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Sun/Earth Geometric
Relationship

Annual motion of earth around the sun.

Ecliptic axis
Sep 23, Awturnnal Equinox

|
Dec, 22
Winter Solstice

Summer Solstice
Ecliptic plane

March 21
Vernal Equinox

Location of the tropics. ‘
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Solar Angle Formulations

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

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

365°
Where n 1s the day number (Jan 1=1, Jan 2=2, etc.)

5, = 23.45° sin(

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

* hour angle is 0, morning values are negative, and afternoon

valugs are positive.
h, = 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 the sun's rays and the honizontal plane.

sine =sinLsind +cosLcosh

Solar azimuth angle, a,, is the angle between the projection of

the earth-sun line on the honzontal plane and the due south

direction (northern hemisphere) or due north (southern

hemisphere).

. -i] cosd sinh,

a = sin —
cosa

Note: a, >90° that is a, (am/pm) = ?(180” —’as|) when: -

N
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L<3g
L>35 and solar time earlier than tg or later than t,

t,/t, =12:00noon J‘r(cos" [tanéS/tan L])/15(deg/hr)

Solar Time
Relation between local sclar ime and local standard time (LST):
Solar Time = LST+ET +(I, -1__ )x4Min
ocal deg
Where |y is the standard time meridian, page 5, and f.ca 1S the

local fongitude value The equation of time, ET, can be gathered
from tabular values, page 4, or computed with:

ET(minutes) = 9.87sin2B - 7.53cosB - 1.5sinB
360(n-81)
364°

where; B

At focal solar noon: .
h =0 = a=90°-|L-5] a =0

Sunrise and Sunset Times

At sunrise or sunset the center' of the sun Is located at the
eastern or western horizon, respectively. By definition, the

altitude angie is ther a =0. The local sofar time for
sunrise/sunset can be computed with:

. {cos™ (~tanL x tan 5,))
“””Sy =12 00 noon
Sunset

15 (deg/hour)
For the tip of the sun at the horizon (apparent sunnse/sunset),
subtract/add approximately 4 minutes from the sunrisefsunset
times.
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Values for Declination, §;, and Equation of Time, ET
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Worldwide standérd time mendians

Relative Standard
to UTC Description Meridian, I, [*]
_ Neme Time (US) )
i Samoa Standardg Time 165" W
B Hawanan Standard Time (US) °
10 Tant Time 150" W
Alaska Standard Time (US) a
-9 Yukon Slandard Time 1357 W
-8 US Pacific Standard Time 120° W
-7 US Mourtain Standard Tine 105° W
US Cantral Standard Time °
8 Mexico Time 90" W
US Eastern Standard Time a
-5 Colombia Time 7w
Atlantic Standard Time o
-4 Bolvia Time 60" W
Eastern Brazi Slandard Time o
-3 Argentina Time 45w
Greenland Eastern Std Time s
-2 Farnando de Noronha Time (8razil) 307w
Azores Time -
-1 Cape Verde Time 157w
- Greenwich Mean Time
0 Coordinated Univarsal Time 0°
Waestern Eurgpe Time
Central Europe Time o
+1 Middle European Time 18°E
Eastern Europe Time a
+2 Kalimingrac Time {Russa) 30°E
Moscow Time (Russia) o
+3 Baghdad Time 45°E
Volga Time (Russia) o
+4 Gulf Standard Time 60° E
Yekaterinburg Time (Russia) - P
+5 Pakistan Time 75°E
+55 Indian Standard Time 825°E
Novosibirsk Time (Russia) a
+6 Bangiadesh Time . S0°E
Krasnoyarsk Time (Russia) o
+7 Java Time . L1057 E
Irkutsk Tims (Russia) a
. +8 China Coast Time 120°E
Yakutsk Time (Russia) o
+9 Japan Standard Time 135° E
Viadivostok Time (Russia) -
+10 Guam Standard Time 150°E
Magadan Tima (Russia) o
i Sclomon Islands Tima 165°E
12 Kamchatka Time {Russia) 180°

New Zealand Standard Time

Tes ot M e wRe

Sun Path Diagrams

Procedure to determine the solar altitude and azimuth angles for
a given latitude, time of year, and time of day’

1 Transition the time of interest, local standard time
(LST), to solar time. See procedure page 3.

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

3. Read the solar altitude and azimuth angles from
the appropriate sun path diagram. Diagrams are
chosen based on latitude; linear interpolations are
used for latitudes not covered. For values at southern
latitudes change the sign of the sclar declinaticn,

Representative path diagram iftustrating the determination of
solar position

.- Detiinaton Angles

Solar Timas
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ang al year (dechnanon angla)
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Selar Azimuth Angle

Note: The sign convention for the declination angle, &, is for
northern labtudes To use the diagrams for southern
latitudes, reverse the sign of the declination angle
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L<& Values for Declination, &;, and Equation of Time, ET
L>8¢ and solar time earlier than i or later than t,, [ — Equathm of
I imation ot Time Deciinatknr “Time
i —_ =1 ~
ts /tw =12 .00noon ¥ (COS [tan bs/tan L])/15(deg/hr) Dass Deg  Min M Sec Date Deg  Mm  Mm  Sec
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. 5 n 42 3 h 5 15 10 14 2
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- ' eg 5 & bl 1 4 5 5 46 3 1
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Where |y is the standard time meridian, page 5, ano" liocal 1S the , .: f :f '3 R i; .z ; lﬁ -‘; ﬁ ,
lecal longitude value. The equation of time, ET, can be gathered g oo o0 " 10 i aon '
from tabular values, page 4, or computed with: e ,‘,’ W s a1 s
. . . 29 1 4 H 1 9 14 11 2 3
ET(minutes) = 9.87 sin28 - 7.53cosB - 1.5sinB
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Sunrise and Sunset Times L L N T
. R 9 H 37 2 2 9 A iR 12 n
Al sunrise or sunset the center of the sun I1s located at the e P A 4 N
eastern or western horizon, respectively. By definition, the | 1 ' 638 FTI 1510
) % [P I ¥ ] _R ] 5 in s 15 48
altitude angle is then a = 0. The local solar time for ‘ % 7 s v ® B oD % 10
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-1 . 5 3] 7 s 3 5 16 9 13
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For the tip of the sun at the horizon (apparent sunnse/sunset), “Slince cach yew iu 163 25 days long, the precise vabue of dechinanon vanes foem yeas to year The
subtract/add approximately 4 minutes from the sunrise/sunset . T s PPN 4G v by he U Govertmen! Prning e
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The sign convention for the declination angle, 8, is for
northern latitudes. To use the diagrams for southern
latitudes, reverse the sign of the declination angle.
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The sign convention for the declination angle, 8;, s for
northern (atitudes. To use the diagrams for southern
latitudes, reverse the sign of the declination angle.
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Solar Azimuth Angle (*)

The sign convention for the declination angle, 3,, is for
northern latitudes To use the diagrams for southern
latitudes, reverse the sign of the declination angle.
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Solar Azimuth Angle { *)

The sign convention for the declination angle, 8, is for
northern lattudes. To use the diagrams for southern
latitudes, reverse the sign of the declination angle.
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Overhang and Fin
_Shading Calculation’

o \

503:\ D- overhang.;w
albitude
™~

perpendicular
to window «——!

L

perpendicutar
to window

Reprnted from [3]

For overhang shading:
D x tan{ solar altitude )

cos ( solar azimuth - window azimuth ) *

For fin shading:
w = D x tan{ solar azimuth — window azmuth ) *-

Solar aftitude and azimuth angles can be determined with the
sun path diagrams, beginning on page 6

*  Observe proper signs for both the solar and window
azimuth values. Convention is that angles east of the
equator vector are negative while those west are positive
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Obstruction Shading

Precedure for estimating shading caused by adjacent structures:

1.

Define the solid angle presented by the obstruction in
terms of altitude, Otobs, AN azimuth, ays, angles for the

point of interest. Cheose charactenstc pemnts to describe the profile of
the obstruction and determine therr angular coordinates, refer 1o the geometry
of the figures below and on the next page By measunng or estimating the
distances and heights in guestion, standard tngonometnc formulas (next page)}
can be used to determine the anguiar values.

Locate the solid angle with respect to the path of the
SUN. Refer to the appropriate sun path diagram, based on the site latitude,
and locate the solid angle on the diagram by plotting the .y, and ag, values on
the solar altitude and solar azimuth axes, raspectively An example of this
posiioning is shown on the next page

Determine dates and times of shading. on the sun path
diagram, where the soiid angle overlaps the declination tines, shading of the
paint of interest wif occur. The dates can ba estimated by reading the
dechnation vaiues that intersect the sold angle, and then matching the
dachnation to the ime of year, table page 4  In a similar manner, the hours of
shading for a particular declination value, can be esimated by reading the solar
time carrasponding to the mtersection of the dectinabion of interest and the sold
angle presented by tha obstruction

Geometry for defining the a
shading from an obstruction . |
C = Point of interest
Plan _C - P -
Ao 7
——» Equalor P
c Cops p
Elavation TTTT T

Solar Building Chstructicn

Obstruction Shading

Geometry for an arpitrary pint Q
on the profile of the obstruction

A;tor

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

Solar Altitude Angle

Solar Times

Deciination Angles

Sobd angla presenied by
chatrucbon  Shaduyy will
cceur when tha sun's path
crosses lha obstruction

Approwmnate datés and hmas
of day ¢an ba estimated by
raading the inlersecling
values of decination and
solar tima, respecivaly -

AVAAN

B, 1 Baos 2 Solar Azimuth Angle
4 b 4
g==sn |— g=tan |—
b [ a
a
-1 2 2 2
8 =cos — cC =a + b
c

16
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6. Determine the coilector tilt factor, _th . for the tilt angle, o2
B. of interest. Use the following formuiation or Figs ¢-3-5 25
for comman tilt enentations. C8
roga2es
5 _ cos(L-p)cos (s, jsin(h, ) +h, sin(L - B}sin(5,) : EE
cos(L)cos(3,)sin(h, ) +h_ sin(L)sin(5, ) g17s
Where §; is the declination angle, page 4, and hy, is the ] :3,3' "
hour angle at sunnse, Fig. ¢-2 {negative value, radians) PoZ s
[
7 Compute the collector monthly-averaged radiation i 5 1 i
total, H. . 8 &
X i , 5 073 M
_ = B B r s |
H =RB +D cos’| = [+(D +8 )psin’| = : I
2 " " 2 v 02s
: 50 40 -30 20 RT3 0 0 20 30 40 50 B0
Assumlngaan appropriate reflectivity value, p, from the table Latiude (degraes)
on page 36. - .
g : Figure ¢-2. Sunrise and Sunset hour angles
[ , : : Sl
PEEELTTI D Nl
i} | | B L) — " .
£ l SN — ! 1 45 i
g Fe | o '
L e o
: ¢
i ;e i
:;':, 5 - - 2 5 -
e e
N wh [
£ . \R D3NN\
T K —Jul—— e S S S, PPN\ - = A
g ML Jan i % u 5 %4— S -
5. |
] ~w< | o 2
W
Now
0 N I T
50 40 0 .20 -0 0 Rh] 2 a0 49 50 50 : a Q.'ec_ I !'m
Latiude (degrees) R S0 40 30 220 -0 ¢ 10 20 30 40 50 0
] _ ! Latitude (degrees)
Figure ¢-1, H” . extraterrestrial ,monthly averaged, daily : —
insolation on a horizontal surface. ; Figurec-3. R, fortit=L.
34
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* Reflectivity values for charactenstic surfaces (integrated over

 solar spectrum and angle of incigence)’, ‘

\ Average .
£ . Surfacc reflectivity :
5' .

g " Snow (freshly fallen or with ice film) - 075
;  Water surfaces {relanvely large incrdence anples) 0.07 .
E " Sails (clay, loam, ete.) 0.14 !
3 , Earth roads ' 004
§ i Coniterous forest (winter) on7

' Forests in auturen, ripe field crops, plants 0.26

. Weutkered blackiop 10

! Weathered concrete 0.22

i Dead leaves .30

20 . Dry grass 0.20 "

Latitude (degrees) * Green grass 026 6

— . Rituminous and gravel coof .13 =

Figure c-4. R fortit=L-15 ' Crushed rock surface . 0.20 f*
" Building surfaces, dark (red brick, dark paints, ctc.) ' 0.27 .

s i Building surfaces, hght {light brick, light paints, etc.) 0.50 ;(:

! Iri

S _‘—'"— TR ] “From Hunn, B. D., and 3. 0. Calafell, Delermmetion of Average \:ﬂj

4 ! Ground Reflectivity for Solar Coilectars, Sol. Energy, vol. 19, p. 87, 1977, it

] see also R. L. List, “Smithsonian Meteorological Tables,” 6th ed., Smith- 'j

o 35 —— PR I— _— sonian Institution Press, pp 442443, 1949, 4
e i
G A . . . A
£ _Estimation of UV Insolation
AN . Nomenclature §
g | u
_E 2 N%. ok © glokal honzental total solar radiation it
N |

3 .k % [ beam component of total sotar radsation L
15 Sy [ beam componant of UV radiation :'.:
Yl global honzental UV radiabion Iy

1 : K cloudiness index %

“,;' '™ .m air mass H

o5 |9 Oct— L
Jan o solar altitude angle :

r ’ z -

® @ ® @ W o W w =L = 0.14315K] - 0.20445K +0.135544
Lattude {degraes) | ! ! v

— t H

Figure ¢-5. R fortit=1 +15. ! -0.575 !
| -0 575 - '

2L~ 0.0688e” """ = 0.688exp| —— .

Ly sina v
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Radiation Heat o .

Transfer PI'OpEI’tIES " \Emissivity and absorptivity of common materials,
- ‘continued from page 37.
Surface emissivity, £, which is the emission of the surface Short-wuve Limgwive  w ‘
compared to an ideai blackbady, E/E, , Suhstamce ssoranre  emilamce ‘ ;
E . : Class I subsiamxs. .«\bﬁu'pum.e 1o eTmateance 1ot hetwoen O S'and 0.9
L== - e E di | Asbests felt u s 054 050 .
E 0‘ ¢ Greon ol base paint ns a9 s
4 . Brcks. red . 035 09?2 (1]
Where ¢ is the Stefan-Boltzmann constant, (5.670 x 10° Wim?- " Arbeston et hoanl, ke e e o
\ pol [RLL. Bt
K%), T is surface temperature and the subscript A refers to ! Voo, plaed s - oy =
wavelength ; Houghconctve .60 097 062 .
gtn. { Concrets 060 048 068 .
o Grags, green, after ram [iL.3] 132 ] 048 .
. Grass_high und dry 067-0.65 0o .78 :
Incident radlatron balance: o+ t1+p =1 ! Vegetable ficlds and by, willed 670 a8 o ;
Where: o Dak feaves 9I1-0T8 991005 aT8-D32
i Frozen wonl e 093-0 % — .
I ; Diesert suriact 07% LiL] ok} i
" _ _absorbed ) T Common segetable Mickds and shruba 072078 09 082 :
absorptivity o = 2225 transmissivity T = -2 i Grond, dry plowed 775080 09 083019 R
| i Oak woodland a2 L) 09l 't
: Pine torest 0 K6 09 0% t;
¢ arth surface o w whole (tand and ses, v clouds) ng3 - - -
P ren "~
reflectity: p = = and t s the total surface irradiation. Clasa I ubstancer’ Absorptance 1o cmitlanic cation between 03 and 1.0 f
i i}
b Grey pant a7s 08 0ie 5
1 Red o1l bexc pont 074 oon (1373 i*;
Emissivity and absorptivity of common materials ; presiued ost o os gl F
: Lizacum, red-aoxn ) e o9 -
Subttance Short-wave Long-wave a i Dry und 82 056 oyl N
sbsorptance emiitance £ f Grrten wl) roafing 088 o097 093 b
Class T mbsances: Absorprance (o emittance ratios less than a 5 i g::!:l;'wbb«k e lf') o_sa - ;
i Nan! black rubber - —_ '
:;a::;::_:m MpCO, A0 1% 0y i AW:;-WM 093 0_90»095 _ \
Snow e partxcler, fresh ou? vH Doy l Blick cupne vaxde un copper ag av 09% i
i L1z aa2 atn Bare drs ay ok 695 v
Whhe pgant, Q117 i, an aluminem o nos 62 i, ot ::;“ groond . t]‘ul 5 ; o n
x:l:ﬂ“ash of gaivamized won [TF5 0w 24 I; Water 0% P :Hl o6 g“ f
Whie et un i an-on oo 026029 | Black tar paper 091 293 1 B
fec. wth sparae smw cover 0215-045 09 02805 | Black ghoss pert 050 o 10 o
Smaw, we granuics 3‘;; g";g_o'” 0.32 v Srmll hode in Jarge box, Farnace, or enclosuse . nvys nog 1 , "
Atuminum ol bese paim 045 20 g; [ Hohiream,” theonstietly porfeet Bk budy 10 0 v
Whate powdcred sand © 0.45 084 054 ! v
i
i
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1

:
- v
. = —_ 33 [l
. — aa . _3 2 = d = -E !
Emissivity and absorptivity of common materials, s g 3 2 o5
continued from page 37 ¥= E_EBEE TINR T ]
e pidezd i = g N
5 2PLFELET TN =
, Shorl-wave Lang weve o b ?_; EZE E" -2 o8 E3 .
Suhwiance sbsorplance emitonee ¢ E = ‘5 ; E = E —-:"‘ R 2 -2 .
L FEjFEGIOUS IS z E :
Clazs IV substanced Ahscupman,s & emitance matis greater than [0 : = )
P Z
Biack milk vefver [ i 162 ! § g % ?,, -
Altatte, dark preen nur 1S ruz ' = . = ‘.;._;
Tanpblne), urs y43 i o 43
Black pent, UU17 10, ve slumnum 0 pa-rog LR lg7-1 11 [ a g % ~
Grantle ) [ a4 [ B st T =3
Grapinte L] a4l 199 . i3 3_2 3 "
High rutios, but ubsompances less than O 40 i 4 i oo <, iy .
Dull brass, coppes, Tead 0204 04-0.65 16326 EEISoon g2 2 ;é = E :
Gatvanized sheet iom, oxidired % LR 286 BELAAA 2y N
Galvanized 1ron, clean new ' 065 v 50 :; Ii_,_r ;
Alennnum foi L] 0 100 oo F’} L
Mugneaium x| o7 43 PR .
Chromiem - 0.49 008 6.13 zZ ?I’ * .
Polinhed anc .34 a2 210 LRRITEYEREF ’i“:ub L i:e
Liepanted stlver (opleal relleciar) uptamished 07 oor | esaZdcoc=saasa f, _:, E :
<1 T
Clasy ¥ substances: Scieclive sorfaces® E §_ g ;‘i}
Plated autats i ¢ B 5- T
Dlack wlfuk va meral 0.92 0,10 42 N 2YE 3
Hiack cupnic oxide on shee! alumanuim 008093 609-0.21 "g RESFEE-E L g RN 3
Copper 15 X 10~% cm chick ) v nickel o E i ocesooooooo [3 _1_31 'a |‘,
lver plaied meys) 3 i 2 'g l-:f
Cohalt nxsde 0o phtinum = K] _g =1 ) |
Cohalt anse tm pudished nike 0935094 0240 40 19 4 - T8z 5
Hinck nicke! uxide M wluminum 0.85-0.9) 0061+ [TXMEE] E 258 i
Black ¢hrome 087 b9 I - = = 2i3 .RE
3 f
Pariculate cosnngs: g 3 E 44 y!,
Lampblack on meiql . h-] . 3 E = 2 3 -1
Rlack 1ron nkide, 47 z2m grain sire, on wommon L o ~ a 2 wdy 3
Grumetnually enhuned surfices ¢ K] 8] _ . i g_ Bzl L2 § ~r'
Opomally comugaied greys oE9 077 12 :- £l % ug ThH a8 i g 3 g )
Opumally cougated wlecin eg 095 0.1 59 E4 aAledidcacan ; %3 '
Sturntesa-steel wize mesh 0.63-4) 86 623-028 2.1-30 o 3 = g
Copper, Preatcd weh NotiicY, azd NeQ# vE? 013 1] % £%3
- vy
“From Anderson, B, “Sobar Energy,” McGraw-Fill Bl Company, 1977, with permwssion % ¢ § (é
*Scheciive surfaces absortr Nt of the solar radiarion berweet 0 Y and 1.9 um. and cmut very finde in E g S n .
the 5-13 som range—the inirared 3 g 3is
*For w dicusinn of plated seheetive surtices, see Danels, ‘Direet Une of the Sun's Energy," expecially 15 A ,E i3 K
chapter 12 N g . Exly 5 . "
“For 3 discussion of how surface schectinty can bo enhasced Harough surface gevmesry, sec X, G T - " E 1 ) E T '
Hollards, Dirvctional Sei ¥ b and Absorp Preperea of Ve Corrugated Specular Sur. = - 3 == E 3 g
{aces, £ Sl Bnergy Sai kg, vol, 3, July 1963, §. ; 'é‘ P I 3 % .
] ERE-]
= F 53 ZEEiIZ2Ea ot
= » 9 i = 4
%5 § g‘.g $5% S g “} .
& e Euy R
HEEEEE L R
- sl %4% #25ab = .
Bl 342 SEZ35S £ 3
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. Transparent Materials
Angular variation of the absorptivity of lampblack paint . v

Refraction of light between matenals

tacideace ungle 1(*) Adwarptance niy)
=10 09s /
301y n9s . B
AN S g . Incedent ‘e
S0-tl1 rat baam RAallected beam
6070 U8 : i
-89 081 N
BU-%) Do . n
. 1
Adapted from [9] : a,
Reflectivity values for reflector materials
Y ‘ Ir\ Retracted besm
i f
Materich i f '
'
|
Siver (uasiable as front sufoce nnrrord LM LUD2 H
Coki 76 =303 ;
Aleminused wery lic, secomd surace 038 {
Anodzzed alumuoum UH2 oS + Index of refraction:
Varigus gluminum sarfaces-range 1 H2-).92 R
Copper .75 ; ,
Huck-siiversd weter-white plue plass .88 {  gin (l) n
Aumnszed tape-CC My ler (from Mylar ude) 07 % e =
'
sin ( 6, ) n

Spectral Absorption of Solar Radiation in Water

Luyer depth

Wurelengih

{amm) o Fem 10em im 1am
Q2016 27 117 14 29 172
an.0v BN 313 350 129 o9
G912 179 123 0k 40 oo
| 2 and aver 24 17 a0 nn a0
Teual oo 70 MMy 58 1810

=Nurnbers in [he Luble give the mﬁ‘mugc uf sualght o the wave leopth band pRssn thiou g waicer of
the (i aied tack ncss

41

Visible spectrum refractive index values, n,, based on air

Mutenak tadex of Refracnon
L

Cre potecubons %
Clean poty : :rv
Drpmond 2
Ginse [salar collector typeh 1.50-1.52
Plruglosn {patymeth yl merhacrylate, -
PMMA .
Myt (pulycthylene ercphuhalate, IET Lo
Quanz

Tedlart 1oty syt Mooride, PYEY : :3
Teflom {polvilucroethyicncpropy leac, FEM o
Watcr-liquid P
Water-salid A

ff’m&c mirk of the duPnm Cuingany, Wilmangton. Detaware.
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Thermal and radiative properties of collector cover materialsy

Tndes of R £ Ty Expansion
refrazion  (solary oty (Gafrucdp coefTicient Tempetature ;
Matetial name ) %) %] *) {tnm x °C) hmus (°C) ::::::::zlu} .(?Imw. ;umm“
ommeat
Lnnlpnl?cnhmxc) I[;'::ﬁ 125 mul 125 mud 128 rul 675(10% 121-132 Good 2 yrevposure Good- camparabie |
n
(D 242y ‘f; ;, ‘;; ?, ] 1;) {H 696) Senice temperatre Ronda Caused yeliowng, oeryln
z et
. 5 yreawsed 3% o
Preaiphis (vl ) :-[;242 L25 mul 125 mat 125 mut 702(t0M a £2.93 Meryngr 10 good bu;cll“n: Gund 10 excelent
3 t_ﬂ;t; 1’-1 6 26 15 ?C‘ 8§28 Scrvice temperature 20 y7 wsling in Anzona, FE3LEE masl aculy
) e FEP | aen =0 =08 {esir (0% ar 33°C Flonda and Fenasybvaa anif alkatr
e e i vi -1m| 5wl L 1.06(10™) at 204 continuous use,  Good o cxcelient based Lazchen
» =21 Wi 158 T°C, 16 246 short-term use oo 1% 17 capasunz 1o chemacaily
- L (=023 =04t 205 (10% at 100°C Flanda <ns esmes et
“hmmm . , o “; ;ml 40l 4 rowl soagrah 107 continuons e, Goad o excelent 10 7 Exixllam
wbaa 1] s "ﬂ;;) (33'2." (D 696) 177 short-term use cipesur s Fleeda wak chenuically
. . ) = e slight pellumany 1nert
yplar [polyesier) :;:4;;? :::II 5:) ;m l; :-ui 169(10%) 130 contmuons uss, Four uravielet degrada- Guod w creetlene
. . (D 696-44) 264 ”
) i yéd o =05 short term use tom preat ;A;dn;uablc i .
ieef {fikergtnge) b 23 nul{) 5 nul ) 2 &
an ;5;‘;-{3 . b I:II ,‘gl; Ii:‘l‘l(l’l 250107 #3 continuous use Fiier do g repulas,? ye Guod nere 1o £
) : = (xd 1y {201} (D 6&%) causcs 5% loss in ¢ sotar hfe, pré mouns, chemcs| E
5wl {R) 25wl {R) 25 il {R) A yrootar ke FLTTR TN ’S
. ¥5iz0n TI(20T) ERFEL XY . ' ¥
Floa plass {glass) :ngg) l:: ;m 128 mul 1288 m) §64(10% 732 softening paint, Facetlent ine proved Good legacellent. I(".
3 %8 20 (D 6%6) 38 thermal shoch, P— ¥
(£} (=03} (e p - e i)
He
. b
‘ — —— S T emTme e e eeey - ! !

Thermal and radiative properties of collector cover materialst

Tndex of T I 1 Expansion
relracton viofarp fularp ol coetlicient Temperature Chemical revi e
Maenal ume m K3 1] ) {m'm x °Cy o (°C} Weathe bl m 1comment 1 Hommen
' Temper ghass {ghasss 1518 123 mad 125ma) 125 mt 864 (10-6) 232-260 continuous  Excztlemt ume proved Good b zaceflent
(D542 [ L] i1 4 (D&36} wse, 260-288 e peaarl
=01 (=0 fasqp? short-term use . .

Clea o sheet zhiss 15 Tisutfichent 135 mil 125 pul Z{10-6) 204 for cormnuous  ExS¢Icbl UTR Prated Gord 10 prgdlent
1hrw oo unide glavs} tD 4 dats prosded 47.5 in {D 698) operatian e proved

by ASG 1505 dew)

Ulear hme lemper glazs 131 Insuificient 115 mal 125 aul S(10-6) 204 for continuous  Execlient uar proscd Gand inexcrliem,
(e mn oamde glaud fD 347 dais pen ded 815 10 (D 696} operation time prnved

By AMG (LR ioRy -

Sunader whule craal (1] Iasaffwient 115 mul 125 mul §46(10-0) 204 for contitugus  E.xcellom, WA proved” Gonnd 1 eacelism
gl (301G wmn (10542 ila grodd 913 0 (D £96) operauon ure atmad
ande playy Ty A3 {202 15t}

- “Numesical imwegratin ¢ Y, F, ;_, Jfot A=02-30puM

*Numeneg) integration { 21-“‘1-“ ,- ‘; o d w 30-500 kM,
<Al parenthesized numbers refiex 10 ASTM teat codes.
*Dua not pronxked: estimale of 249 10 be used € 1235 aul samples,
“Degrory differemial to rupure 2 X 2 x 4 i samples, Ghass specimens heated and then quenched in warer dath ai 70°
Sutiling premidn data denciad by (P, Sualine regular data depoted by (R),
L ompiled data buyed on ASTM Code E 424 Medwd B, .
*Absuacred from Razel, A €. and K. B Banncios, Opuimal Mawrial Selecuon for Fla-Plate Solar Energy Callectors Euiming Commeraially Avolable Malcrials,
proveuied af ASME-ATCHE Nasl Heast Transéer Conl, 1976
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Solar Thermal
Cpllector Overview
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Indicative
General Concentration  Operating
Configuration Cescrphon Ratio Temp. {°C})
Z Non-Convecting 1 30-70
‘ Solar Pand
\,\ Unglazed
3 Flat Plate - 1 040
Absorber
@ Flat Plate Collactor " Q70
(High Efficiency) (1 (60-120)
@ Fixed
Concentrator 35 100-150
Evacuated
Tube 1 50-180
Compound Parabolic 1.5 70-240
(Wdh t Axis Tracking)  (5-15) (70-290)
Parabolic 10-50 150-350
Trough
Fresnel
Refractor 10-40 70-270
Sphencal
Dish Reflector 100-360 70-730
Parabolic
Dish Reflector 200-500 250-700
Central
Reselver 500-3000 500->1000

Adapted from [12]

Non-Concentrating Collectors

Efficiency of N-C collectors, Hottel-Whillier equation {European
Standard on page 48):

T.-T)

q: = FRTsa! - FRUI:
|

<

. Where Fgis the collector heat removal factor, 1, IS the cover

transmissivity, a, is the cover-absorher absorptivity, and U, is the
averall collector heat loss conductance. Ty, is the collecior fluid
inlet temperature, T, 15 the ambient, and |, is the maident
radiation on the collector.

Represematlve performance curves

80 . Frigmy, Frlg wm?<C)
Letter Fluid Covers Surface intercept)  {Slope)
a Water 0 Black Paint o688 340
b Water 1 Btack Paint 0.74 a2
c Ar 1 Black Chrome 052 48
w8 d Water 1  BlackChroma 070 47
- e Water 2 Black Chrome (0 61 3z
§ f Water Evacuated Tube (.54 14
[5)
£ n
w40 T 2 150" C
3 Flow Rales
E Water 002 kg/sim’ (14 7 it}
g Air, 0 01 m%sim? (10 7 ctmre)

[
=]
T

1 i

0 01 02 03 04
AT/ [PC-mfwv}

Incidence Angle Modifier
Incidence angle modifier, K.., , is used to estimate collector

performance at non-normal angles of incidence with.,

T -7
0 =F | K (o), -y, T2
" |

L]
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where K is of the form (b = constant):
1
K =t-b ~1
cos (i)
-2 | T T
I = —
! GLASS COVER PLATE
1.0 o

2 GLASS
0.9 — COVERA PLATES

0.8 MYLAR HONEYCOMB 4
1 GLASS COVER PLATE —

INCIDENT ANGLE MODIFIER, Kar

o7 [— .

0.6 j : \

05— ] -
GLASS EXTINCTION COEFFICIENT » B 08/cm

04| CLASSREFRACTIVE INDEX - 183 _
ABSORBER FLATC ABSORPTANGE - 03

0.3 l_ L {

") 15 30 a5 &0

ANGLE OF INCIOENCE, §;, DEGREES

Incident angle madifier for three flat-piate solar collectors.
Reprinted by permission of the American Society of Heating,
Refrigerating and Alr—Condltlomng Engineers, Inc., Atlanta, from
ASHRAE Standard 93-77, “Methods of Testlng to Determine the
Thermal Performance of Solar Collectors.”
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Européan Standard N-C collector efficiency formulation: \
T -T

avn amb ( T - amb )

G G
Where Tawe = 0.5(T1a* Trow), is used instead of collector mlet
temperature and G is the hemispherical irradiance (W!m ).

n =Fra -a

The incidence angle modifier is appiied 1n a similar manner

o = K., (f’a,)n

Concentrating Thermal Collectors :
Geometnic Concentration Ratio, CR. ; ,,
CR = A' ‘where A, 15 the aperture area and A, is the ,

A ' ¢

receiver area.

Instantanecus coliector efficiency, 7_: 3
T-t)

n,=n,-U, l—('C—R—)‘
. T f

Where 11 is the optical efficiency, U, is the overall collector

heat loss conductance, T, is the receiver temperature, Ta 18 the
ambient temperature, and |, I1s the incident radiation on the |

coliectar
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incidence factars for various onentation and tracking
arrangemenis of concentrating collectors

Cricotaton of collector Incrdence factor eu t

Fized, berizontak. plane sarface. wnlund +cca 8 conh cos L

Fixed planc gurface fied «a Uhat J$ i normad 1o 61e solar beam &
ToON o v eqUIAT L.

coa & cond,

Rotatson 0 & piase 1i{asce sHow & BONZONAL sast-west axis
with & single daily adjusimens permitizd 1o that it xuface
Rormal colncties with the soler beasm w oon every day of ibe
year

it § + 2067 8, con B,

Rotstion of 2 planc sorfiee Abowt 4 honzontal eaxi-wesl axis VI - co §, o b,
with I/ 1o obtain eneryy Llacs-

demce.

Rexatlon of & plane urface aboas 3 honzoncal aors-scuts Sl [{un £ tin &, + cos £.oow 3 cosm P

with adpimenl 1 obt Y G- 1 co* & 3% h '8
dence.
Rotatlon of & plens worface sboot xn wais parallel W the carth'’s o0t 5,
axus wth LX) L
modence
Rotat100 sbotl rwo parpendicular sxas wilh adjuyt- i

ment to allow the srfsce normal to councude with the solae
buam ag il gt

e mcudence {acior denotes (e cozane of Usr angie brtween the mrfarc otnal sod the 30l beam

Adaptation of monthly-averaged, horizontal surface data for
tracking concentrators.

H, =

5.. monthly-average diffuse radiation component for a
horizontal surface

-H-‘ monthly-average temrestrial radiation for a tracking
collector

Hh monthly-average terrestrial radiation for a harizantal
surface

T diffuse radiation factor

T tracking factor
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Thermal Energy Storage
Sensible heat storage: Oumr = pVc AT
Combined latent and sensible heat storage:

0 =mE (T -T)+iT_ (T, -T.)]
Thermochemical energy storage’

Q,rocnemes = &, MAH

Where m 1s the mass of reactant, a, is the fraction reacted and
AH is the heat of reaction per unit mass.

Storage materials properties given on pages 51-53. y

Thermal conductivities of containment materials .

Thermad conductiviy®

Marenals {Wim K} (B e (12 °T)
Phanicse
ADS 0 E7-313 1.2-2.3 Rl
Acrylic i 0 8043 130 :
Fotypropylene 0 §2-0.37 DB-i2 .
Pulycthylene (hagh densely) 043052 10146
Polycihydene (mediim densiry) 01300 42 21-29
Pobycthydene (low dcnstty) 030 21
Pobyviny| chlomde o [(R]
Metalst ,
Alurmnum 2% 150G
Copper o0 700
Seeel 48 Ao

aPlasei s, a etk dute bank, Sih I Book A San {hego, CA The Imermanonut Plesicy Scioctos,
[oc, 1930,

*As measared by ASTM C-E77,

<Hondhook of Chemirrme amd Phyvar s 30 kd.
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Physical properties of some sensible heat storage materials
’ Specidic Encrgy Iherniad

i Temperature Density (o) Heat |y, Thensuy tpl’y Cugdue vy
Storage Medium Range. °C hgim? Jeg K hWhm? K (W/m ki
Water 9-100 1000 4149 t b {63 at 3870
Water (1) bar) , =180 N 381 RIS 103 -
S0% erhybene glywol-30% water 0-10 075 M50 098 —
Dovwiherm A 12-260 867 , M0 033 QI22a1260°C

{Dan Chemyeal, Co )

Therzmbul BB ~9-313 750 paliyl 044 0.6 5t 11T

(Monsanto €0 )

Draw <alt 220-%4) 1733 1350 D75 57

(SONANG,-50KND Y .

Molicn salt (SIKNOY 142-330 1680 1560 072 . el

A0MaN0 TNaRO )
Liguid Sodium LO0- 60 TG 1260 D26 675
Cast iton 0n.p 7200 540 1.08 £2.0
- 111501300

lucomts — 3200 B0 a7l —

Alummem nap, God UG 920 {LES 00

Fircclay — 20760 1000 165 ’ 14-15

Roct — (L] 380 0.39 —

2 Campasition ip percem by weighl
Norz, mp = melting point,
Physical properties of latent heat storsge materials ar PCMs
. e Ere : Thermal

Meiling Ltz 51’3{“ 1‘1_?1 Density €K gfer)) ugn:sgi?v Condusuviny :
Point Hess, (kg L e b t

Sworage Modwm C LikE Solid Liquid Solid Liquid GWhim k) Wim &) ¢

- —- 1720 1530 63 -

110, - 300 g1 M - : - .

H < 30 ot 215

m.sof 10,0 14 251 = 176 i | M 133 [}

{Glauber's Salr 92.5 05T
Nu s 0, - SH,0 a8 Fod e i }m :223 @ 03
NaCH,C00 - K0 38 150 ;'22 2, i‘; 2070 131 162 o 6sM
Ba(OH), - $H,0 7% ivg; 156 3 &8 163 1550 i) 06l

0,1 6H,0 90 o
Eﬂgs A M2 . $36 202 2041 2310 1776 261 1.3
LICOJX.C0,, —

PN 208 s R 1 7% 2269 1960 184
BCO/KC0/ 2140 165 -

Na,£0, (32 3533 e m 168 163 o m i o150
n-Teteudecane 34 ;23 1 _ B4 774 523 0150
n-Dctadecans ] 44 @ 151 960 oon a5 [T Y}
HDPE (c705s-linked) 126 150 288 : o w7 W Y,
Steric aced Cow 03 — 13 1 L

R, T

sCompimition m porcent by woight.
Note. { = liqud




Properties of thermoachemical storage medisa

Volumetric
Storage

Condision of Reacton

Diensyy,
KWhm®

Density,
kg/m?

Temperzture,
o

Prewsure.
kPs -~

Reaction

137

1500
485

106

1400

MpCO|(5)
COg0)

421.327

100

MECOfs) + 1200 kiAy =

MgO(s) + CO4g)

343

{135

Ca{GH1, )
H,0{¢)

572402

100

CaOHMLs) + 1415 Elfkg =

CaOn1) + H,0)

ot . e o ot
AN BT A s .

Photovoltaics
2 Cell Output Characteristics
a
[ 5
Cell output power across load, P’ P = ILV = ILRL
§ = Where I, 15 the lead circult current, V 1s the voltage and Ry 1s the load rasistance
™ m
Representative current, voltage, and power outputs of a PV cell
Currant Output
lsg /
238 b e =~ T
i " / |
Max, Power :
Point
- N P 1
23 g 3 |
] I
= |
3 ’ |
Power Quiput 1
T - - f
g I ] |
284 {
1
Cell Voltage Vim Voe
& N sc
£ Open circuit junction voltage: V, =— In| = +1
e !
Q -
* Where 3 Boitzmar's constant, (1 381 x 1077 3/}
T call temperature, (K}
g % @ alectran charga, {1 602 x 10" JA)
= . lse short circutt current
o la reverse saturation current
4
2 -
o
o Voltage at maximum power output, Vi, 1s found from:
on -
e < eV
53 | % exp n g2 =14
=2 |3 kT kT I,
ta 1§
3g
"

54 )
3
_."'".

*

2
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Effect of illumination and load resistance on PV cell output

Constant Load -
Rasistance = R, ™,
7

ly=lp>1y
Ry<R; <R,

lilurmination
/ Levei =), -
V
Iy

Cell Current

Cell Voltage

Effect of temperature on cell output
T>Ty

T, T,

Te/ T,/

Cell Current

Celi Power Quiput

Cell Vollage Celk Voltage
Temperature corrections for the cell output are supplied by the
manufacturers and are typically of the form:

V=Vv_(1+B(T -T,)) and I=1_ (1+a(T -T,))

where the subscript “ref’ refers to values at a reference condition
and T, is the actual operating temperature of the cell « and 8
are constants provided by the manufacturer, Since o is much
smatler than {3, power output goes down as the temperature of
the cell goes up

55

Muitiple cell output

Series Connection Parallei Connection
+| -

. - -

el
1
|dentical Wy
Cells ; \
YoM % oW
1 Tedgbly fm—a
"\
| S
R
Dissimilar )
:
Cells w
1 v
V¥ WYYy

W

\

Effect of collector tilt and tracking on incident solar
radiation

Tencxng
3 -
3% Fued ot M 535
5 wquat 1o totituds P
). S
rk

Manth

Tirs of Day

56
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PV Power Configurations

[ 6 58

Direct Pv-foad connection, withoul and with storage

- @

AC power supply

Uity
Connaction
Inierruptbie
Loags

Uninfatrupitla
Loads

Dasirrbubion
Panel

Engine I Batlery

Gumrnlnf Ch-rg-r

Block ciagram for stand-alone PV System with generator backup

Adapled from [10,1 3}
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PV System Design
System Design Suggestions from [13]

. Keep it simpie — Complexity lowers reliability and increases
maintenance costs.

+  Understand system availability — Achieving 99+ %
avallability with any energy system is expensive.

. Be thorough, but realistic, when estimating the load — A
targe safety factor can cost you a great deal of money.

»  Cross-check weather sources — Errors in solar resource
estimates can cause disappointing system performance.

+  Know what hardware is avallable at what cost — Tradeoffs
are inevitable. The more you know about hardware, the
better decisions you can make. Shop for bargains, talk to
dealers, ask questions.

+ Install the system carefully — Make each cornnection as if it
had to last 30 years—it does. Use the right tools and
technique. The system relability is no higher than its
weakest connection.

s Safety first and last — Don't take shortcuts that might
endanger life or property. Comply with local and national
building and electricat codes. )

. Plan periodic maintenance — PV systems have an enviable
record for unattended operation, but no system works

. forever without some care. :

e  Calculate the life-cycle cost (LCC) to compare PV systems
to alternatives — LCC reflects the complete cost of owning
and operating any energy system.

Simplified Average Daily Load Determination from [10]

1. Identify all loads {o beLconnected o the PV system

For each load, determine its voltage, current, power and

daily operating hours For some loads, the operation may

vary on a daily, monthly or seasonal basis If so, this must
be accounted for in calculating daily averages.

Separate ac loads from dc loads.

4. Determine average daily Ah for each load from current and
operating hours data. [If operating hours differ from day to
day duning the week, the daily average over the waek
‘should be calculated. If average daily operating hours vary

58
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from month to month, then the load calculatrt)n mayneed o | \Water Pumping Load Data
be determined for each manth.

5. Add up the Ah for the dc loads, being sure ali are at the

5
same valtage. T 7 . Storage
6. If some dc loads are at a different voitage, which will

require a dc to dec converter, then the converter input Ah for
these loads needs to account for the conversion efficiency
of the converter.

7. For ac loads, the dc input current to the inverter must be
determined and the de Ah are then determined from the dc
input current. The dc input current 1S determined by
equating the ac load power to the dc input power and then
dividing by the efficiency of the inverter.

8  Add the Ah for the dc loads to the Ah for the ac loads, then L ——i El e T e T T
divide by the wire efficiency factor and the battery efficiency = i

- factor to obtain the corrected average daily Ah for the total 15
ioad.

3. The total ac power will determine the required size of the
inverter. Individual load powers will be needed to

Slatic Water Leval

determine wire sizing to the loads. Total load current will ¢

be compared with total array current when sizing wire from 3 Drawdown Level

battery to controller,

Pump

Storage Estimation: Estimation of the days of battery storage VoK
needed for a stand-alone system if no hetter estimate is p . F (W) P p.vVg
available, [10] umping pawer {¥¥). n

= - Where:
Dnnl - 1'9Tmm +18.3 or g gravitational acceleration, (8.81 mis’)

. H total pumping head, {m)
D = —0.48T +4.58 Hy dynamic head, (M)
ren e Hy fnction head, {m)
H, static head, (m)
Where: Vv volumetnc Row rate, (mY/s)
Decre number of storage days required for critical application :
Doon number of storage days required for non-criticat m, pump efficiency
appheation v waler velocity at pipe outlet, (m/s)
Ton minimum average daily peak sun hours for selected R
collector tilt during any month of operation P, water densily, (397 kgim’)
V!
Note: T_ > 1 peak sun hours per day And H=H +H ’ H, =H +—
29 ‘

59
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{ A + B, for no draw down
H =

A +B + C, for water level drawn down a depth C

Representative water pump operating characteristics

Wise-lu-water

Head (eny Th pe pump effieseney 1%
n-x Ceariingal 13-4
=20 Litntit] ugak wih) let [<iau ]
Subecraibhe -
AR Subrsrcr sihbe i}
Jack pamp 4
1001 Jack pamp 15-50h

Electrical wire load rating

Resistance and amperage ratings for type THHN insulated wire.

Maximum

AWG Resistance @ 20°C Recommended
Wire Size . (€100 it or © /30.5 m}) Current (A)

14 0.2525 15

12 ’ 0.1588 20

10 0.9989 30

8 ’ 0.6282 55

8 0.3951 75

4 02485 95

3 0 1970 130

2 - 0.1563 130

1 0.1239 150

0 0.0983 170

00 0.0779 195

000 00818 225

00Go 0 0480 260

Voltage drop due to line resistance:
Voltage Drop = Current x Wire Resistance
e
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Water Heating Systems

General design configurations and guidelines. Collector
performance information is available on page 46, system
evaluation and sizing can be estimated using the f-chart method,

beginning page 66.

Integrated collector and storage or batch systems.

Storage tank integrated with collector or storage tank itself is the
solar absorher. Circulation Is passive through natural
conveclion.

& Simple, no maoving pants, long ifetime, little maintenance.

® small systems only, imited freeze protection

Natural circul_ation. {thermosyphon loop) system.

Safury Valbee

l=h
—

Hot-waier td Soildng

umencrsion feaiker

Solar Collacror

Cold-wazer from
Mo

n':m-mr Tani

Inpolosion
Invulowd Fiwid Lines, 2 173

Circulation Is caused by the difference in density, p, between the
hot water in the coilector and cooler water exiting the storage
tank To estimate circulation rate, compute the flow pressure

drop, APgow: -
8P =p, . oH-[p gt +p..0(H-L)]
Flow velocity, V, can then be determined by knowing K, the
loop sum of the compaonent velocity loss factors:
V < D,PMw
ST
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Natural circulation (thermosyphon loop) system.

& Simple, moderate sizes, long lifetime in areas with litlle
chance of freezing

¥ Tank must be mounted above collactors, freeze protection
difficult. -

Forced circulation open foop system.

Solor
Cotlector

‘—— Hot Water Usr

{ Auxilary Heater

NS T
Punp Heat Ewchanger Supmly Water

Flutd is actively pumped through the collector, and the reservoir
15 vented so pressure is maintained at atmospheric Drainback
operation is possible for freeze and stagnation protection.

& Simple, increased capacity compared to passive circulation.

2?  Freeze protection not as reliable as closed loop drainback,
pump must supply entire head from storage tank to
collector.

Forced circulation closed loop pressurized system.

Fluid loop is not vented so pumping power is imited 1o the flow
resistance of the piping. Since fluid stays in the collector, glycol
solutions are used for freeze protection.

& Good freeze protection in cald climates, reduced pumping
power, can be used when drainback is not possible.

3 Complex system, fluid expansion must be accommodated,
no stagnation protection.
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Forced circulation closed loop pressurized system.
AN Vent

Sotar
Cotlector

[ Hot Water uss
Pressre
Relier -

Velve
g Aunitiary Heoter
Storupe
Tanrk
./ ¥ N, Supply Water
™ Drnin oy
Heat Exchonper

Forced circulation closed loop drainback system.

Solar
Collector

——— HOt Watar Use

C Agillary Heoater

Storage
Tark

Y L
\_/ Cold Water Inlet
Pump n-oh+

Heat Excthanger
Fluid in collectors is allowed to drain into a reservoir located near
the collectors but in a non-freezing location.

©  Relable freeze and stagnation protection, pure water
working fluid can be used, pumping head reduced with
elevated drainback tank.

¢ Piping must have sufficient slope for drainback
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Hot Water Load Data

Energy requirement for service water heating.

q "W= pwocaw (Tu “T.)

Where-

Cow specific heat of water, 4 18 kJ/kg-K

Qow water heating energy requirement

Q volumetnc water flow rate

Tq waler dalivery lemperature

Ts water supply lemperature

P waler densiy, 997 kg/m?

Guideiines for service hot water demand rates -
Demand per peron \

Usuge type blervday guliday

Keuwadl store .8 075

Elemencary schoal | 57 15

Multifzmity residence 76,0 00

Singlc-famity residone a0 2000

Otfice bulding 1.0 340

Building Heat Load Data

Given the overall building loss coefficient, UA (W/°C), the

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

with _TH =T —i
UA

Qu fordayn Q = J(Tﬂ - T)ﬂ

Where T, s the interior temperature, q, is the interior heat
generation, and T (daily average temp ) can be estimated from
locat|on-§pe01ﬁc maximum and minimum temperature data’

a miax amn

2

Note: For a thorough treatment of heating loads, the reader is
referred to the ASHRAE Handbook, Fundamentals, [1).
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Heating System Evaluation and Sizing

Procedure for estimating the performance and/or size of
standard solar heating apphcations using f-chart The f-chart
method computes the solar-supplied fraction, f;, of thermal
energy for liguid and air based heating systems.

Note: The procedures outhned here ara for estmation purposes only, detailed
calcufations of the sysiem thermal performance and sclar coliection are needed to
ensure satisfactory system perfarmance,

The f-chart method assumes standard system configurations, Figs, -3 and I-2, and
applies only to these systems, with imited vanations For example, the coileclor-to-
storage heat exchanger n the hquid based system (Fig [-1) may e elwninated (Fp, =
1), or for the aw-based system (Fig f-2) the bwo-lank domestic water heater may be
reconfigured as a one tank system Furthermore, {-chast is apphicable to solar heating
systems where the mimimum temperature for energy delivery 15 approximately 20°C,

System parameter ranges used to compile the f-chart resulls

Gollector transmsswlty-absorbtu;lly, () 0.6-0.9 .
Collector heat removal faclor-area, FpA 5-120m
Collector heat loss coefficient, L 2 1.8 3 Wm-°C
Collector tit angle, p 30°-80°

Overall building loss coefficient, UA 83-867 W/°C

Begin with:

. Monthly heating load; for information regarding water
heating and building heating loads refer to page 65

¢ Monthly solar radiation totals for site-specific collector-
plane; can be obtained from internet sources, page 83, or
for simple geometnes, computed with the procedure
beginning on page 32.

+  Collector performance parameters Fﬁrlal and FRUc ;

can be obtaned from the manufacturer or representative
values for non-concentrating collectors are given on page
46. .

»  Solar system design parameters; this includes the
collector area, working fluid, flurd flow rate per unit area of

collector, storage capacity, and heat exchanger
performance The standard configurations assumed with
this method are shown in Figs f-1 and -2 for water and arr
based systems respectively.

Procedure begins on page 68
66

w
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Halvmar
M b

Figure f-1. Schematc for a standard liquid-based solar he z
ating system, Note cert
dewviations fram this configuration can be handled by the f-chan m;lhod. o

To losd

Humt e (W) Dampar
wxchangsr -

Space
heating
from

stoTage

Service
[ hot vwater

{Het zoned

Yeater
heatur P*‘;:'r::d
I~ {Con! rans)

InEuiated duct ,
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Figure f-2, Schematic for a standard air-based solar heating system  Note' cerlain
dewiations from this configuration can be handled by the f-chart method.
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Procedure:
1. Compute the loss parameter, Py,

AFFUA(T -T)
_ c h R ¢ R a
.-
L
area (ml).' Fy, 15 the collector loop haat-exchanger factor (= 1 # no heat
axchanger), Al 1s the number of seconds per month, Tg 15 a reference

Whare A is the nel caliector

temperature of 100° C, T s the monthly average ambient temparature {"C),

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

2. Compuie the solar parameter, Ps!

CATEF (), Rl _

: where | isthe
L F ( ™o )
R n
1otal monthly collector-plane nsolation (Jim®-month} and
Fn ( tu)
2 s 2| = 0.95 for collectors Lited within +- 20° of the local labiude

FR (m)”
3. Compute modified parameters based on deviations from

standard systems. See Table -1 for iquid based systems, Table f-2 fof
air based systerns andfor the medification far water heating-only {below}

Water-heating-only loss parameter moedification:
AF FUAt(11.6+1.18T, +3.86T, -232T )
) L
4. Compute the solar supplied fraction, f,, of the manthly

heating load. Read , from the approprate figure. F1g 13 lquidiFig -4
air) or use the associated expressions {below)

Liquid based systems:

f = 1.020P_ - 0.065P - 0.245P$2 + 0.0018P: + 0-0215P:
Air based systems:

f =1.040P, - 0.065P - 0.159P, + 0.00187P" - 0.0095P,

[T T A

i

For the conditions:
P.>P /12 Liguid
0<P <30:05P 180,05, <1.0a0d o070 r
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Table f-1. Liquid based system neminai values and modifying groups

FPivametcr Nomnai »aluc Modilied parumeies
Flow ruter 1128 lstors 1.0 FLF ;=09
Am], cqavaleny i P'”‘}I;F:;_'M (2% '
A, e s m} P B 52
) (T brag 2 =
Storege volume (waler} wfrla /=08
A Py oan fp= 07
- ) . el s=0.
[ iters Hotin? r A -
A, A ¢ """"Js 325 o f;=08
Load heat exchunperd fy=05
LN - =04
. 11} P p,,_{n.m . lrmﬂp[—u 19 -“g‘-m] !
PULOPA
- (526
“Tabsie prepared from deia and cqualions presersed nf 2,51 =01
*Multiply basic definizan of P, and £, i peints | ang 2 by Lastud for nonegmanal growp values,
0.00 TIPS TP S S NTEE PR IOV PV O RV A ST A G O S

44, Fp 0 et o values o) £, ¥, 2l collector mbing or 1e38 condinons
“In liquid <ystems the onmection for flow rate s smak amd can wisfly be daf - 20 40 o
paree than 5ﬂf’frt=ul Bolow the pomnal vahse Pt e e e ° . * 5 e e e e
e Jug 1 the imsmum flurd capaciianee rate, uswlly 1hat vl aie fiv the Toad heat ¢ xchanger. ¢, 11 P
the heat knod per uni temperature difference between snside and outtide of the akding. Figure f-4. f-chart far air based solar heatlng SyStemS [8]
- I ' *

Table f-2. Ar tased system nominal valuss and modifying factors

:.“,-m Daylighting

Parzmeter Notmnai value nuluplier
e Sinragecapaes ¥, 028 m¥m? (9;?,}" General design guidefines, from [7] .
' v,
Flinn worboamet o2 [ . o . .
ind voliswetnc Qi e €, 16 1 herssrce - m} : (-,%,-) «  Orent building to maximize daylighting Long axis running
adapted o 28] sast-west preferred.
A . +  Maximize south glazing, minimize east and west facing

*Rascd on nel cloglor e Muid vofume at Mandzrd atmosphere condstioms.

ET . glass. A south-facing aperture is the only arientation that,

on an annual basis, balances typical thermal needs and
lighting requirements with available radiation

»  Optimally size overhangs on south-facing glazing to harvest
daylighting, reduce summer heat gain, and permit the
passive collecticn of solar thermal in winter.

»  Select the nght glazing. ‘Where windows are used
speaifically for daylighting, clear glass has an advantage
over glazing with a low-E coating due to the coating’s
typical 10% to 30% reduction in visible light transmission

+  Eliminate direct beam radiation. Use baffles to block direct
beam radiation, diffuse Ight, and reduce glare.

»  Account for shading from adjacent buildings and trees and

consider the reflectance from adjacent surfaces.

s Use light colored roofing in front of monitors and select hght

A & 10 18
" colors for interior finishes to reflect in additional tight and

Figure f-3. f-chart for liquid based solar heating systems, [8] enhance distnbution throughout the room
69
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Daylighting Comparison

~T T e ;E
+2 kb La

View Windows High Sidelight ~ Wall Wash
Jwith Light-shelf  Toplighting

High
Sidelight

Central Toplighting

Patterned/Linear ~  Tubular Skylights

Toplighting
Selection Criteria for Daylighting Strategies.

View SAhlalighe W Wall Wash ﬁ:‘n’n‘n‘d Hinaar Tubular

Dasgr Crtae T BADn_ m el
Urdfore Ligra Clarsitison [e]+) ”5 3 e '3 B
Tow Gare [*) (] ® e e
Reduces Enargy Comte [s] [ [J (1] [ &
Cost Effvcavermn [] K 3 [} [] [ LY 3
FuretyiSenuty Congems [o () ) [] ] LI
Tow Mamtanance [*] [ [ [ & .._

@ ® Extronnoly good appication ® Goog wpploancn G Py s}
on space Ayout and numbe #ng dnribumn;f dapight np-m:: m"‘ca;:x-d b.on-:\mm’, poor wpptonton @ Goparcs
] Repnanted fram {14
Note: The configuration of the wiew window 1s with ne controls, daylighting (el
}r:\erformance can be, im proved with appropriate measures, overhangs, shades, etc
daitronaily, tha benefit of providing a dirgct visual connectian to the dutdaors 15 not
considered in this comparnson

Daylighting Design

Lumgn rpethod for estimating workpiane lluminance levef with
sidelighting and skylighting. '

Sidelighting with vertical windows:

The lumen method computes work plane ifluminance levels for
five reference points for the standard geametry shown in the
figure d-1, next page )
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Sidelighting with vertical windows:

T ‘:"_'_li‘“-“‘\
R

Wl om0

Figure d-1. Locahon of illumination points within the room (alon
the centerline of window) determined by lumen method of

sidefighting, [6]

1. Determine the totai sky illuminance entering the
window, E... Compute the solar altitude and azimuth
angle for the desired latitude, date, and time of day, page 6
Compute the sun-window normal azimuth angle difference

using: a = la. — a“l Using the figures for vertical

surfaces cn page 74, determine the direct sun iiluminance,
E.sun and the direct sky flluminance, E, . for the
. appropriate sky conditions. Then' Eew= Evaun + Evscy-

2. Determine the reflected ground illuminance entering
the window, Eg,. Read values of direct sun and sky
lurninance for a horzontal surface, Ensun and En gy page
74 For uniformly reflective ground surfaces extending from
the window outward to the harizon, the illuminance on the
window from ground reflection, Eg,, can be determined

with: E_ =_p(Ehlsun +Ehm)/2 Where typical

reflectivity values, p, come from the table on page 36.
3. Determine the nel window trapsmittance, T
t=TR TLLF whereTisthe glazing transmittance,

table d-1, Ra is the ratio of net to gross window areas and
T is the transmittance of any hght-controling devices
Light loss factor values, LLF, can be taken from table d-2.
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Sidelighting with vertical windows:

4 Compute the work pfane illuminances for the geometry
shownonpage72 E__ =71 (ESWCUsky + ngCUg )

where the coefficients of utilization for the sky component,
CUsyy, are taken from Table d-3, page 75-76, a-e depending
on the ratio of Esy/Ensky. CUj values are read from table d-
3,f ’

Table d-1. Glass transmittances

Gluss Thichness (in.) T

Clear i. Lyl
Clear % BR
Clear H 87
Clear L 86
Grey K 61
Grey % M
Grcy } 44
Grey b 3
Bronze H .68
Bronse A 59
RBmnze H .52
Hronze & 44
Thermopane H 80
Thermopane i 72
Thentiopane f 77

Murdoch [11]

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

Locations Light Loss Fastor Glazing Position
Vertical Slopea Honzomal

Clean Areas 0.9 08 o7

Industrial Areas o8 07 26

Very Dirty Areas a7 06 0s
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Sidelighting with vertical windows:

Table ¢-3. Coefficients of utiization for iumen method of
sidelighting (window without blinds), [6]
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Sidelighting with vertical windows:

Table d-3. Coefficients of utliization for lumen method of.
sidelighting (window without blinds), [6).
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Lumen method for skylighting:

1. Determine the total sky illuminance entering the
skylight. Compute the solar altitude angle for the desired
lattude, date, and time of day, page 6. Determine the total
honzontal skylight illuminance, Ey, (direct sun plus sky
illuminance) using the appropnate horizonial surface data in
Figure d-2, page 74.

2. Determine the net skylight transmittance, T,. The flat
plate transmittances, T, for several plastic materials are
provided in Table d-3 below. For domed skylights, the
effective dome transmittance, Ty, can be computed using:

T, =1.25T, (1 18 - 0.416TF) For double-domed
skylights, the individual transmittances can be combined

D1 D2

T, LT,

D1 D2 o1 D2

factor, LLF from Table d-2, page 72 Compute the well
5h(w+1)
wi

Using Figure d-3, page 78, determine the skylight well
efficiency, N,. Compute the net skylght transmittance, Ty,

using: T = TDNNRATCLLF where R, is the ratio of net to

gross skylght areas and Tg 1s the transmittance of any
light-controlling devices.

using: TD = Also determine the light loss

cavity ratio for the skylight well with. WCR =

Table d-3 Flat-plate plastic material transmittance for skylights
Source: Murdoch{11]

Type Thickness (in.) Transmuiiance
‘Transparent - 32
Dense transiucent l 32
Derse translucent ,'L 24
Megium yanslucent H 36
Mediunt iranslucent % -.52
Light translucent } 12
Light translucent 5 68
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Lumen method for skylighting:

o
EA I

ik, s A A ;
FEE] & W 12 12 & e ) 20
‘Weh cavty falo

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

ns
"0

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

1

1+ A(RCR)’
A=0.0288, B=1.560 for offices {typical reflectance’ ceiling
0.75, wall 0.5, floor 0.3) and A=0.0995, B=1 087 for
warehouses (typical reflectance: ceiling 0.5, wall 0.3, floor
0.2) The room cavity ratio 1s given by

5h (1+w)

for RCR <« 8 where

CU =

RCR with h, being the ceiling height
.
above the work plane and | and w being the room length

and width, respectively.

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

i A

we = BT (CU) — .where A is the total gross
AWP

area of the skylights (number of skylights times the skylight
grass area), and Awe is the work plane area {typically room
length times width) Note that 1t is possible to fix the Enwp at
some desired value and determine the skylight area
required, however, due to their dependence on Ar, the

factors N, and R, (step 2) should be recalculated.

~
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Solar Dryer Configurations

Active Dryers Passive Dryers

Integral
(Direct) Type

Distributed
(Indirect) Type

Mixed Mode

Adapted from [12]

Safe storage moisture for aerated good quality grain, [15]

Maximum safe
Grain moisture content

Shelled corn and sorghum

To be sold as #2 grain or equiv. by spring 15.5%

To be stored up ta 1 year 14%

To be stored more than 1 year 13%
Soybeans

To be sold by spring 14%

Tobe storedup to 1 year - 12%
Wheat 13%

_ Bmall grain (oats, barley, etc:) 13%

Sunflowers 9%
79

‘expenses associated with the system over its expected lifetime:

M maintenance is the sum of all yearly scheduled

WAL " ol e L . - \

Life Cycle Costing

Life Cycie Cost (LCC) is an economic measure that reflects the
benefits accrued by solar usage throughout the lifetime of a
solar-powered system. This is opposed to a simple inibiat cost
comparison, which does not include lifetime energy consumption
and, therefore, typically favors non-renewable alternatives.

LCC is the sum of the present worth {pw) values of all of the

LCC=C+M +E +R -8
L2 Ll b L

Where-

c capital cost of a project which includes the initial
capital expense for equipment, the system design,
engineering, and nstallation. This cost 1s always
considered as a single payment occurring in the initiat
year of the project, regardless of how the project is
financed.

operation and maintenance (O&M) costs Fuel or
equipment replacement costs are not included

E energy cost 1s the sum of the yearly fuel or electricity
cost for the system.

R replacement ¢ost is the sum of all repair and
equipment replacement cost anticipated over the life
of the system. )

) salvage vatue of a system is its net worth in the finai
year of the Iife-cycle pencd. It is commen practice to
assign a salvage value of 20% of original cost for
mechanical equipment 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)

In a given year (N) at a given investment rate (D} and
inflation rate (i) 1s:

1+i
P=Fx"  with >(=( )
1+D

> )
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2. The uniform preseﬁt worth {P) of an annual sum (A)
received over a period of years (N) at a given investment
rate (D) and inflation rate (1} is.

P=A(1-x")/(x"-1)

Example: Compare the life cycle cost for a photovoltaic power
supply with battery storage and a gasoline engine-generator
alternative (systems specified below)

Given'  Life cycle period: 20 years
Investment rate: 7%
General inflaton, 3%
Fuel inflation: 4%

Solulion” Begin with system destgns for each alternative,
making sure that each systemn provides equivalent performance,
for example: power output, reliability, lifetime, etc. Using a
detailed cost estimate (sample below), the present worth of each
component 1s determined. For future one-time expenditures,

(e g. battery replacement, generator rebuild) point 1 above can
be used. For costs repeating on an annual basis (e.g
maintenance, generator fuel) point 2 is used. Nole the use of a
separate fuel inflation rate for fuel expenses, The present worth
vafues are then summed (less salvage) to give the LCC,

PV System
Initial Present
Item Cost{$) Worth ()
1. Capital
Array 2500 2500
Controller 300 300
Baiteries 900 900
Instaltation 700 700
2. Maintenance
Annuai fnspection 75 1030
(per vear)
3. Energy
Nong - -
continued

8t

i S

LR R

tnitial Present
ltem Cost (§)  Worth (§)
4 Replacement
Battery bank @ yr 5 900 744
Battery hank @ yr. 10 800 615
Battery bank @ yr. 15 800 509
5. Salvage
20% of original 740 {348)
equipment cost
LCC: {tems1+2+3+4-5) $6.952
Engine-generator System
. Initial Present
Item Cost (3}  Worth ($)
1. Capital
Generator 400 400
Installation 300 300
2. Maintenance
Tune-up (per year) 150 2080
Annual Inspection 75 1030
(per year}
3. Energy
: Annual fuel cost 375 5640
(4% fuel inflation rate)
4. Replacement
Gen rebuild @ yr. 5 250 207
Gen rebuld @ yr. 10 250 171
Gen, rebuild @ yr 15 250 142
5. Salvage
20% of onginal 80 {38)
equipment cost
LCC: (tems 1+2+3+4-5) $9,912

)
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References

Internet sources of data

Solar Resource Data

World radiation data center (WRDC) onhne archive, Russian
Federal Service for Hydrometeorology and Environmental

Monitoring; 1964-1993 data hitp//wrdc-mgo.nrel gov/
1994-present data hitp-//wrdc.mgo rssi.ru/

Surface meteorclogy and solar energy, National Aeronautics and
Space Administration, USA: htip.//eosweb larc.nasa.qov/sse

Solar radiation resource information, National Renewable
Energy Laboratory, USA, http/irredc nrel.govisolar

Climatic Data

World climatic data, World Weather Information Service;
http-/fwww . worldweather org

U. 5 climate data, National Oceanic and Atmospheric
Administration, USA; http.//www.noaa.gov/climate.himl
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Units and Conversion Factors

Fundamental Sl units

Quanuty Name of unit  Symbol
Length Meter m
Mass Kilogram kg
Tume Second s
Electric current Ampere A
Thermodyname iemperature Kelvin K
Lumanyus isensity Candela wdd
Amouns of a substance Mole mot

Derived SI units

Speed of light in g vacium ¢
Stefan-Boitzmann constant o

Quantny Name of unn Symbal
Ascclengtion Meters per sceond syuarcd m/fsec?
Area Squeare meters m!
. Density Kilogram per cubic meter kg/m’
Dynamg viscosily Newtgn-secand per square meter - N wedn?
Force Newton {= | kg * m#sech) B
Frequency Henz He
Kincmauc viscavity Synare meter per accond mifsee
Plane angle Radran rad
Potewsial difference Volt v
Power Ware (= | J/3) w
Pressure Pascai (= | N/fm?) Pa
Radiant inteaisity . Warls per <termd un Wisr
Snlid angle Steradian sr
Specific heat Joules per kitogrum-Kebvan kg - K
Thermal conduct:viy  Watts per meter-Kelvia Wim - K
Velocily Mecters per second mhice
Volume Cubic meter md
Work. ¢nergy, heat Joule (=1 N - m} ]
Fundamental constants

Quantity Symbol Value

Avagadno constant N 6022169 X 1P kmol-!
Bolizmann constam k 1380627 % 10-2 /K
First radiatien comstant C,=2mhet 1741844 X 1O~ W - a?
Gas constam R 831434 = M Mol K
Planck constant h 6626196 X 10791 sec
Sccond radiation constan C, = ho/k 1438833 X 10?m X

2997925 X 1M mfsec
36696] X 10+ Wim?- K4
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Conversion Factors

Phyacal quantity

Symbnr

Conversion facior

ATea

Denainy
Heat, ererpy, of work

Force
Hear flow cane, Refnigerstion

Hex Mix
Heat-tramsber cocllicient
L emgih

Mmss

Mass flow raie
Pawer

Pressure

Radiation

] Specific heat < apacity
| Irternal cnergy or enthalpy

Temperaiun:

Thermal condu avity
Therrnal resistance
Velocnv

Wiscasty, dynamic

Wiscosty, kinemauc

Volume

Volumeiric (Tow rare

-

Qorw

A

M~ 3

T3

corh

1065 =0 (429 m”

1 acre = 43,560 ft = 4047 m?

F hectage = 10,000 mf

t square mule = 640 ares

11, jte? = 16.01% dgfm’

| Brun 1055 1)

FkWh=16aMI

t Therm a 104 306 M!

I cal=4.186 )

N = 1.3558)

Eib = 49BN

| Brwhe = 02931 W

| we (refrigeration) = 3 517 kW
1 Brufsec = 1055.1 W

1 Bzwhe - 112 = 3.1525 Win?

! Bewhr - V- F o 5078 Wimd - K
L fi = 03048 m

b =23cm

1 mi = | 6093 km

1ib, a(14336kg

b 10n = 2240 Tbm

| ronne (metrrc} = 1000 kg

1 #b_the m 0 000126 kghee
lhp=743 TW

1hW =3415 Brahr

1 it - hjsec = | ISSBW

| Brwhra () 293 W

| Ib/ind {psi) w 6594 & Pa(N/m?)
L Hg= 3386 Pa

1 sem = 101,325 P (Nim?} = 14 6% pst
I langley = 41,860 Jim?

| langley/min w 657 4 WimE

1 Buuab, - "F = 4187 kg - K

| Bub, = 2326.0 kg

| calrg = 4 34 1/kg
TR = (WHTK)

TR = {TCCHOIS) + 32

Te°F) = {TCK) = 273 13)(9/5} + 32
Bk N-“F=1731 Wim-K
| hr - °F/Bin = 15958 K/W

| Rfsec = G 3048 mysec

1 mivhr = (3 44703 misec

| b /it secw | 4B8 N - s2c/im?
1 cPunUOIOON  secimt

1 N¥sec = 13 FHI29 mi/sec

| Rihr= 2581 > 407" mi/sec

I f13 = 02832 ;! = 28.32 liters
1 barrel = 42 gal {U.5.}

1 gal{U 5. iq ) = 3 745 [iters

| gal (LUK = 4.546 luers

1 f1%rmun (chim) = 0 000472 msce
| galdmm (GPM) = 08631 lises

|
|

86




The History of ISES

1954

1955

1956
1957
1963

1964

1970

1971

1976
1979

1880

1989

1992

1994

1995

2000

ISES has its ongin in Phoenix, Anzona, USA A group of industral,
financial and agnicultural leaders establishes the "Associabion for Applied
Sofar Energy” {AFASE) as a nen-profit organization

The first two impartant meetings are held in Tucson and Phoenix, USA
which altract more than 1000 screntists, engineers and goverament
officials from 36 different counines .

The association establishes its fist screntfic publication “the sun at
work”

The frst wsue of “The Journal of Solar Energy, Science and
Engmneenng” 1s pubhished

Dedicated solar scientists decide that rachical changes are required for
the operazon and goals of the society Through the reorgamization
within the framework of its angina! concept the name 15 changed to “Tha
Solar Energy Society” Accrediation of the society at the United Nations
Eccnomic & Sogiat Council (ECOSOC)

The name of the joumal 1s changed to "Solar Energy - The Journal of
Solar Energy Scrence and Technology”

Prof Famngton Damels 15 elected President and in his honer the
‘Farnnglon Danvels Award' 15 established i 1975 The award dgnifies
outstanding intellectual leadership in the field of renewabie energy
Relecation of the intermatonal headquaners office o Melbourne,
Australla  First international conference outside the USA 15 held n
Melbourne, Australia

The name of the socisty s changed io 'Inlernational Sodar Enargy
Socety” ! N

The first 1ssue of the ISES magazine *SunWorld" is putlished

ISES celebrates its Silver Jubilee at the Solar World Congress in Atlanta,
Usa

The 'Achievemant through Action Award' in memory of Christophar A
Weeks 15 set up A substantial cash pnze honors contnbutions for
practical use or naw concepts

ISES introduces the "Section Sponsorship Programme’ in which
individuals and sections have the ooporiundy to sponsor sections frem
developing countnes

Accepted by the United Natons as a nan-governmental organization
[NGO) In consultative status, ISES actively participates n the Unitad
Nations Conference on Environment and Development (UNCED), held in
Ric de Janairo, Brazil

ISES coordinates the second meeting of the United Nations Cammussion
on Sustainable Development (CSD) in New York to discuss issues of
sustainable development and the nterlinkages to renewable energy
technologies

The Headquarlers office moves from Melbourne, Australia to Freiburg,
Germany The Headguarters becomes a focal point for intamational
projects

Launch of pew official ISES magazine "Refocus® (Renewable Energy
Focus) :

2002

2005

REIBL e - - . \

The first waman elected as President. Prof Anne Grele Hestnes takes

over office on January 1st, 2002
ISES participates m the World Summit on Sustainable Development

{WSSD) in Johanneshurg, South Africa,

Established on Dacember 24, 1954 the society celebrates its Golden
Jubilee at the Solar World Congress in Qriando, Flonda, USA in August
2005.
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