16p.

U.S. Department of Energy, National Renewable Energy Laboratory
http://www.nrel.gov

Renewable Energy Atlas of the West
Http://www.energyatlas.org

FAO Irrigation and Drainage Paper 56 - Crop evapotranspiration; Guidelines for computing
crop water requirements; Table 2.7; Mean daylight hours (N) for different latitudes for the 15" of
the month

Lorentz Solar Pumps and Panels
http://www.lorentz.de/

7 0of 12 WA Engineering
Technical Note #15



Appendix A
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Variability of Latitude Fixed-Tilt Radiation m
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7 WBAN NO. 24227

LATITUDE: 46.97° N
LONGITUDE:; 122,90° W
ELEVATION: 61 meters

MEAN PRESSURE: 1010 millibars

Monthly Radiation (KWh/m“/day)

STATION TYPE: Secondary
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Solar Radiation for Flat-Plate Collectors Facing South at a Fixed Tilt (kWh/m?/day), Uncertainty +9%
Tilt (*) Jan Feh Mar | Apr May June July Aug  Sept Oct Nov  Dec | Year
0 Average | 1.0 1.7 2.8 4.0 5.0 5.6 5.9 3.1 3R 22 12 0.9 33
Mi ax | 0:8/1.3 1322 23/36 | 3246 4.1/59 4.6/6.6 | 4.9/69 4.0/6.0 3046 | 1928 LOLS 08/1.0 | 3.0/35
Latiiude 15 Average 14 23 34 4.4 51 5.5 59 53 4.6 30 L6 12 37
Min/Max | LI/2.1  14/34 2549 | 34/53 40/6.1 44/65 | 4869 4167 3459 | 2.1/41 1223 09/1.6 | 3340
Latitude Average 15 24 34 42 4.7 5.0 55 3.2 4.6 31 1.7 1.3 36
. Min/Max | L.1j23 1437 2551 | 3.35.1 3758 4.10/6.0 | 4564 3964 3360 | 2144 1325 L1018 | 3239
Latitude +15 | Average [ 1.6 24 33 39 42 4.3 48 47 44 30 1.8 1.4 i3
MinfMax | L1224  1.3/3.8 24/50 | 2948 33/51 35/52 | 3956 3558 3.0/57| 2044 L1326 0918 | 3.0/36
90 Average 1.4 20 2.6 28 2.8 27 10 3z 34 2.6 1.6 L3 243
Mi X | LOR2  LI34 1941 | 2.1/34 22/33 2331 | 26/34 2540 2444 | 1738 L124 O8/L7 | 2227

Solar Radiation for 1-Axis Tracking Flat-Plate Collectors with a North-South Axis (kWh/m?/day), Uncertainty +9%

Axis Tilt (*) Jan Feb Mar Apr May June July Aug Sept Oct Nov Dec Year |
0 Average 1.2 2.1 35 5.0 6.3 %) 7.7 6.7 32 2.9 1.4 1.0 42 |
Min/Max | 09/1.8 1332 2.6/51 | 3.6/6.0 4779 353/88 | 5805 4584 3670 [ 2041  LI20 0813 | 3746
Latitude -15 A_vcragu 16 2.5 40 53 6.5 7.1 19 71 58 35 1.8 1.3 4.5
Min/Max | L1/23  14/4.1 2.8/6.1 | 3.8/6.6 4.7/82 52/89| 5897 4791 3980 | 2.3/51 1327 09/1.7 | 4.0/5.0
Latitude Average 1.7 26 4.1 5.2 6.2 6.8 1.6 7.0 59 36 L9 1.4 4.5
ks MinfMax | 1.1/25 1443 2863 | 3766 4579 S086 | 5694 4589 3881 | 2353 1428  LO/L9 | 4050

Latitude <15 | Average | 17 26 40 | 50 59 6.3 7.1 66 57 35 19 14 | 43
Min/Max | 1126 14/44 2862|3563 42375 4680 | SYRS 4385 3779 | 2353 1429 1020 | 3848

Solar Radiation for 2-Axis Tracking Flat-Plate Collectors (kWh/m?/day), Uncertainty 8%

Tracker Jan Feb Mar | Apr May June July Aug  Sept Oct Nov  Deec | Year
S AverISIgE 1.7 ] 41 53 6.6 73 80 7.2 59 36 1.9 15 47
L Min/Max | 1127 1444 29063 | 38/67 4883 S54/9.1| 5999 47091 3981 | 2354 1429 L020 | 4151

Direct Beam Solar Radiation for Concentrating Collectors (kWh/m?/day), Uncertainty £8%
Tracker Jan Feb Mar Apr May June July Aug  Sept Oct Nov Dec | Year

1-Axis, E-W | Average 07 1.1 1.7 20 15 30 37 33 28 1.7 0.8 0.6 20
Horiz Axis | Min/Max | 0.2/1.4 0326 0833 | L0292 1338 1545 2152 1447 1245 | 0630 0515 0310 | 1624

1-Axis, N-S | Average 04 09 1.8 5 53 39 4.8 4.2 32 1.5 0.6 04 23
Horiz Axis Min/Max | 0.1/09 03720 0933 | L2236 1749 2058 | 26/68 1760 1453 | 0627 0310 02/06 | 1.8/28
1-Axis, N-S§ | Average 0.8 L3 22 2.7 3.3 38 47 4.4 3R 2.1 0.9 0.7 26
Tilt=Latitude | Min/Max | 0.2/1.5 0430 L1a3 | L339 1749 1956 | 2.6/67 1963 L1663 | 0837 0516 0310|2131
2-Axis Average 0.8 14 12 18 35 4.1 5.0 4.6 ER 2.1 1.0 0.7 .7

Min/Max | 0.2/1.6  04/3.1 L1443 | 1440 L852  2.0/6.1 | 2872 1965 1.6/63 | 0838 0517 03fL1 2.1‘3.'2

Average Glimatic Conditions

Element Jan Feh Mar | Apr May June July Aug  Sept Oct Nov Dec | Year
Temperature (°C) 33 5.1 6.6 8.6 118 14.8 172 174 14.4 98 58 34 98
Daily Minimum Temp 0.2 04 0.9 2.3 5.0 8.0 9.6 9.7 7.4 18 1.7 0.1 4.0
Daily Maximum Temp 69 9.7 12.2 149 18.5 216 24.7 251 217 158 10.0 6.8 157
Record Minimum Temp | -222 -18.3 -128 | -50 -3.9 -1.1 L7 0.6 -39 6.7 -183 <217 | -222
Record Maximum Temp | 17.2 22.8 244 30.6 35.6 383 394 40.0 36.7 322 23 17.8 40.0
HDD, Base 18.3°C 465 2 365 292 203 112 53 57 123 263 375 462 3142
CDD, Base 18.3°C o 0 0 0 0 7 17 27 5 0 0 0 56
Relative Humidity (%) 88 85 80 75 73 2 71 72 78 85 88 89 20
Wind Speed (my/s) 33 32 33 34 3.3 &t 25 28 23 %7 33 3l 3l
229
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9
Variability of Latitude Fixed-Tilt Radiation m
) WBAN NO. 24243
£
= ¥ LATITUDE: 46.57° N
g LONGITUDE: 120.563° W
g ELEVATION: 325 meters
% MEAN PRESSURE: 978 millibars
£
é STATION TYPE: Secondary
‘ -4
1961-1990 Average
o= —d——¢ f g —i
J FM A MJ A O N D ¥r
Solar Radiation for Flat-Plate Collectors Facing South at a Fixed Tilt (kWh/m?/day), Uncertainty +9%
Tilt (%) Jan Feb Mar Apr May June July Aug Sept Oct Nov Dec Year
0 ‘Mﬂﬁe 1.4 22 36 5.0 6.2 6.9 1.2 6.2 4.7 a0 1.6 1.1 4.1
Min/Max | 1L3/1.6 1725 3041 | 4156 5368 6017 | 6578 54/69 4053 | 2533 1L318  LOL3 | 40043
Latitude -15 | Average | 2.2 33 4.7 57 6.4 6.8 73 6.8 6.0 4.4 25 1.9 48
MinfMax | 1.628 2142 3755 | 4565 S37.1  S9/15 | 6579 5978 4970 3351 L0 L1527 | 4.6/51
Latttads Average p 2 35 4.8 N 6.0 6.2 6.7 6.6 6.1 4.7 27 22 4.8
MinfMax | 1,732 2246 3858 | 44/64 50/66 354/69 | 6073 S775 4970 | 3555 1933 L6310 | 4650
Latitude +15 Average 26 36 4.7 11 33 3.3 58 59 5.9 4.8 28 2.3 45
Min/Max | 1.834 22047 3757|4160 4458 4.7/59 | 53/63 S5.1/68 4.7/69 | 34/56 1935 1733|4347
90 Avera 25 12 38 37 34 32 i5 4.0 45 41 2.6 22 34
Min/Max | 1.6/3.3 1942  3.04.6 [ 2943 2836 2834 | 3237 3445 3653 | 2948 1733 1532 [ 3136
Solar Radiation for 1-Axis Tracking Flat-Plate Collectors with a North-South Axis (kWh/m?/day), Uncertainty +9%
[ Axis Tilt () Jan Feb  Mar | Apr  May June | July  Aug  Sept | Oct  Nov  Dec | Year |
[ 0 Avcr;lgc 1.9 31 5.1 6. 5.6 9.5 10.3 9.0 7.1 4.5 2.2 16 58
Min/Max | 1424 1940 40/6.0 | 5380 6997 79110 89115 7.6/10.6 5584 | 3254 L1627 1322 | 54/62
Latitude 15 Average 23 39 59 7.5 8.9 9.6 10.5 9.6 82 3.6 29 22 6.5
Min/Max | 1834 2352 4672|5788 71100 7.9112| 9118 B.1/114 62097 | 3967 2036 1.6(32 | 6068
i Average | 2.8 4.1 6.1 74 8.6 9.2 10.2 9.5 82 5.8 il 24 6.5
Min/Max | 1937 2455 4673|5688 6897 7.6/108| 88/11.4 79112 6398 | 40/7.0 2139 L1735 | 6.0/68
Latitude +15 | Average [ 29 4.2 6.0 7.1 82 8.6 9.6 9.0 8.1 38 32 25 6.3
5 Min/Max | 1.9/39 2456 4573|5385 6492 7.1/10.1| 8.3/108 7.5/108 6.1/96 | 40/7.1 2.1/4.0 L8538 | 58/6.6
Solar Radiation for 2-Axis Tracking Flat-Plate Collectors (kWh/m?/day). Uncertainty £9%
Tracker Jan Feh Mar | Apr May June July Aug  Sept Oct MNov Dec | Year
g P Avﬂ:&e 29 42 6.1 76 9.0 9, 10.7 9.7 8.3 39 32 13 6.7
Min/Max | 1.9/39 24/56 4673 | 5789 72101 BYIL5]| 93121 8.1/115 6398 | 4.1/7.1 2140 L8838 | 6271
Direct Beam Solar Radiation for Concentrating Collectors (kWh/m?/day). Uncertainty +8%
Tracker Jan Feb Mar Apr May June July Aug  Sept Oct Nov Dec | Year
1-Axis, E-W Avcrﬁgc 14 T3 30 s 4.4 50 58 532 45 34 1.7 13 35
Horiz Axis | Min/Max | 0625 0434 1940 [ 2346 29/54 36/65 | 4.6/69 3966 2958 | 1943 0925 0625|3138
1-Axis, N-S Averﬁgc 0.9 1.8 32 4.5 59 6.6 7.8 6.8 53 3.1 12 08 4.0
Horiz Axis | Min/Max | 0.3/1.6 0428 2.1/42 | 2857 40/73 4787 | 6.1/93 5288 33(69 | L7410 0618 04/1.5 | 3544
1-Axis, N-S | Average 1.5 26 4.0 49 58 6.4 1.6 %l 6.3 4.2 L9 14 45
Tilt=Latitude | Min/Max | 0.6/27 0540 2653 | 3.1/63 4072 4584 | 5991 5492 4081 | 2355 1028 0726 | 3949
A Average | 17 27 4.0 5.0 6.2 69 &1 74 6.3 4.3 2.0 1.5 47
e Min/Max | 0629 0541  2.6/53 | 3.2/64 4276 49091 | 6307 356095 4081 | 2456 L1129 07/28 | 41/5.1
Average Climatic Conditions
Element Jan Feb Mar | Apr May June July Aug  Sept Oct MNov Dec | Year
Temperature (°C) -1.3 24 6.1 9.7 139 18.1 211 20.6 15.9 9.9 37 -2 9.9
Daily Minimum Temp -3.7 -3l 0.7 1.9 8 9.6 1.7 113 1.0 1.8 1.7 -5.5 27
Daily Maximum Temp 3l 80 12.9 17.3 220 26,6 304 20.8 249 18.0 9.1 -t 17.1
Record Minimum Temp | -29.4 317 <183 6.7 -39 -1l 11 17 44 1.7 2250 272 | -317
Record Maximum Temp | 20,0 20,6 267 | 333 389 394 422 433 378 0.6 228 194 | 433
HDD, Base 18.3°C 608 445 319 260 142 50 11 21 94 260 440 606 | 3315
CDD, Base 18.3°C 0 0 0 o 4 43 935 90 b7 0 0 0 254
Relative Humidity (%) 78 73 61 52 48 47 a4 48 56 63 75 80 60
Wind Speed (m/s) 2.6 30 35 3.8 38 38 ib 34 34 30 28 24 i3
233
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Spoka ne, WA z l Variability of Latitude Fixed-Tilt Radiation

WBAN NO. 24157 E‘ 74 ¢k
LATITUDE: 47.63° N =,
LONGITUDE; 117.53° W 5
ELEVATION: 721 melers 47
MEAN PRESSURE: 932 millibars g
£2+

STATION TYPE: Secondary =

B —— 1961-1990 Average

o4 —r

N TET EEEERE RS

Solar Radiation for Flat-Plate Collectors Facing South at a Fixed Tilt (kWh/m?/day), Uncertainty +8%

Tilt (%) Jan Feb Mar | Apr May June July Aug  Sept Oct Nov  Dec | Year

0 Average 1.3 20 32 4.6 58 6.5 1.0 59 44 27 14 143 38
Min/ 1LOf1.6 1,525 2742 | 38/53 4865 5774 | 5907 S0/68 3752 2232 12/1.6 08/14 | 37/4.1

Latitude -15 A_vera e 2.1 30 42 53 6.0 6.4 7.0 6.6 3.7 4.0 2.1 1.7 4.5
Min/Max | 1527 1840 3.3/58 | 41/62 4868 55073 | 5978 54/76 44770 | 3052 1727 1.226 | 4.3/49

Latitude Average 23 32 44 532 5.6 59 6.5 6.3 57 43 3 1.9 45
Min/Max | L7300 1844 3461 | 3961 4563 50067 | 5473 5373 4471 | 31/56 LBAO0 1330 | 4248

Latitude +15 Average 24 33 43 48 49 5.1 5.6 57 55 44 24 2.0 42
Min/Max | 1.7/3.2 LBj4.6 3261 | 3.6/56 3956 43057 | 4763 4g66 4.1/69 | 3157 1.9/3.1 1.3/32 | 3.9/45

90 Average a2 A0 35 34 32 il 15 39 43 38 22 2.0 32
Min/ 1.6/3.1 1542 2653|2641 2636 2734 | 3038 32435 3154 | 2650 L7029 12432 | 2935

Solar Radiation for 1-Axis Tracking Flat-Plate Collectors with a North-South Axis (kWh/m?/day), Uncertainty 9%

Axis Tilt (%) Jan Feb Mar | Apr May June July Aug  Sept Oct Nov  Dec | Year

0 Average 3 28 4.6 64 79 89 10.0 8.7 6.6 4.1 1.9 1.4 54
Min}l\‘f&x 1323 L7388 35/65 | 4877 6392 T75108| 7HIL3 68104 5285 | 2953 1524 1021 | 5.459

Latitude -15 Average 24 36 54 7.0 82 2.1 10.2 93 1.6 51 24 1.9 6.0
© | Min/Max | 1.6/3.1 1950 40/7.7 | 5.1/84 64/95 7.6/109] 80/11.6 727112 57199 | 3568 1.932 1.2/3.0 | 5.6/6.5

Latitude Average 1.5 37 5.5 6.9 8.0 8.7 99 92 73 53 2.6 21 6.0
Min/Max | 1.8/34 2053 4079 | 5.1/84  6.2/93 73105 TRILD 74001 5TN00| 3670 20034 L334 | 5.6/6.5

Latitude +15 Average 26 38 34 6.6 75 82 93 8.7 715 53 2.6 232 5.8
Min/Max | 1.8/35 2.0/54 39/79 | 48/8.1 5888 6899 ) 73106 67/106 5598 | 3672 200335 1436|5463

Solar Radiation for 2-Axis Tracking Flat-Plate Collectors (kWh/m?/day), Uncertainty £8%

Tracker Jan Feb Mar | Apr May June July Aug  Sept Oct Nowv Dec | Year
2-ARS A_vcra {J b1 § 38 55 7.0 83 93 104 94 7.7 34 21 23 6.2

Min/Max | 1836 2.0/54 4179|5285 6597 78112] 82119 7TYI13 57/100| 3772 20035 14836 | 5767

Direct Beam Solar Radiation for Concentrating Collectors (kWh/m?/day), Uncertainty +8%

Tracker Jan Feb Mar Apr May June July Aug  Sept Qct Nov Dec | Year
1-Axis, E-W | Average L2 1.8 26 ER 38 45 55 49 4.1 3.0 1.3 1.0 Fl:
Horiz Axis M.il'l.'Mgux 04/2.1  0.6/3.4 L7/39 | L8M43 2449 33062 | 3867 3364 2559 | 1745 0820 042027935
1-Axis, N-§ | Average 0.7 1.5 1.8 4.0 5.1 6.0 74 65 49 28 0.9 0.6 36 |
Horiz Axis Min/Max | 0.2/1.3 0527 L7442 | 24/54 3367 4583 | 5089 4486 317 1542 05/14 0311 | 3140
1-Axis, N-5 | Average 1.3 22 3.5 44 32 58 T3 6.8 57 38 1.5 L1 4.0
Tilt=Latitude| Min/Max | 0.4/23 0740 22(53 | 2.6/59 3367 43/80 | 4987 46/90 3684 | 2157 0822 0520 | 35M46
 His Average 14 22 3.5 45 55 6.3 7.8 7.0 58 3.9 1.6 1.1 42

MinfMax | 0425 0741 2253|2761 3571 4787 5393 4793 3684 | 2158 0923 0522 ] 3747

Average Climatic Conditions
Element Jan Feb Mar | Apr May June July Aug  Sept Oct Nov  Dec | Year
Temperature (*C) 2.7 0.7 33 7.7 122 16.7 204 202 14.9 B35 | B -23 835
Daily Minimum Temp -6.2 34 -1.3 1.5 55 9.6 124 12.4 b 13 -1.8 5.7 27
Daily Maximum Temp 0.7 4.8 8.7 139 18.8 237 284 28.1 222 148 52 L0 14.2
Record Minimum Temp | -30.0 -272 217 -83 44 0.6 28 L7 4.4 -12.2 294 <317 | 317
Record Maximum Temp | 15.0 16.1 .7 322 5.0 Er ] 394 42.2 36,7 30.0 194 133 422
HDD, Base 18.3°C 653 493 433 318 191 17 17 31 124 305 498 641 3801
CDD, Base 18.3°C 0 0 0 0 0 27 82 49 22 0 0 0 231
Relative Humidity (%) 83 79 70 6l 58 54 a4 43 54 67 83 85 65
Wind Speed (m/s) 42 43 45 47 44 43 4.1 38 39 38 42 37 42
232
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Variability of Latitude Fixed-Tilt Radiation m
8+ _—

WBAN NO. 24233

LATITUDE: 47.45° N
LONGITUDE: 122.30° W
1 ELEVATION: 122 meters
MEAN PRESSURE: 1001 millibars

Manthly Radiation (kWh/m®/day)

STATION TYPE: Primary

—— 1961-1990 Average '

i1 — t }
d FM A M J J A 8 © ND Y

Solar Radiation for Flat-Plate Collectors Facing South at a Fixed Tilt (kWh/m?/day), Uncertainty 9%

Tilt (%) Jan Feb Mar | Apr May June July Aug  Sepl Oct Nov  Dec | Year

0 Average | 1.0 L7 28 4.1 53 58 6.1 52 38 22 1.2 08 i3
Min/Max | 0.8/12 1221 2436 | 3548 4661 4867 | 5.2/67 42459 2945 | L8228 0914 06/1.0 | 32036

Latituds -5 Average 1.5 23 35 4.6 54 57 6.1 5.6 47 30 17 1.3 iR
i Min/Max | 1.1/22 1535 2851|3755 4763 47/66 | 5268 4466 3258 | 2242 LY2Z3 0818 | 3542

Latlitide Average 1.6 15 16 44 54 52 57 54 4.7 3z 1.8 1.4 <
Min/Max | L125 1638 2853|3554 4459 4461 | 4863 4264 3159 | 22M5  LI26 0821 | 3441

Latitude +15 | Average | 1.7 25 35 4.1 4.5 45 4.9 49 45 32 18 14 15
Miny/ LI26 1639 2752|3250 39/52 3852 42/55 3858 30/57| 2245 LI27 0822 3238

00 Average | 15 22 2.8 10 30 28 il 34 34 27 1.7 1.3 2.6
Min/Max | 1.0/25  14/35 22043 | 23536 2633 2432 | 2834 2740 2344 18B9 1025 0721 | 23729

Solar Radiation for 1-Axis Tracking Flat-Plate Collectors with a North-South Axis (kWh/m?/day), Uncertainty 8%

Axis Tilt (%) Jan Feb Mar | Apr May  June July Aug  Sept Oct Nov  Dec | Year
0 Average 12 22 20 5.2 6.7 7.3 80 6.9 31 3.0 15 Lo 4.3
Min/Max | 0.9/1.8 1533 2954 | 41/63 5382 5891 | 6.1/90 50/84 3466 | 2042 0920 07/14 | 3848
Latitude -15 Average L6 27 42 5.6 6.9 1.3 8.2 7.3 58 36 1.9 14 47
2 | Min/Max | 1125 L743 3265 (4370 5386 58093 | 62092 5390 3776 | 2552 L1227 08721 | 4153

Yatinde Avera 18 28 43 55 6.7 7.0 7.9 7.2 59 37 20 15 47
Min/Max | 1.2/28 1846 33/67 [ 42/69 5183 5589 | 5989 SY88 3777 | 2555 LI29 0823 | 41/53
Latitude +15 | Average | 18 28 42 53 6.3 6.6 7.4 6.8 57 37 20 1.5 45
Min/ 129  L746  32/66 | 40/66 4778 5.1/83 | 5584 4984 3675| 2455 1130 0824 |395.1
Solar Radiation for 2-Axis Tracking Flat-Plate Collectors (kWh/m?/day), Uncertainty +9%
Tracker Jan Feb Mar | Apr May  June July Aug  Sept Oct Nov  Dec | Year
S hiliE Aver. 1§ 29 43 5.6 7.0 7.5 8.3 74 5.9 37 20 1.5 49
> Min{Mg.ax 1.2/29 1847 3367|4370 5487 S%95| 6394 53090 3877 | 2555 LI30 0824|4255
Direct Beam Solar Radiation for Concentrating Collectors (kWh/m?/day). Uncertainty +8%
Tracker Tan Feb Mar | Apr May June July Aug  Sept Oct Nov  Dec | Year
1-Axis, E-W | Avera, 0.9 1.4 1.9 23 30 33 4.0 3.3 29 1.8 1.0 0.8 22
Horiz Axis | Min/Max | 0.4/1.8 0629 1238 | 1333 1543 L1749 | 2351 2047 1442 | 1032 03L7 0315 | L626
1-Axis, N-S | Average | 05 1.1 19 28 38 42 5.2 44 3.2 16 0.6 04 25
Horiz Axis | Min/Max | 0.2/1.1 0523 L1/38 | 1L.640 L1757 2.1/64 | 2865 2459 1.648| 0728 0212 0208 | L83.0
1-Axis, N-5 | Average 0.9 L& 23 il 39 4.1 5.1 4.7 39 23 1 0.8 18
Tilt=Latitude | Min/Max | 0420 0734 1449 | L844  LY57 2062 | 2864 26/63 1957 [ 1139 0319 0315|2033
s Average | 1.0 17 25 3l 4.1 44 55 48 39 23 1l 09 29
b Min/Max | 0421 0733 L5449 | L85  L&60 22/67 | 3069 2765 1957 | LI40 0320 0316|2135
Average Climatic Conditions
Element Jan Feb Mar Apr May June July Aug  Sept Oct Nov Dec | Year
Temperature (°C) 45 64 76 96 128 16.1 184 186 159 116 74 47 1.1
Daily Minimum Temp 1.8 3.0 36 5.1 79 1.1 128 132 1.1 1.7 4.5 2.] 7.0
Daily Maximum Temp 72 9.7 115 | 140 17.7 211 240 240 207 15.4 103 73 15.2
Record Minimum Temp | -17.8 -11.2 £ 0 b AN By 2.2 33 0.1 6.7 1.7 22 144 -144 | 178
Record Maximum Temp | 17.8 ) 239 | 294 339 35.6 372 372 367 31T 233 113 | 32
HDD, Base 18.3°C 429 334 334 263 171 80 3 36 87 210 328 4 | 277
CDD, Base 18.3°C 0 0 0 0 0 12 36 45 13 0 0 0 106
Relative Humidity (%) 78 75 74 7 69 67 66 68 73 79 80 80 73
Wind Speed (m/s 4.1 4.0 4.0 40 3.7 37 35 34 34 35 40 4.0 38
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WBAN NO. 94240

LATITUDE: 47.95° N

LONGITUDE: 124.55° W
ELEVATION: 55 meters
MEAN PRESSURE: 1010 millibars

STATION TYPE: Secondary

Solar Radiation for Flat-Plate Collectors Facing South at a Fixed Tilt (kWh/m?/day). Uncertainty +3%

Monthly Radiation (kWh/m?/day)
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Variability of Latitude Fixed-Tilt Radiation

—— 1981-1990 Average
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Tilt (%) Jan Feh Mar Apr May June July Aug  Sept Oet Nov  Dec | Year
0 Average 1.0 1.6 2.6 3 4.7 5.1 52 4.5 3.5 o5 1.2 .8 3.0
Min/Max | 0.7/1.3  1.2/20 22/33 | 2843 4.1/54 4259 | 40/62 3654 3044 | 1727 LOLS 07L1 | 2832
Latitude -13 Average 1.5 23 a2 4.1 4.8 5.0 52 4.9 4.4 30 1.8 14 5
M Min/| 0923 1433 2646|2950 4.1/56 4.0/59 | 3863 3760 3557 | 2.1/42 L1327 0923 | 3.2/38
Latitude Average LG 24 33 4.0 4.5 4.6 48 47 44 3t 1.9 1.5 34
Miu[MBax 0927 1536 2647|2848 3853 3754 3558 3558 3458 | 2145 1430 0926|3138
Latitude +15 Average 1.7 24 32 37 40 40 4.2 42 42 31 20 1.6 32
Min/Max | 0.9/2.8 14/3.7 2547 | 2545 3346 3247 | 3151 3253 3255 | 2045 1452 0928 | 29436
a0 Avera 1.6 21 26 27 2.7 25 27 30 52 2.6 1.8 1.5 24
Min/Max | 0.8/2.7 1.2/34 2.(4/39| 1933 2330 2129)| 21/32 2336 2543 | L7339 12/30 0827|2228
Solar Radiation for 1-Axis Tracking Flat-Plate Collectors with a North-South Axis (kWh/m*/day), Uncertainty +9%
Axis Tilt (%) Jan Feb  Mar | Apr  May Jume | July Aug  Sept | Oct  Nov  Dec | Year |
0 Average | 1.3 21 34 47 59 6.3 6.5 58 4.9 29 1.5 1.1 39 |
Mi ax | 0819 1331 2648|2159 49572 4976 4683 42074 37067 | 2042 1.223 0817 | 3.5/43
Latitude <15 | Average 1.7 23 i9 il 6.0 6.3 6.6 6.2 55 36 1.0 L5 4.3
Min/Max | 0.9/2.7 15041  30/57 | 32/64 4975 4878 | 4.6/85 4380 4177 | 2353 1432 0926 | 3948
Litinds Average 1.8 2.8 10 50 58 6.0 6.4 6.1 5.6 27 2.1 1.6 42
Mi: 09130 1543 30/59 | 32/63 47/73 46/74 | 4482 42479 4078 | 24/55 1555 1029 | 3849
Latitude +15 Average 1.8 28 9 4.7 53 5.6 6.0 57 54 37 22 1.7 4.1
BINC Min/Max | 00/3.1 1504 29/58 | 30/6.1  4.4/68 4269 | 4177 40775 3976 | 2355 L5A6 1031 | 3747
Solar Radiation for 2-Axis Tracking Flat-Plate Collectors (kWh/m?/day), Uncertainty +9%
Tracker Jan Feb Mar | Apr May  June July Aug  Sept Oct Nov  Dec | Year
o pnite Average 1.9 28 4.0 | 6.1 6.5 6.8 6.2 5.6 a7 2.2 LT 44
Min/Max | 0.9/3.2 1544 3059 | 3364 S50/76 4979 | 4787 4481 4178 | 2456 L1536 1032 | 4050
Direct Beam Solar Radiation for Concentrating Collectors (kWh/m?/day), Uncertainty +8% ——
Tracker Jan Feh Mar Apr May June July Aug  Sept Oct Nov Dec | Year
1-Axis, E-W | Avera 0.9 14 1.7 20 25 27 3.0 28 237 19 L1 09 20
Horiz Axis | Min/Max | 0.320 0528 0932|0931 L1537 1239 L5435 1342 1544 | 0833 0523 0322 L7235
1-Axis, N-§5 | Avera, 0.6 1.1 1.8 15 32 34 38 3.5 il L7 07 035 22
Horiz Axis Min, 02712 04722 1032 L1Y39 2048 L7550 20059 1653 L7501 | 0720 O0¥LS 02/1.2 | 1927
| 1-Axis, N-§ | Average 1.0 1.6 23 28 i2 33 iR a7 37 24 1.2 1.0 25
Tilt=Latitude | Min/Max | 0.3/22 0.63.3 1.3/42 | 1.2M43 1948 1648 | 1958 L&56 2.0/61 | 1042 0625 0322|2232
9 Acxis Average L1 1.3 23 2.8 34 3.6 40 38 37 24 1.3 1.0 26
= Min/Max | 0.3/23 0634 1342|1243 2.1/50 1852 2.1/62 1§58 2.0/6.1 1042 06/27 0324 | 2333
Average Climatic Conditions
| Element Jan Feb Mar | Apr May  June July Aug  Sept Oct Nov  Dec | Year
| Temperature (°C) 44 36 6.3 79 10.5 13.0 149 152 133 10.2 6.7 4.6 94
| Daily Minimum Temp 0.9 1.6 1.8 29 54 8.1 9.7 9.8 7.9 5.2 2.9 1.3 48
Daily Maximum Temp 1.8 25 10.8 12.8 15.5 17.9 20.1 206 19.4 152 0.5 79 14.0
Record Minimum Temp | -139 -11.7 -7.2 4.4 -7 0.6 23 22 =22 -4.4 -15.0 -13.9 -15.0
Record Maximum Temp | 183 223 2.3 28.3 333 356 36.1 37.2 36.1 285 20,6 17.8 32
HDD, Base 18.3°C 432 358 4 313 243 160 107 100 142 252 a8 426 3254
CDD, Base 18.3°C 0 0 0 0 0 0 o i [i] ] o 0 3
Relative Humidity (%) 87 85 83 81 &l &2 82 84 83 87 B8 89 54
Wind Speed (m/s 4.6 4.3 4.1 a7 34 32 at 28 3.0 3.6 4.2 4.2 X7
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