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Sun/Earth Geometric 
Relationship 

Annual motion of earth around the sun. 

Ecliptie 8XlB 

Sep 23. Autumnal Equinox 

Polar axis 

89.83 million miles 
J.471X10 m 

Dec. 22 
Winter Sulstice 

March 21 
Vernal Equ1nox 

Location of the tropics. 

Dec 22 

June 22 
Summcr Solstice 
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Solar Angle Formulations 

Latitude angle, L, the angle between a line from the center of 
the earth to the site of interest and the equatonal plane. Values 
north of the equator are posrtive and those south are negative 

Solar declination, •• the angle between the earth-sun line 
(through their centers} and the plane through the equator. 
Declinations are positive in the northern hem1sphere and 
negative in the southern hem1sphere. 

(
360(284 +n)) 

o = 23.45º sin 
• 365° ' 

Where n 1s the day number (Jan 1=1, Jan 2 = 2, etc.) 

Hour angle, h,, based on the nominal time of 24 hours far the 
sun to travel 360º, ar 15~ per hour When the sun is due south 
(northern hemisphere, due north far southern hemisphere), the 

· hour angle is O, morning values are negative, and afternoon 
values are positive. 

hª = 15°x{hours from local solar noon) 

(minutes from local solar noon) 

4 (min/deg) 

Solar altitude angle, , is the angle between a line collinear 
with t.he sun's rays and the horizontal plane. 

sina. =sinlsin6. +cosLcosh. 

Solar azimuth angle, a,, is the angle between the projection of 
the earth-sun line on the horizontal plane and the due south 
d1rect1on (northern hemisphere) ar due north (southern 
hemisphere). 

. _¡(coso sinh ) a = Slíl ' ' 
• . cosa 

Note: a,>90' that is a, ( am/pm) = :¡: ( 180° -la,I) when:. 
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{L~Os L>05 and solar time earlier than tE ar later than tw 

t./t. = 12 : 00 noon :¡: ( cos-' [tan ojtan L J)/1 s ( deg/hr) 

Solar Time 

Retation between local solar time and local standard time (LST): 

Solar Time,= LST +ET +(l., -1,,~,)x4m'.%eg 
Where 1$1 is the standard time meridian, page 5, and f1oca1 is the 
local longitude vafue The equation of time, ET, can be gathered 
from tabular values, page 4, or computed with: 

ET(minutes) = 9,87sin2B-7,53cosB-1,5sinB 

where: B-
_360(n-81) 

364º 

At local solar noon· 

h =º a=90º-IL-s.I ª· =o 

Sunrise and Sunset Times 

At sunrise ar sunset the center of th'e sun 1s located at the 
eastern ar western horizon, respectively. By definition, the 

altitude angte is then a = O . The local solar time far 
sunnse/sunset can be computed wi'th: 

Sunris = 12 · 00 noon + s % [( cos-' (-tanl x tan 8 ) )J 
unset 15 ( deg/hour) 

Far the t1p of the sun at the horizon (apparent sunnse/sunset), 
subtract/add approx1mately 4 minutes from the sunrise/sunset 
times. 
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Values far Oecl1nation, o •. and Equation of Time, ET 
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Worldw1de standard time mendians 
Relative 
to UTC Description 

-11 Nome Time (US) 
Samoa Standard Time 

-1 o Hawa11an Standard Time (US) 
Tah1t1 Time 

-9 Alaska Standard Time {US) 
Yukon Standard Time 

-8 US Pac1fic Standard Time 

-7 US Mountam Standard Time 

-6 US Central Standard Time 
Mex1co Time · 

-5 us Eastern Standard Time 
Colombia Time 

-4 Atlant1c Standard Time 
Bolivia Time 

-3 Eastern Braz11 Slandard Time 
Argentina Time 

-2 Greenlarid Eastern Std Time 
Fernando de Nofonha Time (8raz1I) 

-1 Azores Time 
Cape Verde Time 
Greenw1ch Mean Time 

o Coord1nated Universal Time 
Western Euro e Time 

+1 Central Europa Time 
M1ddle European Time 

+2 Eastern Europe Time 
Kallnmgrad Time (Russ1a) 

+3 Moscow Time (Russ1a) 
Baghdad Time 

+4 Valga Time (Russ1a) 
Gulf Standard Time 

+5 Yekaterinburg Time (Russ1a) 
Pak1stan Time 

+5 5 lnd1an Standard Time 

+6 Novos1birsk Time (Russ1a) 
Bangladesh Time 

+7 Krasnoyarsk Time (Russ1a) 
Java Time 

+8 lrl<U1sk Time (Russra) 
China Coast Time 

+9 Yakutsk Time (Russ1a) 
Japan Standard Time 

+10 Vlad111ostok Time (Russm) 
Guam Standard Time 

+11 Magadan Time (Russ1a) 
Solomon lslands Time 

±12 Kamchatka Time (Russia) 
New Zealand Standard Time 
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Standard 
Mendian, lst [º] 

165' w 
150' w 
135' w 
120· w 
105' w 

90' w 
75º w 
60' w 
45ºW 

30º w 
15º w 

o· 

15' E 

30' E 

45' E 

60º E 

75' E 

82.5' E 

90' E 

105' E 

120' E 

135' E 

150' E 

165' E 

180' 

Sun Path Diagrams 

Procedure to determine the solar altitude and azimuth angles for 
a g1ven !atitude, time of year, and time of day· 

Transition the time of interest, local standard time 
(LST), to solar time. See procedure pag'e 3. 

2. Determine the declination angle based on time of 
year. Use formulat1on page 2, or table page 4. 

3. Read the solar altitude and azimuth angles from 
the appropriate sun path diagram. D1agrams are 
chosen based on lat1tude: linear interpolations are 
used far latitudes not covered. Far values at southern 
latitudes change the slgn of the solar declinat1on. 

Representative path diagram i!lustrating the determination of 
solar posltion 

Note: 

Solar Az1muth Angle 

The s1gn convention far the declination angle, 05 , is far 
northern latitudes To use the diagrams far southern 
latitudes, reverse the sign of the dec11nation angle 

6 
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L>ós and solar time earlier than tE or later than tw 

t./t. = 12 . 00 noon :¡: ( cos-' [tan o./tan L l)/1s( deg/hr) 

Solar Time 

Reiallon between local solar time and local standard time (LST). 

Solar Time= LST +ET+ (1,, -1,,,Jx 4m%eg 

Where 151 is the standard time mendian, page 5, and l1oca1 IS the 
local longitude value. The equat1on of time, ET, caribe gathered 
from tabular va!ues, page 4, ar computad with: 

ET (minutes) = 9.87 sin 2B - 7.53 cos B -1.5 sin B 

where· B 
360(n-81) 

Al local solar noon. 

h,=o a=90º-IL-o,I a =O 

Sunrise and Sunset Times 

At sunrise or sunset the cente'í of the sun 1s located at the 
eastern or we~tern honzon, respectively. By defirntion, the 

alt1tude ang!e is then· a = O . The local solar time far 
sunrise/sunset can be computad with: 

= 12 : 00 noon ::¡:: 
Sunns% r(cos-'(-tanlxtano,))] 

· Sunset 15 ( deg/hour) 

Far the t1p of the sun at the honzon {apparent sunnse/sunset), 
subtract/add approximalely 4 minutes from the sunrise/sunset 
times 

J 

Values far Declination, 85 , and Equat1on of Time, ET 
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Lat1tude = Oº 
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Solar Azimuth Angla { º ) 

Latltude = 5º 

+23 45• 1 1 '.' 
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~-;w " o• 
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/ 

-
/ 
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/ ' 

.,,. 
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~ ' 
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' " "º ~¡- ·-·- -·- - +-6 " 
------·~·········-··· Solar Az1muth Angle ( 0

) 

Note: The sign convention for the declinat1on angle, Os. is for 
northern latitudes. To use the diagrams far southern 
latitudes. reverse the sign of the declinat1on ang!e. 
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Solar Az1muth Angle ( º ) 

Note: 

Latitude = 15º 

.135 -120 -105 ·90 75 ·60 -•5 ·30 -15 o 15 30 45 60 75 90 105 120 135 

Solar Az1muth Angle ( º ) 

The sign convention for the declinat1on angle, 85 , is for 
northern latitudes. To use the diagrams far southern 
latitudes, reverse the sign of the decl1nat1on angle. 
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Latitude = 20º 

-·•·••m••••••••••••••••• 
Solar Az1muth Angle ( 0 

) 

Latitude = 25º 

'ºº ,-,---,~..--,.~~.-~.--,----,~,---,-~,--,----,~,---,-~,-, 
'° -,-U 1 .(, .. ~ ,\ 

Note: 
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Solar Tome 11 

•••-•m•••••••••••••••• 
Solar Az1muth Angle ( 0 

) 

The sign convent1on far the declination angle, 05 , is for 
northern latitudes To use lhe diagrams far southern 
latitudes, reverse the s1gn of the declination angle. 

Latitude = 30º 

90 
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Solar Az1muth Angle ( 0 

) 

Note: The sign convent1on for the declination angle, ós, is for 
northern latitudes. To use the diagrams for southern 
latitudes, reverse the sign of the declination angle. 
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Latitude :::: 40º 

.os -120 -105 ·90 -rn eo -.is -J<l -ts o 15 lO 45 ao 15 90 rn$ 12tl 13$ 

Solar Az1muth Angle ( 0 
) 

Lalltude ::: 45º 

~., 

Note: 

11 

··-----·~·········-··· Solar f'Zrmuth Angle ( 0 
) 

The sign convention for the declination angle, 88 , is far 
northern latitudes To use the d1agrams far southern 
latitudes, reverse !he sign of the decfination angle. 

Lat1tude ::: 50º 

"' 
;- 50 

• 
"' .;( 40 
w 
~ 
.5 30 

" • ~ 20 

-\35 -120 -t05 -90 -75 -60 -45 .30 ·15 o 15 30 45 

w 

"' ¿ 40 

! 
~ 30 

• ;g 20 

Note: 

Solar Azimuth Angle ( 0 
) 

Latitude :::: 55º 

-·•-•n••~••• •••••••••m 
Solar Az1muth Angle ( º ) 

The sign convent1an far the declinat1on angle, 85 , 1s far 
northern latitudes. To use the d1agrams for southern 
latitudes. reverse the s1gn of the decJinatian ang!e 
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Lal1tude ::: 60º .. ~~~-~~~~-~---~-~~-~-~-~~ +23 45• 1 
1 \ 12 13 

11-'" • 

o "-~~~<-~~---'~L

•• - - • n • • • • • ·• • • • • • - • ·• Solar A21muth Angle ( 0 
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Latitude ::: 65º 
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¡ .1~, \_12 __ 13 
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" 

--•-•n••~~· ••••n••-•rn 
Solar Az1muth Angla ( 0 

) 

Note: The s1gn convention far the declmation angle, 55 , is far 
northern latitudes. To use the diagrams far southern 
latitudes, reverse the s1gn of the declination angle 
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Overhang and Fin 
Shading Calculation· 

A u- . 
sol~ 
a!tJ~de ~ 

-------

perpendicular 
to window .+---

perpendicular 
to window 

Repnnted from [3] 

For overhang shading: 

O x tan (solar altitude) h = _____ _o__----~--

cos (solar azimuth - Window azimuth) * 

For fin shading: 

w = O x tan (solar azimuth - window az1muth) * · 

Solar altitude and az1muth angles can be determ1ned w1th the 
sun path diagrams, beginnlng on page 6 

* Observe proper signs far both the solar and window 
azimuth values. Convention is that angles east of the 
equator vector are negative while !hose wesl are positive 
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Obstruction Shading 

Procedure for estimating shading caused by adiacent structures: 

1. 

2. 

3. 

15 

Define the solid angle presented by the obstruction in 
terms of altitude, Clobs• and azimuth, aobi. angles for the 
point of interest. Chd,se charactenst1c points to descnbe the profile of 
!he obstruct1on and determine the1r angular coordmates, refer lo the geometry 
of the figures below and on the next paga By measunng or est1matJng the 
d1stances and he1ghts in quest1on, standard tngonometnc formulas (next paga) 
can be used to determine the ángular values. 

Locate the solid angle with respect to the path of the 
sun. Refer to the appropnate sun path d1agram, based on the s1te lat1tude. 

and locate the sol1d angle on the d1agram by plott1ng the !'.1- and aot>o values on 
the solar alt1tude and solar az1muth axes, respect1vely An example of this 
pos1t1omng is shown on the next paga 

Determine dates and times of shading. On the sun path 
d1agram, where the salid angla overlaps !he dectmatlon lmes, shadmg of the 
pomt of mterest wil! occur_ The dates can be est1mated by readmg the 
dechnat1on values that 1ntersect the salid angla, and then matchmg the 
dE'!chnat1on to the tima of year, table paga 4 In a similar manner, !he hourn al 
shadmg for a particular decimat1on value, can be est1mated by readmg the solar 
time correspond1ng to the 1ntersect1on of the dechnat1on of mterest and the salid 
angla presentad by the obstruction 

Geometry far deflnmg the 
shadmg f~om an obstruct1on 

C " Pomt of mterest 

Plan 

Eleva11on 

Equator p 

e 

Solar Building Obstrucilon 

Obstruction Shading 

Geometry for an arb1trary pó'int Q 
en the prof1le of the obstruct1on 

~tor 

p 

Example overlay of an obstruct1on profile on a sun path diagram. 

·-· 

~ b 

• 

._, 

Appro .. maie dlltes aod 11m11s 
ol day can be es~matsd by 
reedmg tt>e inlersecting 
values ol ClecltnaUOn and 
solar time, respecwely 

Solar Az1muth Angla 

0 =Sin-'(;) e= tan '(~) 
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Solar Radiation on 
Tilted Surfaces 

The wor1dwide horizontal surface data on pages 18-31 can be 
used to estimate solar radiation on ttlted surfaces. Th1s section 
out!ines a procedure to use this data to est1mate the solar 
rad1at1on on equatonal-facing, t1lted collectors. Nomographs are 
prov1ded for common t1lt angles of: t1lt equal to the site latitude 

and the latltude +/- 15º 

Procedure. 

1. Obtain the monthly averaged, daily total radiation, Hn 

for the chosen focation and month of interest, pages 18-31 

2. Compute the monthly clearness index, K1 • 

3. 

4 

--~ K, Where H is the extraterrestrial horizontal 
" H 

'" surface radiat1on and can be read from Fig. c-1 on page 33. 

Determine the sunset hour angle, h 55 , from Fig. c-2 page 

34, (pos1t1ve value). 

D 
Compute the diffuse to total radiation ratio, --2.. · 

H, 

~: = 0.775 +O 347( h .. -%)-[ O 505 +O 0261( h,. -%)]cos(2Kr -1 8) 

Note: hss m rad1ans 

i 5. Salve for the diffuse and beam radiation components: 

c:r.:::: a;a: ;!]~t:; 
,., '"'...- ... "' '°"' ~ and B = H -D 

" " " 

32 
31 



r 6. Determine the collector tilt factor, Rb , far the tilt angfe, 

f3, of 1nterest. Use the follow1ng formufation or Figs c-3-5 
far common Wt onentations. 

R = cos(L-~)cos(ii.Jsm(h.)+h,,sin(L-~)sin(o.J 
º cos.(L )cos( o.) sin (h.)+ h. sm (L) sin (o.) 

Where 86 is the declination angle, page 4, and h5, is !he 
hour angle at sunnse, Fig. c-2 (negative value, radian$) 

7 Compute the collector monthly-averaged radiation 

total, H
0

• 

H = R B + D cos - + D + B p sin -

"5 

2ó 

" • 
~ 225 

~ o • 
~ 1 75 
< 

! " 
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~ § o 75 

00 
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025 

- -- :.._ '(~) (- -) '(~) 
0 o n " 

2 
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2 
~ 40 ·W -W ·10 10 20 30 40 50 50 

Assummg an appropriate reflectivity vafue, p, from the table ¡ Latitude (degrees) 

on page 36. Figure c-2. Sunrise and Sunset hour angles 

1 
[)ecL. 

;,, 
___ JI> __ 

-SO -<10 -30 -20 ·10 10 20 30 ~o so ~ 

Lat1tude (degrees) 

Figure c-1. H
00

, extraterrestrial ,monthly averaged, da1Jy 

insolat1on on a horizontal surface. 

33 

-50 -40 -30 -20 -10 

Figure c~J. Rb for tilt = L. 

'" Lat1tude (degrees) 
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Figure c-4. R~ for t1ft = L - 15 
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Figure c-5. R~ for tllt = L + 15. 
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· Reflectivity values for charactenstic surfaces (integrated over 
: solar spectrum and angle of 1nc1dence)ª. 

Surfac:c: 

Srmw (freshly fallen or wilh ice film) 
Water surfaces (relat1\•ely iarge mcidence arigles) 
Smls (dny, lo<1m, etc.) 
Earth roads 
Conilerou:. forest (wimer) 
Forests in autumn. npc field crop<;, plants 
Weathered hlacklop 
Weathered concrete 
Dead JetiYt:S 

Dry grnss 
Green gras.c; 
Rituminou:; and grave! r00f 

Crushed rock surface 
Building s11rfoces, dPrk (red brick, dark paints. ele.) 
Building ~urfaces, hght (light brick. light paints, etc.) 

Average 
rc!leclivily 

º" 0.07 
0.14 
o ()4 

007 
0.26 
010 
0.22 
0.30 
0.20 
026 
0.13 
Q.20 
0.27 

0.60 

r 
i 

"From Hunn, B. D .. and D. O. Calafel!, Dctennrnation of Average 
~round Reflcctivity for Solar Co!lectors, Sol. Energy. vol. 19, p. 87, 1977; 
'lCC also R. J. List, "Smilhsonian Meteorological Tables;· 61h ed .• Smilh· 
§Onian ln'ititution Press, pp 442-443, JC;l49. 

1 Estimation of UV lnsolation 
¡· 
¡· Nomenclature 

'
¡ 11 global honzontal total solar rad1at1on 

llb beam componen! of total solar radration 
1. lwb b6am componen! of UV rad1at10n 

lwn global horizontal UV rad1at1on 
K1 cloudiness mdex ¡ .m 

t a 
a1r rnass 
solar alt1tude angle 

1 . , 
~~0.14315K, -0.20445K, +0.135544 

1, 
i 

1 
~ = 0.0688e-0 575

m 

1
1.b 

(
-0.575) 

~ 0.688 exp -. -
s1na 

36 
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Radiation Heat 
Transfer Properties · 1Emissivity and absorptivity of common m~terials, 

·continued from page 37. 

Suñace emissivity, E , which is the emiss1on ·af the surface 
compared toan ideal blackbody, E/Eb 

E 1 , · 
"=-~--1 "E d/, 

Eb crT~ ' w. 
j ..bbo:>tui.fc!1 
: G.oc''""I b•..e p.a1n1 
, Brn:ks. red 

Where cr is the Stefan-Boltzmann constant (5 670 X 1 a·ª W/m2-, Allbe>1<>•ocmcn• h<,.,nl, wt111e 
' ' , M&rtl!c,poh•hcrt 

K
4

), T is surface temperature and the subscript A. refers to 1 
w«.<1.p11ne<1..u 

' ltough(Ql!CR'IC wave!ength. : couue1e 

lncident radiation balance: a+r+p=1 
Where: 

absorpt1vity· transm1ssiv1ty 

1 

··~~. i.feo!'I\. •fl~ r.1111 

G...,.., h1gh Kl>d dry 
VcB<úblc tiel<b 1u~l <h,.,l:>t. "'11ted 
OM le..i•e1 

'-"" 
f'.NR(!l<>n •t¡etabte field~ iltld1.hrub. 

i (Jround. il!)' ¡rjownt 
O.U. wuodlond 

Pln~tonm 
Eln.h surfac:c u• ,..hok fland ~nd Jea, oo clnud•) 

o 25 
05 
0.3~ 

().W 

(}$"0.6 

º·"" 
'"' '" flb7-0.6'l 

'" OJl-{)78 

"' 071-07b 
07~...0.8fl 

o" 
"' "' 

reflectiv1ty: p s ...!!!!._ and 1 1s !he total surface irradiahon. a.... m •ub<Qnu1• Abwrpconce 10 omltw...e r..U... be1wecn U a and t .O 

1 
Gtt~ p~1n1 075 
kc:t rul ¡,...., po>nt °" A<bc<l...., •I,•~ "' 
"'~·Pl'PC' 

Emissivity and absorptivity of common materials 
lmulcum. n:d-lwn .. -n "" """"' 1182 

Green rol! rooflns. OS8 
511111, Llark gr<~ Ul:llJ 

Old J!CY nibbcr 
IWt.I bt..;k rvbber 

lllll-001 Alphaltpo....,,menc 0,91 

º·" lllllrt"lpr!l:'<md~11n coppc< °'' o" Uan: mo1.i gmund·~, 0.9 
()n .. ""' 0,91 

º" ··~ "' 0.-:?6-0.i9 111.tck Ur poper "' o 28-0J Blxk J~>npl:lnt º"' 0.32 S•U bole"' lar¡¡e t>o<. funi:1.c•. "' en.;ll>\<lf\' o~ 

O-.l7 "'HDhlroum,'"tht-ottri<'lllty perfect bl•k b<ody '° O.ID 

o" 

\t.,nc:.,...., cartwmalc, \l¡!C"O, 0011-01}1. º" Wtu..,p1a.1.,, 

"' "' , Snrn. hac l'"""'Le<. fre\h f¡ IJ 0,K2 
Whl1~ (lllnl, O Ul7 ln. M ~lum1Mm º"' 0,<>1 
WlllltW••ll on ¡¡alv~n1Z1"d 1ron 

"' "" Wh11t papn 0~.{l.Jll "' V.'luk rn.,.,..!uniroa 0'.'.3-04~ 09 
le.e:. wllb >l)at>C" ""'* Cll•C't 0.31 0.%--0?7 
;.,,..,.., l<.'C JrDUiu UJ3 0.89 
Ahuninum u1I ¡..., p.ittnl 

"' º"' Wb1•c "''"Jo¡...J ••nd · 0,4.5 "' 
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Emissivity and absorptivity of common materials, 
continued from page 37 

Bfack Mlk •·chc1 
Alt~ltn. ,t.,k ~reen 
1_,1r11ro1>ln..~ 

ül"<'k P•1n1. !J(JI 7 on. '":' a!urrunwn 
Gr:inu~ 

Gr .. p111tc 

Hi¡;h r'1tiO•, llUl ilh"'>/P(lll!CC~ le.<~ lh~n u 8ll 
n..u t>r.us. '"'A""· Jc.i.d 

C..!•11u1cd "-' ''""· u.id1r....i 
u.i ..... u..:diron,dcu """' 
Alu<11"mmf1>1I 
M~!!""'•Um 
Cllmm1t1m 
f'ólo""'d l!n<: 

!kpm1tro <tl•cr (op111.~I rc:lkctnr) um.1tml•hcd 

CJ...,, V •ub<r-occ•· Sc,.,cl!•C •ur1..;e•• 

l'l~l~d niet•k" 
Il!o~~ >ulf.Je vn ""1al 
Bla.;l cupno <>uLI< oo •h~J 8lurn.num 
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Angular variation of the absorptivity of lampblack paint 

ln.-id<;"o<·I." irn¡ik rf") Ab-..irptan~1· n(d 
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Adapted from (9) 

ReflectivitX values for reflector materials 
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Spectral Absorption of Solar Radiation in Water 
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, Transparent Materia Is 
" 

Refract1on of light between matenals 
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lndex of refract1on: 
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Solar Thermal Non-Concentrating Collectors 
Collector Overview 

Efficiency of N-C collectors, Hottel-Wh111ier equatlon (European 
lnd1cat1ve Standard on page 48): 

General Concentration Operatmg 
Configurat1on Descript1on Ratio Temp. (ºC} 

(T,.-T.) 

~ 
~ ~F•a -FU 

Non-Convectmg 30-70 e "- • • fl e 
1 Solar Pond 

Where FR is the collector heat removal factor, ts 1s the cover 

~ UngJazed transm1ssiv1ty, as is the cover-absorber absorptivity, and Uc is the 
Flat Plate o 40 overall collector heat loss conductance. Ti.in is the collector fluid 
Absorber inlet temperature, Ta 1s !he amb1ent, and le is the rnc1dent 

~ 
radiation on the collector. 

Flat Plate Co!lector ·1 o 70 
(H1gh Effic1ency) (1) (60-120) Representat1ve performance curves 

80 FR'•ª• FRUc (Wlm''CJ 

ú F1xed 
Letter Fluid Covers Surface /lnterceptl /.füQpfil 

3-5 100·150 Water o Black Paint 068 34 o 
Concentrator B!ack Paint 0.74 82 

Black Chrome o 52 48 

~ Evacuated ~ 60 Black Chrome o 70 47 

Tube 50-180 ~ 
Black Chrome o 61 32 

e Evacuated Tube 0.54 14 

~ Compound Parabohc 1-5 
8 

70-240 ~ 40 
T,.., = 1so·c (W1th 1 Axis Tracking) (5-15) (70-290) ~ Flow Rales 

Parabollc • Wat& 002kglslm1 (1471b1Mt'} 

C5V 10-50 150-350 ;; A<r. O 01 m'1s1m' (19 1 clm/112) 
Trough u 20 

~ Fresnel 
1040 70-270 Refractor e 

o 

Q o o 1 0.2 03 04 
Sphencal 

100-300 70-730 11T/lc [ºC-m2/WJ 
D1sh Reflector 

lncidence Angle MOdifier o Parabohc 
200-500 250-700 lnc1dence angle modifier, K'°, is used to est1mate col1ector 

D1sh Reflector 

-- performance at non·normal angles of rncidence with. 

Central 
Receiver 500-3000 500->1000 

~' ~ F, [ K .. ( t,a.). -U, (r,.I~ T.)] Adaptad from [12] 
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where K is of the form (b = constant): 

K = 1 - b (-
1 

- 1) 
"' cos(i) 

1.2,----~---~----~---~ 

'-' 

t G~ASS COVt:A PlATE 

'-º .. 
" "' O-> 

¿ ... 
¡¡; o.a NYL.A~ HON.EYCOMB + ¡; 1 GlASS COVER PlATE -o 

"' w-_, 
" 

0.7 

z 
"' ,_ 

º·' z ... 
o 
¡; 
~ º' 

G\.ASS ~XTINCTION COEfFICtENT • OOlllem 

•• Gl..ASSAEFAACTIVelNOEX- t.~ 

AllSOA6EAPU.TE ~BSORPTANCE.o a.o 

Q.lO I' 'º 4S 60 

ANGLE OF INCIOENCf, 9¡, OEGA.EES 

lncident angle modif1er far three flat-p!ate solar collectors. 
Reprinted by permission of the American Society of Heating, 
Refrigerating and Air-Conditioning Engineers, lnc., Atlanta, from 
ASHRAE Standard 93-77, "Methods of Test1ñg to Oeterín1ne the 
Thermal Performance of Solar Collectors." 
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European Standard N·C collector efficiency formulation: 

F 
T.,, - T.m. (T •• - T.mJ' 

r¡=ta-a -a 
• R • 1 1 ~ G l G 

Where T ave = 0.5(T1 . .in+ Ti.out). is used 1nstead of collector i~let 
temperature and G is the hem1spherical 1rradiance (W/m ). 

Th'e inc1dence angle mOdifier is applied 1n a similar manner 

'.ª. = K ... (-t,u, ). 

Concentrating Thermal Collectors 

Geometnc Concentrat1on Ratio, CR. 

A 
CR=-' 

A, 
receiver area. 

,where Aa 1s the aperture area and Ar is the 

lnstantaneous co!lector eff1c1ency, 11.: 

Where r¡
0 

is the optical efficiency, Uc is the overall collector 

heat loss conductance, Tris the receiver temperature, Ta 1s the 
amb1ent temperature. and le 1s the incident radiat1on on the 
collector 

'·~' 
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lncidence factors far various onentation and trackmg 
arrangements of concentratmg collectors 

°""""-°'cd"'°"'" latdolioe raaar""" r 
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-.. ondM ~ti. 

Rota1a1m•,;-1Uff_. .ix.... a 11amonuo1-wes1 u1.1 "''"'",+o..ia,coolt, 
wldi • 1i,..if ,Wly ..dj ... LmcDI pcrmom:d 'º lhol 0 ,.,¡.,. 
llOlmal C<li""*" W'llfl do<: M>lw bcam ll\llOQtllft07 a.y '1f llll! 

"" 
Rou.tioaol a pi..., ocrl..,., .-a~ eut--UJI Vt --1 a,.m•i., 

w11h COlll""'°"' ... JUttllHDI to obWn mu111111m ette!1.)' Inca-
derw;f, 

R~«•pl-JCl"fll;'tll:iwiabomoaW~W. [(""'Lo.in"•+ a11 Lcm l,a1111,}' 
"'11.11 ~ .ldjulallall lll obUl• 11111.111111111 alCll)' _ .. t-cot'lll,:stD'llJ"' 
deKC. 

Roucloa m. p1...., mrf.w:c abcm.,.....;. pu.tlcl 11t lbc..m'• -·· Ull "'!di CQIJl_ "4J11_. 1(1 cl:lwll llWll!!llllll am'I)' 

-~· 
R-Oll abi»\ Cll'O ~ll[u •u. "'illlwtllm1101111111j111!1· 1 

mea11 ta al.law lhe ,.m..., nonn..l ti> C'CUC:lda! .... lb lM sol.ar 
t.NlliUal\-

Adaptat1on of monthly-averaged, horizontal surface data far 
tracking concentrators. 

H, = [ T - f(X) }~, where 

Dh monthly-average d1ffuse radiation component far a 

horizontal surface 

He monthly-average terrestrial radiation far a trackmg 

collector 

monthly-average terrestrial radiation far a horizontal 

surface 

diffuse radiation factor 

tracking factor 

Thermal Energy Storage 

Sensible heat storage: 

Combined latent and sensible heat storage: 

Q = m [e (T - T ) +).+e (T - T )] 
!ot~ • P_ mott low p- hogh '""" 

Thermochemical energy storage· 

Q =a móH 
t11ermocher111cal r 

Where m 1s the mass of reactant, a, is the fract1on reacted and 
t!.H is the heat of reaction per unit mass. 

Storage materials properties g1ven on pages 51-53. 

Thermal conduct1vities of containment materiats 

Tlu:rmal condu<:11v1~ 

M&lmah (WfmKI (Blo ,...,..l\>ºI') 

P111r1c•• 

"' o 17--{IJ3 t.2-2.3 

Acry!ic 'I' 01~4) 1.3--J o ..,,..,,, .... o 12~.17 011.-1.l 

Pulye1b)'bc lhlsti dm.oll)) . 0.43--052 J 0--J.6 

Poly<th}lcllo (modllltll dcMH:y) Q.;o....J.(2 2 l-Z.9 

Pol1cth)'I<:"" ílow <.1c,..uy) l>W >! 

~lyv1nyl chlonJoo o\) \" .... 
Al""""""' 

,., ll<lll c..,,,. JO\\ >= 
Soccl " "º 

•l'la.•rit s, ",/~d·I..,. Wta bunk, 5th lld Bouk A ~"" IM~<>, CA Oic h>1tm.1t""1..t Pl&Utc• Sclci:UJ<. 

!11<. 19IO. 
•A.t lDCUll1nl !n-1\:!oiM e.in. 
•H-1bl>UA r>fClk..,mn•(lt<d Plt••"'· 40'' bl. 
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Phy:sical propcrtles of sume !>ell.'lible hcel storage materials 

Tempcniure 
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Physlcal propertles oflalenl be:al sto1111r: materials or PCJ\ls 

Meltlng '-"'m Spo;ific H~a1 Ocn•ÍI) ~K¡¡tm)J 
E.-.ergy 

l>oint He~. tLIAg 'L") lkn~ity 

Sl<.lr;ige :O.lo:odrum •e '""' SoJid 1 iqui.;I S<>lid L.ilwd {•V.'hr/rri=K~ 

LICJ03 - 3H:O " 1 
253 11:ro llJú IO~ 

:.¡~so,. IOH¡O '" 251 170 ~ .\2 ""' 13.10 92.1 

(Glau~r·~ Sal!) 
.¿ 

:'{a,!-.,Ol-:SH/1 " ,,. 1.47 2 3"1 173" lW 92.:S 

NaCH 1COO · 3H10 " ISO '·"' "º '"º 1l80 .. 
B1tOH1¡- llH 10 " :J(IJ °'' 1.20 20'10 1937 16:! 

M¡(NO,J • 611 10 "' 16' 156 '68 1636 15:50 70 

UNO, "' '" 202 2"41 UIO 177ó lbl 

l1CO/K:C01, 
(35.65)" '°' ~s l.H 176 226,j 1960 IM 

Li<..'O¡K¡CO/ 
;-;~¡C·ol 02 3.5·33J• J<J7 277 1 ó8 1.63 2300 21.fO 165 

ri·Tctr.idec-&Df: ,_, 228 "' J7I " 
n-Ocbdecane " 244 2" g¡4 "' 5!.5 

HDPE 1-cro~s-llnl:ml 126 "º "' i SI '"' 900 ,, 
Stcrk acod '° '" 2-35 9'1 '" " 

"('ompur,1Hon m percal! by Vr~i¡ht. 
.Vot.t'. f : liqu1d 

~ 
N 

/-
·- · .. , -· . -- -----· ---- -

lhtmJ.;\ 
(\.'lioJU~li~JI.!" 

(\l.'fm;..1 

() 63 at lll"(' 

0.122.i.126CfC 

o.10t. 31 :in•c 

º" 
º" 
67~'> 

-12.0 

"" l .U--1 :; 

rtienna.1 

,Com.lu..'tt~il) 

iW/m~J 

:' 25 

o 57 
o; 
o 6.5}( 

u 611 

l.~5 

01:50 
o l.5() 
O~l 

o ¡-;o;!( 

' :• ¡, 

f'. 
1 

~ t..¡ 

' ' 



,, ~ -:~.fü'.t)¡~~·~ ,:,).¡,-=- • ' 

Photovoltaics 
-€ .., ,.:.'s 
e ~-= ~ Cell Output Characteristics 
, § ~ ~ !i "' ~ ~~ -

Cell output power across toad, pL· P = 1 V= i'R L L l L 

·is 8~ ~ ~:::¡:¡e 
Where IL 1s the load c1rcu1l curren!, V 1s the voltage and RL 1s the load res1stance 

~~ o o -~'.:? -+ Representat1ve current, voltage, and power outputs of a PV cell 

1 '~ 

/ Currenl Qutput 

~y ~;:; :;¡ ~ ¡:;¡ lm ---------------

. ~. 

/: 
Max. Power 1 

,g ~ ª~ ª g-~ 
Point 1 

-~-
3 1 

% 1 
o 1 
'O 

""' J- ~" (; 
u 

1 ,. 

~e 
Power Output 1 

~~~~. 
1 

,J ~ ~N ~~· 
1 

"8 1 

.9 Cell Voltage 
Vm Voc 

"' V 

! e 
!lo ¡ ~ ~ ~ 

= :~lnC~ +1) e ~ 
,, 

o ~ ¡!:: !;) ~ ~ 
Open c1rcuit iunCtion voltage: V 

" o 

oc 

1 ª i i 
Where ' 

Boltzman's constant, (1J81x10-
23 

JIK) 

.e u 
T cell temperature, (K) 

·~ ~~ ª ª ª ~ 
e, electron charge. (1602x10 

19 
JN) 

V • '" 
short c1rcu1t curren! 

.¡¡ 1, reverse saturation curren! 

... ~ • 
= ' 

.g Vo~tage at maximum power output,Vm, 1s found from: 

¡: ~ ~ !!. " .. ~~ 
., (e V )( e V ) 1 

.e ~e" ª~· ~ exp ~Tm 1+ ~Tm =1+~ 
-u .~ ª~ + + 

~· 

o 

~ ~~ ;l.';' +- ~ ¡g ~a-~ "" o~ 
~ " u ~ 54 
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Effect of illumination and load resistance on PV cell output 

Constant Load / / 
Res1stance = R, "-...., / 

lllurrnnat1on 

/ Level=l1 

;'' 

/ 
/ 

/ 

/ 

/ 
/ 

/ 
/ 

/ 

/ 
/ 

/ 

/ 
/ 

/ 

/ 

./ ............ ------
~::..-------

Cell Voltage 

/ 

Effect of temperature on cell output 
Tz>T1 

/ 
T, 

Cell Voltage 

/ 

T,' 

Cel! Voltage 

1, > 12 > !3 
R1<R2<R3 

./T, 

Temperature correct1ons far the cell output are supplied by the 
m~nufacturers and are typically of the form: 

where the subscript "reF' refers to values at a reference condition 
and Te is the actual operating temperature of the cell a and f3 
are constants prov1ded by the manufacturer. Since a is much 
sma!ler than ¡~, power output goes down as the temperature of 
the cell goes up 
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Multiple cell output 

ldentical 
Cells 

Diss1milar 
Ce\ls 

Senes Connect1on 

Y, .v, V. •V. 

Parallel Conne.ction 

Y, VI', 

Effect of collector tilt and tracking on incident solar 

radiation 
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PV Power Configurations 

D1rec1 PV-!oad connect1on, Wl\hout and w1th storage 

AC power supply 

U~hty mterconnected Contigurat1on 

-CoM..cl!OO 

lnlorrup~blo 

l~• 

Block diagram for stand-alone PV system with genera1or backup 

Adap!ed from !10, 13J 

PV System Design 

System Oesign Suggestions from [13] 

• Keep it simple - Complexity lowers reliab1lity and increases 
maintenance costs. 

• Understand system ava1lab11ity - Achieving 99+ °lo 
ava1labillty w1th ª°-Y energy system is expensive. 
Be thorough, but reahstic, when estimating the load - A 
large safety factor can casi you a great deal of money. 
Cross-check weather sources - Errors in solar resource 
estimates can cause d1sappointing system performance. 
Know what hardware' is ava1lable at what cost - Tradeoffs 
are inevitable. The more you know about hardware, the 
beÚer decisions you can make. Shop far bargams, talk to 
deal~rs, ask q'uestions. 
lnstaU the system ~arefully - Make each connect1on as 1f 1t 
had to last 30 years-1t does. Use the right tools and 
technique. The system rel1ability is no higher than 1ts 
weakest connection. 
Safety first and last - Don't take shortcuts that might 
endanger life or property. Comply with local and nat1onal 
building and electricat codes. 
Plan periodic m~intenance - PV systerñs have an enviable 
record for unattended operation, but no system works 
forever without sorne care. 
Calculate the life-cycle cost (LCC) to compare PV systems 
to alteínatives - LCC reflects the complete cost of awning 
and operating any energy system. 

Simplified Average Daily Load Determination from [10] 

l 
1. ldent1fy alJ loads to be connected to the PV system 
2 Far each load. determine its valtage, current, power and 

daily operat1ng haurs Far sorne loads, the operation may 
vary on a dailY. monthly or seasonal basis lf so, this must 
be accounted far 1n calculating daily averages. 

3. Separate ac loads from de loads. 
4. Determine average daily Ah far each load from current and 

operating hours data. tf operating hours d1ffer from day to 
day dunng the week, the daily average aver the week 
'shauld be calculated. lf average daily operating hours vary 
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( from month to month, then the load calculation may need to 
be determined far each month. 

5. Add up the Ah far the de loads, being sure afl are at the 
same voltage. 

6. lf sorne de loads are at a d1fferent voltage, wh1ch wllJ 
requ1re a de to de converter, then the converter input Ah far 
these loads needs to account far the conversion efficiency 
of the converter. 

7. Far ac loads, the de input curren! to the inverter must be 
determined and the de Ah are then determined from the de 
input current. The de input curren! IS determrned by 
equatmg the ac load power to the de input power and then 
div1ding by the effic1ency of the inverter. 

8 Add the Ah far the de loads to the Ah far the ac loads,'then 
divide by the wire efficiency factor and the battery efficiency 
factor to obtain the corrected average daily Ah for the total 
load. 

9. The total ac power will determine the required size of the 
inverter. Individual load powers will be needed to 
determine wire stzing to the loads. Total load current w1ll 
be compared with total array current when sizmg wire from 
battery to controller. 

Storage Estimation: Estimation of the days of battery storage 
neede~ for a stand-alone system if no better estimate is 
available, [10J 

0
0

,, = -1.9Tmm + 18.3 

D "" = -0.48T ~- + 4.58 

or 

Where: 
Dcnt 

Dnon 

number of storage days required far cntical applicat1on 
number of storage days required far non-cnt1ca! 
appllcatíon 
minimum average daily peak sun hours far selected 
collector tilt during any month of operation 

Note: Tm. <: 1 peak sun hours per day 
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Water Pumping Load Data 

i 
.e 

1l@irr:b'T_Il' 
=' 11 

Statoc Water Leval 

Drawdown Lavel 

Pump 

p VgH 
Pumping power {W). p = -·--

Where: 
g 
H 
H; 

"' H, 

V 

~. 
V 

P. 

And· 

~. 

gra111tat1onal accelerat1on. (9.81 m/s
2
) 

total pumP1ng head, (m) 
dynam1c head, (m) 
fnct1on head, (m) 
stat1c head, (m) 

volumetnc flow rate, (m
3
/s) 

pump efflc1ency 

water 11eloc1ty al pipe outlet. (mis) 

waterdens1ty, (997 kg/m
3
) 

' V 

H = H +H H = H +-. . • ' 2g 

Storage 
Tan~ 
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{ 

A+ 8, far no draw down 

H, = A+ 8 , C, far water leve! drawn down a depth C 

Representative water pump operating characterist1cs 

WiiC·W·watu 
lle.,.J ('"·' T)r<"PllITTP dfioem:~ 0%1 

n-.~ C'~mnh•~•I , 5-;':~ 
l•-21J L~11wlu~~1,.,.m J~t m-.il 

S1,1b111en.,bloc ~0--.!-0 
ll-tul.I '>11lm>1: .. ihte J(~.40 

J....:l..~m1p )<>--IJ 
;.l()"I J.i<.k pump 1.'i-3tl 

Electrical wire load rating 

Resistance and amperage ratings for type THHN 1nsulated w1re. 

AWG 
Wire Size. 

14 
12 
10 
8 
6 
4 
3 
2 
1 
o 
00 
000 
0000 

Resistance @ 20ºC 
(fl/100 ft or n /30.5 m) 

0.2525 
0.1588 
0.9989 
0.6282 
0.3951 
o 2485 
o 1970 
0.1563 
0.1239 
0.0983 
0.0779 
o 0618 
o 0490 

Voltage drop due to line resistance: 

Voltage Drop = Curren! x Wire Resistance 
'---,------' . (AJ '--v------' 

[10ott(~D 5m)) l10ott(~D5m)) 
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Maximum 
Recommended 
Curren! (A) 

15 
20 
30 
55 
75 
95 
110 
130 
150 
170 
195 
225 

.260 

Water Heating Systems 

General des1gn configurations and gu1delines. Collector 
performance information is ava1lable on page 46, system 
evaluat1on and sizing can be est1mated us1ng the f-chart m~thod, 
beginning page 66. 

lntegrated collector and storage or batch systems. 
Storage tank integrated with collector ar storage tank itself 1s the 
solar absorber.. Circulation 1s passive through natural 
convect1on. 

ti Simple, no moving parts, long J1fet1me, little maintenance. 

~ Small systems only, lim1ted freeze protection 

Natural circul.ation (thermosyphon loop) system. 
lltn--••ihnldmr 

H 

" X /1ttulmld n~w ¡.,.., :<: 112 •h 

Circulat1on 1s Caused by the difference 1n density, p, between the 
hot water 1n the collector and cooler Water exit1ng the storage 
tank To estímate c1rculation'rate, compute the flow pressure 
drop, 6.PHow: -

LIP = p gH-(p. gl+p g(H-L)] - •tDr- ~or••• calouo 

Flow velocity, V, can then be determtned by know1ng K1oop. the 
loop sum of the componen! velocity toss factors: 

V= 
LIP_ 

P1""""~ Kioo~ 
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,( Natural circulation (thermosyphon loop) system. 

Simple, moderate sizes, long lifetime in areas with little 
chance of freez1ng 

Tank must be mounted above collectors, freeze protection 
d1fficult. 

Forced circulation open loop system. 

....... ··-

Supply """''"r 

Fluid is actively pumped through the collector, and the reservo1r 
1s vented so pressure is maintained at atmospheric Drainback 
operat1on 1s possible far freeze and stagnation protection. 
¡¡, Simple, increased capacity compared to passive c1rculation. 

~ Freeze protection notas reliable as closed loop drainback, 
pump must supply ent1re head from storage tank to 
collector. 

Forced circulation closed loop pressurized system. 
Fluid loop is not vented so pumplng power is llm1ted to the flow 
res1stance of the piping. Since fluid stays in the collector, glycol 
solut1ons are used far freeze protection. 

~ Good fre9ze protect1on in cold climates, reduced pumping 
power, can be used when dra1nback is not possibte. 

~ Complex system. fluid expans1on must be accommodated, 
no stagnation protection. 
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Forced circulation closed loop pressurized system. 
Nr v..,,t 

'--+-"'-"""-y ..... t ... 

--
Forced circulation closed loop drainback system. 

_,_ 

- Hft.t Exctio.noer 

Fluid in collectors is allowed to drain 1nto a reservoir located near 
the collectors but in a non-fre:ezing location. ' 

~ Reliable freeze and stagnation protect1on, pure water 
work1ng fluid can be used, pumping head reduced with 
elevated dra1nback tank. 

~ Piping must have sufficient slope far drainback 
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( Hot Water Load Data 

Energy requ1rement for service water heatmg. 

q,. ~P. Oc,. (T, -T.) 
Where· 

specific heat of water, 4 18 kJ/kg-K 
water heatmg energy requ1rement 
volumetnc water flow rate 
water dellvery temperatura 
water supp!y temperatura 
':'ªter dens1ty. 997_kg/m3 

Gu1delmes for service hot water demand rates 

Dcmnml pcr per-uu 

u~ug~ rype !JtcnJJ.y &•illd.•r 

Kcm!J SIOl'C 2.3 íl 75 
Ekmenrary -ctll><ll • 5.7 15 
Multif:um!y remlence 16.0 lOO 
Smgk-fa1ml} rc~1Jcnw 7611 2fl,O 
Otfice bmldmg JI.O J.() 

Building Heat Load Data 

G1ven lhe overall building loss coefficient, UA (Wl°C), the 

degree-day method can be used to estimate the heat deniand, 

Q = UA(T - T) 
n ni a n 

with· T = T - q, 
. " ' UA 

Where T, 1s the interior temperat!-Jre, q, is the interior heat 

generation, and ~ (daily average temp) can be estimated from 

locat1on-~pec1fic maximum and m1nimum temperature data' 

T 

Note: Far a thorough treatment of heat1ng loads, the reader is 
referred to the ASHRAE Handbook, Fundamentals, [1 ]. 

65 

Heating System Evaluation and Sizing 

Procedure for estimatmg the performance and/or s1ze of 
standard solar heat1ng apphcations using f-chart The f-chart 
method computes the solar-supplied fract1on, fs, of thermaJ 
energy far llquid and air based heatmg systems. 

Note: The procedures outlmed here are far est1mat1on purposes on!y, detailed 
calcu!at1ons of the system thermal performance and solar collect1on are needed to 
ensura sat1sfactory system performance. 

The f-chart method assumes standard system conf1gurat1ons, F1gs. f-1 and f-2, and 
applies only to these systems, with lrm1ted vanatrons For exarnple, the collector-to
storage heat exchanger in the hqu1d based system (F1g f-1) rnay be ehm1nated (Fh, = 
1 ), or far the a1r-based systern (F'1g f-2) the two-tank domes!lc water heater rnay be 
reconf1gured as a one tank systern Furthennore, f-chart 1s appl1cable to solar ho::atlng 
systems where the m1nimum temperatura for energy dehvery is approx1mately 20ºC, 

System parameter ranges uSed to compile the f-chart results 

Col!ector transm1ss1v1ty-absorbt1v1ty, (ru),, 
Collector heat removal factor-area, FRA: 
Collector heat loss coeff1c1Ant, U0 

Collector tllt angle, fl 

Overali building loss coeff1cient. UA 

Begin with: 

0_6-0.9 
5-120 m2 

2 1-8 3 W/m2-ºC 
30º-90º 

83-667 W/'C 

Monthly heating load; for information regarding water 
heating and buildmg heating loads refer to page 65 
Monthly solar radiation totals for site~specific collector
plane; can be obta1ned from internet sources, page 83, or 
far simple geometnes, computed with the procedure 
beg1nning on page 32. 

Collector performance parameters FR 1". ª· and F~ u e ; 

can be obta1ned from the. nianufacturer ar representative 
values far non-concentrating collectors are g1ven on page 
46. 
Solar system design parameters: this includes the 
collector area, work1ng fluid, flutd flow rate per urnt area of 
collector, storage capacity, and heat exchanger 
peliormance The standard configurations assumed w1th 
this method are shOwn 1n Figs f-1 and f-2 far water and a1r 
based systems respective!y. 

Procedure begins on page 68 
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~-- n.o ......... 
~ ....... 

Figure f·1. Schemat1c for a standard l1qu1d-based solar heating system. Note certÍlin 
dewat1ons from th1s conf1gurat1on can be hand!ed by the f-chart method. 

Fllt&r 

R9tllrn 1¡r lrom l'>Httd lpllOll 

,,_ 
h.,.t1ng 
~ -... 

Tolo~ 

/--="'='~::::'"':0;;-<(l('.f--_:=tl ~:_~o 
0.lllP' frum 

"-
IHat lOIM~ 

ln1ullltlld duet 

---- Stor~1lin11T1CC1e 
- ~ut1ng lrom n1>rag9 modt 

Figure f-2. Schematic for a standard air-based solar heatmg system Note· certam 
dev1at1ons from th1s conf1gurat1on can be handled by the f-chart method. 
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Procedure: 
1. Compute the loss parameter, PL. 

2. 

3. 

P, 
A.ff,U,Llt (T, -1'.) 

Where A.e is the ne\ collector 

L 
are a (m2).' Fn. 1s the co!lector loop heat-exchanger factor('= 1 11 no he al 
exchanger), i'.\ 1s the number ol seconds per montll, T R 1s a reference 

temperatura of 100• C, 1: is the monthly average amb1ent temperatura (ºC), 

and L 1s the total monthly heating load (J/month) 

Compute the solar parameter, P5 : 

P, AJ ,Ff, ( m), ( F, (~) J 
·· L F,(m),j 

Where l 1s the 

total monthly collector-plane msolat1on (J/m
7
-month) arn:I 

( 

F• (:) ) = 0.95 for conectors t11ted w1thm +/- 20º of the local latitude 

F" ( ·t<i). 
Compute modified parameters based on dev1ations from 
standard systems. See Table f-1,for hqu1d based systems. Table f-2 for 

a1r basad systems and/or the mod1ficat1on far water heatmg-only (below) 

Water-heating-only loss parameter modificat1on: 

A.fJ,UAt(11.6+1.1BT •• +3.B6T._, -2.321'.) 

4. 

L 
Compute the solar supplied fraction, fs, of the monthly 
heating load. Read f, from the appropnate figure. (F1g f-3 l1qu·rc11F1g f-4 

air) or use the assoc1ated_ e_xpress1ons (below)' 

Liquid based systems: 

f, ~ 1.029P, - O .065P, - O .245P: + O .001 BP: + 0.0215P: 

Air based systems: 

t. ~ 1.040P, - 0.065P, - 0.159P: + 0.00187P,' - 0.0095P: 

Far the conditions: 
Ps>PL/12 Uquid 

18.0; os 1, s 1.0 and P,>0 07PL Aor 
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Table f-1. L1qu1d based system nominal values and mod1fying groups 

Ht.n•nlr< 

_!<~c,J, ,,, 
Sronr:p vohrm~ (watu! 

' "(ifJ 
l..:>ttdllo.1ntl1Altf!'l'r' 

..!(!!"!1! ... 
Q, 

Nom11M1l >11kl~ 

IJUl~X ht<f•H,0 
....,..,vslcnU 

"'" • rn_: 

·Table ¡npar...i rrom d.,. ond ~ ... u,..., ~-d 111[2,Sl 
,'Mulupl) h"c <kfinuu•n .;, P, 11nd />L 111 ¡){!In!~ 1 nnú 2 ~ l~•ll• for """'~'""""! l[rWp , .• ¡...,,: 

U ~J- •'~- "'fr~ W v•lll<'• ol f.,F. al collcctor r.11tlnj1:11f ~eu í'JncllUOfh 
•111 hqmd \}•lom' lb.e rnm:ct1on for flm1: JO!c 11 \llffiJI :anti r:on w.u.11~ hc 1p1m:.J 1f \lina1>on " n11 

-lho115fi('<r<.e110 """"" lbo nominal ~,i... 
"<,;,. I~• -,. lflo 1nin1mum (luid c·"f"'l.ll""<< r~te. """'-llY 1h.n1 "' A1t fllf 1hc lu~l 11<-ar e<cho.n~c•. Q, " 

•he 11<-•• load P'' """ 1<:mpcr>1utt difTtten.." hcrw••n '"-"""' 1...i ••ll<~oflhe too..JJ111~. 

Table f-2. A1r based system nominal values and mod1fying factors 

IO l !11cr<1..-c • m.' 

•A.i..pte<l fr.,m[2;8] 
•Raoc.J on oc.1 \<'.ik'o;t<v -a: fl~id wlunic ac ~d atnw1phcrt OOJldmun>.. 

l.<>..>pu;itl\Ct<r 
inulupher 

,.,¡:-~~~~~~~~~~~~~~~~~ 

Figure f-3. 
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• " ,, " 

'••O.a 
r, .. 0.1 

'•"'º·ª 
r, •M 

f-chart for l1quid based solar heating systems, [8] 

'"".---------------------~ 

2,50 

LOO 

0,50 

2,0 •o 6,0 8,0 10.0 

'• 

,, ... 0.9 

'· = 0.8 
,, "'0.7 

f1 "' O 15 
r, = o.5 
,, "'0.4 

120 140 16.0 

Figure f-4. f~chart fór air based solar heat1ng systems, [8]. 

Daylighting 

General des1gn guidefines, from [7] 

18.0 

Onent building to max1mize daylight1ng Long axis running 
east-west preferred. 
Maxim1ze south glazing, minim1ze east and west facmg 
glass. A south-facing aperture is the only orientation that, 
on an annual basis, balances typical thermal needs and 
lighting requ1rements wtth avi3ilable radiat1on 
Optimally size overhangs on south-facing glazing to harvest 
dayl1ght1ng, reduce summer heat gam, and permit the 
pass1ve collecti~n of solar thermal in winter. 
Select the nght glazing. :Where windows are used 
spec1fically for daylighting, c1ear glass has an advantage 
over glazing with a low-E coating due to the coating"s 
typ1cat 1 Oº/o to 30º/o reduction 1n v1s1ble light transmission 
Elim1nate direct beam rad1at1on. Use baffles to block direct 
beam radiat1on, d1ffuse light, and reduce glare. 
Account far shadmg from adiacent bu1ldmgs and trees and 
cons1der !he reflectan~e from adjacent suriaces. 
Use light colored roofing in front of monitors and select IJght 
colors far interior firnshes to reflect in add1t1onat light and 
enhance d1stnbut1on throughout the room 
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Daylighting Comparison 

View Windows High 
Sidelight 

High Sidelight 
,,with Ught-shelf 

Wall Wash 
Toplight1ng 

~ r::;:;i B:t:r 
Central Toplighting Patterned/Unear 

Toplight1ng 
Tubular Skylights 

Select1on Cntelia for Dayfighting Strategies. 
~ c-.1 

v1..., ~1<1011gto"w1 w .. wnt. ~ .. - u.- r.-
o..ign cr11.... -- Ugtio-" T~ng Topbghing T ........ "'9 Aylighr1 

""-""~""'T.i.'~-=-=----\1~21~~~Lu___JOU.L_ 00 ~ • •• o o 
o • • • • "º 

• 
··~'Yll'»cl•Pl'k.CIOn •Gooel•~ Qp __ ..,..,.,., 00E.<n""'iJ'P""'•Plli-"" 00epo<ICO 
'"' opaco layocc ana oumbft •nd drt~b<AHln o1 ••~glt ,~.. ..O Mox•d bo"""' 

. Repnnted from f14j 
Note. The cont19uration of !he view window 1s with no controls. dayttgh!mg 
performance can be.1mproved with approprrate measures overtiangs shades etc 
Add1t1ona1Iy. the llenefit of prov1d1ng a d1rect visual conne~t1on to !he ~utdoors 

0

15 not 
cons1dered m :rus companson 

Dayfighting Design 

Lumen method far estirnating workplane 11luminance fevel w1th 
s1detighting and skylighting. . 

Sidelightlng with vertical windows: 

The lumen method computes work plane 'muminance /evels far 
five reference pomts far the standard geometry shown in the 
figured-1, next page · 
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Sidelighting with vertical windows: ¡-------- - -----------·--1 

ll~T . ---·-·....._ ' ;_/·· ~ 
·¡· i..J~ti·~~~:;:~:~~·-,.'. ~ 1 

2~--::~::ittt ''. -~~==-9:=-j 'JJ>-----:.::-. ! 
1 ·~o ~o '~' •~·' ~o J 
l.-----·------------·-----------···J 
Figure d-1. Locat1on of illuminat1on points w1th1n the room (along 
the centerl1ne of w1ndow) determined by lumen method of 
sideltghting, [6] 

1. 

2. 

Determine the total sky illuminance entering the 
window, Esw· Compute the solar altitud e and az1muth 
angle far the desired latitude. date, and time of day, page 6 
Compute the sun-window normal azimuth angle difference 

using: a ... = (a. ~a. ( Using the figures far vertical 

suriaces on page 74, determine the d1rect sun 1Huminance, 
Ev.sun. and the direct sky illuminance, Evs1<y. far the 
appropnate sky cond1t1ons. Then· Esw= Ev.sun + Ev.skY· 

Determine the reflectad ground illuminance entering 
the window, Egw. Read values of d1rect sun and sky 
11Juminance far a honzontal suriace, Eh,sun and Eh,skY• page 
74 Far uniformly reflect1ve ground suriaces extending from 
the window outward to the horizon, the i!luminance on the 
window from ground reflect1on, Egw. can be determined 

wtth: E = p (E +E )/2 Where typtcal gw . h,sun h,slcy 

reflectivity values, p, come from the table on page 36. 
3. Determine the net window tra~smittance, < 

_ t = TRª TcLLF where T is the gtazing transm1ttance. 

table d-1, RA is the ratio of ne! to gross window areas and 
Te is the transmittance of any llght-control/1ng devices 
Light loss factor values, LLF, can be taken from table d-2. 
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Sidelighting with vertical windows: 

4 Compute the wark pfane illuminances far the geametry 

shown on page 72 E ~ r(E CU +E CU ) 
fWP SW Sky gw g 

where the coefficients of uti!ization far the sky component, 
CUsky, are taken f~am Table d-3, page 75-76, a-e depending 
an the ratio of Evsk/Ensky· CUg values are read from table d-
3, f. .. 

Table d-1. G!ass transmrttances 

Gllt.\' Th1dne~' (m,J 

Clc.ir ¡ " Clear -" ... 
" C!car ! .87 ' <.-leur ' ·" " Gre) ' .61 • 

Grey J. " " Grey l 44 ' Grey 
, 

.ll 
" llrollZl' ' .68 • 

Bm= ' .59 
" flmnz.e ' .52 ' 

IJ:on.tc 
, 

44 
" Thcrmopane ' .80 • 

Thcrmopanc -" .79 
" lbcnnupane l 77 ' 

Murdoch [11] 

Table d-2 Light foss factors, [6]. 

Locations Light Loss Factor Glazmg Pns1t1on 

verlicat Slopea Honzontat 

Clean Areas 0.9 08 07 
ln11ust11a1 Ateas 08 0.7 06 
very Oirty Alea!> 07 06 05 
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Sojo<-ln-
g Partly cloudy sky. sky 11Jum1nance, 
honzontal half sky, [6) 

s--.. -
b. Partly cioudy sky, direct sun 
1llummance, verucal suriace, J6] 

il : ~!~~~'.;, -"~~J~:~ 
¡i · "· <· -'.~. "'· u·1··•"" -i 'º ~ . //// : .• ~~~~:~::::~;;:? 
f',/ . 

0
o 10 "" .. "" 00 'º "° "" s.,.., ......... _ 

h Oveicast sky, sky 111ummance. 
horizontal half sky, [6] 
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Sldelighting with vertical windows: 

Table d-3. Coefficients of ut1l1zatran far lumen method of 
sidelightmg (window without blinds). [6] 
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Sidelighting with vertical windows: 

Table d-3. Coeff1c1ents of utilizat1on far lumen method of. 
sidelight1ng (window without blinds), [6]. 
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Lumen method for skylighting: 

1. 

2. 

Determine the total sky illuminance entering the 
skylight. Compute the solar a!titude angle for the desired 
latrtude, date, and time of day, page 6. Determine the total 
horizontal skylight illum1nance, EH, (direct sun plus sky 
illummance) us1ng the appropnate horizontal suriace data in 
Figure d-2, page 74. 
Determine the net skylight transmittance, Tn. The flat 
plate transmittances, TF, for several plastic materials are 
provided in Table d-3 below. For domed skyllghts, the 
effective dome transm1ttance, T 0 , can be computed using: 

T, ~ 1.25T, ( 1.18 - 0.416TJ For double-domed 

skylights, the individual transmittances can be combmed 

T T 
T = º' rn 

o TO,T02 - TD,TD2 
us1ng: Also determine the light loss 

factor, LLF from Table d-2, page 73 Compute the well 

cav1ty ratio for the skylight ~ell with. 
5h(w+l) 

WCR~-~-'-

wl 
Using Figure d-3, page 78, determine !he skylight well 
effic1ency, N,.. Compute the net skylJght transmittance, Tn, 

using: T. = T
0
NwR,.. TcLLF where RA is the ratio of net to 

gross skyl1ght a reas and Te 1s the transm1ttance of any 
light-controlling devices. 

Table d-3 Flat-plate plastic material transm1ttance far skyl1ghts 
So1.,1rce: Murdoch[11J 

Typ< Thickneu !in.) Tran.unill.rulc;e 

Tr11nsp11rent ' l ,-16 .92 
Dcn~e mm~tucen[ ' .32 

' Den~ 1r.mslucent ) .24 
" Medium i.runslm:ent ' ·" ' Mediu1111ransluccnt '- ·.52 
" L1gtil translucen! ' .72 
' Light tran~lucem '- ·" .. 
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Lumen method for skylighting: 

: .. ::: .. ..... 
'.' i_. :s·- ·-;, 

{'10 ~~-_:;-;---~--''-·;;:..·--, 

··:;.;; 
0Uó0~~,~.~.~~~~,~. ~~--=' 

Wellc.\>'ly!alla 

Figure d-3. Efficiency of well, Nw, versus well cavity ratio, [6]. 

3 Computé the room coefficient of utilization, CU. For 
office and warehouse 1ntenors CU can be estimated with: 

cu~----- for RCR < 8 where 
1 + A(RCR)' 

A=0.0288, 8=1.560 for offices (typical reflectance· ceiling 
0.75, wall 0.5, floor 0.3) and A=0.0995, 6=1 087 for 
warehouses (typical reflectance: ceiling 0.5, wall 0.3, floor 
0.2) The room cav1ty ratio 1s g1ven by 

. ·.5h (l+w) 
RCR =' < with he being the ceiling he1ght 

lw 
above the work plane and 1 and w being the room length 
and width, respectively. 

4. Compute the illuminance at the work plane, Erwp. 

,. (A ) E = E T (cu) -'- .where AT is the total gross 
TWP Hn A . 

we 

area of the skylights (number of skyl1ghts times !he s,kylight 
gross area), and Aw~ is the work plane area (typically room 
length times w1dth) Note that 1t is possible to fix the ErwP at 
sorne desJred value and determine the skyl1ght area 
required, however, dueto their depen.dence on AT, the 
factors N,. and RA (step 2) should be recalculated. 
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Solar Dryer Configurations 

Integral 
(Direct) Type 

Active Dryers 

~ 

~~ 

Passive Dryers 

.~ 
Distributed 
(lndirect) Type -~~ ~ ~ 

~ 

~ ,;;rf t 

l. ~ 

' 

Mixed Mode 

Adapted from [12] 

Safe storage moisture far aerated gOod quaJ1ty grain, [151 

Grain 
SheJJed corn and sorghum 

To be soldas #2 grain ar equ1v. by spnng 
To be stored up to 1 year 
To be stored more !han 1 ye ar 

Soybeans 
To be sold by spring 
To be stored up to 1 year 

Wheat 
Sma!I grain (oats, barley, etc:) 
Sunflowers 
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Maximum safe 
moisture content 

15.5°/o 
14°/o 
13°/o 

14o/o 
12º/o 
13°/o 
13o/o 
9% 

Life Cycle Costing 

Life Cycle Cost (LCC) is an econom1c measure that reflects the 
benefits accrued by solar usage throughout the l1fet1me of a 
solar-powered system. Th1s is opposed to a simple init1at cost 
companson, wh1ch does not include lifet1me energy consumpt1on 
and, therefore, typical/y favors non-renewable alternat1ves. 

LCC is the sum of the present worth (pw) values of all of the 
·expenses associated w1th the system over 1ts expected lifet1me: 

LCC = C + M + E + R - S 
""' pw ""' ""' 

Where· 
C capital cost of a project wh1ch includes the init1al 

capital expense far equlpment, !he system des1gn, 
engmeering, and mstallation. Th1s cost 1s always 
considered as a single payment occurring in the init1al 
year of the project, regardless of how the proJect is 
financed . 

. M ma1ntenance is the sum of all yearly scheduled 
operation and maintenance (O&M) costs Fuel ar 
equipment replacement costs are not included 

E energy cost rs the sum of the yearly fuel ar electnc1ty 
cost far the system. 

R replacement cost is the sum of ali repa1r and 
equipment replacement cost anticipated over the life 
of the system. 

S salvage value of a system is its net worth in the final 
year of the llfe-cycle penad. lt is common practice to 
ass~gn a salvage value of 20% of original cost far 
mechanical equ1pment that can be moved 

Computation of the present worth of future expenditures. 

1. The single present worth (P) of a future sum of money (F) 
1n a given year (N) ata given 1nvestment rate (O) and 
inflation rate (i) 1s: 

w1th ( 
1 + i) X= --

1 + D 
P = FX" 
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2. The uniform. present worth (P) of an annual sum (A) 
rece1ved overa penod of years (N) ata given investment 
rate (D) and inflation rate (1) is. 

Example: Compare the rife cycle cost far a photovoltaic power 
supply with battery storage and a gasolíne engine-generator 
alternat1ve (systems specified below) 

Given· L1fe cycle periOd: 
lnvestment rate: 
General inflat1on. 
Fuel 1nflation: 

20 years 
7°/o 
3°/o 
4o/o 

Solut1an· Begm with system desrgns far each alternative, 
making sure that each system prov1des eqwvalent performance, 
far example: pawer output, reliability, lifetime, etc. Using a 
deta1led cost estimate (sample beJow), the present worth af each 
componen! 1s determ1ned. Far future one-t1me expenditures, 
(e g. battery replacement, generator r~build) point 1 above can 
be used. Far costs repeating on an annual basis (e.g 
maintenance, generator fuel) point 2 is used. Note the use of a 
separate fueJ inflation rate far fue! expenses. Tfle present worth 
vafues are then summed (less salvage) to give the LCC. 

PV System 
lnitial Present 

ltem Cost ($) Worth ($) 
1. Capital 

Arra y 2500 2500 
Control fer 300 300 
Batteries 900 900 
lnstallation 700 700 

2. Maintenance 
Annual fnspection 75 1030 
(per year) 

3. Energy 
Non e 

contmued 
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1 

1 

1 
1 

lnit1al Present 
ltem Cost ($) Worth ($) 

4 Replacement 
Battery bank @ yr 5 900 744 
Battery bank @ yr. 10 900 615 
Battery bank @ yr. 15 900 509 

5. Salvage 
20º/o of original 740 (346) 
equ1pment cost 

LCC: (ltems 1 + 2 + 3 + 4 - 5) $6.952 

Engine-generator System 
lnitial Present 

ltem Cost ($) Worth ($) 
1. Capital 

Generatar 400 400 
lnstallation 300 300 

2. Mamtenance 
Tune-up (per year) 150 2060 
Annual Jnspection 75 1030 
(per year) 

3. Energy 
Annual/uel cast 375 5640 
(4o/o fue! 1nflation rate) 

4. Replacement 
Gen rebuild @ yr. 5 250 207 
Gen rebwld @ yr. 1 O 250 171 
Gen. rebui!d @ yr 15 250 142 

5. Salvage 
20°/o af ang1nal 80 (38) 
equ1pment cast 

LCC: (ltems 1 + 2 + 3 + 4 - 5) $9,912 
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( References 

Internet sources of data 

Solar Resource Data 

World rad1alton data center {WRDC} anime archive, Russian 
Federal Serv1ce far Hydrometeorology and Environmental 
Mon1toring; 1964-1993 data http·//wrdc-mgo.nrel gov/ 
1994-present data http·//wrdc.mgo rssi.ru/ 

Surface meteorology and solar energy, Natlonal Aeronautics and 
Space Admrnistration, USA: http.//eosweb larc.nasa.gov/sse 

Solar radiatron resource 1nformat1on, Nat1onaf Renewable 
Energy Laboratory, USA, htto'//rredc nrel.gov/solar 

Climatic Data 

World climat1c data, World Weather lnformat1on Serv1ce· 
http·//www.worldweather ora ' 

U. S climate data, National Oceanic and Atmospheric 
Admirnstration, USA; http://www.noaa.gov/climate.html 
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( Units and Conversion Factors 

Fundamental Sl units 

Quan111y Name <)/ unit Syrnhol 

kngttt Meter m 
Ma.'~ K1logrnm .. 
Time St:<.·cmtl ~' 
Elecnic c111Tcnl A~ri: A 
Thermodyn:i.m1c 1cmrcr.imrc Kelvin K 
Lumirruus iiw.:n~uy Candela '" Amoun1 ofa •u~tam:c Mole mol 

Derived SI units 

Quantuy ~ame ofunu Symhol 

A<.o;clcnuion Mctcr1 per o,e1:om.I M/mm:d m/secl 
A~• Sq11are meic:rs m' 
Dcn'>ity K1logr.im percu!'rn:-metc:r kg/m' 
nynam1c vi~co~ity Ncwton·l>Cl;and per ~quarc meter N '>l!c/rn: 
Force Newton(:: 1 kg · 1n/'i.C;;l) N 
Fn.qucncy "'ro "' Kinc:rrw1c vi>co~lly Squal\'i meter per ~ecund ml/sc<' 
Planc anglc Raifom "" Poten1ial differcnt"c Volt V .·. Power Wan(= 1 J/s) w 
l're,~urc l'n'>Call= 1 Nfm1) p, 
R:.dr:mt intcns11y . Wacb pcr ~ter.id 11111 Wf,r 

SolidangJc Stcrudian " ' ; Spec1fic llcat foult\ pcr kilogrum·Kch·m J/kg · K 
lhermal <.'<1nduct1v11y Watt~ per meter-Kelvin W/m·K 
VelociLy Metel'li pcr secund 111/'iCC 

Vnlumc Cuhic meter m' 
Work. encr¡y. he:it Joule e~ l N · m) 

Fundamental constants 

Qu11n1i1y Synlhol Value 

Avogadrn con"ltanl N 6.022169 X llF~ tmo1-1 

Bo/lzma11n cotlsta.nt ' J.380622 X IQ-n JfK 
First r:1d11tmn coni.tanl e,= 2:mr: J.741844 X /Q•toW·m: 

Gos eom111n1 R 8.JJ4J..I x 101 J/krno) K 
Planck con~tafll " 6616196 X tO--.J = 
Second radia11on cn11,1arn: C: "'hcA: 1.438833 X IO"!m K 
Specd of light in a vucuum " 2.997925 X J()I in/"'!C 
S1cfan·Bol12mann cons1nn1 u 5.661J6l X 10 •W/ml· K• 
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Conversion Factors 

1 fF=U(l'll9m' 
1 ~ere= ,1),560 fl''" .¡¡147 mi 
1 het.llrc., J0.000 mi 
l>.q~m1k:,.6401<:res 

Den<lly p 1 lb.,/11' .. lb.011': ~g¡m• 
llc..it.en<'IV,Y.orwnrk {./nrW IRrualO~SlJ 

11:;w1i .. J6MJ 
tThemi• l0~~06Ml 
1 c~J=.a.lll6J 

1 Íl lb¡" 1.3~'8 l 
F<>n:t F ltb

1
:.i,.i.i1t:O: 

lle..i ncwua1c. Refngerallcm q 1 Btu/hnr O 2931 W 

Htw-trun•fer COC'fflCltnl 
l ~ngth 

Spcdf1e lie:u ~apadty 
lrnemal cnergy o.-cnill.llp) 

Tcmp:nuun: 

Tiw:tmal cond11H1v1\~ 
'naermt1lrrsJ•tmn« 
~locnv 

\.Ulume 

• w 

p 

<"Orh 

T 

... 
V 

,, 

1 tu11 írcfr1~r~ti1'"1 :z .l ,.7 tW 
J Btuf~"' 1055.1 W 
1 lltuJhr. ni •J.IYlS Wlm' 
! H\u/hr ·fil· F,. ~67M W/ml · K 
t ft :OJIM!I rn 
ton= 1.j..¡cm 

l IN= 1 b093lm 
1 lh,.,,O.a536kg 
l ion~ 2240 lbm 
1 '"""" ¡metr11:) - 1000 k¡ 
1 tb.,/hr.0000\2bkg/-.cc 
lhp=74j7W 
1 ~W::.J41.5fllulhr 
l ft · lb/\C>C ~ J.J5.511 w 
1 ll1Whrail293W 
1 lb/in:fp)i\ •M9A 11 Pr.IN/m:) 
\ 111.Hr.::: J.3116 P:i 
1 wn"' 101.32.5 Pa ¡N/ml)" J.I 696 .,., 

t J1nglcy •oll,M>OJ/ml 
1 l1a¡::Jcylmin •un 4 W/ml 
1 Btullb., · ºF • • 1117 Jlk1 - K 
l Btullb., • 2326.0 Jfkl 
lc.aifg .. 41114Jlkg 
n•R)"' (9'SlT(K) 
n•Fl"' ¡r1-Cll19/Sl .. 32 
T(•F) = jTtKl - 273 1 SUW5J + n 
IB1ullll ft·•F,.1731W/m-K 
! hr · ºF/B11r • l .89SH K/W 
l rviec .. o 30411 ..wsec 
1 milbr:04ol70J¡n/'I« 
Jtb.,lfl ~"l48SN·~c/m' 
J cP•OOOIOON seciml 

l '"''" .. o 09029 m'/<ec 
1 RI/hro:-.?.5MI x1o·•rn1/~rx 

J ftJ,.Q02832mJ,,.l8.32titcn 
J bf.rrel., -12 sal fU.S.l 
1 ga.l(U S. liq J "'J 7115 litm. 
l gal(ll.K.)•4.:'.!.16hlcr> 

1 f1>fmm ¡cfm) •O 000472m'lttl: 
1 g~J/m1n (GPM)•OIJ(i)l llsec 
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ISES has 1ts ongm in Phoen1x, Anzona. USA A group of 1ndustnal. 
fmancial and agncultural leaders estabhshes the "Associatlon for Applled 
Solar Energy" (AFASE) as a non-profit organizat1on 

The f1rst two 1mportant meetmgs are held 1n Tucson and Phoen1x, USA 
wh1ch attract more than 1000 screnttsts, eng1neers and government 
offlc1als from 36 d1fferent countr1es 

The assoc1at1on establ!shes 1ls first screntJf1c pubt1cat1on "the sun at 
='1<" 

The f1rst 1ssue of "The Journal of Solar Energy, Seranee and 
Engrneermg" is publ1shed 

Oed1cated solar scientists decide that radical changas are requ1red for 
the operat1on and goals of the soc1ety Through the reorganization 
w1thm the framework of 1ts ongmal concept !he name 1s changad to "The 
Solar Energy Soc1ety" Accred1tat1on of the soc1ety at the United Nations 
Econom1c & Social Counal (ECOSOC) 

The name of the ¡oumal 1s changad to "Solar Energy - The Journal of 
Solar Energy Sc1ence and Technology" 
Prof Famngton Danre!s is elected Pres1dent and 1n h1s honor the 
'Famngton Oanrels Award' 1s es!abl1shed m 1975 The award d1gnrf1es 
outstandmg mtellectual leadershlp m the f1eld of renewable energy 

Relocat1on of the lntemat1onal headquaners office to Melbourne, 
Australia F1rst 1nternat1onal conference outs1de the USA 1s held in 
Melbourne, Australm 

The name of the soc1ety rs changad to "lnternat1onal Solar Energy 
Socrety" 1 

The first 1ssue of the ISES magazine "SunWor1d" 1s pubhshed 

!SES celebrates 1ts S1lver Jub1lee at the Solar World Congress 1n Atlanta, 
USA 

The 'Ach1evement through Act1on Award' 1n melnory of Chnstopher A 
Weeks is set up A substant1al cash pnze honors contnbut1ons for 
practJcal use or new concepts 

ISES introduces !he "Sect1on Sponsorsh1p Programme' In wh1ch 
1nd1viduals and sect10ns have the opportunity to sponsor sect1ons from 
developmg countnes 

Accepted by the Un1ted Nat1ons as a non-governmental organrzauon 
(NGO) in consultat1ve status, ISES actrvety part1apates m the Un1ted 
Nat1ons Conference on Envrronment and Development (UNCEO), held in 
R10 de Jane1ro, Braz1I 

ISES coord1nates the second meeting of the United Naoons Comm1ss1on 
on Sustamab!e Oevelopment (CSO) m New York to d1scuss issues of 
sustainable development and the mter11nkages to renewable energy 
techno!og1es 

The Headquarters offlce moves from Melboume, Australia to Fre1burg, 
Germany The Headquarters becomes a focal po1nt for mtemat1onal 
proiects 

Launch of new offlc1al ISES magazine "Refocus" (Re.newable Energy 
Focus) 

2002 

2005 

The f1rst woman elected as Pres1dent. Prof Anne Grete Hestnes takes 
over offlce on January 1st, 2002 
ISES part1c1pates rn the World Summ1t on Sustamable Development 
(WSSDJ in Johannesburg, South Afr1ca. 
Establlshed on Qocember 24, 1954 the soc1ety celebrates 1ts Golden 
Jub1lee at the Solar World Congress m Orlando, Florida, USA m August 
2005. 
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