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2RSS PALITENS D3 LA =NSRGIA S9L.L.1

La conversidn fototérmica de la energla solar se conasidera
uno de los procesos nds prometedores gara ls utilizacidn de es-—

ta Mznte energética no convencional.

1 Area de anlicaclin de e=tns procesas térmicos abarea --
dende e! ealentamiento de albercuas hasta la produecidn de ener-
gia eldectrica; es deeir, la cornversidn fototérmica cos coany de-
praducir cualguier temperaturn, desde algunos grados sabre la -

temperatura awhl.nte hasta temperaturas del srdan de los S000

'\-'I

grados kelvin.

Los factorzs principales que deferminan las temoeraturas

de operacldn son:

- Las propiedilns Spdcis del absorbeder solnr
- D1 aisluniensn térnico
- L2 dansicdad de radiazsidn, gue suede ser aunmentbivian en -~

forma considerable por c¢oncentracidn-datica.

Los procsezos de conversidn frtotérmica se pueden c¢lagifi--
par entonecs, de acuerdo a los rangos de temperaturs requeridos

v del tip: d2 cantador necaesaria. (fig., 1 ¥y 2).

El fuctor de concentracidn ¢, se define com2> li superficie
de captacidn dividida entre al drea total del receptor, Utili--
candn un factor de concentracidn alto, se logran temperaturas -
qlitus con unn buena eficlencin debido principalment: 3 gue las—
pérdidas de calor disminuyen al disminulr z su Ve la cuperfi--

cie receptora. (fig.3).

fos captadores de alaca plana cubren un rani) de temnaraty

3 . . .
a3 gercano a 19s 150 . Por elle se prefieren para su aplica--
=idn en orocesos ecamn znlerbamiento de agua, secado, aeendieis-

namienta de 2iirieing, refrigeraciin, entre otros.



oty gurto, nn cuncentraremss a estudiar las aplicaecio-

new Je 1o energfa zolur currespondientes a log sistemna de aire

arcadiclonndo ¥y rofrigercacidn,
AR LGSHACTION ¥ vigsn ATINDICIQNADD

e vudug Las aplicaciones téramicas de energia solar a tem~
MeTALAeT wnversiedias, la que se refiers a enfriamiento {refri-
sr2clin ¥ orira neondicionads) &s sumamente atractiva, ya que —

in domunlu de enlriamiente va en concordancia con la disponibi-

Tidad de enerala,

Duinten varios sistemis gue se han evanluado parn la produe
2idn de frin con enzirgla solar, tants para la consarvacidn da -

neaduckas conn pura ol confort humang, y oue nodemos clnsificar
w

en btres Jdistinbos sistemas:

l.- Siztamas de refrigecacidn por absoreidn,

2.= Givtemun con un ciclo Rankine acoplados a oisteman de-

compresidén de vapor.

3.- Deshumidificacidn por medio de materiales absoarbentus-

¥y afd=sorbenies,

T.~ SISTESLS D ASSWJINNL. - Bl ciely de refrigeracidn por absor

ciun o5 de loz métudas mis acticuos Je aroducir frieo. A fines -
igl siglo »nasado ya azistfan eouipos eomerciales operwlos con —
viiryrde ealdern en Suropa, que fusron desplazados al desorro——
llarze los sistemasg de compresidn y la introduccidn de los moto
e eléctricas; aun en procesos en gue los sistemas de nhsar-—-—
abdny operaban miy elficientemente : 2usndo existla wunu [uence --

wiraies d sponible. Alorn este sictema se estd volviemds o uti-

L AT o



' ‘A parsir del renovado interés por la utiiizacidn de la aner
gle solar en Lo ddcadar de log mesentas, se ha llevado 2 cahs un-
andligis sistemitico de los cielos termodindmicos, ciclos bdgi--
coa, régimen permanente, estado transitorio, tamafio de interomm-
biaderes de calor, circulaciSs de 1a soluzidn, variicidn de la -
temperatura Jdz enfriamiente, teaperaturas de evaporacidn, tempe-
raturas de¢ gaaseracidn, variacidn en la capacidzsd y el efecto de-

todo 1o antarisr en la eficiencia. (1,2,3 y 4).

Bl ciclo bizieco de la refrireranceidn peor absarcidn se mues—-
tra en 1a fig.4 . ElL flufdo utilizndo es una mezcla de refrige—-
rante~absorbente, Se suministra caler a esta solucidn en el geng
rador, vaporizandy el refrigerants y quedando una solucidn menos
congentrada del mismo, este vapor ea gondensadeo a alta presidn y
#a liquido e3 pasado a travéds de la vdlvula de exnansidn al eva-
Jorador, gue se cucuentra a baja presidn, el refrigerante vanori
zade sSe recgarbina en 2l abserbedor con la sclucidn de la cunl pa
obtuvo; la solucidn ya concentraian es bombeada al generador, ce-
rrindouse el cicle. [as pérdidas de calor se reducen instalando —
un intercamrbiadar entre la solucidn caliente proveniente del ge-
nerador ¥ la solucidn fria aJroveniente del absarbedor. 32 ugili--
©a un gegundo intercambiador entre sl condensador 7 la vdlvula -
de expansidn pira enfriar el refrigerante liquidocsn el vapor --
Tric oue entra al abanrbedor, el cnlor que se desnrende del con-
densador v dol absorbedor es rermovido nor eireculacidn de agua do
enfriamiaenio,

71 ciela termodindmico idenl se puede representar en un dig
grama U-u-7. [presidn, temreratura ¥y concentrieciin, Pir.5). ©n -
1a abcice e suzxden leer 1as temjzraturas de evagoraciin, conden

eactdn, el rangy de temperaluenn durante la absoresisn ¥y la pgene-

]
= =



L.mir gy e oavemieneS atoclpdas y las concentraciones, .

Zanelan Jetrireruaites.—~ Las mesclas rafrigerante -obsorhente
ialient cumplir unn serie de registros fisico-—quimicos { 5 y & ),
T3 oLuutnnte el eran pumers de mezcelas arspuestas( o ¥7 }, solamen

one han aidns ublliz2des hasta ahsra en farna comerceial:

Wnrorbente Refrinerante
£ Y, TR (1,0) Amoniace {}1113)
i) groenuro de [Litio Afur (H.90)

. 2

{ LDz

i fisterg aguf-amoniace se utiliza generalmoenbe vara apli-
. o}
weLLanntE gue regquieren temperaturas menores de 0 U y el bramuros-

e ) ] i
de lrbio-2gua vard temperaturts sujgeriores a 0 C (siendo arua el

refrigerante),

Ificiencia de los gistemasa.- Se define o) COP (eneficienta-
v sueracion), comp el calor ramavido en el evaporadsrentre el -

zilar ¢cedida al senerndor, de ncucrde a la fieg. 4, 21 vialeor se—

unta eficiencia eg independienie de la fuznte térmien., Ins-
:lares rel tives del COP en Tuncion de 1z temperatura de geuerg

nida para los dss clstemas menciontdos, se muentran en la fig.o.

Bromuro de Litio-Agua.— Ins primeros trabajos de invostiga-
cion sobre cl enpleo de entos Sistewas eon cnergia soluar, se rap
Lignron e¢n 0 Universidad de Wisconsin y 12 primera cns8 que uil
Lind un pratntipo fue Lit cign colwre e Brisbane, en 1la Universi-
Ginl de Tuaensland, Australia, Dezde entonees se ha llevado »'eae-
ha un nvinee gonsiderable en @l e tudio de estosr sigtaeisus, en to

d31v aspectos: PTermedrndmiceo, dizels de orototipos y pruebas con-



instalaciones completas.

Zxisren dos firmas comercinles que venden egtos equincs en -
22,00 ¥ el Japin; la AR:ILA Americana fue la primera en adagtar --
eauipos de zas »ara operar egon 2nergia solar; loa empresa japornesa
YAZLIL, ha wejoriuls el sistema, robre tode ecunnde se trabajd en -

condiciones distintas de las dntimis de diseiio.

amchnineo=Agua.- Bete sisterna fu2 propuesto pnes opegrarge ¢on
encrglie colar desde 1933 (8 )i sin embargo, ne ancuentra en atrg
zo con reszecto al LiErﬁHED. s orablemas nue co hon presentado-
se relacionan con la adaptaeidn de sistemas convencionnles a uti-
1izar$e con energia solar, yu nue estos sistenns utilizwn tempera
turas del orilen de ISDGE. Se han realizade trabajos en 2l redisce-
2o del generndor {9 )}, el emplen de sistemas interwitenies (10)

{ 11} v sistewmns en etapas { 12 )},

En WMéxico fv han desarrolludo una serie de entudlos para la-
adaptacidn de cistemas amoninco-iugua, operades con wnergiu solar-
gara ls opneracidn de bodegas frigur{ficas v oroduccidn da hielo;-
se gaonstruyen unc serie de protitipos parn la obtencidn de datos-

tanto termodindamicos camo de corto de estos equipns.y(11-141).

-’

2.- SIDTISAS RANCSINE/COMPASI TN 9% VAPOR.~ Existen dos tipos de =

migquinas téraicas que técnicmisente pueden ser usados en sictemas-

de refriseracidn solar.

i

2t @l primero, el fluide refrigerante cambia de fase, de Li-
guido 2 zns y de gas a liguido; la mdgquina de estie tipo que ha si

do mas wttlizida es 12 aue osera en un ciclo Haniiine.

ool oira tipe, el (luldn de trabajo permancce ¢n ¢l estado

g2seasy, lae miouinas e oot Liso ozeran en cizluen “heriing y --



L - H - : : a r O
b L. Furl bompurataras de ooeracidn hajas menores de 2007 0. -
Lo nfnnrinan del grele dnaiine son superiores a las de ciclo ga-
nooge. ehide ooento, wi mayor esfuerwo se ha canalizedo a estos

Puos pasa operarse con enargia solar.

I ta Fig. 7, se muestra el arreglo bdsico de un sistemg --

camindJompresidn de Vapor,

waomryorfn de los sistzinas on deéﬂrralla tienen ol arreglo-—
raciendo, cxsansor, motor y conpresor. Algunoas utilizcan un motor
zar de un motor solamente, c¢on lo idea du produ--
vir ctzetrictidad cunado no se renuiere cafriamieato.

Wl ogiclo dmadine 8o una s9rie secuencial cerrada e proge-—
soi terwodindmieoan gque convielrten enerzfia calorifiva on enorgia-
megdnica, La conversidn se realiza oor medio de cmubis ciclicos-

g1 V15 gondiciones dsl flufdo du Lrabajo.

Y1 fiufdo en ¢l estade liouido se bombex 3 una ccldera don-
e me evapora con anerafa térmica, el-vapor generady en el hervi
des es expandido a trowvés de un expansor que puede ser de varios
tipos, una turbina, un pistdn y un ¢ilindro de as3a ralatoria. -
7L sroceso de exnanctidn disminuyes la temperatufa v 1a presidn —
el vanor, y anote efacto praduce una convercidn da energfa térai
ga oo Ltrabato de eje. Tl flufdo en 1a fase vanor, luye del exe-
vanapr ol oondensador donde se le regresa a la fuase Liquida al -
aexdar el calar de condensacidn Al medio ambiente o de agsun de -
eaysiamiento; el liguido es bomnendo nuevamente a la caldera re-

Jitiéndose el elelo.

L1 oseleceion de un fluids decundo para utilicarse =n el ol

12

1y Mapizire depende nrineiaalmoente de la ftemperatura 1 1u cuz2l -

el o2iels roscibe enersla téreica. Jara temperaturaz eu el rango -



o} 0 . . ] .- ' .
de 4007 a 6007 2, el wmeirr Lluido es azua {utilizoad: on plantas

termoeléctrieas comunmente ).

Para tem:tr2turng en 21 rwngoe de 2590 a JGDDE, clertos — =~
fluidos urgdnicos como ol Trluwadn, se han preferids al asua, en
base = la eficlencia del elzlas ¥ 2 algunas otras considericio—--
nes, A temnperaturas inferisres aleunos otros fiwidos orpdnieos,

como los pofriverantes fluorscenrbanados son wds aaroniados.,

Bl entrindor de compresiin de vapor eo esencialmunie un ef
¢cle Rarnkiane invertido. 2n algunos sistemas catulizdirs se utili
z2 el mismo fluids de trabajo en los dos sistemas, lo gue parmi
te emplear un vorndansador conun y la eliminacidn de sellos aara
mantener la sen.rac.dn de fluidos en la unidad de sxpansidn-com

presian,

Bl pardmetrs d2 mayor Lmpartnaneia en el emiles del ¢iclo -
Aankine, eg8 la eliclengin de converaidn de encrgfa. & base ori
mordial para estz gonversidn, es el ciclo de Carnot, ya que nos
proporciana 1la eficieacia miaxima tedricz gue se pusd: sbtener -

en un cicle termodindmico cerrads.

L serie de procesos que forma el ciclo de 2uarnot, no se -
miedes ooteasr con un flufdo real. én los processs reales ge pre
sentan unt: serie de irreversibilidndes gue determinan que toda-
mdeuling tirmien operandn entre dos temperaturas es siempre me—-
nog oliciatite gue el de Carnot a lasrmismas tempucaturas; es de
cir, 1la oficiencia de Carnnt repregenta ¢l limite superior ina}l

canzable del ¢lele dnnkine.

1 oficiencia del c¢iziv Ranline como 1la de otvros cigles --
termodindmicos, Se inerenanta de ~euerds 21 anments de tempera-
tura de Ta Miente tédraien J2 la gue recibe el calor ¥ de la me-

Aidit c 1 e Jismirive 1o temperatura a la gue deshecha eolor.



Aeogeritiowlor o1 enfriamisnto con acua nerinite deshechar -
2alar a temperaturas hastn de 15lj { wenos pue con aire de en---
St oatents, esie glaecto ¢ esuenelial cunnda se habla de tampera-
tursr amtrinan de IHDO 3, que serin el llmite para captadores -

e e nvensitan pconcentinoidn,

Al ecrrinantiento por coinprasidn tiene asociads une relecidn
oo funeloninients que e independiente de la fuerza motriz. El-
23t en del orden de % para mdouinns enfriadas por agua y de 3 -
BRTT miouints entriadas por -ire. Il products de esta relacidn-
e lr eficiencin del sistema Iankine nos proporcionz cl D0OP, -
wopteittto con 1o eficiencin del colector, el C32 mos alroce wia-

w:diidn del drea pegusrida para cicerta carge frigorifica.pPig.8.

Jo- JSHWEIIOTRICACI YVIL- %n zonas calientes y humedns, la earga-

4

He crlop luf?ntﬂ debidn ol gran conlenids de humedad en el am—-
ioete, constituye una gran parte de la cargn térmica refrige--
anie, Pars el contral satisfactorino de la rumedad o través de-
U fistena de diye neondiclonnds, el aire dAehe ser sohreeniria-
du y sectlentado para abiener temperaturas dr hulbo sceco dentrg
¥ Aren 32 enntort,

a2l sroceco de hweidificreidn/deshunidirficnacidn, se al~
cansa 2l esnirol de la humedad por un métodes mdr simile ¥y proba
blemer.te mi= acanjimico. En este Eisiema, el aire dol cunrto se-
zect a0r contacto con un material absorbente. Si oahora se evapo
oo dentra de oeste aire gaco, la extracceidn Jdel enlor laton
te de evapgurac.in, provoen gue el aire se enfrie,nl misno tiem-
1w 2l contenidn Ay humoadad del qire se ingerementa. i evAROIIra--—-
atin del agua az caatrala de tol rforma, cue el aire de salida -
a2 anpgusetre 2o ol estuda Ulfudo; el material abzoirbentes pnede~

cer un 53lida o wn 1{quidn, algancs disecantes orgdnicos ligqui-



dos son: solucionss de clarurs de litio, bronweo de iilio, cloru
ro de ealeia, deido sulfdricee, hidréxido de potasio ¥ acen cais-
tiza, Algunus absarventes orydricos ligquidos son: slicecol, dige
tilen-zliceol, trietilen-slicol. Lnhs disecantes sdlideos mds usa—-
dos Zon:! clorure de litin, elorury de calcio, silignscl, alﬁmiqa

activain, Lamiess moleculires.

Los sistzans que han side ampleados en nrogesos carnvenciona
les sou soluciones de clorurs de litio, trietilen-zlicwul, silica

gul v clorars de litio sdlido.

B L Fir. 9, ne wiestra un cistema hidrosednico llguide eo

merelitl e merd utilizado parn expliecar el sisztema,

FLFds el eantenids de humednd del material abaorbeate, lq—
aresidn de voaoar 2n &1l equilibrin es funeidn de la tenpercatura. -
ra una concentr:cidn dada y desendiendo de la temperatura, la-
Jresidn de vaaor @n gl azguilibeiy serd mayor o meaor sua la pre-
siin da vasor del asua es ol aire dor neordieionar, sor Lo gene-
ral ain en Areqs ouy hltiedazs, le presidn de weuilibrio a lu tem—
peratura mnbicate o uenor gue la presidn de vapor del ngun en -
la atmisfera, curnds 28te aire himedo es pasndo a travda de un -
cornjunts de serpentines sobre 1ms cualz2s se razfa 1a solucidin ~-
concentrada absorbante, transiiriéndose humednd del nire a2 la sg
Tneidn, el calor latente cedido, debido a la absnrcidn da hume;*
Fl oy el calor d2 ditucidn resutitante de el audento o1 ol ¢onte-
:ida de apua Jdz2 la solueidn nrovoen un aunentns de temseratura, -
tainto en la solucidn como en el 2ire, que s removido por azua -

ane cirecula oor 2l iptarior del serpentin.

2 tezaeertioa del aire deshumidificads, mas 2lta que la —-
rngzentara oo i oantrada, se adede bajar para llevar el alre dan



bl s e sasaa de gonfort por varion métodos:

+

V.= Interetatiinnds snlor sansible en un intercambiador de-
w deshumidifizends 4 2ire ambienta. Hay gue toaar en cu2nta -

ooowE Ruteran tempevntorasg wds altas 3 humsdades relativas me-—

ficiente, el z2ir2 se pusde enfriar aun

lo= 3L =28to ng ez su
~Anosoy avaporieldn adiabdtien due apgua (enfriamiento evagorati-

o), mue argvods tambidn un auaatoy er la hunednd absoluta,
o= ML opnire puadn ser enfrincds evanorativamente hasta la -
A 401 d2spads mezclarse con alre en distintas aropor-

cioniT kst loazinasr 1a egndicidn 4o confors.

'.- In alguuds gncos, se renuerird deghumidiftenr evcesiva
ste wpars glenrnzar gondiciones de confort con enfriamiente eva
cir Ve, Para evigar demssinda bumedad en sl esoacio agondicio
- Tay w1l aire de saalida del eunrtn enfriado por enfriamienty --
et yerativo hst? la spturacidn se utiliza paro entriaor el cirvre

vochumidiriosds sipn aureniar la hwned=d del wmismo.

¥l araecaesc o deshumidificteidn onrovocn un decremalc en--
iw garaentrocidn del absorbente en 1z solucisn par 1o ruc 2% nig
seceriy raeeaprearls para mantencr esnstante 21 countenida de hu-
b, Znoel oeefriperador, L oaslucidn se ecalienia n temoeratu-
ot o L cutles Lo presudn de vanar 23 mayor vue ln presisn de
vqpf;_ﬂnr}rririca para que la kumadad se tranafiera a2l aire, ab

syrbiindsne olor on el praceso.

1 arinceinsios de oserieudrn de las disecantes adlides ¢c =i~

milar, 2ive3tn por las restricciones impuestas por la anturale-

cn Pimien del motopinl. Lo tronsParencia del moaterial de ta - -



- 11 -

seceidn deghuridificinte < la de deshumidificocidn, se lleva a -
¢abn expfcindo el material oa ecamas rotatoriss o ruedas, o inter
cambi ‘nilo lag eporricetes de aire en el tiempo noropindo. En la -

£1:.10, me nmuastra un deghumidificadar rotatorio esmercial.

izd la desventtin termodindnien rayoer, en el uso e digse-
cantes nAlidos- cansiste en la estratifiorcida de femaizraturn o+ -

L

himedad <u2 haegr gua ¢l progeso no Sea i1sotédrmico.
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[EL] SOLAR HEATING AND COOLING

companent—the colleclor—is emphasized. Buth approximate and
precise methods of collector sizing are given; the former requires
anly a hand calculator, the laiter, a computer,

Besign procedures for solar sepvice hot-water heaters are given
along with mechanical equipment diagrams and design specifications,
A camparison of the advantages and disadvantages of hot-air solar
systems indicates that for heating only they are campetilive with
tiquid-cooled collector systems. The limited usape facior of a heating
only system diminishes the eccnomic viability of air sysiems,
hawever. .

The economics of solar heating are presented, including the
effects of interest rates, inflation, and auxiliary fuel prices. The
concepts of life-cycle costing and salar system payoutl period are
developed in tabular and analytical form, Marginal, average, and total
costs of solar systems are described znd the method of use of each js
illustrated by example caleutations.
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Solar Cooling of Buildings

The real cycle yoir're working on is ¢
cpele called yoursell

HOBERT PIRSIG

Solar cooling of buildings represents a potentially significam
application of solar energy for building air cenditioning in most
sunny regions of the Uniled States. Solar-ccoling technology is
presently nol as advanced as solar-heating lechnology, but research
work is expected 1o close the gap between the two by 1980, Several
viable, solar-air-conditioning schemes are described n this chapier
and methods for tentative syslem design are presented in detail,

CODLING REQUIREMENTS

The cooling load of a building is the rate at which heal must be
removed to maintain the air in a building at a given temperature. It is
wsuzlly calculated on the basis of the peak load expected during (he
cooling seasan. For a given building Lhe cooling load primarily
depends on

1. Design inside and outside dry-buib temperatures
2. Design inside and ourside refative humidifies ~
3. Solar radiation heat load

4, Wind speed

A method of cooling-load calculation is pr'escntcd in devail in the
ASHRAE Handbook of Fundamentals.
The steps in calculsting the covling loads of a building are. .

1. Specify the building characteristics:
Wall area, type of construction, and surface characteristics
Roof area, type of construction, and surface characterisiics
Window area, setback, and glass 1ype
Building location and orienlation
2. Specify the outside and inside wer- and dry-bulb temperatures,
3. Specify the solar heat toad and wind speed .
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_Equatons (5.1} through (5.7) may be used 1o calculate the
vafivus caoling {oads for 4 building; cooling loads due to lights,
building eccupants, ¢tc. may be estimated from the ASHRAE
tHundbook of Fundamnentals. For unshaded or partially shadad
windows, the {oad is

cas !

_owi = Awi [FmF#,wiIh,n win o + 'I_'g__.ifh’d

+ Er,wi."ff + Uwi{?lﬁul - irjn ]] {5.1)
For shaded winduws the toad [neglecting diffuse sky radiation} is
Guian = Aw].uh“ﬂ(ruul — Th'r} {52}

For unnhaded walis the load is

% F
Qus = Awa[Gya (1 + s ¥ 1o S5

Ul Tou: — r..,ﬂ {5.3}

For shaded walis the load (neglecting diffuse sky radiation} is

Gm,sh =A wa, th [Uw,{Tuul - Tm ]il] :.5-4]
Fort 1he rocf the load =
- Cos
l‘:’l\l!‘l' = Arf[ﬂ},'r{ (fb,d -"n,.c sin ;)+ Uri'{roul n]] ':55}

Fut sensibie keat jnfiltration and exfiliration the load is
i, ma{-"’e.au: _ha.'rnj [5,5}
For recaters infiliration nnd exfiliration the Joad is
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Q. =latent heat load, Biufhr
fnp = beam component of insulation an Kutizuntal
surface, Htuf{hr}{it?)
In.¢ = diffuse component of insulation an hanzonl:d
surface, Btof{hr){ft?)
{r = giound-reflecled componenl of  nsh,. .
Btu/{hr)(ft?] {girect plus diffuse)
Waur, i, = outside and inside humidity ratios, ibe G/
flby, dry air) '
P, He, U = over-all  heat-transfer  coefficients for win-
dows walls, and roof, including radiian,
Btu,l'{hr]{ft W F}
m, = pet infiltration and exfiltration of dry air,
o fhr
Tour = outside dry-bulb lemperature, “F
7w = indoor dry-bulb 1emperature, °F
Fa. = shading factor {1.0 = unshaded, 0.0 = fully
shaded)
& v, = wall solar absorplance
o, .+ = reof solar absorptance
i = solar-incidence angic on walls, winduws, and
rocf, deg
hzounPtein = Oulside and inside air enthalpy, Bruflty,,
a = solar altitude angle, deg
A, = latent heat of water vapor, Biuflbe,
To.wi = Window transmittance for beam {direct) inso-
laticn
:.r., o = window 1ransmittance for diffuse insolation
T. . = window transmittance for ground-reflecizd
insolatlon t
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CXAMPLE

Determine the cooling load for a building in Phoenix, Arizona
with the specifications rabulaled below.

Facror Oeserbprion or specilication

Building characreristics:

Roof:
Type of roof Flai, shaded
Area A sh, i1’ 1,700
Walls [painied whire):
Sire, roith and south, ft B x 60 |twa)
Sire, casl angd wesg, N A x AD |1wo]
Area Ay, north and south walls, fi? AB0 — Ay = 480 — 40 == 40 {1wa)
Arca Ay, east and wesl walls, A? 120 — Ay = 320 — 40 = 280 {1wa)
Absorprance ay o, of whire paint ¢12
Windows:
Size, north and south, i 4 5 [1wa)
Size, east and wesy, It 4 x 5 [twa)
Shading factor Fgp 0.20
tnsclatien Wansmittance Thwi= 0.60; g =081 7 o =060
Lacation and lat[tude Phaenix, Ariz.; 31°H
Diace Aupust 1
Time and local-salar-hoar angte My Nogn; Hy = 0
Solar declinatian §,, deg 1814
Wall surface tilt From horlzonal 5 sg° .
Temperature, oulslde and inside, " F Tout =100; T =75

Insoladion 4, Bwf{he]if?}
L factor for wally, windows, and roaf

dht = 185;dp o =807, =70
Uz = D.3%: Upg = 1.09; Upf = 0.051

Infliration, 16 dry airfhr Hegfecr
Exfltramon, Ity dry airfhr Meglect
bnternal loads _ Meglece
Latent heal load @, % 0% of wall kensible heat load*

SApproximale fubke of thamb far Phoenda,

SOLUTION

To determine the cooling load for the building just deseribed,
calculate the following faclors in the order listed.

t. Incidence angle for the south wall /
cos i = cos &, cos {L — f) +sin &, sin [{{L —B) = 0.257
2. Solar altitude &

sin o = 8in &, sin £ + cos §, cos L cos H;
=cos{L — §;) = cos 15" = 0.96

SOLAR COOLING OF BUILDINGS 14

3. South-window load (from Eg. {5.1})

0.257
(.96

+ (0.60 x 70) + 1.09{100° — ?5"'1 I}

Qui = 40 {[n.z x 0.6){185 521} + (0.81 x 80}

= 5,600 Bru/hr
4, Shaded-window load (from Eq_ [5.2)}
Qirsn = (3 x 40)[1.09(100° — 75°)] = 3,270 Biujhr

5. South-wall foad {from Eq. [5.3))

N _ 0.257
= {480 — 40} {.12 [m + 80 + (:as [}96)]

+0.19{100° — ?5“}} = 12,610 Biujhr

6. Shaded-wall load (from Eq. 5.4)})

Qwa,h = | (480 + 320 + 320)
—{3 x 40)][0.19(100° — 75°}] = 4,750 Btu/hr

7. Roof load {from Eq. 5.5}}
Qu = 1,700{&, ¢ x 0 + 0.061{100° — 75°}] = 2,600 Brufhr

8. Latent-heat joad (30 percent of sensible wazl! foad}

G, = 0.3[{480 + 480 + 320 + 320}
— {4 x 40)]0.19(100° — 75°}] = 2,050 Brufhr

9. infiltrationfexfiltration load
Q=0 '

10. Total cooling load for the building d‘ﬂiifl‘ibtd i-n the example.
Q.m = Qi+ Quishn T Qs ¥+ Quash + Q0 +Q, + G;
Quar = 30,880 Brufhr ~ 2.5 tons air mndi;iuning
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DESIGN OF A COLLECTOR FOR
A SOLAR-COOLED BUILDING

Solar energy can be an economical saurce of energy lor building
temiperature centrol inareas where the local climate requires both air
canditioning and heating, because use of solar ehergy for heating and
3ir candinening increases Lhe sysiem usage factor. The combined
systent shown in Fig. 5.1 is presently installed in the Solar Energy
Applications Laboratory, Colorado State University, Forl Collins,
Colo, The same solar collectur and sturage system can be used for
combined, year-round heating and cooling operation, Léf and
Tybout® performed an optintization study of combined syslems for
the same geagraphical locations as their solar-heating study refer-
anced earlier.¥ The general conclusions pertinent 1o collectar design
lor combined systems used in climates with hat summers are

1. Optimal collector tilt 8 is equal ta latitude £ {except in the South
where 3= L —10°}, .

2. Optimal collector area is always greater than that nceded for
heating enly. .

3. Three glass covers are desirable due to higher temperature needs
of air conditioning systems; in subtropical steppe climate, eg.,
Albuquerque, two are optimal.

The Lof-Tybour study modeled a flat-plate collector and lithium-
bromide [LiBr} absorption zir conditicner with price based on
assumed mass production costs for both. The results are the only
puide 10 sclar air-conditioning design presently available, More
inluvimation on the economics of solar air conditiening is given
later in 1h1s chapter in "The £conomics of Solar Air Condition-
ing.

: The results of work and experience on solar air conditioning to
date have not yer cuiminated in a reliable, inexnensive solar
gir-conditinfify unlL, &nd no cystem can be recommended for wide
use xl this time.
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5 T SULAK HEATING AND COOLING

STORAGE OF ENERGY AT HIGH
AND LOW TEMPERATURES

For a detailed descriptivn of high-temperature storage of energy
the reader may refer to Chap. 4, “Sworage of Energy.” In an air-
conditioning system it is alsd pussible to cool a tank ol water or
ather storage medium if excess cooling capacily is available dunng
uperational hours, One of the atlractions of 1his appraach is that the
lemperature difference berween cold storage (say, 45°F at the
woldest) and building temperature {(~70°F] iy less 1than the tempera-
Lure difference between hol-storage and roum tempergiure. 4sa result,
less coaling effect is tosy from coid siorage than from hot storage.
Moreover, cold slorage 1s prefleizble 1o hol storage because lgsses from
hut storage in a building add tu the summer air-conditioning load,

In addition, 1 Biu of cold storage is 1 Btu of cooling, 7 Biu of
hot storage is equivalent to less than 1 Bty of cooling since the air
conditioner 15 not 100 percent efficient. These advantages of cold
storage are offsel by the additional cust and uphecp required 1o
instzll and maintain a second slorage unil and the associated
plumhing and ducting,

The decision to use hol, cold, or combined storage depends on
the building location, In Phoenix one should design lor coltd storage
since Lhe inveslmenl in hol- storage is uneconomical in a climate
where hiating loads are smalt {only 1,500 depree-days per year). In
Beridji, Minn. on the other hand one shouid design fur hot storage
since the cooling load is small. Recent test results from the C5U
house {Fig. 5.1) have indicated that a small amount of cold buffer
starage can imprave solar-cooling-system perfarmance significantly.

VAPOR-COMPRESSION SYSTEMS
AND HEAT PUMPS

Introductiaon i

As mentioned previously, the periodicity and intermirtence of

solaf energy incident on a collector require the use of a cenventional -

bachup [auxilfary] system. The size and cost of the 1otal system
depend nol oaly on the Bru's collected but afso on storage tzcilities;
any concept 1hat can reduce the collection and $torage reguirements

cen improve th: ecanomics of salar-cnergy use. One attractive

nicthed 1o achieve a fuller use factor is to utilize a solar-assisted heat,
pump-zir canditioner for ali.year climale cantrol. From an energy
standpoint the efficiency of a cdaventional heat-pump  system
operaiing in a northern climate is reduced as a result of low ambient

T T AT rmmmem A A e E— S O
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lemperdalures; owing to the reduced efficiency of the heat pump,
reliance of 1he system of eleciric-resistance healing s necessary,
However, salar energy cah be used at low ambienl temperatures to
reduce or often eliminate the need fer supplemental resistance
heating in such systems,

A heat pump may be defined as a system thal absorbs energy at
low temperature and delivers energy at higher temperature through a
vapor-compression o ahsorption cycle. However, no abserption-
cycle heat pumps are presently available. Availzble heat-pumps use a
standard vapor-compression refrigeration cycle operated in reverse:
the evaporated is usually placed outdoors and the condenser indours,
The mechanical energy” inpul (0 the compfessor during vapor
compression raises the internal energy absorbed at low ambien
temperalures to a temperature fevel useful for space heating. The
guantity of heat extracted from such a system can be several times
larger than the energy required by the compressor. The basic
advaniage of a beat pump is this "heating muttiplicatien.™

In a soiar-assisted heat-pump system designed both 1o heat and
10 cool a building, two general modes of operation are poassible. As
shown in Fig. 5.2(g), the solar heating sysiem and the heat-pump
syslern may be separate. In Fig. 5.2(b) the twa cycles are shown
connecied, and a sotar collector assists in reducing the amouni of
heat that must be supplicd by the compressor when heating the
building. Obviously, the second arrangement is more efficient.

Sodr Solar
Lotacior colimgipr

Dirnct Aar oM lrer

Arr COnddjaner
heating ong heal puomg

and heat pump

{

E
[}:]

Sworage Sivage

(ol il

FIG. 5.1 o} Dicect solar heating sysiem; (&) salar-assisted heat pump.
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Ine bwal panp Lo Mieoielically bBe tsea wath any theraswe
aynzwic couling Cyele, sech as un absorpliun, a je1 compression, and
3 nawghanicel vapor compression cycle, Fipure 5.3 dlustrates the basic
Leat flows in a cunceptual solar-pawered heal pump system in which
the sun's energy |;.1|'r1.*4:l|~,-I pruvides shaft wark instead of Aclifip as 4
boosler as in Fig. 5.2 Q4 is the amount of hett remaned frum the
civienment during the heating mode. A hegt ha!.mce of the cyele in
Fig. 5.3 gives

Q1+ Q,=0Q: +Q, ' {5.8)

where Q, = solar heat input
(. = heat rejecied in the pawer cycle
Q: = heat rejected in the cooling cycle
The elfficiency feae of 1he system when the system acts as a
heal pump is given by

Q; +0Q
Tews =g (5.9)

The e¢ffiziency in coaling, i.e., the heat transferred frem a building
divided by the energy reguired 1o drive the system, is called the
cocticiens of performonce [COP) and is given as

coaling effect _ &y
COP = heal input 0 [5.10)

When the system is acting as a beal pump 10 heat a building, @, and
Q,, the socalled heat rejecied are rejecled into the building and
serve o heat the interior. When the system is acting as an air
conditionsr, the refrigerant flow is reversed, and heat is removed
from the building and rejected o the envirenment.
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FIG. 5.4 Solaf-gasisted heal pump sysiem congept using a liauia-ro-,
pump cycle shawing ihe heating mode.

Solar-assisted, Conventiona! Heat Pump

A possible system in which solar energy augments a heat
is shown in Fig. 5.4, In this system, thermal encrgy is stored »
form of scnsible heat and is used as the energy source
liguid-to-air heat pump. During the heating cycle, solar energy i,
to increase the temperatore of the storage, and therefore the ar
of compression work necessary to increase the temperature
working fluid is reduced. The energy that could be saved in a ty
single-family residence in the northeastern portion of the L
States is shown in Fig. 5.5. From Scptember to November as s
from March through Aprii, salar energy is sufficient 1o supp
encire heat demand. Between November and March, the work
tc the compressor is reduced by approximately 513 percent
coefficient of performance, i.c., the crergy delivered to the
divided by the clectrical encrgy 1o drive the system, shos
apptecizble reduction in encrgy power cons-~uotion for the
zssisted system. Less pow:r i$ consumed bet the averane
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coefficient of performance for a sclar-activaled sysiem is on the
order of 3 in contrast {o the yearly coefficient of performance for a
conventional heat pump, which is approximately 2. Greater improve
ments could be expecled if concentrator salar collectars were used.

A solar-assisted heat pump {without the fan loop) of the type
shown in Fig. 5.4 has been operating successfully in a house
constructed in 1274 in Celorado Springs, Cole, The North Campus
of the Community College of Qenver, the second-largest sclar heating
system in the world—300,000-117 heated floor area, 36,000-f11 of
collecror—uses this same concept.

The Rankine Power Cycle

mMany power cycles cobld be considercg for a solar-assisied heat
pump, One praciical, recommended system i5 based oh the Rankine
cycle, iflustrated in Fig. 5.6. The components are shown schematic-
ally on the tefr-hand side, and on the right-hand side a pressure-
enthalpy diagram for the working fluid is presented.

The working fluid starts at siate point 1 [P, } and is pumped 1o
the pressure in the bailer, state point 2 (P,), where heat is added
until the working fluid arrives ar state point 3 {Py) in 2 superheated

. amEE EmLmE g o -
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]
form. The working fluid is then expanded at constant entropy n,f:.-
state puint 4 [Py}, and beal Is rejected at constant pressure in a
condenser between poinls 4 and 1. .
The magnitude of the cfficiency of a Rankine cycle may be
estimated by the so-called Cornof efficiency of the cycle, which is
the highest efficiency thal can he attained between the maximum
and minimum temperatures available. The Carnal efficiency w., #
equal 10

_L-n L
e=tE =1 | {5.11)

where 7, is the maximum temperature atiainable, and F, is the
luwesl, or sink, temperature. Equation (5.11) c¢lcarly shows Lhe
advantages of a concentraling collector that could increase the
temperalure Ty, 7 is not readily maneuverable singe i s, in general,
dictaled by the outside temperature for a power cycle. Figore 5.7
shows 1he effect of sink temperalure and maximum temperature on
the Carnct efficiency,

Any real power cyCle can achieve only a fraction af the Carnot
efficiency owing to the thermodynamic irreversibility of heat
additions and other cycle losses. The efficiency for a real cycle,
which can be obtained by examination of Fig. 5.6, is given by

_h."l —h, _
ﬂ_?'-'g.__Tg I:_‘:I.]?]

where & is the enathalfpy at the condition indicated by the subscript,
The work required by the feed pump is usuvally small and can be
neglected.

Expander

Waork

Fressura

—= &, Rtject

Cordanser
. Feed pump ) Enthalpy

fal )

FIG. 3.6 Sumple Rankine cpdle. (o) Compenents; (B) presiurseathalpy disgram.
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The Vapor-campression Caaling Cycle

Figure 5.9 shows a2 vapor-compressian cooling system that is
most commonly used (or cooling and air conditioning. The only
major aliernative al the present Ume is an absorption-cycle cooling
system, which will be discussed subsequently.

The Carnot COP for the vapor-compressian cycle is given by

2o

Coeno! coatficient af performance [CDP)

oL 1 ) ] ]
ic 40 50 ED I

Evzppralar domperelrg 55

EIG, 3% Sdemt Laada s ofriproauan ptle coefelen or a2 farmamce
2 & huntt... - LR Tl Ll S T Y L 3T (W

o rm—

e A e mm .

. 3 C e R 1Y FF-1

Cory, = 7T {5.
whiare £, = lowest temporatece Soved 0 the seorking foud atowly
Bl frosn the intoiar of the Roinse 15 aisord

I = upper tempurature of the workiog fiuw in the o
denser, at which beal s rejected to the atne oy -ere.

Figure 5.8 shows some tynical numbers {or Carnol co . o oydles

can be seen that the COP is greater than unity; i.c., o coolin,
accomplished than the shaft work required to drive the wyatem,

Figure 5.9 shows the hardware for the vapor-coniprission &y

schematically as well as a pressure-enthaipy diagram for th: work

fluid. It can be seen that the heat absorbed {equal 1o Q. in Fig, §

o
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FIG, 5.9 Vipar-campression cooling oyt~ [a) Componeants;
(&) presqure enthalpy dlagram.
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is gven by By = by and the heat repeated {0, in Fig. 5.3} is given by
Ay — Ay The compressiun wurk Decessaiy 10 increase the temperg-
Tuie 1o Lthe level reguired by #; 45 Biven by 4 — A, . Thus the COP of
the »aPUr-COMPression Cyyle s given by

. cooling eftect A, — &
';-:-UF= ﬂ - 1 4

= e

work input  fy — 4y

{5.14)

I sunimary, Lhe heal.pump-air conditioner is a climate control
sysiem thal employs o vapor-compression cycle both 1o heat and
cvool 3 building. Typically, the heat sink as well as the heat source lor
such a system is ambient ain, although the ground or pround water
can be used. The heat pump is simply a heat transformer, which, by
the introduclion af mechanici! work into the cycle, increases the
lemperalure of the working lluid to a level where il can be used as a
source for heating the home.

The heal pump is compased Of Lhe same compaonents that are used
in standard vapor-compression ait-conditioning sysiems, as shown in
Fig. 5.10, The only a2dditions in a heat pump are a four-way valve to
permit cycle reversal when the heating mode changes to the coaling
made and an expansion device designed specifically for the particular
operational {heating or couling) refrigerant-flow condition, The basic
cycle can be designed 1o operate in many configurations, as discussed
in standafd iexts an air conditioning.

Compras wor
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Condenaar
{autdosor }
Cookng .~ : Ragting r
e {a)

FIG. 510 Vaporcampression €¢le in [3) Batic Lr<ondiioaing moae, [£] heat pump
cooting made, and [¢ ) heal pump hoating mode,
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ABSORPTION AIR CONDITIONING

Absor ption air conditioning is the only air conditioning system
compatible with the upper collection-temperature limits imposed by
currently available flat-plate collectors. {Home-stzed absorption air
conditioning units are more expensive LHJN yapor-coOmpression air
conditioning units, but 1o date only absorption air condittoning has
becn aperaled stccessfully in a fulkscate instalialion,

Presently, two types of absorption air ¢onditioning sysiems are
widely marketed in the United States; the lithium-bromide-waler
{LiBr-H; O} system and the ammonia-water (NHy-H, Q) system. The
absorptian air conditioning system is shown in Fig. 5.11, Absorption
air condirioning differs from vapar-compression air conditioning only
in the poditive pressure gradient stage {right of the dashed line in Fig.
5.11). In absorption air conditicning systems, the pressurization is
gccomplished by - first dissolving the refrigerant in a liquid {ihe
absorbent) in the gbsorber section, 1then pumping the solutien o 2
high pressure with zn ordinary hquid pump. The low-boiling
refrigerant 15 then driven frém solutign by the gddition of hear in the
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vonditianiag dencands, The readngder of the system consiss of a
condenser, eapansiun valve, and aviporator, identicat in function to
Ihose used Ina vapur-campressicn air conditioning system.
Of the two common absarpuon air coiditioning systems, the
LiBr-H, O is simpler since a rectifying column is nol necded: in the
WH,-H.O system a reclifying column assures that no water vapor,
mixed with NH;y, enters the evaporaior where it could freeze, In the
LiBr-H, O system water vapor is the refrigerant. In addition, the
NH,-H,D systern requires higher gencrator temperatures [230 10
3DC"F) than a flai-plate sofar collector can provide without special
techniques. The LiBr-H, O sysiem operates satisfactorily at 2
genciator temperature of IEH.'I to 200°F, achievable by a flat-plate
collector; alsa, the LiBr-H. O sysiem has a larger COP than the
NH,-H; 0 system. The disadvantage of LiBr-H; O systems is thal
evaperators cannol operate at temperatures much below 40°F since
the sefrigerant is water vapor.
The effective performance of an absorption cycle depends on
the twe matefials that comprise the refrigerant-absorbent pair.
Desirable characteristics for the refrigeranl-absorbent pair are
1. I'he absence of 2 solid-phase absorbent
2. A refrigerant more vofatite than 1he absorbent in order to be
separated from the absorbent easily in the generator

3, An absorbent that has a small affinity for the refrigerant

4. A high degree of stabifity for fong-term operations

$. A refrigerant that has 2 large latent heat so that the circulation
rate can be kept at the minimom

6. A low carrosion rate and nontoxicity for safety reasons

The enly disadvantage of the LiBr-H; Q pair is the possible problem
with ¢rysallization in the generator.

Absorption air conditfoners are manufactured by many of the
large air conditioning manufacturers in the United States—Carrier,
Trane, York, Singer, Arkla-Servel, etc. No manufacturer currently
makes a residantfal-sized (3 to 5 ton) LiBr-H; & unit. These ynits are
NH;-H; O systems. In the past, Arkia-Servel manufactured a smaller
residentiai LiBr-Ha O unit. The line was discontinued some years 2go
bt is bzing revived because of the recent interest in soiar-assisted air
congilioniny swstems The prajznt trade naraz of the Arkla-Serve!
s e ? jg Spbaire, ™

"w o, wy 500 Imdanries, 0 caily, .
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COP = — {
e

The pume work has been neglected since i1 is quitz smail; i 5o,
and 5-16n units the pump can even be eliminated snticely
percolativn principle empluyed instead.
The COP wvalues for apsorplion air conditioning cange

0.5 for 2 small, singic-stage unit 1o 0.85 for a2 doubles
sicam-fired unit. These values are about 15 percent of the LG22
that can be achteved by a vapur-compression air congitiar-g,
incurrect to compare the COP of an absarption air conditioner
that of a vapor-compression air conditioner, however, bocrus:
etficiency of electric power generation or tfransmission s
included in the vapor-compression air conditioning COP. [T 1he
uf the mechanical system is multiplied by (he 1thermal efiicien
the power plant and the cfficiency of the transmission ac.owod
can. be shown that the vapor-compressicn air conditioner has
or no thermal performance advantage over the absorpiior
conditioning system.

EXAMPLE

A water-lithium-bromide, absorption-refrigeration  sysi
such as that shown in Fig, 5.12 Is to be analyzed for the follow
requirements:

1. The machine is to provide 100 tons of refrigeration with
evaporator temperature of 40°F, an absorber outlet tenipg
ture of 30°F, and a condenser lemperature of 110°F.

2. The approach at the low-temperalure end of the liguid h
exchanper is to be 10°F.

3, The generator is heated by a flat-plate solar collector capabie
proviging a temperature {evel of 192°F for the evaporation
the refrigerant

Determine the COP, absorbeni and refrigerant flow rztes, i

heat inpul reguired for a 100-ton unir,
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FIG. 5.17 Lithium-bromide-waier, ¢dorplion-refrigeration cycle
ek Tabie 5.7).
SOLUTION

Anaiytical evaluation of the LiBr-H,0 cycle requires that
several simplifying faciors be assumed, for example,

1. At those poinis in the cycie for which temperatures are
specified, the refrigerant and absorbent phases are in equilibrium

2, With the exception of pressure reductions across the expansion
device between points Band 9 in Fig. 5.12, pressure reductions
in the Jines and heat exchangers are neglected.

3. The temperature difference at the inlet 10 the liquid Figat
exchanger is 10°F.

SOLAK DOOLING OF BUILDINGS .15

4. Pressures at the evaporator and condenser are equal 1o the vapor
pressure of the refrigerany, f.e., water, as found in siearm tables,
5. Eathatpies for LiBr-Hy O mixtures are given in Fig. 5.13.

As the first siep n solving the problem, set up a 1able similar
lo Table 5.T; enter values of pressure in the appropriate lable
columns, enthalpy, and weight fraction for which sufficient
infarmatian is available. For example, at point 8 the temperature
is 110°F, and the vapor pressure of steam correspoanding 16 this
pressure in the condenser is 1.28 psia, or 66 mm of Hg,

270

230
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-1+}

1o

=
o o

Enthatay . By /SIh sqlutens

4
# s 20 25 O30 X 40 4% 50 53 &0 £5 YO A AL
Lithwm, bramide (Li B} concentrahgn, waighl o

FIG. 5,13 Enthalpy-concentration di:;l_tnn: for fithium-tbromide-water combinalion,
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hass halance equations

Relative flow rates for the absorbent (LiBr) and Lhe refrigerant
{H:O) are oblained from material balances, A total material
balance on the generator gives

fit, = iy 4o
while a LiBr balance gives
miy Xy = 1y Xop

where X, = concentration of LiBr in absorbent, 19/lb of solution
Ar = concentration of LiBr in refrigerant, Ibflb of solution

Substituiing {mh, + Mz for m, gives
.I'J"ler '{‘F;T,Xr = rﬁ:X'b

Since the fluid entering the condenser is pure relrigerant, ie.,
walzf, m; Is the samie as the flow rate of the refrigerant s,

Ty ) g _ Py

ma .l’.’q;. - X; M,

- LI
wher - #1., = “w rate of abserbent, In/br
Yl v rate of peivigerant, (hthr

A

P

SRR SN NG DI LU L Gy ol

3 osmewig Tor A and N froan G oaelde o wives e dlie o
A rrenroseitee ant Now rate

_"_]:l; .50 1

i xR

Ik Wl — 0,56

The tatig of the reliagerant-absorpent <0lution flow .
refripeeant-selution flosw rale my s

Tt 10 e

=112+1 =122

Erergy balance equations

The enthalpy af the refriperant-albsorbent solution fbaving the
ligurid heat exchanger at point 6 i< oblained from an owver-alt
energy batance on the unit, or

by ¥ Myhy = Mgehy + mhy
r;fn.g.
= hy + | =2 (0, —hy
5 [m} (#1) ’.:[‘

H?I
122

Hence, A,

— {—70})] = —38.2 B1upb of solution

The temperatere corresponding to this value of enthalpy and a
pressure of 66 mm Hg is found from Fig. 5.13 to be 163°F.

The flow rate of refrigcrant required to produce the dasired
100 tons of refrigeration (equivalent to 1,200,000 Biufhr) is
vhtained from an energy balance about the evaporator,

Qietrig = rhr{hv '_-“?m]

where greiig 15 the cooling elfect supplied the relrigeration unit, and

. 1,200,000

= el et =

e =7 875 - 75 = 11200 Ibfhr

The flow rate cf the absorbent is -

i .
| ey = =20 1, = 112 % 1,200 = 13,400 ibh

r +
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while the i’.m-; rate of the solution is
m, =g +m, = 13,400 + 1,200 = 14,600 Ibjhe

The rate 3t which heal must be suppiictf lo the' generator gy, s
obrained from the hzal balance

qnlp = n:;fh] + J'flcnh, -‘-'”‘]dbhb
= [{1,200x 1,147} + (13,400 x —30} — {14,600 x —38.2)
= 1,540,000 Btufhr
This requirement, which determines the size of the solar collector,
likely represents the maximum heat load the refrigeration unit

must supply during the hertest part of the day,
The coefficient of performance, COP, is

COP = Feeteg _ 1,200000

qup _ 1,540,000 = 078 -

The rate of heat transfer in the other three heal-exchanger
units—the liquid hzat exchanger, the water condenser, and the
generator—is phrained from heat balances. Fer the liquid heat
exthanger this gives

Gi-z ™ WMol — 1)
= 13,400{{—30} — (—70}] = 540,000 B1u/hr
where §,., is heat transferred fram the absorbent stream to the
refrigerantfabsorhbem stream. For the water condenser the rate of
heat transfer g4 rejecied to the environment is
USEY B m iy = fe)
= 1,200(1,147 —~ 78) = 1,280,000 Brufbr,
The rate of heat rainoval from the sbsorber can be calculat=d from
an over-ali heal palance on this system:
Qu =018~ Gup = Trernz
= 1,260,000 — 1,540,000 — 1.2¢H,000

= =1 LA 000 Bt thr

ree —
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1o raist the tempergture level in the shicrber of an I trptior e

condithaner much above 190°F.

COMPARISON OF MECHANICAL AND
ABSORPTION REFRIGERATION 5YSTEMS

Absorption-refriperation systems aperate on cycles which the
primary fiuid, a gascous refrigerant, which has been vaprrized .noan
evaporatar, is absorbed by a sccondary [uid, catled the absurben.,
Absorption-refrigeration cycles can be viewed thermodyramica!ly as
a combinglion of a heat-enging cycie and 2 vapor-CompUossiun
refrizeration cycle, which arc 2als0 the Iwo Components of a

rechanical-refrigeration system. Simplified diagrams

for the tvn

mzthods of proviaing refriperation are shown in Figs. 5.14 and 5.135,

Rafrigerant flow

p——— i —

Generator | Condanger
Haat Heat
| in out
Sclvtich X
purnp
4 Apsorbent
Thow
1 1
Absorbar Evaparator
Haait Hao!
ot in

Fif. 5.14 Basic absorpimn-refrigeralion cycle without econtmiler.
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FIG. 5.15 Combinauon of heir-engina cycla and mechanlcal-refrigeratban cyle.

respectively. A comparison between these two schematic diagrams in-
dicates similarities between the main components in the absorprion
cycle and the components in a heat-engine cycle driving a mechanical-
refrigeration cycle.

In bath cycles, heat from a high-temperature source is trans-
ferted tn 3 heat exchanger 1o obtain a relatively high-pressure vapor,
In the absorption cycle, the heat input occurs in a generator, from
which streams of refrigerant and absorbent emanate. In the heat-
¢ngine ¢ycle, the heat inpur occurs at the boiler, fram which a
vapor is produced that drives z turbine. The condenser in the
absorption cycle is equivalent to the refrigerant condenser in the
mechanical-refrigeration cycle. In both heat exchanges, heat is
transferred from the refrigerant at relatively high pressyres.

In both metheds of refrigeration, the high-pressure refrigerant
[from which heat has been removed in the condenser) is passed
through an expansion valve that reduces the temperature and
pressure of the refrigerant before it enters the evaporator. In both
methods, heat is transferred to the refrigerant in the evaparator,
where as a resn’ ¥ this heat transfer, the refrigerant is vaparized at
refatively low L ores. |t is the evaporator which absorbs the heat
2nd pravides the refrigefation effect in both methods.

SOLAR COOLING Ut HUMLDINGS L

The absurbur in the absorption-retrigeration cycle corresponds
to the heat-engine condenser in the mechanical-refrigeration L'yl.'tu.i
Heat is transferred out of the absorber in the absorprion cycle, and
oul of the heat-engine condenser in the combination method, 10 #n
intermediate temperature sink 1o facilitate the conversion of rela.
tively low-pressure vapor 1o the liquid state, In the absorptiun
methad, the ahsorbent is mixed with 1he refrigerant in the absorber.
The final similarity between the two systems is the solution pump
and ibe boiler pump. ln both systems a small amount of work s
mecessary to increase the pressure of the liquid before entering the
builer or generator of the cycle,

The turbine, which extracts heat energy fram the high
temperature vapor from the boiler in the combination cycle therehy
transforming heat into work to drive a compressor, does not have a
counterpart in the ahsarption methed. tn the absorption method, the
energy input occurs in the form of heat into the generator, and hence
the generator can operate at a emperature of less than 200°F, In
some absorption cycles, the heat supply can be provided by flat-plate
solar collectars. On the cther hard, in the combination bheat-engine
and mechanical-refrigeration cycle, the 1urbine drive requires 2
relatively hipgh-temperature vapor for efficient operation and it is
difficutt 1o obtain good performance with a flat-plare solar collector
and a concentrator bype is required.

The relationship between waork and heal for an ideal heal-engine
operating on a Carnot cycle is

{5.16)

where W = work autput rate,
heat input rate,
Ta = temperature of heat source, and
Tpy = temperature of heat sink
The relationship between the work required and the refrigera-
tion lozd for an ideal mechanical-refrigeration machine operating un
the reverse Carnot cycle is

g, T

£
b
I

£5.17)

+

v

where —W = work inpui rate, .
g, = rate of refrigeration 3
T, = 1emperature of the refrigeration load .

Tu; = temperature of the heat sink

H
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FIG. 5.16 Ideal cotlficlent of perlormance lor absarplion-refrigeration
cy<les with evapotater {lozd) temperature ¥ of 500° R

The coefficient of performance for the combination of this
engine cycle and the mechanical-refrigeration machine is given by

e _ T {7 — Ths )

O = e ™ TlTw = T1) (s18)

Equation (5.18) applies 1o the igeal absorplion-refrigeration
process as shown earlier as well as to the cambination heal-engine
and mechanical-refrigeration eyele, The coefficient of performance is
plotted a5 a function of sink Lemperature for various termperatures of
the heat saurce for a Carnot cycle with a refrigeration load at 40°F
in Fig. 5,16,
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NONMECHANICAL SYSTEMS

Australian Rock Sysiem

A nocturnat coolingsiorage system first rested in 1955 in a
desert in the southwest United Stiates has been more recently 1ested
and developed in Australia. The system consists of a large bed of
rochs cooled by drawing cool night air across them and exposing
them ta night sky radiation. During the day, warm inside air may be
cooled by circulating it through the rock bed., Augmented cooling
can be achieved by drawing the night air through a porous surface
having a high emittance at low lempetature and facing the night sky.
Such a system operates best in a desert climate, where the night skies
are clear and humidity is low. In a desert climate, the diurnal
temperature variation may be 45°F. Although this system is not an
active solar cooling system, it uses the same pebble-hed storage that
an air-cooled sotar healing system uses for hear storage.

The use of a pebble bed to provide energy storage for both
heating and cooling cycles has been described by Close? and
Dunkle.* Figure 4.13 shows how a solar air heater can he combined
with pebble-bed storage to provide a heal spurce for a building, The
cycles tn Fig. 5.17 iMlustrate the operation of the same pebble bed
when i1 is used for cocling. During the night, cool air frem Lhe
outside is brought through an evaporative cooler into the pebbte bed

I Foas) it
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FiG. 3.1 Opcration of 3 pebbie bed thermal slorage as 1 sourde
of 3k conditoniny. ' -
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and is cocled at approximately wet-bulb temperature to a condition
approaching saturation. The entire hed is eventually braught o this
temperature by passing the eocled air throuph it far several hours, as
shown in Fig. 5.17{z}. On the next day, when cooling is required in
the building, outside air is drawn veriically downward through the
ked and cooled 10 the bed temperature. As the air Ieaves the bed it
may be cooled further by evaporation and is then passed into the
buiiding as shown in Fig. 5.1 2{L).

The mode of operation of the cycle just described can be
illustrated quantitatively by means of an example. The psychometric
chart in Fig 5.18 indicates the state poinis of the air passing through
the cycie during a 24-hr period with environmental conditions
corresponding to a night with a wet-bulb temperaiure of 70°F and a
dry-bulb temperaiure of B6°F, znd a day with a dry bulb
temperature ol 105°F and wet-bulk: temperatere of 71°F. in Fig.
5.18, ihe line T, — T, corresponds to evaporatlve cocling of the
nighttimz air ta BD percent of saiuratian, which will zool the racks
in the bed to 73°F if steady stzie can be achieved zt the fowest
temparature level,

Whon the bullding reqguires cooling the newt day, air s
iniroducad inle the pebble bed under conditions corresponding to
point 7, in Fig. 5 18, cooled in the bed to 73 F, correspanding to
poist ¥, and thin cooled evaporztively gl corstiat wet-bulb
lTmy 2 oteee 10 3 ¢rebas emperature of 33°F, correip anding again
10 Al =t gimzsien, Vhis 2ic is insn possnd icie tha building 1o
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o oaneltr Simierlton. ot 7T L acd aaculr T parsao e s _Ti;ni'lfﬁil}
boo nocrw e omeraal waneny of tho air, tasoer ahding ta th
wrretab o7 tweat fransdenred frovn the baginaerior of b Dgilding
bl e e s e 3 it Thus, fupo penliwe bood O 0 D00 B
Of T.y e 4, the ragaired irocircwfalesn e is choul

{30030 Stuthr) » (14 cu Frfio of air)
- ; ! = 20000 i e
3.5 Brugb of awr} « {68 min/hr)

Fot comparisen, Lhe dotted line in Fiz, 518 (vinsponds 10
dmple evaporative ¢naler. To maintain 3 temozraiure af B5°F in1h
building, 1he reguired air-ltow rate is about 30 percent larper than fe
a roch bed that mainrains the building 21t 77°F.

To determine the size of the pebble bed necessary for a coatin
period of 12 hr, a heat balance must be made on the ruchks, or

IrJr:'Jl-"."-'r{Tn:.in i Ta.oul:' =""-'L"".:-‘-‘.;l '[.Tn,m - To,nul:'ﬁ (5,19

where r = volume of the rock in the bad, ft?
gr = density of the rock, Ibff1° .
¢, = specific heat of the rock, Bruf{IL}{°F)
Tam = temperature of air entéring bed, °F
Taout = temperature of air leaving bed, °F
m, = air-flow rate, Ibfhr
¢. = specific heat of air, Bruf{lb}{°F)
§ = cooling period, hr
Equation {5.19) assumes that all the thermal energy sioded can b
cxtracted at the maximum temperature potential, For less efficien
cperation the size of the rock pile must be increased,
The size of the pile is approximately

2 = {2,000 x 0.24] ':Ta,'m — Ta,nul] {12 x 60) = 1,400 f3
{85 X ﬂrzilJ{Ta_in - Tﬂ,uul] 14 ) {52{

However, since the pile has empty spaces, the aciual volume will b
targer by Lhe inverse of the empty-space fraction, defined as

Volume of rock pile — votume of voids

Valume of rock pile

To design a rock-pile storage system completely the friclio
fattor for packed beds and tne hear-transfer cocfficien for a
pasting through the pile must be kriown. In, Fig. 5.19 the frictio
factor for packed beds, § (defined as 2 times the  ~ssure drop A



17& *
‘-
divided by g ? Limes the ratio g ff where s 1he pached bed
lengthj is plotied as a funcirion of the Puriicle Rejnuias riumber, Re
[defined as v;prd fug). In Fig. 5.19 v, is the superficial zir velocity
{air-flow rare per pile cross-sectional darea), o, is the equivalent
spherical giameter of the rocks (& V, /z)"3, V, is Lhe roch-particle
volume, g is the viscosity of the airin the pile, g, is the density of
the air and Ap is the pressure drop across Lhe pile. These paramiciers
musl be in a consistent sel of units 10 make the abscissa and the
widinate dimensionless. This correlation, proposed by Cunkle,?
agrees well with ather correlations bul is simpler 1o use, Experimen-
tally mreasured heat-transfer coefficients from Close® are shown in Fig.
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FiG. 5.20 Comparion belween meatured beal-transier coefligients for pached beds
a5 & Tunction of particle Reynolds number, {Adapied from Close.” |

5.20 a5 2 function of particte Reynolds number. In Fig. 5.20 the
Stenton aumber, 51, defined as a heat-transier coeflicient divided by
the product of the air density, the velocity, and the specific heal, is
plotled again as a function of the particle Reynolds number. Figure
5.21 shows the pressure decrease in inches of waler per foot of the
depth of the pile dnd the heat-transfer coefficient as a function of
the superficial air velocity in feet per minute for various rock sizes,
The fellowing example iflustrates the calculations for a roch-pite
storage system, For a more delailed analysis the variation in
temperature during a 24-hr geriod must be taken into account.

EXAMPLE

A rock pile is required to store 1 million Bru, Charging and
extraction are al constant rates, and each lasts approximately 10
hr. The temperature difference is to be 60° {T0°F minimum and
130°F maximum). The maximom allowable pressure decrease is
0.1 in. of water, Approximately 80 percent of the energy swured in
the pile can be extracied. Determing the fluid flow rate and ratio
of energy storage 10 cnergy fequired to move ihe zir thraugh the
bed. ' '
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SCLUTION .

Assurnr the rofh has o densicy of 85 Wo/fe? anut a speciflic heat
of 021 Gf{Ib)(°FY the wnl volume of rock required for Lhe
storige would then be 934 1317 this storaz= is 10 be charged in
10 131, the mass How rale of air, m,, may be sbtained from a heat
balanze. It it can be assumed that all the heat is extracied at the
siored lemperature

0= 10® Bty
C 70 ¢ [(0.24 Bu){ln}{°F)) x 60°F

= 7,000 lbfhr

The volumetric flow rate for air at 70°F is thus about 1,600
f13fmin. If the maximum allowable pressure decrease is 0.1 in. of
water, the ratic of hear stored to energy required to operate the
pile is approximaltely 400:7.
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A L AL AM Y 023 0% W =g by
Daf hegho, Bt 34 3.9 14 i ow™ Lowible
Bl grea, B° 1758 154 126 P w doi

A welagive, [pm 6 185 1.1 [ v lizigeh
Bed brighy, iy .75 ir L Inhr . il ¥ o
Med ares, 112 a0 FEER 166,R

Air velogily, (pm 4,85 .40 B2

Bed height, i 1 .Q .0 Mmirea hegnl
Bed aree, 11! 467 467 A0 7

Az webacity, fom 3.53 353 3.5

Table 5.2 summarizes the dimensions and air ' gities lor
various pebble beds as rompilee by Close? for engincering desizn, 1t
should Yre noted that best perfarmance is obtained when the  odns
are as small as possible and the bed sized for the maximuem allawable
pressure decrease. The smaller the rocks, however, the more the pl'e
becomes subject fe blockage by dust, and the installation of 3
dust-removal screen may be necessary.

Sky-Therm™™ System? .

H. R. Hay has built a home in Atascadero, Calif., which uses his
patented, passive, solar heating and coaling arrangement. 1 cansists,
in summary, of a combined collector-radiator-storage system
mounted on the harizontal roof of a one-story building. The
combined energy medium consists of B-in.-decp puools of water
enclosed in pfastic bags lacated between beams of the house and on
top of a black, plastic liner used to further waterproof the roof. Solar
energy heats the waler to 85°F, a purposely maintained fow
temperature. Insulated shutters are then placed over the panels during
winter nights to reduce heat loss, %%

During the summer the shutters cover the panels to prevent
heating during the dav. However, the colleclion area used far service
water heating remains uncovered doring daytime. At night the
primary ponds are uncovered to permit radiation of the heat
cellected trom the building during the day. The system is currenthy
under test at the Atascadero test site, A smaller buiiding was
maimained at a temperature of 70°F = 2°F for a year in Phoenix,
Ariz,, by this method.

*®Regetered bademath, Suytherm Processes and Erpintering, Los Ar Catif.
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The st s Do of suche o = osterm acehey un nug lurngl
Ladmlion lwss, Such lusses wie wsualhy o the range ol 100 10 35
Biaftheifii®), To provide | woi-hr ol heat removal, 500 f1° of
cadiator suriace is required, 1t e entie oot of 4 2,000 f1? house
were uwsed as 4 radilor, only 4 ians of heat would be removed,
gssuming the water ponds (o nol redthe an equilibriom lemperdature
and night heat loss dverages 35 Brsthi)ifi? . Fui an 8-he night this
cooling ellect amounts 1o 32 tonhr, i the Suuthwast, whure_Ihc
syalem is plupused far apphivalion, sddiional daylime cooling might
be Necessary 10 maintain comforl, o the 2,000 ft? house, the water
poids would create 3 totdl phy sical load of 42 1ons,

THE ELCONOMICS OF 50LAR
AIR CONDITIONING

A delailed economic analysis of solar air conditioning today
witers from the lack af knowledge ot costs and performance of the
LiBi-H. 3 system when the syalern. s _nwd for solar use, Several
imestipators have studied the sysicm o dewail, and @ performance
picture is beginning to emerge. As described under "Design of a
Callecior for a Building,”™ earlier in this chapier, LBT and Tybour
have modeled a combined solar-heated and solar-couled residence by
computer using current eslimates on cosis and performance of
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a small {3 10 § 1on) LiBt-H.Q absorption air conditioner. Then
analysis is much tike the approach described in Chap. 4, "Compulter -
ized System Optimization,” for optimizing solar bealing s ysteis,
Figure 5.22 shuws a detailed schematic dizgram, including all
comproments of the combined system.

Table 5.3 shows the additienal custs in 1he solar syslem used by
Lof and Tybout, The model optimization runs showed that

I, {0 climdtes where both air conditioning and heating are required,
A combined solar-heat ing-air-conditianing systent is more eco.
numicuf 1han either 2 solar-heating or selar-cooling sysiem by
itsebl, Figure 5,23 shows one of the plots preseoted in the sludy
with more realistic costs substituled for their values.

2. Optinmdl storuge was found to be about 10 ra 15 b, /1, the
same value determined for Lthe optimal heating-unly system
described in Chup, 4,

3. Berween 30 gnd 70 percear of the comnbined lgods could be mei
by the suluroptimal System, modeled in the eight climatic
tones studied, at a cost of $1.75 10 $3.00 per million delivered
Btu. (More realistic cost is $4.00 to $6.00 per miltion Pru.)

4. Sular energy cosis less in nearly all locations than elecirical energy

used for heating and cooling, The costs were computed in 1970
dollars.

In this stuedy the oplimal mis of solar and auxiliary energy was nut
determincd. The optimal mis may be ubiained by determining the
mix at the point where marginal costs of solar and susiliary cnerdy
are equal, as described in Chap, 4, "Computerized Systom Optimizae
tion"'
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FIG. 5.2} Annuzl cogt of solar heating, solar coaling, and combined sola;
healing and cocling for 4 madel hame in Albuguerque, N, Mex, Mumbers on
1he Cunves are percenLaget of laad cacried by solar vnder the lollawing
condisans: collecior 1l # = lafilude L = 35.05% M, beating demand = 25,000
Biu"F peoi day, system cost amorcized Tor 20 yr 2l 8%, collector cost with

1w plaut covers m 124117, absorption air conditioaer §1.000 more costly than
standyrd mechanical sysiem. [Adopred from LES and Tytoul' )

SUMMARY

This chapter deals with various methods by which solar energy
can be used to provida building cocling. The first section presenis the
procedure for calculating the cacling load on a building during the
cooling season. A design siudy of a flat-plate collector-lithium-
bromide air conditioner showed that 1he three most 1mpaortanl design
parameters for solar collection system are the tilt angle, number
of cosersand ¢ Clor area,

SOLAR COOLING DF HUILDINGS 183

Several thermodynamic cooling eycles ae considered in delail in
the remainder of the chapter. Perfarmance criteriz for the Rankine
cycle-powered vapor-compression cycle are described and the use of
vapar-compression heat -pumps with selar assist is explained, The
absorption cycle is also discussed and the method of analyzing the
cycle thermodynamiczally is shown in detail for a lithium-bromide
system.. A nonmechanical cooling system thal uses pehble bed
storage as a means of summer couling in climates where cool nights
are frequent is described. Design correlations for pressure drop and
heat transfer coefficient for this sytem are given, The last section of
the chapter summarizes the econpmic considerations which deter-
mine the viability of solar cocling systems.
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iew [emperature, almpls collectors which (o ba
wanufactured sign!fleantly wore inexpénaivaly, and
Jittusbely than colleccore which must hedl & bufld=
lag dizectly., O tha high technolopgy nlde, Lha
anrd dophinticatesd “aeroapscn”™ rypa af Eschnolagy
ir ntréadoced om o decentrablized basle vis Rankine
aysieme and theit Lurbomachioery, wvhich while
unquantiooebly cosily st present, can pateatially
Fude with the demands of mestlng m madd gopaumrr
warhet B provide viabls aysters ovar the lang
LETR.
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Flas 1. Benle Vapur Compit wwlam Cydle

The tawlc vapulf colpreasion eycle Lo jdeiorgd o
the pragncte-snthalpy disgrem of Tiy. . Tn the
hepting Sde, bbb usaiul epargy derived 3or wnlp
anae of the worklng (luid dm - Llur an ldoal
Vapor Cyvicle. The 1daml work Iopul t}y Ll poqufrrle—
wotr 1w by - b, oud che COP lu:

h, - L ISy

g =%y

oiF =~

Thw actual work luput Ju by = by, & Derger value,
due o Srreveralbllicivs 1A bhw Comprriamlom [holsse
{indicated by bthae comprussar feentreple wff(l=
clvucy)d; mnd fherc arr & Dusbar of other Bourccs
ol elficlancy Joaw In the aciwsl vaper cyele whleh
fuptlwr lower the COF from ddes] — Lo loding pres-
wure drops, heat lewscs, pilme sover sPElclency
aod Lhiev dur to prECflcal mepdurlen BECCemdy Lw
piodice o wiable devica, In whther <asv, the
Ut of werk lupwtk yequleed for e conpoesedon
procean derende oo the JLfEerence bebwdun Che Lou-
danaipog tcEpcratace, Ty, sod the cvapurariog Lok
perature, T1, since the compLessor sl piuducd o
pressurs tullo wqual [approximetely)} Lo the tucloe
of the coccespondiop saluration pressul«i. Fui o
glven condenalpg Comparwtare Fequlred for hanl Loy,
& lpuTeuwe In cvaparaldr Lempu Palule cBREBER 2
ducteswa In compressor work ruquiscd pet powed of
workiog fluld frefrigafait}l sad o cabliespoadiag
incieane 1o COF. The Himltfuy saelwss UOF abraie-
able Letween Lvwperabures, T3 widd 1, Lo Ll
Cavoul eycle COF glwen byt

1 [21

T

: (R .
Lmnun., hueatiog Til - '.|'l 1

e
w i |

where lw CebpwFulbied 808 So sbenlnd e wofje, The
Caroop CUF Le plucbted sgalont davaporsl Jug Delpaid-
tura Per i comglant SogdensiRg boamps tdbucy of 122%
{170"F) Ih Flg. 2. Aleo placced 1w the COP foc
thin 3dew] Vapor Cyclye, leZu=3=i4 i Flgs L, Fur
cofrigacacts R=l} gnd B-22 [thay ace weTy cluee iu
ke ldanl Cycle). The atrer curve i= below that
of Cappog prlmarily Lecouse Lhe cHpanelon proceas
1w arC codwCant wnthalpy, cathee than bulug che
lagacewple oo of the Cavpot Cycle, 1L 14 clear
that both COF gurvas Logradse elgnilloesily +11ih

Ty

cwapuraling teagpdreiura, snd, mafecyer, Chie wlops
Trreazes with lAacressloy temperatuge, lRezeln Jles
the motlvatlon te Jatcoduce 30lst en=rgy lolo &
byvat pump ¢ycle ne the best source, since it can
pruyfde frmperatured well In @xeess oF thoas avell-
aliby Erom ymbient alr during a husting seswon g4
coutumlCait in4lantanecus and densooal COP'c whick
are greatls Ineresesd.
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Plg, £ Wmat Pump COF we bvay, wEJbur TomenEalur,

Ilrerl baldf hedl [Apul mubesi bRy 0 3 Betugdd
Iehuowal 1t Culourcy B an witenglow of Lhe Lradi-
Llopal sogfvh Ly Seal pusy wppl lcst fons cpglocres
Ilor o solfable witv=speclole edfih o wobdr sowii
Elnk; Lo lwiein e pulentldal GOP gaioe are muey
Brwabs ¢ aiwd Lhy smoupce by wonlvoedal.  Ad b day
Ll F solat syslem, 1o sular bost Lupul L ool
Tl Divauae o mynlvw Lu o vwelTadl 1L mget be pua.
torj |l becowar Lhe Lopul femperaluze punge of
Lmgid e w, F27 to VIS 4ol v JOR'FD Lo ben 0y

roapd e, the wee ol colleitmie v ol Flectmr-Tid,

dew ey il wze wlpudf beand Iy Jeds cowbly per
Aquedie Togl Mo ofdcedd heat oy, cudlecture Ia
Y R RTT

Vivew 1l Lheorer laul feso ot v, wpplylog Ehis
cpeftdubacll Evgulrew WE I dEd 3, o WagWE EXCLE mackln,
gt wlit Tolloe ey monoilenls slly locyeraslog (iF
treinle ol Lha Caroel aod Lboal Vanor Teele st 1.
Tawed Pewal of peacr leal Logdesne,  Twoe defiesl+
wb gkl alning thie pobeuciul musk bow [rewfmd=—Lbosy
Pl bny goml, vmefgy cLlf1clicot tponent yoz-
Iotpate e JofF aay ruft!h'q:rarunrheul pusp and tha ,
whivh o Elzally pravide catenu oo &f thio |oae-
vy Ed Dbl evepiretor bempefadiuTes ol sl
Jopain, s wWElY Be dlevuseed Jater.  Ju Fig.o 2z
Jt b La ) peElormane e which can by ebralorg b
woewl Lug, Lhedd Sepnls dobiafactorily Ly glvor .
Bl whadcd Baod., It wos dewcloged by ezauial,
cperad lug Jpra £0r curteot officivn! bheal fuc;;



i romprak4prs In rhe avgporatar CEEpATLLLTS Fatge
@ te JOY'E [(M0'F} wed pezforming calzulatloos eo
sttwin pomponenc ofFlelencica which weTs axErapos
Tetwd €o prolect pecfermance Inte the range above
V'Y, Hedt exchangary Jartgw copugh to accommar
fate the best Jomds 4r ]l FempaTStures wrpe
waymed, and & nowindl slecirie mpbay safflefensy

W O.AY wap ured.

b pecond prlacipal mpplicatiom of sclar eoergy
hoa wapor £ycle 18 che wie of & solar=Jriven baat
wiginge ta produce the comprasaion verk for & vapor
impreaaton codling eyaten, and 1t ie ane of the
trlatlvely frw viabls tachniquas which cen produce
pling from solar Input. This asthd would not
‘o ward e principally drive bty H®dCing mods sioce
't 1w obvigusly more sffackive (o oCilfza thermal
lnput diregtly, and tha heat snplow dulfers Irom
Miure'a tralr chat wekmg It sawla® Lo convert
wih to heat thao hasr to werk, Onzs preesct lar
v cooling tash, howerer, tha haat #oflaw/¥C ays-
‘ek can alad ba applied to spage Bearing, i.m.,

“ a heat purp, in ordet to lmprove potential for
roat sffpcrivenean; and 1g the heaklag made, the
traporator of the ¥ locp can was aomd of Lhe
ollected solar enargy ko lmprowy COF.

vrogglaey input ke drive w heat engine cequires
cilecelon et tLreparatures which afd hiph br anlar
xpdarde, since Cammot 1liniistiom® domand 40 high
1Lyele Lompataturd ap podwible [of Ehesonable
e lpop #fficleacy, Tha Cammpr limfting »ffi-
ilepey Fay » hent engplne oprracing batwren & [wms
rature, Tp. and & lower ome, t:. FER

Hour  Th = I, N {1)

- -——r m ]

n'l:l rhat [x] T Th

vhers T, Le the Tejaction temparmeurt which wusk
*+ above mmhient In a pracklonl devica, Thua,
Aph grads collectors which can produts (MEpEES—
ey Far dhove wshlept wnd slil]l atrain gomd
Wllclency ot vequleed; buk Lhe Face chag Wighet
wilecrion Eemperstuced produce |ower culleckor
Hiledenctaa ¢an cmume & trade~pff to he made with
ele cfficliency. The mour important facier in s
acem of this cyps, though, 10 to raler cycle
tFlefency |p order to veduce collector aren,

tloce collactors are by Far the most contly ayacem
thament. Thie basloally iapliss higher cycls

I rEEL TS

Mtrenc and vesr-Tuture collacrprm cnn tench 422K
TQ0*Fy, wr mowt, wikh wny coaaonable efFlelency,
wl 4t rhie temperatyurs 1imit the Rankiue cyele
trpa aof hept voxiss  which !mrpran‘l n Jlald

W vapor phade chasje, har Teacuived the an|oe
'walopment Actenllon rather than gad crcles which
wid higher témpetdtures to ba afiwctive. LUuvalop-
mat pf eonceotreling collectors which plve Tem=-
Mratures In the 311'E {SO0"F) yange could permic
rl broader cholce of »oler heat angpioes,

i tochnique to Inrresss Hankine cycle wfllcisncy
wbptantcially is thre oue of & foaptl=fual (lred

loperbhear of & working flold that bas bess wapor-
,wid By aclar Input at 150=-300°F, This “tupping

95%

v

creln™ cat ke uasd (o mwal cha denign conliug load
byt requices only a relatively smeil fuel Lopat
ovar the courns of a waswon, coapared ta che aolarc |
Input ko the Letwnt heat: I wetar ia used we Che
working Flufd, a supsrhent Cawparatury of 100y
tan bt yatd, doublicog the Renhiss sfflciescy imd
halviog the caquired gplluctor wrwa.

J. SOLAR ASEISTED HYAT FUWFS

pran af chis early acagd of solar utillescion,
Ehdra has bash conaldersbla Sntavast in gompining
walar epargy with hent pusps, A oumber of ad bos
ihetnllatioos, brodd survays aspiwiing potsmtinl,
and comppiar sisalacions bave oocurced. Moat
treCallaklone o dake hove saployed aelar in pir-
mllal with Eha hest puap, 1.8,, the neat pump i»
an pupllincy, sod the jntcineic prepeciian of the
viper cycle are oot thateln axplodted. Tha rale=
sl/ve Tewv vhich havae uped solay ma diract eadies
loput Lo tha hast pyap hove perforce used cupyest
it purps, which arcs pot dealgned Eo aconpt and
sfficimatly yedlianm thy ¢lwvatsd svaparTator toa>-
peratoras of solar-sypplied impuk, Thare 1a, ther
wilhor may oop Tuw 40 iapul ESSPaTATwTEn abore
3% (50"F) or cen be forced ta vua snly by eoergy
inafficiant tachnlquas. Conseguimtly 1hey do w0t
#f all vaallew tha larga COF IRcrwasw availamln.
Likewlaa, 1he survays and comperesr sfuvidlan have
considered haat pumps having ewerwnt porformancs
chorscterintics, {.w,, wix. COF'a of 1 1g 3,5, 4nd
pet the potrntin] of wachines demigoed Fot Lha
solar cask, sor bave (ha? asTicesly sovdideced tha
opportunley o wiilice inaspikdive collectore or
atotaps advantages faych &8 Eround-coupling) chet
aniat Eor che meplan conflguzation, Ralaremos

i d1sgunpsn thess altuapioas in decail.

I - -

) Hrar

Fileo 4.
Lyriwem.

Bolmocilc of Solar Amalmted Hoat Pusp

A banle Salur kaaiaced Hest Pump (SAHP) comfiguvd-
cden e ahown im FEg. 1. Soler eolleceors supply
thurmal acoCepe, Cypically & 1aCye watdE tank,
vhich ip the Baxt sauzce fOr the haedt pamp. &
s [or bypassing the Wesl puwy {ox dicmct salar
haating caa ke lacluded for thees parlads whas tha
snlaz—yupplind temparatute la high #nough, Tha
collactors may bo wither 1iquid or airegonlad eond
cwn hare & ralativaly pigh lews coeflilcieat, wlace
the collectog=pawperaturss will soc ba greatly
wbivy spblenk, Alr=cpoled collaccora probably



nava the graatsy potestial for low comt, and e.f,.,
eould be umad with st girvfwdinr beat axchangsr near
them, wod indpors, to allow hydrople pIpIDE t&
[T

Buch & WAUPF could provide hemtlog and cooling fer
pinglw facily ramidancial, welei-Femily, and com=
merclal buljdiage up to lasds of appreximarely 13
roms, 1b t(hus e serve cha same applicatioms aw
tutcetit alr=to-alf Beat pulmph, bup with subatan-
fially higher COP'a, 2nd sxpanded grogCaphlc Canga.
Horsgnyet, since the sourca LemparstuIv can siwayw
ba kwpt aufficimntly abova fraazing (sod would
prabubly be 1iguid io mosr syatess), therce in oo
opkd [or & dafroet Eycle, & Bucedanly [maturs lo
curcanl air—soutces heat pumps which has Credition-
ully bewn & 2ource of anargy inefficiency and
reliability problems dus to Cycling sod aatre losd
ém the comprasssr. The liguid wource womld provivs
good huat anchange (ewall AT's) in Cha evapaTalar,
wod Che watar loocp could ba raversed 1o the coaling
aemgon ta allow heat rejectleon Eo the atarsye teok,
whigh ¢ b coulad at night to provids s Towar
temparatory alod than aublutit.  In Carfaln acteyn
the . collectors cap sunint 1o chinm process. Thus,
alchough aplar dows not sawist lo the cooliog mods,
the aoluz ayates ciwponantm ¢an, The Lladoor heast
exchanger could aleo be of the 1iquid typa far

low 4T, hydromic piping o folle, wnd tha sprion
¢ re—rouds warar flow lostasd of celrigermmt flow.

The stirosg poreptial of the GAHF can be reslized
ooly K[ wultable st pusp havduars is devalopad.
Carfeln wignificent chaoges msust be madu, aoc
wimply wau)l sdjyscmants, bup thase ste well vichie
tha tachnology amd capablllty of (ubreak wans-
Factuctsrs = glvaa the marhet Inteotive Ea apply
they, Thase chahgas may imperalively produce &
highar fleat coaf of the machine, but the snergy
md lile~-cyela Sowl auvings tbey cun provide caa
Juatlfy this ta buyars,

The ksy Lo the developmant prablax id sa¥ing tha
hent pump operats wfficisntly wnd relisbly ovar
the lapul Cémparwiura ranga, 277 to J11°E (&) co
100*F) wbarals cha sbceodsnt wyction vepor dmi-
airimi wnd syacim maas flows are very high Cowpated
to prewent aparstlog ceonditions. The pueltive
dispincamant reciproceting comprewsors wwed dp the
wiis huit punps of lotarask here huve & consbant
diaplacusant voluss {bors = abycha m mo. of
crlindwen) apd, tharafore, ac 4 glvas {roostsntc)
aprdd, Toree o pasn Flow zats approzimataly pro—
pociignel ta che suctioa danaily threwgh the ays-
tma. Tha vapor dapslty ilograddes rapldly with
wuction Campatutyrs bacausa gf Lbe atteodank satu-
Tacl o pradaurs loccssse. The sffacte of thie
airuoction o0 A beat pump {oot specifIcally dweigi.d
to acfowscdats rhem) ara many and compliczated and
eon nof ba degdt with in pny darafl hers, in briwot,
usduly bigh prasgsurss and temperatures oan dawvelip
4L the compraascr swilat, cha docdensér can bateas
tvnrloadwt wod chdbhed wp, LB8 sxpaduiow walve oy
gat pasd tha Elow and thus starve the svaporator=--
Aiviny wx¢msalys puparhant, tha balence between
ligquid and vapaxr phass may ba dncorrect, sad bl
rafrigaract may just "run around md wid«" in
varlous pisces slsce thare 10 such & Talpiively

#E1

latge waount trying to ciroulsks. O special
impurtancs e pocantisl damsge €o ERm s wupTeemar,
petelenizcly eha wilvea, by Che Righ poewsurs way
campeCature, Aod, of course, parformenca fa mot
affteiant.

Chagan to sccommodace Che solar lopwE muyk ba
ansi)y elflcient, &.g., not Oof Lha POt ;us by-pas
typa, Jo opdar ro realine £OF and caApacity ssbvie-
tagur. A6 lmporiant flpar arep fo rha uae af
sultably largs and wflactive boalb sachangece te
allow cha high heat loads o bo handled at resscw-
ably tespprstura aplite, This scep la wital ko
effective wan of cha palar lapyy, Addiriouslly,

sl ficisntly Licge sxpimeion walves should b wind,

Extarnally squaliesd tharsostabic scpiavion yalwn
appest to offar the bawt' prassurs-drop-mase [lov
chatattacisticn, &id che bulh chirgs saleciion
oftara flaxihilicy, inclwding tha poasibilipy of
owely devaloped charges LI ndcessnry. Baliipls
valven or an suniliary by-pass might b seploved,
Mgt Lmpoytsatly, howsway, ls tha comprecasar med
ita ability co modulate tha syatam, Homa form af
capacity costrol sppears Castlmmouut Eo Juccdaad,

& dalleot Ilrat cholfce In warlable spasd, mof &
v tmchoiqua ab all. But primacily 1t b dm
vadd o allow oparation ovar # wide runge of
putkion Cemparaturss towazd cthe lov slde. 1o w
SAMP 1r cao b wsed ko axtend tha tanae of sffi-
clapl surfiom aapaTaturad bowverd tha high mids,
with tle low spated uemd for the acaling wode and
tha low ppd of the besting mode, & costioutuly
varlable apand would be dewirabla frouw a thesragi-
¢a) polec of viaw, but fo practice a 1f& pola or
&0 pole motor produslag o dizcrate atsp im
cupaclty would probably ba satisfmciory, with Ce.
lowsr apeeds prafarzed, Altsroatively COmpress.:
cupacliy midularion Soukd be providad by cyliodut
valowdlog or the uee of duwl comprasmorm.  Thass
mathede, too, have proviovsly basm smploved in 00
machinery, and (ihe the twi-apead mater produce

a st+p Inm cappeity. The succlon (eRparatars af
witidelr Lhe wEap occurs munt be oprizdesd & o fupe-
tion ¢f climata, collacror elze, afe.

In erdar for 3P parfgrmaaca Lo lim withio Lhe

Lprojeceed baad of ¥ig. F, tha lasotreplc offi-

clepdy sugt ramals high ae saction (ewparatury
inrrdadmd, whicrh 18 congrTery Co the usucsl Erasd.
Tha was af alow comprasacr apeade, high borsfatiin
ratio cylindete, vad «ffielanr valva desipns cm
asrew Lo dceomplish chin. Thewa thres factors
aiip promote high volumatele e¢fficianciam, whith
tand Fé lnczesss wILh sucllon CedparafiuTo Anyway,
but con puak ot high vapor decwitles, - Thua, the
varisbls spasd mathod of caphcley mpdylakion gles
Lde Shaps oChel IMpOTiami advaaLaghh. -

14 ¢ lmportus? L4 oots Lhat 4a COF LoeTenser to
high veluas wod comprasmer work disinishes rhag
the parmaitls powwr caquivesscrd Rava & grasger
effant o0 COF el an offert to Lasy thik Lowm 1
Lup grtank.

Rulatdve Ea the ioceativa of the polectlal high
COF'a available abt bigh terparatuzws ss dictatad
¥ theory, vhich bas sxisfed for mesy yaurs, iy
the yusition of ki For wp che COF curve fc is



truly practical te avirmpt kg oliwd, Thiw depwnds,
igtar alim, on the awount af rims so0latr aupplisd
jtorage 1@ actually at the higheat levels for u
gives collactor 1ype and aren, sCofege wlume,
and ¢)imace. Indesd, rhe aystem sl b2 optimiced
an N wholw. Thaté sta sagy tradw—offe of comt ve,
prrformance to ba pddiassed when incresentally
clinbing the OOF curve, which inclvde sssuring
hat parformence 1o the wedium bigkh rehge, way
28] po IIL*E {30 to 100°F} I wol asrriflewd by
extynding the Tedage ro the limirx.

Te Iaplemant tha davalopmant of affrctive Bolar
sanlaced Heat Puope, tha Bolar R&D Atanch for
Keating and Cocling of the Deparisant gf Enacgy'a
falar Dlvisicw 1o evpportiag thra® Lwf-yesr devel-
ophatt programs wvhich wili reaslt in poetaoryps
ymrdware. The contracea, wwarded to spccesaiful
reapondents to wn RFP, dre with Lenpax, Nerthrup,
wnd Ceneral Rleciric (Echangctady, NT) and comatag
of three phaass {1) congaptual dselgs and com=
suirlolicatfon plas (1) decailad daslgn sod par-
Formance analyals snd (3 Fabzicetion sod laboras
toTy tentinp. Lennox is saddewssing I=-ton resldon-
tinl wnd Yy £o 1D ton multi-fami}wflight cow=
meTELal applicetions ueipg 8 Evo-dpead EOWpTRARGE
with several diffecenr aywtem comfipurationa,
Coasral Elecrrid j& studying & raogs of siree,
spPlicuciona, and types of ayacemn #nd in Jievelop=
ing & cemtinucydly varisble spaed cowpressor drivae,
Warthiup, Iné., which unllua the obhwon domw not
mptufactoze 1t ovm comprassats, Lo worklog with
agyeral compressar el peturers om 4 variety of
vpatams, Dushme—Push will sopply them with BED
varulony of & Tl=fon TOrAry woTew COEpIREMOT,
sdapted o efficiently utilize solar lnput, and

an ippovarlve J=ton Taciprocatiog coepiewmer which
1a the snalog of » sultiple {4)-—alide rotary com=
pretpor In fta abilicy to secept melbiple lewel
faputs sl Surpurs and mitch cospT#arlod ¢Rrls Lo
sparatiog condiiione. This machind 1& |wo-spend,
utilizns u "mtapped™ sxpanmion, effactiva uvem of
wub=coolina, mad haa prajseted perfommance which
clowely tracka the COF eurves {p Fig. I. Northrup
will also davwlop v Th~10 ton machine wning modiw
(iind combprasdgrs Crom other supplirre, The
obJuctive of all thres corcracts is to produce &
merkerable hoat pimp which tekes Advancegs of Lha
high COF"a available frow wolar anerCgy in the
YK [56°F)} and up Taogs, and whith will Tepre-
wral Che ZITel gamarsiios of wpecifically molar=
aspinted hent pumpa, Io cowjuncelom with ctha
hppdvare prograss, Xinper 1n carryisn out & come
prahanelee wrudy for DNE to Ldesk!ry bhe wmost

cont #flrctive and marketabls SaHF spdtsss nn &
Iuattion of geographic aree epd womnewic climate.

Jrockhyrin Watlonal Laboratory provides support
In DOF a9 technlcal wooitor of theds anlsr hoat
punp proleccs and addicionaliy Lle c#rrylop out an
is=house ¢regrem o devalop BAHF technology,

Thin wvork Includes thy tonslruction and opersbion
af & 3MIF viimjater and laboratory sods) heat
pmp ko coaduct Laborateory teats of BANP pecler—
wate, iocluding eveiustlon of rhe hard=sce davel-
cpad by tha contractora. A cucrent series of
tant+ 1w lovastipativg arcaknabls COF's ne a
fwaction of avaparator and comdens®r Cmmpernburs,
CompranEsr cupitify coatrol tachalque—particu—

451

lafly warluble sjpwsd, Tefrigerant, hawt sAchmpat
alpa, and sxpsonion valve coofiguration Fec bath
STaady sbate and LracWiect pparation, Is mdditiom
t0 paramattic (ype of Lanbing, cha sisgletow will
s able £0 carvy oul compubar gontrolled slmula-
tiona pf complets mplar aysten opacation for eppya-
printe wedthnr and lead scapsciar.

4. WANELNI/VAPOR CYWFEESSTON ETEIEHS

Theat aystems akd charectarised By che hlgh conp,
princlpally cha colisctorm, of the Aspklus pownr
pect ey bub offer prowiwn Lo cop] ing COF performancs
10 high cyele trmparatuses amd offact]ve Condeansr
tear cejectlon cas e utlllomd,. decaves of Che
tcends LN contfion and mophistlcaiion of bBacdwmzw,

, they wpprar oo be only sulted for sizes 11 to 200

otk ard up In the nedt tecm and noz Eof dingim fam-
ily rppliwntinl vae, Incofporating & bdabing mode
can Luprove zoat sffsetlvenssa. Aef, |[1) ylvaw &
review ol polsr Manklos [echnelogy acd Lad, [1]
fraacg cuwks.

The Y& portlon of the syatan = therwodrdamically
comvantlanel, but In one geasric esrpitn utilizes

a coptrifugal tomprramer, drivea om 5 common zhall
by & Wigh sperd Lurblne, sod 2 Jow denalty, Nige
performbce cefrlgerant, much pe B=11 of B-111.
UTEC fw developing an 1B ton curwocompretmor hasc
pump af this typa welpg R-11 in both lotpq wnd »
powdr Loop man. tempezature af 417CK (290793, Car-
rier la developing a I5-ton chiller uith Cha nase
W, (ERpETACOTE sl fogegrared «lectric smrop, ¥,
Afcapparch, and Hmerwwll hava breo devlln!hu kg -
bocompragacr units of varigus slyse st 16FK {200°T)
Lopul under the "4HY Program,

hpather Lype of Salar Raokise sysien ve?n Lbw Eowall-
t1red muperbeat of mkwam vaporized by solar to give
powrr ¢ycie Cemperatures to ALI%C (1OOOYF). Thews
syaiome rEqulte wmal|, efficlent aream ftuckines
which waye gowl uflcdopign portormance #u [hat
solar=mippl led Jupprheqt can almo be ussd Lo the
Tuture, Tnergy Technelogy, isc. end Gulv. of Penn-
tyivaptiy are devaloplog Z0-ron syatems of this kypa.

All ol yhepr prolects are DOK aypparced and BAL 1w
cechnipn| monitor Tor sl but the 404" Prograas.

. BCre KY

The %alar ARSLezed Hral Pump offers nigaificenr per-
Forman v wad econgmlc patentlal and ahenld tecelve
aekliouy devalopsant artenc)ot 1o investignts whethar
1t con e realiead, Thia woik has bagun wodet &
strertured plas of ME supperesd Ral. Telsr Rwak-
loe fYE symiemn cop have vlasla gpplicatlos In che
[uiure Lnp wpecific caska L davelopmemt 1w tallarad

pIUpEL ]y,

B, RE}ERERCES

i1 J. amdrews, B. Kush anod F, Hery, ™A Fuler Aasis-
ted fbn gt Pump Sysces ter Cost=Effwcelva Jpace Heal-
Int acl fweeling,” Brockhsven Barilonal Leb, FENLICHLY

[2] M. turTen, “Overview of Eolar Eankiae Coollog®,
Pror., of the Ird Merkshap on Soluy Eaergy¥ for the
Cooling of Bulldiags, San, Franclsca, Feh. L915,

17] m, K. Barber, "Durcasr Cowre of Solar Fowwied
drganle Renkine Cyela Fogipen™, Bolar Endrgy, ¥ol . J0



FIFFLINE FROM OCEAN TO NESEFRT T PROVIDE CUWLING FOR
NOLAN FOWER FLANT COMPLEA™

br. Rabery H, Turner
Jat Prapulelon Leboratory

ABATRALT

hoprimg fagtor In larga-deale devalopment of woler
pownr plante 14 lach of water for condensas
rotling, sines 1% tha Iacllity 1a located In arid
e tow perpylation denaily arvsss to fake adven-
upd af high ineolation valuss saod low land coate,
than watar will 1ikely bg unpysllabje., Ope poasl-
bla way (o pravide weter for condenmer gooliog to
Southarn Callformis demprt powsar plank mliws i

1+ roaattuct & pipeline or aguaduct from r[he

oAb to tha deaprt and ol Eda WELAE T0 tha
slle,  Sipre mych & prajact would Aeppeaarily be
tarpe-acalv, tha aite wayld probably ba 4 complac
af power planga, and haead not be restrictad to
telar untts. JPL haw conducted & prolimfoscy
Kedy to sswwsd the Cachnlcal #nd sconomie fepnl-
sitity of such » scheme. Threa poseibla cémdinesr
realing moden mre consldermd, Including seawnter
‘whkwup to 1) wat cooling towar, I) svapormticn
vapling ponde, and 1) inveras salt gradlent wolar

jonda - whaery levw grade hegt would slpe be colleceed.

Fump power raqulraments appest Eo be Talacively
vadll, Sewersl tacmiguas are connlderad for the
dlsposal af concencraced brime, includimg Che
latroduction of ancillary and compleoentary indue-
ttlen . including walt and distilied wvapar produc-
Lion and chemieal productison.,

i lallout Prom sweh & project would ba the latro-
durtfon of svepdfeted walker lota the dessre wio—
iphere. PFrelisinary results srx descrived and
pelencial advangages and dissdvantapges are limced.

L, WEED FOR COULIRG WATER

The vary fegryres vhich mabe o deserr wn obvious
condldaze dite for aoler thermal powmt planis,
Bskrly low Land coste and lach of atwoapheric
relnture, sloylcaneously wilitmee apgedone avail-
ahllicy of wnter foro condeneer couling, #lnce hIgh
avarapge annual sular Lnput "n.l'rl'l.‘.l.]' cofmtiden
wIth arfd arsan. In the Scuthvestern niced
Siatey most water Tighoa bave alraady wesn

planved and commirced ro ysrs other chen largs-
noylm power produccion, Ao Edison Eleccric
[amclcuce atudy (1) predleted char by tha yasr
2003 wolwt mpurcms will supply so slecitic
praeraring cmpacliy of ghout AF {30,000 Mrgawatty-
flegeric) of totn} mationsl conmumptiom, bud

tiied & major barrier would ba lack of cool ing
wat#r Avallabllicy In arid ateas, Far othis

reapen 1t haw bfen supgested that larpe dedece

alted wolar power plants may hava ta b air coolad,
which would taault in tresendocs tharmcdynsslc aod
aconomic panaltias, [Even today, coaling water
avallabfdity 1o pestricting power plomc locacion
pptions. Tha Southiro Taliforniz Bdieon Elmctrtic
Uieillty tracwports coal in n pipaline slurry 157]
milas from & mine mouth C2 & conwentloaal powmry
fhant aftad on tha Colorads Rivar, whare,vatar for
condens4r epaling la svailable,

1. OCEM WATER FINPED TO DESERT COULD MOTIOR
CooL 18

Slnce prasent watsr pyppliam in the V.0, Southwast
wonld ke inadsquata to provide cosling for & large
dasarr sited power plase complex, and dry rower
conilog would he o dagparata laat rescrr, it i
propoded e That ocess vacer ba Cremaparied Lo @
dearrt sitwd pete complan, The seswater wiuld be
used ny mekeup fn & condender cooling loop which
would Foatute web #alt watir wraporatian, Ewp
Figure 1, The heat rajscted Trom the condenser
wiruld swaporars sale warer alther in & wel rover
or & largn area pomd. For & Cowsr, spTeyY droiin
alimingeors would amayrs thalt cnly framh water,
and pot walr, weuld encer che armosphars, Thers -~
sre @ Faw placen in the world whers this would ba
[easible, and the woat likely locatfan whare this
consapt would be productive in prokebly the
Southern Calilarmia desertd. Thears sresd urw
locared wichim 100 milan of the ocasa, tlaim
annual aesrdge Inaolaglon valoes among che hiphest
In the world, festurs z4lstively indapeasive land
{although right-of-way screas might be acpenslem),
and are locarad close to sajor setropelican losd
azead. Tyrtharmore, Califovwis bhas expariien with
Jarge squidueta.

The quantity of coollinpg water requirsd for wakaup
In & wer cooling cower sarving am part of the hast
rujeecion appacatus of s powdr plant is sstimazed
nf 60 guble foat per macond (60 cfy) pec glgawatt
|G} of which balf is sveporated in the wet coollng
touver. A praliminary sssesement indicstes for a
10 GV complex (60 cis af warerr mahdupl] o plpeline
wiuld 1ikely be mdrquatg for the copan-fo-demayt
tranmport, and For lacger flow taten an dgueduct

4t canm] may be pecarssry.

The blowdiwn from the posstt pluol wel cooling
tewery, with » salinity eatilmatad wt twice that of
coaan water (2 a 35,000 ppm = 10, D0C ppa} could ke
handled in 4 nuwber of waya. The obwious [icst

"This paper presents prelimloary results of one phass of research conducted st the Jet Propulsion Labgratory,
Lalifernly Tnelitute of T=chnalogy, sponsored by the Hational Aeconautical and Space Adainiotration.



aptice I {o returt the watcr tu the owan o poo-
cunt-sewd form. Other upzlons Iaclude: (1) malar
sl procaaslng, {2) productten of chloeind and

KoL sl hydruelde «bd perhape aiher chemlealn, (3]
dirrillatlon to producs potable waler, (£) HY peo—
du.vion by elecirolyela or patesynihwsla, and (5}
evantructlon of dnvursa solé gradione golar pandg
wileh would produce Jow gradu proceds beat. Theac
oatlgns are fadlcaled inp Flgurs 7 pad sce described
uurm Fully hulow,

Tn order For tha ajusduct cohcepl L0 be visbla, the
prarated cost of rhe waler Lrapeport ayscds sms: ba
Leww Chan tha overswll cont of uadng air 0 Fasmve
wadle leat, Uue prelbofpary wbudy indlcaces &
winimam ab 12 o 1% Gde=g of electrleal capuciey La
Elig hresbcyen painf, slebough thr sctual breabevss
polng Berlwunn pe]etting heat to che slr (Jdry cowera}
aod yulag wol conlbng fowars wich guman supplied
waks up depons sumaviiet oa the typa of planl con-
widerad, and the comérpt iw oot rastricced Lo solar
Fadar planie, Fur sasaple, 4 Auclesr poweT Col—
[laz reooved From metropolicaon sredd wight be oyub—
'ecl to lewm spagial reslBbtanca, And the concepl of
ah enarny park would agcrur goher barelite. An
cnergy park coyld ofiar »ore security from fefTur-
‘ugm pnd subnteurs. Additlonally, parlphersl in-
cuttriens Buch s wais? production, mawdge Lredtmeul,
squilpsant syaplicy, labor poola, and apher ObM
sgrwicaw, cuowld by wore ffucilve whan acrFving +n
LU EEY Purk am wppuend 00 5 dimperved powdr plant

P ¥iCom.

Thermudynamivulily, @ Jry Cowar deaigd wust ba Buuwy
wa & local Jey bull dumlyn tesperdturs. The wal
Lawnt deslygn 5 bavud v 4 local wal bulk duwlyn
tdmpacatures, lu a1l paria of tha Unired drdiap,
Liw weoRomic advatitagun lavor the wal [ower, and

179 the desury vhe diflerential in oven gradive
alpcw tha drp bull temperaturs I noreally Nigher
ard wut bulb cemparalvre Iy lower thas [a Bust
arwga of the U.5. Thle diflerimce bn rallocind Ln
tyml witd uperabdng Cust pungleden wgalnat the dry
[Lwar approsh, The other coat dIfferentlal La in
Eba greater copical £outw of thw 2ry rowet Compured
tv Ehw war tower, Therw la 4 penalty of approsl-
meraly 5% fur wwlng wreun webter 1o d wee eoollng
tover. Soms uf thdn o wiltributabla ro myking the
plrlag corrasipu cevlotant, snd chy reer 18 dus o
thu highur wapor pressurs of sslt watsr, Thus,
larga dey codling buwwfm huve not yok bewun bBulll In
the United Siuten Tor pewst productivm, elllwwgh
adg ard Lb dervice 1o Europe {2),. A powst pl sac
in Tesas in udiog & waT coollng rover with wea
Wutdl muksup,

In 4 comparstive cou wtudy, che co#r of the vacer
LZanspart wysrem Wuat be charged agafnar the wat
Cower hea?  pe{uction aydivm ¢odea, wnd as Mobad
wbuva, the proreted costs Poem Lo BYsgk even

are s 127 1% 15 CW=w. The cosacn of ghe syudducc
EXstem can b Jivided intc these cutapaciast (1}
right=of-way comts, (2} plymline or cgpal coacw,
+nd {1) pusping codiw. The Eicwt la indepatident

J4b

al ynacgy Pack cupu liy, and tha leat two ars
fungf[wie of totul copagicy, AddItionally, aoy
ruwcryolrs oF holding baaly paece Wiuld have o
I snmaesdsd on overull operating pATomelurs duck
au pugks [f pgener«tion or pusmplog lvady. Head
rwcuvecy 40 the Inlaod carmlpus Je fvasible ag
plght recaver =133 of the angrky adedad tu o,
tlw water over bhe Bouther Calllvrnla @duntgin,
(oure thar $an Corgonic Fass Bas an slevallow o
My faet).

Thu byproduct effluent blowdown, shd alow tha
scapn water beley traccpatied Lo the aite, wlit
Rawy o ba hendlad Jo such mamner Lo guarsmces ..
aqlinatlon or contamloscion (o land oTeds or L
wpibwrlying aquiferd, The blosdendn Trom Lhe wee
towrce W1l Bave 4 salioicy approzimstely lulee
that of ocedn watar [70 000 ppm su rompared tu
35,000 ppa, A thiw cuncentCuablen ne preglpoc
thon af dlasalved salta or wincrala hed dgarted
and the weler cam be plped dIfeirly back o b
dcwan [or disparas]l, This {a o gprlon. A
elnrgy Park capacity Jw Ly ressed wnd periphega:
plocent Industcier are mode operatlonel (3ewwa:,
that mur® Lla=depih sbidy Lodicafues thabt mwk 31,12
phiveal Induserivs aew cowt ofTccidval, chya gt
quabity abd quancity of witer CEburmod ta che
powan wIll vary., It ceews wnllliely Lthat al) 1. .
dowm would or could be upad Ja dullab]e logee):,
o wiome abaward return iw antlelpatud.  Tha oo,
ing procedsod gl bau the bBiowdowts From Ll e,
tuwers @f the anepgy park,

7.1 salt Frocwagling Faclljry

Thlw HeGl plunt would be wimflaz 1o the suly r
duilng spicacion of the Lewlis faellliy o b,
Sap Francivco Bay Ares eacapl FOT wewelal jai.c,
(1} Jnitiel coneestration would bu telca thar
the Bay Arde dntake, 2} #vgporabloun cates o .,
be Llgher, {31 land comid would be luwer, (2}
| mpmiry fous svaporation basfag wuuld be Teisin
and {4} wypson pruciplisies would Rave (o W
posud af.  In wibher casy Jinpudal af BlCLin,
(the liquid end-product ul commerelal dalp ¢
Jdus 4oy oparacions) du a probles. DBlsporinia
the dewstt Complax aight mudn J Wecondary b
tu uwe Ela g¥puus pndfar blecarna il Buudefo..
A ] DN powsr plagr will consis giough sy e
Fur eoaling o prodece over 10U, D00 foay .1
Huttl ghoually from chy blowdowd. The wacep
wiil pera e during this pracoss b addad Laoa.
blompteen, Furthecmdrs, i Poasules of bapy,
evapurat lon potds sighe cbviaty the Need fo
vouling towar. TP warer dirwctly [Tom chr .,
duet witre pawsed dicsstly through the condea,
Busbed, #nd Fbe warm wirey dLlschdrged divegg,
the wviporailon pondd, Lhen wvJpoTaliiva sdi .
bydE laws procesven would coul Cha wolar 4o
Lha pulsr heat gain., Aftar ghe polded wolar
cod ] ed, #0d Becoss gosewliph mofEe CLTCEAENG,
[u evapalaCion, 11 coyuld he poesad sgaln ik
thy copdetder. Thus the lucge ares LoT b
praduct loa svaporatlon puad would alye sugy,
chy pouer plant hest rejestlol e, (radihg .




wd arge latenslve cooling device lthe avapora=
tlsm pondsd apaloet a relatively womey intenaive
teyice [war eocllay tower wiit). Ses Figure 1.
e concape im Bclll belng dnvawiigaced,

.} Chlor=Alknld Fipcesp Fucllity

Thie suwiliery Facility would proceas snline water
s Cly and HeOll,  Bath £1 mnd NafH sell for d0cf
wnd mnd phe tocat .5, product Jomy af esch 18
*Ilione of pounds pet year. Both producks ars
il lranepusly produced commcrcially by tha
elecerolyala of conceéntratad brina, A quirk cal-
wlatlon dndicates rhat 255 of wlmetriciey pro=
lated by the crovacer coaled pover ¢omples wowld
H tequlied to wlagivolyze all the MaCl. The
rrachlical disadvancagn 18 phae both () and MedB
iew feedaimihn e ocher chamigal progedasd, and
tranfportation costs would ba high,

1.3 #H2 Froduerign

Ty productlon ol gessoys hydropsn from the water
Yr olectrnlyaln ondfer photolysis Le & poapibidity
sileh our preiiminary study Bas not yot assasand.

44 Forable Water Froduction

The powsib iy of producing & supply of water in
wdbdert BCrongty aygpeaes distiliatlon, This La
¢ vlabjg optlon and eould b repl Iped 2ithar from
i malpl-gtpze [lagh 29xcillaclos vnit ar from s
Hpgle elfect still vaing pawnive wléments, A
wlbl-wcwgs srlll would require & agurce of law
1Fnde hegl, #wh ss might bs obtaipnad from an
wetrxy walt gradlent saler pond discussed balow,
Mee dimcidlntion would e In anties with and priaor
1o other processen, such aa the above dizcusewd
1sCl or Chilve=-Alkall wnips,

L3 Inversr Demaipy Gradient Salt Sclar Pengde
Solar ponde with Incrimning dendity with dopth,

for b0 a walt gredient which incressas wigh depth,
Mve been dtaromswd 1o the recholcal Plteraturs

it 4 poneible way 4 collegr low grade hear [1300F
to |BI%F rangel. Sush g pond {perhaps 3 fear daep)
alpbt faature the rulatively high cdmperatures
BT} nuar che bagtom and tampataturcs in the
raage of BOF 2t (he aurfucw, Alrboush many in-
vast Lgators have propaded diffavent uwaes for tha
hant, tha concept of simultanacusly valng the

ol surfmem of such a solar pood Eay hewe re|ec-
Lan (conwider hure o powar pleac] has nac bean
vphasiend. Thiw §a & varisnt to the avaparTatlen
pofid dimcuswsd above which [eatures aimullaneouw
mlt production with condenaswr cooling, Hers the
top park of rha poad Le wasd for condenssr (ooling
aml the hegr collagted ar thwe pood botiom 1 wsed
tithar far femdwatar prahearing in Lhe power
cyele, or far some orhar procens, syuch g Walter
dlatillation. Water wakeup frow che mgueduct
tiplaces murface eveporation and alec washes Lha
rond murlasge, premarving tha invarss salt gradiant
83 secemsury to malntatndng the vartlcal cempera-—
tyra iwtribution.

247

)., HMIACELLAMEOUE CXMEIDERAY IOHE

Calculapions indzcare chat the torel pump powar
necakdNEY CO trdnaport waawabtir 700 wmilas snd up
a 4000 [aoc hwad withoul moy hasd recovary, 1a
oo the ardar of LI of the total pover productlam
which tha teallng eEfect of the warar will maka
pusslble, Thersufors, puip power to bring seswatasr
to tha desart doss Dot sppear axcasdive,

Sioce woal of the saline intaks watar coming inga
tho dewert Im deatincd te b wyaporated in Eha
abhove scanarica in an anvironmaptal sensa, Lhe
wquedict can by coRdidared ad & oNd wey [redh
waker rlivar which w11l sgtar ths stsuiphayy, Thw
snwironmantal iwpacr mhauld be pomipive IF salrp
drift wnd Iinfiltration can ba avelded, sjn4s chs
additicoy of pure solabtyra to tha Colarede Rlwey
Bawin and Mojers Demart replee should 1ihely bs
coanfdnred & popipiva wovirosmectal f41)out from
the project, Frelinfnacy enleulacions Indicatw
that ths amoynt 0f molwturd sdded t¢ Che atmesphara
wiuld aet be sufficiont to alter tba climata of
tha regioa.

Wivce walt watar vould be gontagting wacel con-
denaecs, proviailon must ba made o proceck againse
cotcanion, Calvenlzed {pom or mgesl can protwct
againet pkavatyr ¢otrapiom for tesparaTured up ko
TA2C (1%E0F), Galvanizatlon wegnw £fn¢ contwd, and
akove T0?C tha aloc no longat proteces the Staal,
The tlog 1 elactralyeicnlly deponited pa0d caa
coal chy foside g & beyt e¢nchacger, Tar leag
Lifs w Brans or brass-alypeinoe hewt sxchangar asy
Ea prafevabls Inecesd of galvaniewd wcesl, Tow
bewt wuy B4 protect bars #Cekl mgalost salt waber
cofronion 1e with » sactlficisl acede mpds from
magnenivm {cathodic protmction}. A allpht &lectric
enreent betrween the ancda wad protscied &lmment
Increanen t[he protecrion, HE provaction atrips
would coquite pericdlc coplacemmt but shouwld pro-
vide long 1ife. The Mg snode should oot be too
gxpenslve, bur tha manpower to raplace the scrips
¢ould be sigonificant. Digwolved gaase, awpmsilnlly
COz gnd O, 1o che sale warer glvs rlan %o corzo-
tlon problwss. As the cosceactation of sapegrer
increansyr, corronion againat the bare aceel plpe
and equirsent docrveess heacaues tha Incrasted
electrical evnducfivity wf the vatur spablies the
Mg pragestlon afrip anodes te protati & larger
wres, Bur rhe tachnology ol haar sichzngars wa-
poasd Lo Muriom anvironmencs L8 maturs, snd poten-
clal problema will yleld fo koown solublana,

L. FOTENTIM, BENEFITS

Bowe potantial beuslits fvom the proposed ncwsp-
te-deanrt plpeiing wce lincad balow,

{1} Evaporativa cocling madie posnlble Ior demmetr
nitad power plutce

{Z) PEvaporated [rash water encerd the arid
Armaphrry



(1) Fasstble auxiliary by-products may includa)
{a] Mall sale productlog \
(b7 Recovary of 2iwtilled watur
(c} Magowwcy of chemicaly othar thao Wall
Id] Callecklom af low grage Seab Cyom salina

salae pomida

3, FPUTENTIAL PROELEMS AND MWECATIVE IWPACTS

(1) SGalt water Lo opan aquedystw may affact
demart scology] say nesd coversd aqueducre.

[3) Corroslom prevention and cagtlng malntansncy
casta may by Righ

{1} Disposal of concencrabnd warar 'or bicrerna
may b & provlem

{4} Buch & projack hay oever been done befare;
" politdcal aceapLance sy ba ap cbatscls.

&, BREFERKNCES

(1) Edisot Ilacetie $rudy as reporred in “Sslar
Enacgy Intalligwace Raporc, Page 82, April
25, 197,

{1y Miliacan, E. 0., "Fowsr Flasts wick Aiy-Coolad
Condenasing Syatass,® HIT Prass, Cambridge,
Hagapchyastre, 1924,
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BITES: (1) Hode 2 conling o Featurws eoaled contenmated watar mering
through the tondevier. Tar wabker 1 raturted ta the pomd.

{2) Heat from the powver plant suments solar gein Lo sccelaTats
smpormtion and theywlore anlt profduction.

(1] Eveporation pond appromch tredes off lasd intensivanass fOT &
relatirely capital intenmive wet maling tower.

FIWE 3 Galt Procawsing Evaporntinoo Food Mepluces Wet Coocling Tower
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IXESIGN AND TEST RESULTS OF A 8304 KW (85 P}
SOLAH IMWENED RANKINE SYCLE

Doyglag K. Werner .
Marber-Nichols Englneeriog Co,
Arvadn, OO0

ROO{2

THETHALTT

flarber-MNichols Ingloeering has buellt a aolar pow-
rred Jiankine cyele lo supply shaft power Lo drive

i ronvesljonal 351 ¥w (100 oo} water chiller for
Neywell, ine. The Rankine cyels {R{C) hent
rmyrce bw molar tieated Caloria HT =43 hent (ranafer
el and the It/ working fhuld |s Refrigerant 113
ahile the heet sink to cooling lower water., The
tpecifivd donlgn paint war 61, 4 kw (25 hp) shaft
wiput power with 148, 89C (300%F) oil and 30.4°C
MSOF) vnaling witer il 15, 8% eycla afficlency,
Perfarmance wne moasured at flnrber-Nlchals o
be 0.1 hw (05,5 hpt Rhaft powers ol Lhe dedlgn oil
wl witer conditlons and the aelilaved eyele efficl-
rhey wos 15, 6% which was Lotter than mpecifieil.
N demipgn performance wad mogaurnd aver the
range of &.% Kw (6 hpd to TE. D kw {105 hpj and
tytle effirigncics up 10 17, 0% weres achlaved.

14r expander usod In thie ayylem wan & rrdial In-
Mow turlvine of Barber-Nichals design and manu-
Oeture. 11's mengured dexign palnt, tolel Lo etatic
ifflclency was 81%,

» IWPRODNCTION

n aivaneol soler energy Byatem thot will provide
runpe g 607 of the energy for kenldng, coollng,
ad 1000 of the hol water reguirements le breing
"uily by Honeywell, Inc, for {le new ofght-otory
fhice b lding in Minnezpolie, MN. The syaiem
whidew 1BAL, 3 m? 120, 250 . f1.} of advanced
-slar coneentrating callectorw, The pir conditloning
« rihie myslem g provided by two  35] kw (100
il ¥ork centrifuzal water chillera, Thess chll-
#ra can be aperoted using the conventional elec-
It motera or by solar pawered organic RYC en-
arce. Phly paper describes the Lwo identleal ar-
gande WS cngines Duilt by Harbac-Mlchols to
Hee rywell's speoif|cations. The R{C performance
33 ipaled gl the Jacrber-Nichols Tagility and the
Al rosulld are compalcd o the predicied perfor-
ALCR,

ans

Tan

2 IANWINI CYOLE DEMCRIMTHON

There arg Mumicroud yarlations of tha baplec RYC,
Lul the one used (n thie syatem la shown schamati-
cally in Figure | and it the photograpk of Figere
2. and iz deseribed belaw,  Ja this sysien Liguld

SOLAR HEATED oL

]
'r_m&tr.nmrnl:

ASHP @

I*lg. 1 Selnr heoted Rankine aycle achematis,



Flg. & TPhota of the neseinbied Dpokioe oyl
while conpected Lo tlua toat fcllity,

Refpigerant 113 {R-113) flows by gravity from the
water cosled condenser ta a liquld sump cullod the
hot well, Theo hof well coataing & Mloxt valve which
L8 uyed 1o matntaln suction head 4o the electric
motor operated ferd pump wherein the proasurc of
the H-111 is raised to approximalely Uie boiler
pregsure, The high prossure B=E13 Nows trough
a fler drivr and then theough 2 pump thaeitls
valye, The pump Lhroiile valve i contrulled by
the Nopl velve localed o 1he hot woll, Upan lear-
Ing the purnp throtile valve, the Hggid K13 onkers
ihe popenerator where it plokm up yonslblo Tneat
frig the turblne eabpust gas Row, P wabnied

Hauid then Dows through e check yules oo e pre-

lieuter where sendibile hest 18 Aranglorred fron
Caloriy HT-43 neat tranafer oll to the H-114, The
heatad H=113 lUguld thn NTows to tho betler whepe
IL lg evaporated to produce vapor, Thoe laul sourcie
iw agaln the Calaris oll, The i0-113 vapar [laws
through e rtdoe throfble valve gud Qien to the
railiul inflow turbine, For reosons of cHichency
the turbine uperatea at 12, 400 rpin und the s
i rrduced Lo i nominal 3340 rpa dn o bwg sluge
geurbox, The W-113 vaper leaving the turtine Iy
highty supsrficaled and some of this superheat s
rumavad by tranaferring hent to the cooler 1L+ 111
in the regencrelor, Theo cooled vapor flows from
the regenerator to the condensar whery (8 iy con-
donued tharchy campleting the oyele.

In addltlon to the components |:|ruu-{uu.‘.|}- ol e,
tha wyutem alio includod & ona=way mievhanical
clutch to allow the turbine to provige sief pawar
fur thu water chiller vormproveor wdidle provonting
tha compryssor muter from backdplylog thu guac-
box wnd turbine, The RIC aléw ingurpuratens o
commarcially avatloble autuznelic purge wuil to
rofmoye water ond now-condenmibla gases ut may
enter the wyilen:. Figure 2 §0 2 photogruph of Lhe
salambled 1t/ while connected 10 the tent Lictlsty

at Harbera-Michals, Shown Ln the figure 1s 5 wale.
brike 1ype dynamoumétey for mesruring H/C gys-
tem wutput power, Tha turblne-geartyr unit is .
Bprciad unit and wodl designed mnd fabrieatod ot
Barber-Kilcrala ngineering.

3, SYSTEM DESIGH FPOINT

The design point 1B-113 etnditions throughout he
R/C power loop ars shown In Figurs 3 which is
stote poinl dagram, Tha values sherwn dn e i
ure are for the predctfed deslgn polnt.  Measure:
valueg are discugmed later, Thu cosdensed Tigue:
leaves the kot wall at 3890 (I5PF) and Nows ta ti, .
fevd pump whera the predsure e increwaad ta 9y’
K 1'a {14} pwia}. The wlighl turipervturs rle: of
t, 1170 (29F) porond tha pumip 18 esusal by pusg
inetliclencies ond motor cooling. This wystem
utilizes un electric motur Jriven feed pump to pr,
vide for uporating stabilily und Mextbiliby, The
liquid leavss the regemarator ot &4, 390 [145%F)
:nd enters the baller nt 120, 49C (245°P), It wid
Le noticed by referming to Figure 3 tud the tiquie
in not rajgrd conpletely to sabhiewtlon in the pre-
hraler and sume prehooilng de camplgled Lo the
pool type boiler.  Deslgn polnt turbine exic temp ;-
wture and preasure are 81, 1°C {176°F) and TIK P,
110, 3 pila) respectively. The D-L113 Dlow rl- i\
s2iwafge (17,700 1), 1t cun Le geen fru.
(e Mpure thnt the design vyclo efflciency s 15,64
nueplecting fird pummp work,

4. TEST RISIULTS

The RIC gystemn wap tosled uilng ptenm oa the by
souree, coollng tower water g the haeat ank, an
the output power was meoasurad uking 2 watet brig
dynaniemetes,  The sywivm ingludes o torque tr,
ducer and auliable slectronice far meaguring the
Llerque and apead and culeulaling ouiput power.
{lerut balancens wers muadu for the coodenger, the
regensrator, and the overall LC W veely tha v,
ldity of the dala. Stear was utilized oe the heay
amuree raler thao the heat 1ransfar oi! hecaoee o
weononles ond facility hinitatlonw. ‘Tha actusl b
tem performance uslag heot (ranefer o) will ke
me&duTed in the fleld.

Tha meagured deaign polnt perlormonces I8 com-
pared 10 the predi cted parfurmanee ong the rescl:,
sgummarized in Flgura 4. Che tenl dule surine-
tlzed in Flpure 4 im the avveuge of 15 grparate
duln pevd ke 831 taken gt dewipgn conditidne.  Aw
whown Lo tha figuee, the mesvured dedlgn point
vyele proggures and tenperaluTe R COMpEre Yery
fuvorably to the prediciod conditions.  flowever,
the prexdurs drop acroea the turbine threattie vapy
and the regenaralor vapar alde are gréater than
anticipated. Subseguent teating wilh the srcond



HEAT SOURLE 85,700 LB HR %00°F WT=43 ~ [ [TEMPIPRESS. [IN bPY]
(ILD KHeEr 19m.3°C) 2 [COF) (PSIAY Karo, LEY(LB/Fr )i (BluAb ¢}
u HEHT“:INH. 330&#:& %’FG‘!::UM&WH'ER 2l RPe b 3/ ¥ £/ TR K
2 (0015 miseL 234°C) o (Z1S[(134) [T143) [(®.207
< T35 924 | T8 ) G4
o (2T G a3y | (s l{2.2)
3 HRGTILE THias | =T | "2aa a2
- I VALNE 2 (105 {léﬂ;b) (C13)
i 3 0,78
L }wnmi - -
HEA & {UTD) |L1D3) | {1066}
Z/ il SR L 0 e Tl 2
o
e (MDENSER — : -
(25 [(23) [(2Z.2) KO.50) |(on T
ENTROPY “2s lams czia} 0.45? ""c:s."n"jI
= [ (25) [(25) | (287 [Ceap&.05y
T3S | LB | G | 153781 0.2l
B hy = (s (SN |18y ([ z243
p..,t (SIS, 0 BTUHEY 181 KW el | ope | o1a
QpaLERr = (Ol D0 BIHRY 257 KW - (4;:._;) (;3;_‘; (205
a _ La | I
REG. © (20ZOMETUMHR)  S3.2 Kw o[z [ (26 [(os.6)
G anp.s (LITGDMOBTUMMR) 248 Kw 122.4] 236 | bk
W o« {17,700 LBMR) 225 RESEC Nt = 015
Nowve = 156 % Rps+ G50
MECTRICAL | =0 kw GEARBOY POWER = B3 HE (63,33 xw)l

*lg. 3 Nankine cyele state polnt dlagram

unit hag ghowio o losger 1o predicied walues, The
reasans for thesy digecepencley nre nod apperent
al thim time. The syatem maas flow rate in ap-
proxlmntely 6% uf dodign primarlly Yecouss of
smnller than slevlgn norzie throal arean. The re-
duced myaee Now reaulied i tlegr than design heot
additbon but because of grealer than peedicted tur-
bine #ificlency. the syxlem produced the requl red
B 4 kw (85 L] ond achdeyed 15, 1% eyele effleiency
which la approulmately 2% batier than the 15. 6%
predictad.

i showld be pointed oul that the detailed turblne
periormance culeulntiond predicted a turbine effi-
clency of M0% but the cycle ealculnilone were made
nasgn g & T5% turbine efficlency for conderva-
tlamm. The highee than design tarblne efflciency
would have resultcd in slgnifcantly prester cycle
efficlenclen If the regraerntor vapor side prosaure
drop had Been achioved, TRelerriag to the pressucn
ht state 3 in the dizgram the meakured cundensing
|WrCEHUEE wWiE ajiproxlmately 4, 14 K FPa (0, 6 peia)
ls 3@ than design, If tho regeneratar pressurg dropg
tad been Lhe J, 40K o (0.5 paia) seumed in the

aa?

dezign painl calculstlons inMead of the meoaured
ILKE 1% {1, B psial the RC wonild have produced sp-
pruximelely 89 hp which wotld Fesult In o 16, 8%
eyele ¢fficlency which 1w feolt to be significant, The
ceaeon: Tor Uie large rogenarator pressurs deop s
not cleor ol thia time,

System off-vekign parformancs |3 surnmarized Ln
Figuren 5 and 6, Fugure 5 shows the effect of YT
hidler temperature on eycle powar for 1 difTerent
cocling water lemperstures, An expected the Tlg-
ure showe RS output puwer Incraussd with in-
creaalng boiler temperotury and decressing eooling
waler lemperature. The data summarized by the
Mgure wae taken ot the Jexign spead of 3380 rpin.
The lubricatlon sysiem of the water chillar limited
ihe sloweble operating speed range of thia sysirm
al I8 discusned leter. Flpures 3 showa that at the
design operating conditicnr of 1359C (275%F) boller
Lexperatlure yod 1, 0208 m3fa (330 gpm) of 28, 40
(R3%F} coollng waier the RYC spxtam produced

373 watt (L2 LpY grealer thao the design 83, 30 kw
na hph. Incremalng the boiler lemperatyrs to
140°C (2049F}, the OO oulpul powsr waw Spproxi-



w - PREDILTED MEASURED
: 2w | e |
{ *F FalA
E ¥, I'I'{';f,,‘j',&mi gl "o kPa | *C _ m..)
B— _PREREATER b TURBING o | (Z215.8) Uz42) | (271%.3) | (133.5)
=T BELINERATOR f e 1253 | 925 135.2 | a2
=k & LIoUb s »-4\:‘ - REGENRRATOR ] (2753 LURB3) | (272,60 [ (121.2)
S FUMP +  VAFOR 135.2 1 aA 1337 | =203
—— DM OENGER - —— 2t {165}
ENTROPY il } - I
{1145 10.% | o, % 15.%
PREDICTED MEASURED z ﬂ,q,} ( T ( 4.3 ¢ 11}
{1, 5A0060 BTUHA }| (1,355,000 BTU/HR gy (28 | e | (Be
@ AU A08B KW T RW 2 44.4;: {m} naz} tm}
& REfa (201,000 BTURR.) (2P0 BTUHR ) 4| (29) (8.5) | (20,3)| (&)
) AT KW 41 KW o 35 F] ) L. fal
1, (74000 BT UZHR ) |20, D00 BETUMR.) (25) (2.5} | (202} | (83
a conn MRS "T327 KW 2| "= ol o | o
. 660 LEHEY | (1207 LBEMRY (. @ 143,43 | (2L5) | UBLL
bR ¢ 225 K iféEL? 2.3 Kif'EEHL. e %-l} Vaad 558 |2
Vada 152.4 1544 '
‘1 (.‘I’L ic.hf!.?;- |E|ﬁql 1 GE-E "EI-IE %.3 )
" TURE. 815 0.50 o | 7250 | 134 | NOF SIMULATE
BEARBOX, (BS.0H.F) {855 HE} 122, 4 24 IN TEST
FOHER %, 4 KN oD Ww
Fig. 4 Cuinperison of messurad and predicted deslgn polnt performiancs.
wkFE X Higwe T B3 G mately 4. 30 Ww {105 hpl with 23, 3°C IT5%F}
coollng wetor, Figure § shows L messurod ef-
fect af aysiem heat nddilion and cooling wuler ten:.
Hor perature on cycle cfficiency., Aws expecied, du-
creasing vooling water temperalires lereuss
s | cycle efficlency for a fixed heal sided. Becouae
% PELIGH b T ayatum Lest adiod im approzimalely proporttonal
- . (ars« ruu:c” 1o mapn flow rate which, boturn, L o function of
"-. AL " mrblee Intel presmure end temperaturs, the oys.
¥ 7oy tmn eycly effliclency lncrespcs with Eystem hest
¥ ol addition an shown L the flgurs, A= uesd ln'lis
AP ALi pATA paper, cycle afficioncy ia deflned va BIC autmul
o S power divided by eyslant beal addition. AL bigh
4 2y wyitam hewl addiilons and, hence. high boller tem.
L | Nr U roatmil wAner peraturns congurrent with 43, 89C {159%) coullag
{ 2o e m - water, measured cycle efficlency of 11% wis ac-
. v higved,
LS - -
s a * ' r et T RIC gearbex loanes ware meayured by driving the
e 16 ARG FFD QAP RED FOQ grarbox withuwt the turpine, Tha lodsss wara

BB EA T )

Pig. 3 L¥tect of bollar tamperature and caaling
whtsl tempacsiure on Rankine cycla powar.

AGE

maayurad se 8 function of spued wnd oll lenpars.
tura and |t waa Tound tiat the gorrvox Lo was
approximetaly . 76 kw i1 bp) ot dewiga conditions.
The gearbox lubricating ol) 1» Fephres 150 refri.
geratlon ol]l manufacubared by Dubont whieh wa
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Fig. € 1¥Tect of Leat ndditlon and ¢ocllag water
emgerature on evele efflcisncy,

felt 1o provide sauilshles geoclwx lebricaylon and
cooling whould he compatible with the 180 aynten
1o case of peal leahage. The seols between the
ferbblne ond gewrbox nre & duubile, huffered face
yeal degign, The NfC turiine efflciency wne then
¢ilruleted wtillzing rueasured R-113 fluid condi-
ot facrogd the bucsdas aud mesauring the turbine
geazhoa vulput power. A conetent . Th kw (L bp)
Jearbax loma was assumed 1o caleulots furine out-
gt power. Flgure 7 summerlzes the resulta of
the luthine efficicncy iIneasurements an functiona
of UfCp and turbine pressure rallo. W5 ina
dirneaglunloed satie of tupring rotor tlp Spoed divi-
ded by the imentropic nozzle spouting veloclty.

The imentcoplc nozele wpouting velocity lu Uze ideal
velaelty e 11=113 vepor would achieve LT Uie en-
tre tupkdnr- head were laken scroes the norzlcs.
Turline prewsure ratio as ghown in ke flpire ba
the inlet tolpl prosvuro dlyidad by tho exhignst
siatic prensure, 1L can be agen from the Tigurs
that wl th depign pressurs ratio of 13,0 the bure-
bine efficleney was approximntely 81% at & UL,

of .E8, Thia exceeds the conservelively specidied
furblne design point effleivncy of 75%. Turbing
efliclency decreanca with eperation owey from Lthe
oplimum U snd with off-design preasure ratlo,
Turbdae performance for predsure catlos of § pnd
1§ were alao vlluingd durdog teatw and are shown
in Lhe figure [or refermmce.
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Fig, 7 Turbins pﬂr‘fnl‘fnl.ﬂ;: an effacied vy U[C,
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Fig. & Iiffeet of turbing inlet presacre (F) and
ouiput éhaft wpeed on Rackine cyele power.



The effect of turbine spewd on IL/C power s shawn
in Flgure B, The wperating wperd range of the bup-
blne gearbox La limited by the requiremenis of Lthe
York <hiller unll. It can be sesh from the figure
that over the allowshle gewrbox vulput shaft opera-
ting Npsod ronge of approximataly 2804 to 1900
PR, tha effect of spoed does not have o signific-
aot effact on RIC power, The effect of tarbine ln-
lrl prepsurs 19 alag ahown in Flgure 8, N|C power
incresied with ingressing turblne Inlet preveyre
becaues of Increawed masa flow and ingreased hewd
- avallable to the turblue, The choked flow turblne
nosales control the WG flow rate which is pLrojpar-
tlonul to nuezle inlet pressura, In addition. aa
the inlet preasure ia increawed 1o Lhe deslgn point
valug of $20K e {134 pala) the tucbine officjency
alad inerowaes because the turblne spproaches the
design pressurs retlo, .
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PERFORMANCE PRILIQTICN OF 4 AQLAR=CFERATED 1NTEENITZENT
ANMCATA-WATER HEFRIGERATOR UR1RG & FLAYT TLATE CoLLEOTOR

A.Tenkatesk and N.C0.Cupia
Bolar Ecergy Iivieicon

Enwrgy

Raararch Csoire

Indien Institute of Twcheclogy
Hadras 500 036 INDIA

IRITRAOY
—

2 intyrmittans solar refrigeraior smplo-
L flat plate colleator ie momprised

. ?I‘fhz'u Rajoy cobponsanty oamely, &

L. TS

irteTatoy-sun-nbsdrber,n Taptiflier and

‘ doalenmar—-dum=yraporator. Juring ths
itdoesn of genwrntlon ths vapours gnlin;
12rough the reatifler ars oondszesd in
Iy condenssy. Anmonla FEPOUrE AFS Faklk-
rortad in the wenk solution durips the
Hirigeratlon propsos. This papar press—
e the results of the apalysis varcisd
af for the aamonis-wateY systea. fhe
wrious proosssss bhave besn simulsted on
“1igital computar naipg the iniilael
rilytion gonoenteaticon and gensrator
“epayaturs e inputa. The bBaat gbmorbed
ring genaration and the mass of wepaurs
isadenngd have basa determinad for tha
{ilaration process,. Aleo the Binimum
rraporatior temparmturas, «ffegtive pofri-
itmatlon and coefficiwnt of perfnimance
4%s Leen computed. The results gf thia
temputation Ars pramuntsd &8 nOEGErams
wd are discussed.

‘. TRTRODOCTIOE

adong the diffarept ranswible sources of
1ergy splar anergy appsars tc offer a
"wriety of poselbilitism for ite utilia-
tion particulmrly ip tropical sountries
b4t receive abundant sunehioe. Aclar
fefrigatation that divpenoss with the une
T alegtiricity sltogether would be most
nwizome in » vant countyry lire IEdinm.
Macey the country's agonony is 1ntimetely
*lated t3 the progugtion of mgriculiure
] marips food produnis. & pimple method
Yy whigh the wawtage &7 perishablas can
W oavolded would g9 & 1 way la giving
v flldip to the ecomomy. Ll is 1n thim
togtext that the pressnt lovestigetiions
f wn interaittont solar refrigerater
-470 bean updartaken. Ity cbisf merlte
ire that 1t im inexpensive, has mo moving

PaTSE and sary tp Baintein.
2, TREGRETIOAL OYDLE
Tig.! whows $he thecrationl constapt

tsuperature refrigeration ovols. Bolar
radiation siriking the generater eaives

Tomporotwry |
—_—

[l L

F
-
19 i

] —

Eybgn rancenraiw k'

Pig.7. Thaorwtlosl ¢ryole for soler
refrigerator. (,2.3,4 and § adlution
states 1o the gindratfl=oul~-gbagrhar,
1=,28 %% gpd 5% states of pure shatois
in condenwep~cLum=srAporaiar.

the prasaurs and temperaturs of tha
spaotiin-wnter aolution ap ipdicetsd by
the pe%h 1-2., At 2 the systen pPredsury
is squal to tBe saturatlon pressurs of
anmonis gorrsspondi to the condecaing
temparature. Genaration continues Zrom

2 o 3 at constant pressare aad #0lalr Re-
atiog 1 vontipusd, The geparsted vapours
padn %0 & Watar coolsd poodunmer through
& regkifier and somonin is ¢ondepnmaed.
Btats 7, the «nd of the geoeretiom pro-
cesn depands upin the aszimue mitainabla
tamparatyurs in the flet plate collieptor,
At thie lopeimnt when the atate of liquid
angonla ln the ovpdanssr 14 wni 2*37 and
the stats of solutlon 1o the gensrator
iw at 5, the geapsyptor and the condenesy



arw laclated. TEe geosratopr im ooclad %o
snbient oopdidionm w0 that the solutlion
stats reachen i, At &4, the aolution agn-
asatraticn, temperaturs wod Prassurs Ard
l1ow and bBence the geparator is rsady to
Operate o An abworbar. Phe cempunlioetion
butwwar the condensar and abearbar im naw
raptéred. A fraction af liquld ssmenias

in the ocondeapaar at 3*3% flashas nilaba-
ticelly dota fhe sbeorber to obungs the
sclution wiate t0 5. Ae w coneeguance of
flawhing the tompsrature of thae remsiping
guantity of amconla in the sccndenaar deo-
reaqew to bripg its skutr %o 5%, The oOn-
dapwer la naw ramdy Yo operats am the
syYaporator. From 5* €g % the svaporator
abaorbe snapgy fron the surroundings to
provlds the affeotive rafrigeration, and
the rising vapours Are raahaorbed in ihe
abporbar uptil the solutliop reachea the
ioitinl wtake 1.

3. THERMODYNAMIC ANALYAIS OF THE CQYCLE

Ic the oyole ncalyels 11 1is wasumed thet
tbhs condeneing temperatuyre iz 3080 and
thet the Drassurs du:lnf the gansgation
process 2-5 [Mg.1) is 11,67 1 309 7 a2
whick i& agual tp the saturatlon pressurs
of aomopin &t 370, The different relas-
tédoe that are used in the wnalyeis are
glven balow and tha method of ohislning
thess ralaticons ara dilagussed 1o refora-
ooan [1],[2)end [1].

Hant addsd to the smoonla-watsr solutiop
duping the genarstlon procesm 1-2-2{Fig.1}
im given by

4, = Bghe = RyO) + ? dm A" (1)
d 3 1 3

The zees of gensrated vapours and the
mind of oondenesd mamonis are respedtie
voly cbtaiped from)

3
Ny " n{1 - exp Li -

z'- =*
mva = Byl TSR
The mase of smmonie Clesning 1¢ given by

.—h'
Bey. = e[l exp( EﬁE};“i 1)
L)

I!Ixé- :i}

1";

ax' (2)

{3

(4}

17y

The mlnimum sy¥aporator tesperaturs is
svalusted with the help of the ralatiom

;; n 0.007804 t,, + 0.55847 (:

and
a=tge

,,p(fzz__!_} = 0.00331¢,,+0.893 (&
Eay

Effectlve cooling and the &.0.p ars
obiminsd from the relations

hf& .+ hf‘it
9, = (m - =g ) ¥

knd
Gellefa = qqfqg {=

3.1 Qomputation

The differapt initiel wolutiis conosnt-
rations sslegted for the analysis are
0,4,0,45,0,5,0.55%,0.6,0,6% and 0.7. v
sach case, the inttial solution tewpars-
fure, condapmer tamperaturs and Abaorbe;
temperatuce la aecumed o be 30%C. Int-
tlal mpsx of sglution 1s 1 kg. The squ-
tione pressnted earlier am wall ma adii-
tionel requirad in the Exalyais havae be,.
arprensed 1o forme sultpble for compute-
riaatlion.

The solution concentrstlons at diffaren:
temparntures durlng ganaratlon, corpes- |
ponding to m prescurs of {1 .67 x 107 ay-
bave bawa obtailned from propariy tabdles
{41, The velues of ' so ohiwlned oy -
lynomial regreamicn mrs foupd to Tary
uiibh gouarator teaparature accordinmg ta
the relstion

' = 1,12604-0.0111703t%40.32261 x
w2 ¢
s

A plallar procedurs wes scoployed For
obtalnieg the ralation betwssn wothelpy
af vapour and geaarstor temperature

h." --‘- 1&1{:‘24: .DEIQ-'U v‘ﬂ}‘ﬂ?t‘i
a.mwn:
Dancting dz*/{x"= ') by 5 and by a.

similar method aw brisfad ewplisr 1t 1
foupd that i

2 = ~1.614264+0.66686x%41.390321212 (v
The hemt pbaorbed during the glntrnélnn

progews 1=72=3% oan be divided inko kwd
FaTie,

{3
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ﬂ_l - “.‘:'1_2 * ':'1‘}2_3 t12}

Ligunld enthalpy values ap {be temperaturs
chapgas froa ta to 13 detyrninel frow
L}

tabtlam wre used 1o % #qumtion .
{1‘11-2 L] hg- h1 (13
- 3
[q‘}a_!‘ 7 ‘q‘ {14)

it any tsmperaturs
vicn prooess .2-3%, &

dq‘ {15]

The atep interval chomwn for the wrvalum-
tien of heat abeorbed furipg the profesnm
2-3 using #q.(13) and (18] im cne deg,

g, knd h* BI'r #Xpyesegd 4w fuactions of
tF. Witk balp of Bge.iZ) and (11} the
akas of vupouza growzated Ior aow deg
Fina in sglutlon temparaturs &t any tem-—
peraturas tl 1s obtalned froa

d = m, {1.0= axpin,- 1211 {16)
whezy », and & 1wvap by Eg.{11} corre-
spond thoe lnl’[f - dg_ ) r!n%-ntlrtlr.
It 1 to bF poted Bare fhmt 5 300 &
funetion of t, only mpd when g = 43,
N ® 1.0 and - Q. 1t any“temp.t

during the genara-

- -t ﬂpﬂt‘ »* d.,r‘h'

‘I
by, = my- 5% A (17l
B ‘2

Tith the bhely of properiles cbteknoad
from tables 1t gan be sbown thet

(Xr=x' )/ {1 2') = 1,02283~ 1.6035 x 10™x
tgr 35499 1 107% t§ (18]

N1tk the Lelp of Fqa.{16),{17] wnd (3]
ayy cAn be exprecped we funeilon of ts.
dslavent squations ara asda use of 1n
sraluating thy valuey of guy Bygw 1615‘.
Bype ¥ diagp, 33 aod By fop ﬁnrinﬁl Eand=—
tlggr t--p-rl!ur-n upto & marimun 41
1257¢, st intsrvale of one dag, The sini-
sum syRporator tamparwture Ls obtpimed
Irom Eqw.(4],(5} amd (6], Frem proparid
tabler tbw relatlon beiwsen Ly, wad
FTAPArstor tempazaturs i ohtlfuid vy
polyaoeinl regresaion and thin iz uped
ie gonjuctiop with Bg.[7] to gat the
value oF g

4. HE3ULLII AXD DIECTISION

]

Fig.2 whows ths wariatlon of g, with i
for wvariouws initial] eolutlicm cUmoentza=
$icoe. For a given initial solusion ocno=
antratlicn heat sdded in the geosrstor

ra

- o a
- = m

i

e e -
TR LT TS A
L]

Pig.2. Effact of t‘ ang :; en Rant¥ sddar

inorassed with iporsass ip gansrator Sea-
pecaturs. At pny 1zitial solukion oonmen-
tratiog the bBeat travafar regulired to
bripgg avaut B gertaln ¢hange lo the gena.
rator femperwture is smaller st highare
gvcarator tampams tures, {or at olgher
tapparatures $ha aoluticon mape mad conas-
atraticon will heve rescbed seallsr valum
wiich ih turn raduces the Tepours dlati-
lling off, Haat trennler t¢ f{he gFenezats:
inorsases with inorsses in x; fow a give
marisum gansrator t'-p!rtturl.

Fig.® abhows the warlation in the quantif
¢f smmonia condensad duying the gererati

Mg.5. Effsct of tE apd x; on L .



provaan plotied pguiowt ty for diffsrent
ipitial solutiown unnnlntr!tinnl. Ths maon
of ¢opdansats ingresses with Teaperaturs
for sny I . Alag the lnozvass Iim the
pondsnsate fOoF & given <t is smaller af
highar temperdiurss, Ihis effect la more
propeunced at highey initial sclusion
copcentratione,

Hfl- 4 and 5 whoew the vacietion of effe-
oflvyn reafrigaration, minimum (4TRPATALOT
tenparature abd g.o.p. for various gene-
rator temperatiuras and ioitial solution
soncsntratlcas in the fo@u Of DORDETARA.

Plas5. Bffeot of t, & xi on tya 4 9-0.P

e, the mipleun svaporatcor tempebaturs
dfaresves with Lasrsses in %, for & given
I« An the geperstor tempera®ure is Ine-
runmgnd, state 5 shifes 40 lower oonden-
iratlopne &8 & DOpnsaquanaw of which statse
4 shifte to lowsr prassures and Hence tha
prewsurs Sifferengs {pp*- §4) availabls

a0

for flaspning inoreasss. The inorsasssd
pressurs difference cuusen & larger fza-
gtlon &4 the copdenwsd ammonls to flanh
theraby reduct the tsmperature o rem-
aining ammonis the gondsnser. Also
for a glewg to o 5 inerasens with ine.
Taka# PP | 8 Y] Yacrwanes the socdan-
aats fnacraseew, and nipos the goantity
of smmicis flmsbing is mainly Influenowd
by the presvers dilfersnss, ithe latant
hant of waporismilon 1s fow Borpe by a
larger moas of oondeneonte t0 lporesws lia
tamperntuze. Effective refrigaration
wilch follows mdimbatic flashl laczen-~
a#f bHoth with the inoressss in x) and 1.,
At & givep imitial woluticn scacentratfes
I{, 0.0.p, lnaraenas rapldly at first wnd
than slowly until & ssxloup ia yesched
beyond whipgh 1% decrenses gradually.

5, CONCLUAIONS

It bas baen demopeiraied that the perfo-
raanoe of the refrigerator gan be pradi-
cted providad the iaitiml solution oot-
caaatration and the sondenslng takpecatiurs
aca Enown., ¥he resulse of ths analysis
show thet in order 0 obteln bigher o.o.p
(bighar g5) highar generator temparaturss
and bigheyr initinl selution conecentratioy
are lopesrstive. Howaver sttainoent of low
svaporator tamparatura dilctatew the uss
uf low I;. Esoce & qGhprimiss bBaw to W
struck &m regarde the inltial sclution
copoentration Yor obtalning eptisel per-
forsangs bearipg in mind tha purpoane for
which the refrigeruticon is iptanded.

6, NOMENCLATURR

P+ —nouffioiant of parlorEanas

h' ~snthaipy of solutica, kJ/ kg
h* =spntbalyy af wapour

b ~snthalpy of liguid smmopia
o —ane, E;

L 1414 =~gaww 0f ammonia Flusbed

Byp wxbod 0 amxonis Sopdevpoad
Ry =asdt of vapours genarated
L] mRradwure, FRT

da raffactive Tafrigeration, kJ/kg
g =hyat added during gensration

t =tapperafure, ¢ 5

x! ~aglution condentration, kg/kg sol,
x* ~vapour conoeSiration

Subagripia

1.8, 54 & 3 = propartiss corrscaponding
to the stetes ip Rg.t

1#,2%, 2% & %% = properties cerresponding
T thw steten lp Mg

[} wpropertlen of wol.in gevarstor.



. REFERENGQLE

(1], A4.Yenistesh and M.0.0uptn,"inalyels
w] Merforsazncd of an Ammimis-Watdr Inte-
mittant Solar Eefrigerator®, ILo¥srfik-
tiogel Selar Enargy Congraes 77, Maper .
12,0874, Juit 16-21,1978, daw Delhi,Indle.

r23, A,¥enketesh and K. Q.0upte,“innlyeis
+f lamonis=-¥ater Solar Rafrlgeratir
feerat with & Flat Fluts Collestor®,
izterpational Sympoeium-Torkebop on
iullr EndtEy Juna 18=24,1978, dsire,

e 11

[5]. A.Yopkataah and M.Q,Jupts, "Parfo=
reangs Pradiaticn of m Aolav«Dperatad
Intarmittont Acmonim=Tetar Refrigerator
Osing m Flat Flate DollsgtorY,2nd Inte-
mational Belmr torum,fuly $2-14,
Nazburg, Font Jarmany.

“[4], deerge Bostchard st ml, "Thermp-
fypamio Mropartles— Daturated Amtonig-
fatar niztures”, Journal ef ASRE,p 413,

{1947},

141



SOLAR ARSORPTION OOLING FEASIBILITY

Dan 5. Ward
hszociate Directar
Soler Emergy Applicationy Labordiory
Calorade Stata Oniversity
Fort Coliins. Colorado @573 U.5.A.

ABjTRALT

Ine feasibllity of salar absorgbtion cooling 5ysbems
{3 dependeny wpon 105 Lechnlcal and econmically
competitive msition with respecl o other cobling
sybted altecnativaes. Technical feagibility can be
shown by comparisons of the thermodynambc elfi-
clency of solar sbsorption coaling with convention-
al wapor-comprassion cooling equipcent and by ref-
grence (0 Numerous eaperinenta]l evalustions. Eco-
nomle feasibiliiy s heavily dependent upon the
fiapne lal parpsgters assused {in garbicular the
iaflation rate of conventional fuel caisi). In
particular ceset, {.o¢., particular apxumptions of
tha financial phraseters, economic feasibllicy of
s0lar absorption coaling can be demonstrated.

L LHIFOOUCTION

Solar space coollng of bulldings miy ba iccom-
pllshed by a mmbgr af alterndlive wefhods. Ona of
tha Ecit promising 13 the ute of an sbdnrplion re-
frigeration cycle. A principal advantege of this
method 15 the soall smount of mechanica) work re-
quired. hng, while & heat Input many times gredter
than the work fnput of & mechanical vapar-compres-
plan £yele {n required, the absorption cyclie can be
pcenomically attractive 17 the heat i3 sufficiently
cheap,

An absorption refrigeration systed gould Ge Tabelind
& vAPOr-COmprestign System. whaTs saverd! of the
companents af the apsorption rafrigeration cycle
{motably the atcorber snd generator] are required
o perform the fyngtton of tha compretsor in 2
machanicel vapor-compression syctem, Hab, wnils
tha coefficient of parformance (COP) of a wapor-
conpression aysiem {0 bypically 2 ¢5 4, the OO8 of
absarpiion cycled 1% V1inlted; Chit pazfem attain-
able COF for am absgralion sytiam 15 squal Lo the
COF for & Carnot refrigernting cycle working be-
tegan LhE pyapargtar teeperature yid Lha ambient
tempzrature, wlclplind by the afficiency af a
Carpat engine working betwesn the genecitor (Smpar+
ature and (hy amblant temperature,  For & glven
anbhipnt Estparaturs, the COP will {acraase with an
ircreasy th the Ruesling nadium Campareturs 1nput 13
Lhe Qenaraiar,

Tha fiuld in tha generstor consttes of & selutiom
of refrigerant and ablorbent which Rava 8 3LP0M
chemical affinily for each cther. In mst commers
glat syslem the refrigerant/abtorbent coabinations

512

arg waber/11thios Bromide and asmontdfaitee

Thy amoata/vater WFOMDCIDn SySLew My L o
#is whenaver asmonla 05 & sultdbin refriz-.
Howdtwer, becausa the absorbant [water) 1i. .
Ihe refrigecant vapdr Teaving the orneratir .
Conlatn boo much water. to that sdolchomel 4, .
mept ko reckify Lhe generator vapor and e,
the ammonia copceniration s requireg,

An cubstanding festurk of the water/11hs pw
sbstrption system 35 IRe pon-walatiliby af o
lithium tromice, 1n the generakor only water -
I+ driven off, eliminating tne newd for rec -,
squipient. Comparid 10 the ammonla; waltr iy a
the water/1{thium brondde spstem (0 TiMpler g
cperates with a higher COP, The primarcy e,
tage of the waler/LIBr systeam 45 1% requires.,
for relativaly high avaporating tespariture

Qthar differences batween pmonid/whiir od oy
LABr systems intlods witer—cogiipg wérow oo
conling requirestnls, need for o soluiion s .
did of direct-eupandion evaporators, Amel, ..
byitems, for example. con be alracooled wige
pentrator 1nlel tenpacdtoras of 120 to 180
Ayallable, Nater/L1Br units always reqeine we
cogling, as do asmondafwaLer system opatifiy,
garerator Inlat tempderdtyres of lasy thia i%=

Amkcyn g fwg LB 1ys Dot rpquire machanicd? wiq .
(s 1o pumg the wariing FMuld from the coey
Presure b0 the panerator preffera) thet ree-d !
additional parsritie elocirical pownr, Mijw
the small prassyra d1ffErantia) Botwddn iyt |
dad tow prataure poriions of the webarslr w
vapor-111t (or "bubble"| pumps miy Be wlili;m
4lang with grevity retucn of salutlon frae o
absorbar to the ganaratdr, Thut tha pirgar
Mlectrical power regel recents oF waberfLile &
Can ba Tess, aVthough In Yarger coehing fuje
wnits, sechanical selution pamps dre oitwe .
Finally, ermnte 10 considered flawnable gy o
0 that 1t 13 not wtlldzad with avedteaagun, .,
l?lfﬂl’ltﬂr calle whenavar tha air Eo b4 wee
will b# i dienct cantick with the svdporat- -
4 1eparsta chilled wiler loop 1% Macessry.

Carmot coefficienty af performance far aiv -y
ool img equipsent could range Fros 0.5 1601,
aperated a4t Cmperabure pod heat SAput fioo, o,
cabie for solar epplicacions 1], Practin

1



wittea cycles are, OF COurse, mon-ideal Cyctes
FYardwire Timications, iTreversibly procwsses,
" Fluld properties, eotc,
*carercially evailable. vingle-affact unlt i5
w qungk of 0.5 to 8.7 for tmsonia/watear unitt
1040 0.8 for water/L18r unles,

Lt - 1 Loalipe Exper

Ve Npatten of galar energy ag the hgdt lnpul to
t e trater of absorption coollng units has been
Yol by numercus researchers,  These inclyde af-
1t [2], Trombe, #f a1 [2], Wilitems [4],
=iodt, at 81 [5]. tninneppd (6], Chung, at ol
- WfHe, gt 8l [B}, Fwrrtmen, gt gl [9,107 and
wr [1].  The bpatc conclusion af these pagers
b degmateated abiViLy af s81ar grargy 11at-
adallpctars 9 achlave the requirgd Colgerd-
= wCesaary (O provide Lhe heat input to operate
*cHreption refrigeration units,

*aat yeurs Ehe experimentsl fncaorporation of an
“3ien chiller Into & 5018r heating and cooling
* = b3y 210 baen accomplished, mOTeworihy ex-

« mnts hawe baen conducted hy Ward, et ad [12,13,

Y. mmipang (16}, San Martin, et of [1F.18] and
*hies [19],  wgeros ather ssperimental fogling
= = havg been designkd and fabrigated, But én-
e performance data are nol yet availeble. [n
*viom b dpstees (exting, conlinging efforts have
= ferpcted toward additional experimmniil feasting
Treregiien conling uniks &5 well a4 4 varigky of
#.ter simulationd. Racent sfforty in the absarp-
rfrigmreation ruperiments an indepandent
"vags Inglude Aaderson [20], Simond, et a1 [21],
wort #l [22.23] and Mercict [24],

"qderable {mpartance mult be dirgcied towiard tha
acrenty] perfopmancs of the 1glar cocling sys-
= krcausw 1t 73 these Tesultd which constloute
ovgreat tesk of the feasibllity of sohar ab-
vitwen codling.  Computer siewlations suffer From
woers Lage of abilily to pradict pmd model actual
=g Condltians, And, while continges efforts
100 grogress, such efforts have meaning only in-
"% 3% they improye Lhe syslem parformance. This
LLANE bean emphaslred by Wewton [35],

—dtlar Apcorpiien Cooling Svatsg Ferforpance

=re of thelr mearer term commoerg 41 avatlabil!ity
vorfL1Rr abzorption unfts have peceived the bolk

" 2miipg 1ysiem parformance teiting. Therslore
wiwlow dlscuossion 13 directed poward thons 5ys-
* uiing the waler/LI1Br unils.

% first nobeworthy FEGLOTs aré tha tesmpersiure
sw.rements,  The water/Li1Br res{dential-%ized
F3oare desligned for generator {mput tesperature:
R W wader candition of coeling water
roeraturgs of 30, and i order toachieve chlllad
wtr i pyapard bor Lamperaturst of 1 tn B*C,

wer qenrrator Ingyul Lesperdbures are possible whin
w- ool ing capacity 14 sccaptable [757 ta BD'C
¥ ieoperatura to the generator allows for abgul
Fisf the copling capa¢ity) or 1F Jower co0ling
w'rr tempgratured are Avaliable [(70* to 75°C gen-
=M:ir {nlet trmparsturen ame possitle for conling
wier gt 790 and 2 cocling capacity of BOT is ac-
e},

Thus 4 pracbical CQP ’

113

It 13 impartant to real ize thet EA*C cpopersturny
ire 43311y obialned with eafsting, high quallty,
T1quid-heating wlar flat-plate collectory and &t
resaordble efficfencies, In fact, the pumeer operak
Ing efficiency can be expectad Lo be byltar than

the winpgr perfornance,

Trg Tattgr result Cdn be 3ean i1 o Jotomm some
typical operating conditionr {e.g., sup raf, 28],
In Janipry the collector inlet tenperaturs {T))
might Zverage 55*C wilh &n ambient tempgraturs [Ta)
of -5%C, The Janvary solnr radlatien on w 21l ted
surface |Hy) would be approximately 600 watt/m<,
This gteed & valpe for {T{-TyJ/HT = 0.1 e2.*Cfwatt,
In July we could expect Ty @ 070, Tg = NC, 4
Wy = Q00 watt/met 3o that (Ty-Ta)/Hy = 0,075 n!-'l:f
will. Undar thepe circomstances we can thacafors
sapect Imgroved solar cotlector efficienty for tha
JumnEr wonths.

A critigpl asigmption in the Toregoiag calculation
t3 thelt thermal storage hesbt 'osaan do molb offact
the resylts, In gensral, 3uch heat Togess canmot
Ba neGlocted and can substantially alter the res
sults.  This point 1y swen mest Slearly when wi
choos® & hot water Storage tdnk 8% Ehe tharmd] stor-
400 redigm. Mols thal 4 phase chinge storage sub-
Systes |5 pot fesastble for storing the collacted
1ater energy for Both the swmer and Winter Saslcas
because of the totally different seasann]l tempera-
ture ranges [35* to MO°C winter: 75° to MO0 wom-
Iulrd} This Tasves hot watar w5 the therma] 1tarage
el L.,

A criticel probiem with hot water I3 the heat Toisma

from the storage tank, Jacobien [19] hay obsaryed
an welual keat does coafficlest of 1,65 wptte/ed-C,
which was aporos!mately 50T greater (han the pre-
dleted yalus ot 1.719 watta/mé-“C. For g 56°C

temperatyre o 1fference belween 3tOrage and anbimnt
th actua) hal loss becosss T200 witts! Such
devlations fram pradicted valuey are appacently
coawon [ 18,26,27). For exseple, Ward [26] has ve-
parted pear losaes from & oL waier tharsal storage
unit of RE0 watts (equivalent 8 Iwo hawrs of opara-
tlon of the Ingtalled enilier). Increased and
hedvier tnsulatlon recuced this Lo 320 wails,

A commap design in solar I1llt.iﬂflil $ystem 1z ¢o lo-
chly the thermpl hot ttorage unit Inside the haated
tpace 3o that heat tosses from the storage help to
méet the heating denand, In this case, 1t 42, of
course, perminsible Lo reglect the hear losses. But
the addition af 2 ¢oaling pystem Impligs thal the
hent Tesses not only degrade the abflipyof the salar
tystem to meat the Cooling Toad, but actvally in-
crease the cooling demand Hiself. Ward [26] has
reportng that the «fFert of el Tosses during 4
month of Jyne pcleu. , sduced Lhe percent of conl-
trg Yoad corrind by solar £ o negative aumber,

One method ol avoliding thiy incressing of the copt-

ing IDad by Chermal 1torege heat Josies f3 to logats |

the thermal storage outzida the cond'tioned space.
fortunetaly, Lhit lcrpaees the winier haat losaes
fram stgrage {becsuis of {he greater eraturs
differenttal betwsen storege d4nd ssbtent), erduces
the ability of the hermal storage t0 weet che heats
ing lowd, and iroreases ihe chances of freering tha
stardge wnil,



A marn préferablz alcarnative would o (D ube 2
triple Lharmal gtortge system. Waed [28] bas div-
cuised the use of & "cool stardge” 3ystem to redocs
tha norsdl operatlng tamparatyra gf the hat thermad
$torage URTL to the minlho tenpergture that the
absorption chillsr can effectively utilize, and to
allow operation of tha chillar whenéver soclar 2ng
15 available, frregardiass of the o0l ing demand, It
f1 notewnrthy Lhat 2 coal storage will undergo some
heat gains From the amblent and that, 1f the coot
atorage wits ars located within tha condfgioned
wpace, this will comstitute 4 heat rencval mathod
and 5316t the soldr systed Lo maep The cooling
desdnd, In thic raspect 1t 15 stimilar to the cop-
cept of hest Topses from a hat thermal siorage unit
contrifuting o Ghe winter hedting Toad,

In order to raka advantage af these aspecis, an al-
teenative Storage System could be pomprised of thrs
waler stOrage banks. The First tank would be Joca-
ted gaterior to the cond{Lionkd space sad would be
twice the volume of the gther Lwo fodatfcalty-siged
tanks, both of which would be located within the
conditioned 1pace. Duriag the winier heaping sed-
soA the exterfgr tanh would Do empty and the Lwo
{ntar{or tanks used as o (S1EQhtly stratifiad] hat
thermal storage ynlt. During the aunsér conl Ing
season, the extariar lank =ould be uiid for Uhe
tharmal hot storage subtystem and Lhe inierior tanks
would ba wiwd in bhe égoling subsysten (a5 describad
by Ward [79.23]). Thes heal Tosses from the Intar-
tor tapk In winter would oid 1n meeLing the heating
load apd In swemel &E513% 1N Mmréting Lhe Coaling
Toud, The heat 1oefes &F Lhe gxtarior tank in sum-
mer would bk heas (dus Lo o Tower Lewpgratyrg d4i7-
ferance, 1.e., & higher ambient tamparature) and
woyld ngt 4dd to the cooling load, And, bacausa af
the triple $torag Arstem, Calcuiacion of tey Nighkr
vmwr collectar #fficiency described above cin be
bustifiad and can be expected to resull ¥n an
Improved systea wfficiency.

nlafW
A principal motivaliona far the devejopeant of an
ammonlafeater solar dbsorption unit has been for
the purposés of el iminating the use of & water <001+
ing tower [213. This 1y particulerly lwpartant &t
tha residentia)l Taval baceuse ragular praventstiva
maintanance of the coaling towsr {s3 not Alwaynr fea-
sthle and beceury oF quentions ¢f Jocal witer
quality.

Dao [23] has reported recantly on the results oF &
lang-tarm reavaarch and davelopaat pregeaw for
smmonls/ester wbsorption chillers. Fost accom-
1{shments Inctode the mdlficatien of » $-ton
EII.EB kW}, fas-fired wiit t0 operdte #t & capacity
of 1,7-tons |6.00 k| for condltioas of germrator
tesparatures 0f 71'C. condmnser-abiortar temperd-
turag of J15%C. and avapbrptor tempecalures of 6°0
with a COF of 0.65, MWork § continuirg an untts of
3o B tons with a aiafmas COF of Q.65 end gardri-
tor tamperaturss -of 85" tg 115°C, The attinated
coste of Hiwen unlts are 31,000 Co $4.0080, or about
11.000 par ton,

The potential for ammonis/water chiliery (o replice
waterfL1Er chillers In the ™ear fulyre does pol
sppeal too great, The developmeat of these smaller

units 15 clearly 1n & Test ddvanced Etage thic,,
units; Lhere heva, for exdspis, been m comglyy
1alar Sydtem anpiriments with amnlalvatir,
adition to ayjiems configuratione, theve |3 4l
the safaty hazard of using smnonia withip the 1,
terfor of the building. Consequentiy. In te =
shinder of this paper, the waler/L18F Sy1ipe o
by emphasiied becauss of TI5 commercial aupily
and hacdyie of the mors extentive EXpErignce o o
water/Lir unltr 1o sodar cooltng ayscems,

HE_Sl

In casigning a 3elar heating and co0ling 1yilie
15 particularly important o consider thg rgd.
the solar cosling experiments briefly revipw:
sbave. These inclodes {1} The near-term comy -,
avaitanility of water/L{Br abigrption machiae: |
conpared to EMe research stage for AMIOR i ngt-
wnlts); [2) Ewpartence in resdsrch and develcar.
of salar ooollng with water/Lilr machines [poo
companenty and fydtem) which Jemonstrite thy = .
cal feasibility; (3} The iwportance of adhprir; o
dertgn condizions [teoperztures, Flow raies, ri;
in the oparation 0f an abaorption conling e, |
High quality, Yeuid-heating Flat-plate salury, .
tors sre ddequate fer providieg sclar hear 4
3orption wnies, (5) Tharwa! storgge Medt bosge ..
are of ylta¥ importance 1n S¥Stenm dedlgn dnd mo
not be aflowed to dograde the devigned periaemg:.
af cha tysCem; |£) Con) storage miy provide for
higher seatonal coefficients of performanceut
it wii] 23 8l1owing for smalier tannsges gf ,r -,
far the tame cooling 1oad: [7) Temperdture 1
cation i the coal Storage subaystem 15 crifsy
Tmpovtant; {8) System daslyns shauld allow &1 .
guerds qg4inst cryitallization of che Lilry,.-o
and other pobaptial absarplicn whdt Tallyre;

Basad on the aboye critaria. design schemipi, o
the solar haating #nd conling system miy Thee
devnloped, [T we congider tha cuoling capab|

of the solar heating and coqling system a5 gu i
tion to a salar hesting systew, we elghl deag- 4
the 33dTtTenY cosplexlty I terms of addizing
companents or aquipoent. Thus, from 80 ecoece ;
¥imipaint, kolar cooling adds the followimg ¢, ¢
mant {and asscctatad Sosts] to the soler hegri,
Epstwn:  [1) Water/LtBr absorption chilter (g
appropriats tonnge}i EZ; Water eocling tower , o
dpproprigte tonnade); (3] Two thermal BCorage i,
{coal sroragel [OR tpecially desigoed Ewmgerii,n
stratifind tankis for larger comaaccial spplloyl w.
(4] Two pumps {cogling towsr pumg, chilied wayr
Pump); {5) Four pytomatfc waives: [6) Liqulg-y.
fieal aachaniee [“co0ling calls™}, The eafsling .
ing cot1s™ may be wied {aen Fig. 1); (7} Aam: o,
piping, hind valves, venty, arc ., and {8] Aanto,
coatrol instruomentdtion end complaxftiy.

Fhi. I shows tha greangessnt of (he absorplue
Chillge In ralation ta three thersd! 3torage .
Tabla | provides the oparational oodat of thg g, .
As praviously mantioned, Lha advastage of i)+
tem 14 to #nsure that the hedt Josses/geins rre
hat/cool theredl storage alwdys contrtbule Lieq
the hestingicoaling Toads, The princtpal disy-im
tage it the requirement of thifbing From heisir,
cool Iag andes in tae spring and back 1o hedtu; |
the favl; thus assuming ap aCCurate anlicigane



1 v v=ather, Tnin provlem, howdvar, can be alley-
verny pnly & 811ght {ncrease 1n the comlgxity
c e srppem and would ceduce T8 4 problem of e
vees et Tark Al dowt not encéunter Treezing
Yot vipmy when 11 15 full.

{ = ~pariance of Fig. 1 %3 ta pravida an Indica-

w 1 the neckssiry components Tor the agditigs
*ular gooling to an eaizting solar healing §y3=-

" on Thppy additlonal components dre ceielcal when
rooriidgr the tharoodyramic effiCiency and eodno-
v nipid ity of solar coaling. Figure | at tha

ol paper.

‘ﬂ[umn\'nm[;'ﬁl’];]“;f

< esivgnca of the Teadibitity oF solsr bsorption
v ociing gprtems 13 115 Lechnical wnd ecoromically

wetipiwe pasition with respect to othear spate

wlirg gpsted dlternatives, including in partice-
ennpanciondl vapor-tompression conl lng wnlbs.

“oorl|{gal factoes Bace ars the differences 1n
" aizeal goefficients of performance batwren tha

a:ieptran and compresiian system {including ihe
s tfaenees In parasitle power vaguiremants], &

s nienl gonsideration; and e wconomic factors of
, ** volar yystem capital costs (mhich are aot pub-
Ut {aFlation gver thy Tife of the system) and

“ntione] syitem fuel costs [which mre strongly

=enfpnt wpgn Lhe antigipated canventlonal anergy

“lattan rates}).

I
" tuwdes tp obtaln & sysiem efficiency for & coals
- % alteragtive, 11 Is secaszary Lo conslder the

“ltlencias of all stepd fn the conversion af an

rardy yource o the aseful work parformed, 1.e0..
Uwe ppirpction of heat from a tullding, For puem-

v, Ly prerall conventigral ce0ling sysiem offi-

rcy (nye] would be deflned 45 the smpunt of heat

*oueg from the puilding {1.8., the anountaf space

Ellng} by the conventipnal vapar-compressipn wnit

#on pperating with electrical enerqy [Cycl. divided

v e fye] input requimd For producing the wlec-

* il shaTgy to gperate he voper-coupression ceol-

ot [Eg), Lo, ngp = CuedfEe. B 15 Just the

YRitrical anergy (npul necesidfy 1o OpETAtE Lhe

r-compeassion system [Fqo) divided by the offi-

riy of generating and defnrrinq mergy ta Lhe
~tumer (rgl. Thus the ecpressiea Tar ny can be
vitlen, mye * ngCyr/Eg. However, Copffa i3 Just

“ COP af the wapar-compression wait, lEDF']l“.

a4
nye * L0P)  tn } ()

o silar walerfL1Br absorption system using an
tulliary tired by conventiona) Tossll fuelis

“ityral gat, coal, fugl oll. propane, eic.], the
aripuy sfFiciencles which we must contider fnglude
e efficiency of the auadl{iary furmace in coavert-
“q the fyal input tz wieful heat energy for deli-
#ry bg the qenerator of the absorpbion unit [mp),
+ rated COP &f the colar power unit, #nd the
trilrhe power requiremencs 0F the solar and guii-
iiry systems.  For a solar dbsorpifon cooltng unit
atizing solar for a fractlonal parcentage of the
ahing Tpad, we obtaln the overal] system effl-
Sy 8f e $olar apiorpLion paling sysiem nff!‘"

ng = [t € /In 4E 1T+ AYESFRFILFELINY INPY

whera [F} 13 the fraceien of the caoling Touad cer-
ried by solar enerdy baing dallvared to the genera-
tor of the abgorption unit; (Cg) 10 the pmount of
heat removed from the bullding 1.8, , the wesunt of
space coal ing) by tha absorption coalimg unit when
vperating with solar energys {Ca) 15 the weapnt of
Aeat removed frow the bullding {1.4., the gmount of
wpace cool Tvg) by the absarpiion cogling unic when
aperafing with audiliary [comventionall amergy;
(6! {1 the ambunt of salar prerdy oelivarsd to the
gererator al Lhe atsorpiion c00ling wnit; (G4} i%
the asaynt of suxiliary energy delivared to the
genaratar af the absorption cou'lfmf units (£y) %
the fuyl inpul required for produciag thr alectrical
arergy used by Lhe salar subsrataw; ond [Eg) 53 Lhe
fuel input required for producing tha wlectrical
eneryy yaed by the suxfitary subsyitam.

We cian sieptfy wqn. [2) by cafining Ly amd 13 as
the parcentage af electrical entrgy Input nacessary
to Jdaliver the splar and ayaitiary gngrgy (reapec-
Lively] Lo Lhe coaling wn!t 3@ that:

£y 7 Lbying
Peilzing eqn, [3) and the Facl Lhat t,,r‘f-f and
CafGy rapresnnt the COPs for the solar-drliven (COP)y
ard aunlliary-driven (COB]y sbsarption unlty, rets
pectively, we can wodify ega, [2) to chtain:

I'le,| . Ilﬁlfﬂ' ) {1}

o, = [FICOPYA01 & o /a )] +
[0 - 0 ee) f11 enyda dllny ) H8)

Eqns. {13 and [4) now milew ys to directly compera
the coeffleients af performance for aplar absorption
and conventional {electrical)ly-driven} vapor-com-
presslon mathines, For example, we say utilizs some
pravioys gaperimental data [14,28] Lo aswume the
valumy of coae af the paramsters {n egn. [4), 1.0.,

fcop), = {COP}, = 0.65

In additien we can aisuse an dusilinry furndce ¢ffi-
ciency of nﬂ * 0,75 and an gwerall average offi-
ciency for 41 ffarent electricat-generating power
plants of n. » 26X, |Eleckric genersting effi-
tiency [_‘nif. transaisstan efficiency (Y11), and
distribgeion ¢fFlclency (951); ref, f:’n]] Under
thesa asiynptlons equ. (4} becomes:

ng = 0489 + 0.028¢ (5

s inlermediote observation {$ that the fragtion of
the cooding Towd carried by sular hny 8 minimal
effecL an rey f.€., 1 has a mimr effact on the
thermagynamte effictency af the solarfzuall lary
tystom for tha condition whare e above asyweplians
are applicable.

Far an f = 0.5 to 0.8, n; = 0.48 1o .45,

L= 008 o, - o.M

For the corventions] vapor-compression Syiiew s
miy uie 4 sgasoral COP of ((OF)yc = ¥ Lo 3. In thiz
cask, eqn. (1) ¥iElds nge » 0.52 o 0,78,

Thus the cOnvenlicnal wapor-compression svsiem
yields a thermpdyramic improvemenl dver tha salar
absorpbbon syvlem nf:

qKMs » 1,08 to 1.61 {avg = 1.35) 1}

1%



On the ulhgr hand, the sbjorption system has soms
practical sdvantages, IC hasi, for srasgle, fewer
wrchanical moving parts and Is Lhu less gubvject Ko
wisr 3nd 1hould require Tess maintenance. The ab-
sorpbion aystem.-may opersta at reduced evaporating
presaures with 1ittle decrease In rafrigerating
capacity ane Viquild carry-over trom the svaporatar
doey not Cause difffculities as In Ehe mechanical
systeps, TYhe only practical disadvantagas of
bsorption Aystema are thy gredber compleziiy and
Tomar COP of the goronlafwiler $ystess and the polan-
tial for crystalllzation uf the gbsorbenl and Lthe
maintanance of o dtrong vacuum [agalnst prodection
of hydrogan and mechanical teahs] with a lthium
bromide absarption kysitem,

4. IMPROVEMENTS TN SOLAR ABSQRPTION EFFTCIENCIES
A4 previously santlontd, the COP of a singie-affect
absorption unit using a conventional working flutd
1 Timited and always Twss than 1,0, Some substan-
Llal improvements dre passible, howgver, For higher
penarator Iatet temperatures. For exmmply, hot
watar at & tampecature of 175% to 200*C ¢ould be
enphoyed ka4 double effect absoeption cycle to
improue thae COF.  For water coalnd, double-effect,
walerfLiBr vaits, OOPs could oblain values a5 high
st 0.99, &nd the COP of tha double-#ffect unib s
ra tgnger Tinlted ko 1.3, Unfargunately. Lhe
doghile-pfryct operation with air-cooled, amloniaf
whier units §5 not practical. Sas ref [1] for
further dlacussion of the double-effect abaorption
cyelng.

Combination absorption-rmorption cycles [CAR cyclir)
alag have the patential for higher COPs [0.B tol.0)
but again involve high temparatyras [=154'C) 1npro-
viding heat to the gernevatsr (1], And, in tRix
chsw, a% witll a5 for double-nffecy yaits, conllny
capacities are normaldy in the range of 400 o Y100
tons. Thus for smallar tonnages, the apparent
1imitation of COP af absorption units {3 about 0.8.

It 14 noteworthy that the s«fflclency af solar
abierption cooling, defined in pon, (4}, wauld
intreass to o valuwa of 60% for o COP of tha sbsorps
tion unie of 0.8 {instend of 065}, This reprasenty
4 2% increase in performance and 1owars tha rala-
tive thermidynanica efficiencies of canventional
Y4por-coaprassion 1ystmms to solar absorption syi-
teew to @ range of m,ofng * 087 to F.30, Lffec-
tively, Lharefore, the iDiIr absorption a1ystem T3
equivalant o the vepor-Compression sysiems 1n
terme of tolal system off{ciency.

S. SLOMOMIC CONSIOERATIONS

A critical facter In the question aof the wpiliza-
tion of solar absorption cool Ing 1ystems §1 Lhe
ecenomic l’niluﬂitf. Generally an assumption i
made to conyider gnly the costs of the absorption
chillar and the Specific coollag subdiysiem COLLE dt
tha Eapital coit of tha colar cooling, and conaloer
tha cosl of galar collectorns, theroel storage, etc.
43 part af the solar heating system,  Thin dskump-
tlon favors sclar cocling aince the savings tn tha
conk for copling musl offset omly the cost of the
Chillir ang related hirdware, and adt other partiong
of the soilar system. [A 11sting of the regulred
solar componanty It given above

LB

fconomically much of the thersodyrasic sduintyy |- |
4 conventlonal syitem (see, &.9., 284, B} i3 les: |
in the costs of profit and overhead of the dlecir |
cal utiltties (in effect, the consuvmer payi for o
capital cost of the power plant, plus sdminitin. |
tive casts and profit). Therefore even ia Lbe
event of aatural ges prices Incredsing W ihe p et
of equal competition with wther fusts, tha cosy ;e
slectricity aver the coat of natural gas will sin
ba substanlially hi?ur ta accoynt foar power ply o
eftlciency and utilities' overhead and profic.

In paint af face, &0X af the coat aof atecericity -,
“dpaind ralated® [X], which means that the rapi:. g
sicalating costs of cepitd) construction of rew pw
raplacessknt pawar plants constitutes 60T of the
totad coat of electricity. The remaining ddiof . *
alacirical cost Is "baze Toad-ralated™, §.0,, g
coat of fuel and adeinistrabtlva ovarhaad wnd pr
constitutes only 40X of the elacerical costs,

For axwaple, Publig Servica of Colorads pays ... '
$0,75/mlty far 1t5 energy {coal, gas, ofl)., wm o
tha afficiancy of cenversian, trensmission and =,
trifution sre incieded, tha Tuel cost of the ol
tric b111 11 about $3feBru. Elacteicity v tal:,
the price of 311/m@tu. Thus Fuel costs compuair,
about 27% of the total price, {

14 may ba that, when ranidly escalating daflatis
coats of ihe conventional fuels are Ccompared (-
stable amart i oatfonol & solar system's capatal .o
we Chnorealdse an efonomically compebitive adipo,
af wolar absorplian coolimg. This sdvantage w.':
baComi #ven e propounced when [Re &nv!rpmeery
ceits of electricel proguction are |Included, .

In evaluating the sconomic feasibiliry of 4 wh-
cooling systiam, twa considarations are feceita
One 1§ the determipation of the Frectiona) pars o
of the Toad which the solar coaling SysCem {as iy
espacted o carry glven the building ccalleg -
quirements, the lacation [site), and the slir of
solar heating system, The second step 15 td wa
ate the potantial sevings in Vife-Cycle conl of 5,
syitem using prwyent warkh costing,

Bartlatt [N1] has performad sn snalysds of spu-
depandant factors which afFfack the scoromic fen
Bility of solar wbsorption cooling, TREse fat:r,
Incide the mead far: [1) & high hedtipd Towd -,
tive to the ¢ooling tead: [2) & high collacier s
clangy during tha coaling sedaan relstive 3 ry
heating Toad (a2 Factor sazily wccomplismedl; (1
high {nsolailan during the sJuomsr relative 13 oy
indolaticon In the wintar: {4} 2 Hign abaorpti
COPp [5) a migh percent 3olur heating; (6] 4 wg
o3t for conventional wnergy: ang {ﬁ & Tow sl
far sustifaryinerpy.

Tow resules of Barclott's aoalysfs (3] Indicyse
that, baiad on the svsueptTony cdde, residesii,”
spplicatians oF zcler absarptiocn coalieg {1a., «
tanndge units, o.g., Y to 5 toms] dra nat Cwene
economically aktractive (1978 costn), and it =
rertisl applicstions wers found to ba mary ¢ty
effective. In genaral, Bartlett found thac by
Targer the chilier the more aconomically faam':
it would he. This lattar factor is not parng,



*.ojurpriting, since the cust par tan of ool ing
Tiztly far ahsorption sachines '3 reduced con-
< %1y a% we move Lo larger tanfage unlts. 1t
158 moliwgrthy that copeentiond] shizrptiion
© o'y units are mch more Teas1ble wb Targar
wea3ey, 1% avidence by the large wpmbar gf Com-
=1l absorptidn unlts mow inatalled [25 tonsand
Feel and 45 compared to the relatively small

rer af rasidentiat sized onily currently lastal-
.

"t Mitewprthy, however, that tha Japansse firm,
Lol Corp,, has foumd that by maiyg preduction
, "alues, Ehey can manylacrurn foue 10-ton cool-
* amits chaagar than & single d0-1en unit [32].
"o oq1lmr Tazak? uniis of ¥ te B tonn, howawar,
, "mre gapeniive per ton and are geperally com-
poroiilve with prices af thy Aowricen flrm, Arkla
b [13],

'_muld b peinted put that Bartlett's prnabrsis
| wat baced on the cost of wtibities obtained i
*e faurth quarter of 151, This saany that saler
“il 11 attempting to compete with naktural gis,
fn regalated cost Is wnpedl Iaticplly low. Bart-
tdid uim o fuel gost ascalation rate of 341,
, T propased energy B111 in Cangress Involves &
Crt pear Increase in Lhe price of natural gas of
U 00T or ware.

"pr tomg study 't becosos avident that patyral
woprices are an uneen!latic pricy basit for con-
*:lgm] energy sources and, becioue of Che come
SN lach of goVl 1y Lo predict fyupgrs pricing of
Hi, gnglher source gf enargy thould Se constdered
:tbmplﬂnu solar and canventione] costi, Becausm
ALy wide availability aad since (¢ IncOrporates
vUnkn I rata structure the costs of coal, gas,
“wimplectric and Foet ail. the cost of electricity
™ byt be used for snalysis, Howeyer, the econo.
"L feasibilty of sotar absorption cogting 1% basi-
\ My related to the comparatlve Costs wf Conven-
Mol mlectricslly-driven vapor-Camprastion units
S sotar absorption untts with 2 pon-eieciric
Taillary, Becquse natura? Q4% Can ha expatted to
¥ npd for the solar absorption Systee's asuxiliary
‘eat sourca, it 15 necatsary t0 malabe the currint
ot of slectricity to some hypotheb{chl, unregu-
‘vad price of matural gas.

*% can be dong by assuming that derequlation of
“rpra] ges prices would atlow the price of natural
¥4 ke rise 13 the polal whery 11 (s compelitive on
1 dellar par Btu basis with coal and Fuel all. Be-
Sty the cost of fyel represents only about 258 pf
™t goat of aleciricizy {30], wa Can then ute »
o of natursl gas (and 13 associated cost in-
“istion rate) of 75T of the respective values 16r
tlecerlcity. The and result 15 €0 ute current

Mty af glectricity for cur noA-folar SyLtem cost
‘Fanergy, and to uie one—faurth Lhis price for the
tout of the auniliary Toat for the solsr system.

"L FCONGMIC ANALYSIS
* peneral, the question of sconowic feasibllity af
wlgr pnargy systems (3 the batancipg af the capl-

Wl gost of 4 s0ls8r system agalmst the savings In
‘etwgntiomal fuel costn., The critlcal factor 15

i

whethar or nokb the seler snargy #yebem will coxt
Tess over 5 specific Vi fa-cycle then the convan-
tlansl sygtam.  In the scomomicy of & solar neating
syitem, procedures have been devaloped to detmrmine
feasthiiiey., Kettlh {M] has provided 2 sethod for
aralyzing the econvmicy of heating and cooling for
tulldings and inc!vded sn overview of the current
state af splar system design and optimization.
Barley [35] amd oihers [36] heve performed simlinr
analyses.

Acriclcal aspect of the sconomic feasfhility of
the solar gystem 15 the detwymination of the frac-
tion of Lhe Yoed that the sppropristely sizsd wiar
yEtem CAPN be pxpactad 0 carrey, f. Kl®in, at ot
[37] hay provided a oothag for dateemtning f Tor &
solar coeliag systam.  Usipg Barley'y [].ii sconomip
aralysis mathod, b 13 @8 straightforward calguln-
tiony ta depgrmine the polsabkial cevings attainablie
by Lhe use of solar abworption cooling.

Wa wi1l atsune et the Tauts)ied cost of 3 solar
cooling syctmm inciuder the eqguipent and inetalla-
tion costs af: (1) the chiller and coul Ing tower,
Lei L2] the cool storage unlty, Cgy [3) the m.ui-
{aled squipmt [pumps, etachangers, plaipg, atc.
necesaary for interfacing the caullnr tubayitem
with the solér heating 3ystem, Cpi (A4} the pertion
of the ingte)led cost of che s9lar heating sysiam
which 18 chargasble to Ine cooling syniem, Fy (5]
the caplta} ¢ost of the spuil tary cooling ypitem,
Ca: and (5] e cost af (ngtalling the soler syatem,
CL. Ths;

in

b BT RAT A RARRTRRY
Whars Alg 1¢ the cost of che inztalied 1glar cool-
ind Subtystem (&5 used by Bariey [25,38]).

Eon. (7)) may be o impldfied somawhiat by prsoming that
the solar cooling systam 15 am wddition to an eco-
roml CATTY Justdiflable cddar heating sytlem. That
iv, we wiilize Borley's [35] anaiysis to demanstrate
the acomm|c feavibility of a sotar hadring tysiem
(vsing AC, az the instaliad cost of the solar hest-
ing syvtem) and then s5h f the addition af a salar
epel fng system can also be economically justifed.

In ope respack this favoery the sconcmics of solar
ool ing 31ace the cooling system cost does not
{ncluds charges for the ipstatlation of the solar
collactors, thermal [hot} storage, ebe. {i.e., F+0)
and thus the capital cost of the s0lar cooling sys-
tom 11 i#gy. On tha other hand, for sppl{cations
where the gooling 1oad 1y significantly gramter
than the hgating ioad, the 10Tar sysie® 1 no longer
sconomically optimired.  In thiz latier cope 1t may
be prefarabis to sdd coltector ares (Chws F240) In
order 1o bapeflt the solar cooling system.

An anatagous consideration 13 the use 0F the suxi-
1igry bedting unit to Supply conventional neat (o
ren the chilise, In thiy cavn, Oy = 0, Wy again
obrtain the agvantape of dyal yse of equipment, but
this astumes that the converyion of foel (o suxii-
fary heat [ac tome efficiency) to Tun Mo absorption
chiller {at soeme COP] will provide cob1fpg st &
wore etofomlcat rate than the use of & conventional
mechanical-compression sachine a5 tha soler system
aurilinry, '



Finally, we notn that the additional cool storige
tanks will réequire some byilding space and therve-
fore siie pofaible adoltlons) costi, But chis i
just Lhe space requirenents for the solar heating
syitem, aince for cur Eriple tank design [Fig. 1],
the interior canks are naed in winter heating and
ars thermfors chargaable to the solar heating costa.
? £ FEM 1

Tha large number of varlablus In the ecomomlc andly-
1% mahp specific contlusions tentative and dapen-
dent upon the reliability of the assumptions yied.
tartaén varisbles (particularly the inflatfon retes}
allow for a variety of posilble conclusiony, Warg
{29) has dong an endlysis of tha effects on ecom-
mic feasiblilty calculations of varistions. In the
aitumed aconppic paraestery. Of courte, many of
the varlabley inwdlved 'n the computatians are
relatively straigniforward, For exasple, interest
ratas oa & Toan far the s0lar »yalem capital costs
can bé astimated with fume confidencs and will, of
cayrte, remdln constant cvar the pecigd of ihe
economtc wralytis, Similarly, Lhe percant of down-
payunnt 45 alsn ea1ily deturmingd. Froperty tases
and Inswrance are bisd Capable af regdistic detgr-
mination [alLhough their adherencs ta genmral {nfla-
tion rate I+ questionable).

Income tas rates, daductiony, investsent credits,
depreciation, etc. are itrictly viable aniy for
individyal caye studies, byt can be esiimited for
typicel situationy. Even the general InfigLign
ratas over 20 yeart can be estimated with reason-
ablr accuracy [about &% over tne last 20 ymars}l.
friacount rates dTa &Y50 wvarleble and depend to Eom
satent an individuad cace atudies.

The fus! Iaflation rate 15, howsver, far and awsy
the more unrelfable and isgeriint variadle. One
witiliey [3], for exaxple, satimates an annual In-
flation rate on the coat of :!er.trfr.il{ of 11X per
yrar Tor the meal four years, The vilitty will mac
hazard o guase at ipftation rates over 3 longer
perigd of tima.

Danpite thase difficoltias, 11 19 aeverthelass yie-
Ml 1o consider soma typical rewul%s of calcwlacion
which evaluate the economfce of golar absprption
coal ing for varying rates of Inflazion, coaling
capacitise of the cooling units, and under condi-
tions of ¢1fferent tax iacantives. These are shown
fn Taple 2, (Table 3 includes the technical and
economic asyumptlions for cthe resolts shown In Tahle
2.] The walyg in Tanle 2 have been roundsd ofF 1o
thay paavast Rundred oollars even Lhough the accur-
acy (e probably Tess than twe significant figures

4

An obvious and axpected Soncluslon 13 that Lhe
Yarger 28-1on unit for commercial application 1a
wearcmiceily eore conpatitiva than tha retldential
J-tan unlt, Wut perpaps sore dignificent prw tha
tnflacicn rates nacassary for an sconomic raclden-
tinh spplicition. Baswd on the ayiueptions af
Table X, & Tued taflation raca of 131 1§ namded 1o
brest avan an Ehe 2alar instailatien, This cin be
comphred Lo ThE pradicted elecirigal socr iflation
rate aof one utility of 11% [10].

48’

Income tax incentives {present]y umder consldec,.
tign) atlow for lowering of the necessdry 1nflate
rita w3 108 or 115, which i3 in 11ne with correr
prediction af elwctric Inflation rates, A coat's
bion of the tax rebate and Jow cost Toun plaw
the ecoromic breskeven point &t an elsttriciyy
inflation rate of about 8%,

B COXQIRIONE

The thermodynaatc efficlancy of solar abscrptiy
cooling 15 very nearly egquivalent to chat of gr
alectirical Ty=-driven, vapor-Ccomprestion Iyiim .,
» high seasonad COP (on the order of COF = )04
In addition, waterf1{thlum bromida absarptlon
unity mavae & histary of desonsirated technlcal
Feasibiity, pacticulerly when integrated with ¢
complate solar Asating 48 coaling SysLmm.

Econoically, selar absorption tooliag 15 marg
but feproves considerstly w!th income Tim fncen
tives. For an alecericity cost inflation rate o
111 (one slectric power company's edtimats [33)
the incorporation of & 254 tax rebata and b
svallabitity of & 4% interest 10am oa ke salir
equipmgnl, an initlal? iovestownt imoa sulie ab-.
tion coolIng system of 34,500 wovld rewwlt fny
1avings of aboul $1,000 1n slectricity coit: |n
¢luding the capital cest of the electris coally
aquipssént} over the period of 20 ymars. 11y
motemdrthy, Rowdver, that the ownee of the byt
ing receivas & raturn of 510125 the FIFeD yeur o
thereaflor operabes abt virtually & bradkdven oo

It mudf be omphatized that these condlulions on
an 3 “hesl gueis®™ basis. While the techelcsl o
tluslony which demomytrate tha reldbive them;.
dynapic efficlancies of convenbional vapor-tm-
prestien valts and solar sbsorptian coaling
mat heavily dependent upor the dality of the
ssunptions oede, tha economic feapibility [
critically dependent upon the ssswstd soacxl;
vilues, And tuch econmaic pavameters #llow o
tantative dnd contingant conchuslons.
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Storage Tanks)
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L, leapstal coat af galar couling subsys Lom 34,500 12Z.000
L, Caprial cost of pon-solar ¢oaling tubsyigem 11,500 116,000
i Farcentage al Tirst yesr cnaratimg costs 0.08 0.0%
e la Diffrrtna;_nintmm- Eosls ) - §55/ pedr 1] T
L. Susnn:-lar;ultnq laod - “iiﬁ?ﬁaﬁ:
EE]“ Fieat werr cost af electricity Sgfamenr |5 fhnohr
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o Inflation rate of operating cosls alue elre
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t Effective income toc rata 0 Cwndr e 151
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fr First year infurance ribe on ¢apital Cokt 0.5 0.5
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Table 3. Economic Assumptians
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Ly

virt agsorptlion refrigerdtlon unlts mugt have &
o compression unit in paralle) for backup ynder
= yral or alghe condttions, furthermore, pragent
teirptlgn unies extract oo wseful cooling work from
Wit sourge that 15 below the generator Shutsoff
=arature pven though i€ 1% theoretlcally petyible
Y Mosa, The subjfmct hybirid $ystim offers 4 rFe-
11'e, sganemical and Tower ppergting coLb alter-
1 e conventions ] units., A compressor 13

vl palwPen the evapnratar and absorber and

vl g gllaw aperabton In one of threg sodes;

w7 ptiga, nybrid {combinatlon of absorption and
1+ tompresslon) and wvapor compressien, Tn tha
v nodg, bhe generator thut-aff tewperaturs it
sl ly Tomered, Lhereby allowimg Lhe metractiph
Weful ¢poling From & Tow temperaturg hest $ource
“ramof sm.u?l ok of electrical energy by
ivprestor alltws Chit patensien of Lhe uyefud
4°1ng range,

(LIMATIC COMSTGERATIDNS

“ Hsign requirements of an integrated solar pow-
et heabing and cooling Systém vary widely from
1¢limatig region bo angther. The worst of all
i Iy for Lhe dreeas where avallable san!lght,

e togling and debumldificatian Toad reyuirements
- dut 4l phasv,

tine argy that 1w generalTy west of the Misslos-
B WalTey, the requlremenily for & 30lir pomerd
#1'%g yyyiem are very such gliferent than che re-
o *ienls for a system 1n the regien covering Lhe
Tuissipp! ¥alley and regigns ba the matl.

e wdlérn Ralb of the Ynitod States nas kany cli-
wile charactar|sticy EhAL are comwon to any dry
i of the worle. Days are characterloticnlly
¢ with high levels of soplar radiation, Mights
¥1 qenerally clear apd cool In the suomer. Tha
w80y 05 rearly aiwmays 10w, Byt most ieparlant,
elar rgdiation and the required coaling are in
ik, igr thix westarn case, & salir powered cogl-
woirs e vieGulret no Backup unit other than ther-
wislo-age ond & Standard abacrption conling unit
s Flat plate eollectors Iy adeguate.

fir the canlern half of the United States, the cli-
e candibigns are completely different. Days can
1t and peercast for lesgthy periods with nights

IIYERTD ABSOAPTION REFRIGERATION FOR SOLAR APPLICATIDNS

Silas W. Clark
Ternign, inc.
penver, Colorado
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that ara alac hat and humdd. The sumear homidity
i% frequently migh and tha lﬂrlsl solar radiation
frequently can vary 4% mech 45 EQ percent from ang
day to enothgr, The problems of varping solar radi-
ation, high demtmtcification aae. and & ¢oalirg
requirenant that Jdoul nat vary in phace chese
spacial probTemy for tha desigrer of o 35Tar, pow-
erid ¢ooling systes. [n fact, thase comditipns
dictats 18AT & Lackup system ofher thar thersa]
s{orage be uswd.

2, DESCRIPTION OF THE CYCLE

At prezent, thare 5 only one syatém Chit can de-
1{ver reliable coeling whan used 1a conlunction

with a radsonabty slowd arcoy of fYat plate £od-
Tettors, That 93 the classlcal sbsorption refriger-
atign sysfem with a standard vapor compression sys
stem in pardllal for backyp. This iy1iam {3 1hown
in tlock dizgraa in Figury lag tha snd of the
CALBT.

Im this system, the svalleble toler wnergy 11 delby-
ered to the generator gf the absdrption cooling unlt.
1f insufficient ¢ooling 13 produced By the sbiorp-
LIgh Ghit, the vapor compression system provides Lha
ditferencn balween the conling demand and the coal-
iny defivered by the absorption wnit. The mdjor
fauvlt of thizs Eysbes ¢ther than (i3 high coat, 1a
thay tt cenmob extract usaful cooling Triose wny heat
source balow 71.10C {1E09F), even {hough 1t is
thearetically possibis to do 3c. At nighi or o4
overcast days when the storage Lack Lempersturk
drops betew 71,1°C {160%F ], the solar drlven absorp-
tign unlt shuts off and 411 conlling st be ivpplled
hy tha backup unit.

1ha propated aybrid absorption cpadiag syatme 13
shown 1 black diagram in Figore 2. This systam
can opargbe In one of three nodes: Absorpiton, com-
bination of abserntion and vapar compression, 1.¢.,
hybrid, ard puré yapor comprassion, Flgure 2 im
at tha snd of tha papar.

2.1 Mxdes 2f Jperation

Splar Powsr Absorption Mode - The kybrid systes will
cperate 1o & 50Ter power stgarpiion wods when suf-
ficient radiant energy 15 available, ¥atves 1 amd
4 are opan, vatves 2 and 1 are closed, lhe compres-
sgr 15 of F, and the 11guid sefulion pump %5 on and
the cystet 15 gparating fn Lhe pure sbearptign



aode, Oparation in this wmeda 13 tdentical w con-
ymLiomal solar ablorption coeling devices. The
angrator operating tomparstore thould be 1WF
A1.59C) or higher.

Apsorption/¥apor Comprasiion Mode - IR L hybrid
aparational mode, valves 1 and 3 are closed, voives

Fand 4 arw open, and both the comprasior and 1iquld

pump ara operaticnal.

Im tha hybeid mode, the svaporator tamperaturs and
pressury avallsble to the ahsorber 13 euch higher
thar the actusl temperature and presiure la tha

wviporator, The resultant refrigerant concentration

1n tha sotution discharged From tha absorbar s
mych higher. This Increaged rafrigerant concentra-
than af tha sglgiion fn (ke ipput b2 Lha Qeserator
drastically lowers the genarator shubt-off tewpers-
ture, In thiy mods, the constaat eviporator temg-
erature and conitant voluee comprezior will resgli
In & compressian ratio that changes with absorber
condttions.

Yapor Cowpragslon Mode - [0 the vepor Ccompresslon
mode, valas 1, 2. and 4 ars tlosed, valve 3 1s
cpan. the Haquid pump 13 aff and the compressor 14
en, - In this wode, operation 1% {dentical Lo exist-
ing vapor compresiion gpstems,

Ancther configureticn s possibla 1F the compressor
ty added batwten tha generator and cORdARler. How-
tvar, In thit configuration, disposa]l &F ibe haat
from compresafon Bnd waste heat from Lhe compresior
motor muit? b accomplfshed {n the concenser. The
hait trgnstfer coeflficiants af & sypdvheatsd Jry

5 ara vary low. Sioce heat transTar in the ab-
sorber 1: }imited Gy resistanca to sbsorpcion in
the §iquid f11m and not by the heat transfer prog-
erbies of the dry Qa%, disposa! of waste heat From
the compressor §% such sasier |a Lh dDSOrber than
In the condenser. TF Lhe compressgr |5 betwawn
the generator ang condanier, tha temparaturs, pres-
jurt and volume of the suction gas w111 wiry over
§ wide rangs, This would presant probless tn prog-
arly cooling and Tubricating the compressdr that
sra not present In the cenfiguration whick place
tha COMpresior batwaen Lhe svaporator ond abrorber.

2.2 Fluid Puir Selection

The celection & the Tluid pair to be used Is 1n-
fluenced Gy tha classical salaition critacia for
sbsorption refrigication and ¢ompatacility with
the telected comgresior, AN ahsorption refrigera-
tion spparatus can be Bullt with afy bed flulds
that have differunt bailing points. For a single
affect absdrpiion maching, that is, & BaChine with
¢hz Abtorbar, condanier, wvaporator 4nd gemerator,
the penerator shot-of { tamperalues 16 thd same
regardiesy of what fluid pair 15 chosen. Therstors
the following Fluld pale salection eriterfa ara
WEwd b

1, The pate must be chemica)ly stable.

2., The pair must ba able to contact all the en-
posed components of the (ompregior wilhout
electrical breskdown or carroilon.

3. The peir wyst ba Agn-cosrnsiyd T0 Common
carstruction cateriais such 4% coppar, Stml
or aluaime.

4. The pair must 2170w Tow construction gosl;
vhat 15, no excesaivaly Targe heat brangifes
gurfacer and no mibreme prassurds 1hould of
involved.

5. The pa!r mudt allow & reasorable Therodi
Lomffrgient of Ferformisce 1n the absorptio
maHie,

6. The pair must #11cw Tow pump work in the
absorptton mide,

7. The palr muit allow a ressonable electricl
Coefficient of Farformencek in Lha vapor
comprasyion oode.

B. The pair should be non-toic,

§. Tre palr should b son-flamast)e.

10. The peir shauld b Leo redsondbly £owmns
watesldls, .

The performanca of any flutd pair In an absorenls

refrigeratton apparaluc must uitimately be rape

by threa criterla. First, the ultim2ie Loefflin

of Parformanca &31cwid by & Fluld Pair 15 Shows o

Equation (1)

AP, = NS0 Hy + Hd) L.

Wnare H, = heal of viporizrgton al 3wy
of rafrigerant
Hg = hedt of diigtion of thet same
walt of rafrigarant Abioried

Second, the minimm pumg work required for o piyyp
wnit of refrigerdtion delivered;

W= AR

Whare: ¥ » volume of refrigacant righ
sbsoreer solution thal must b
pupsd [0 Cha Jengralor b gde.
Tiver u wunit of refrigericios

Ap e prass in generator - preis in
ADIOTIET

Third, iM Recoviry Heat Lachanger duly For e
utit of rafrigaravion daliversd:

RH.E. & ¥ CpdT = W CRAAT A

HWharg: P = dansity af generator s0lutica
p = huat capacity of generdior
sotuiion
M = mit3 of gererator safution
FAY tempivaturs oF generator -
tamparature of abyorber
Tht ¢lassical eppProach Lo flufd pair selection .
bty to chodse & refrigecant with o very hig o
af weporfration gnd to choosa a fluld patr trag [
¢ Afgh heat of dilution. The eftect of chosils, ,
refrigaranl mith & hoat of waporipalion &0 s, ,
magnitude above b heat of dllution 13 taally .
from Equation {1). The effect of & nigh Rear o
dilution 16 ot s0 ADParent. A Nigh haat of o,
tlan fndicates o large negative deviation froc
Fagult's Law, & Targe negative deviation Fra
R20UTL"S Liw meant LBAL fha solytion Mt b ae
lomar vApOr pressure thin would De Pradiciled r,
Raguit's Law ar that tt takes & mork cOnCEntratp



Lr-"h tham predicted to yleld thr same vapar

*Sfy, This requires that the gmount of Ebsorber

P Lt st be clrculated to produce 8 9iven

AT rafrigeration It Jowsr than for 4 o ution
"% devtation from RaoutE's Liw. ThYB refulfs
**lag both tha required pusp wark 1n EQuition
"1 the recovery hest exchanger duty In Equalicn
Cwlbtanagusly.

*t Prusant time thers sre severe] flyid pairg
TN papular amang 1o1ar SRATQY researchars.
12 Lhasa peirc dra shown in Tablg |,

orbemg Hzd  L18r MaSCH  DETEG  NaSCN

]

;

I-'-rl"rmt Miy  HzD Wy EHFaC1  LHaNH,
f

!

! TABLE [

N Rufrigeranl - Ablorbant Pyirs

1

P otee palrs shown in Tabla [ Show large reds-
Postelutions from Raoult's Law. The firgt Four
M 1nted have been demonctented 1g by wanmically
v over g wide radge of conditigng. Anp of
Hronlry could be used In & mybrig absorpt bon
Foeration device If & tomgresSor compatibls
11tL pair ware avaiblable. The first thres
19 Mkted 1 Tabie | would requles the wie af g
Y foex compressor.  Tha fourth Palr, Frean 2%
*rf Tato Dimethylether of Tetraathylereglycol ,
w1 uied with 3 comprasior requiring mimime]
Ty tuth as the heti-rotar comprassor,

*-*+ [hy {avention of the modern Falocarbon Fe-
“rIRLy, dnmanie mag yted In vapor comgreydian
“Uierdtion.  The Comprustor: used had el Tlooded
ity Stmce ol and semwonia are imaiigible,

YEAritems raquired Lhy yie 4F af] traps #t

£ a5 places in the syseem to trap gil that es-
“ from Lhe Compressor and ruLurr it to the
ThUM, Any aemgnis that entered the crankcase
v dmortred and returned to the symenia clreula-
“redth, [ 15 technically posyible, but nat
Prleally Feasible, to ure such a COMET S A0r Eyatem
T bmonlafwater absgrption unle, Some oli

= : Imrvitably contamingte the absprber fleid and
"D hark tn he removed, Any 1ystem that trapped
260l 1 ceturn It o the COMErESsor cranktsne
U aMow wmatl amounts of sbsorber fluls to gee
"UIEe Craphiase. Thig absorbar Fluld would then
"IHiculi to remgve from the crankcase becavie

T HUC Lunpgnent could not bR vaporized wut of

® rarhcase at normal comprassor Esparstured ang
"™ oprELsures.

“ular problem would arise IT Freon 22 wire used
" Uimethylether of Tatrathyleneglyecyl [DETEG)
‘veodressor assisted apgorption cyckem.  DITEG
Tatatling palnt af 37990 [529F) uad 15 voluble
Vpreisor olt. [t would therefore be imposiible
"turets the comprescor ol from dbsorter flald
*return gach to thalr proper places in the ap-
“~Llan updt.

‘st o use comprescor ol1 by gn sbsorter
Euinch u variety of rafrigecasts sre sobyble
L Yewever, the curface needed fn the rhveTy

raat 'nc.'nngq-r and the power tleded for the tolutian
clrculation puwp would both be promiblEively Torge.

Mt trre compressers and beli-rotor compreviors gope
considarstly more #apaniive tham tha cosmow hgrmati- -
cally seated plston Comprassor ard rafrigerant -
abserpent combinations compatible with Lhiy Compras -
SOF Mgt be investigated. These fluld palrs must fol-
£111 the First seven of the ten criterts 193ted plus
the pair must allow raeoval of stsorbant aslvrion
from the crankcase and tha removy) of compraiinr ol
from the absorbent walution. Dne pair that fp yutted
tnl:stntu raquirements 1y Fraon 12 gbsprbed 1n1p Freon
113.

A wit shabed sarlisr, an abrovption roafrigeration
device con by built with any twd ¢Tuids with differ- -
ent bolliag paints, Furthermora, thers 1) Some ad-
vantage In cheasing a f1yid padr that 19Etla O no
devintion from Raoule's Law and, therefore, 1ittly
or ac heat of diletlon, Equation (1] chows how 3
fluld pair having Titcin or ne heat of dllution cun
dllew & nigher C.0.F, which tn turp would Mogw 3
bmadler collector to by used. The adverse offpcts
resylting from the Incewsrnd fliow rate of abaorher
5¢lutlon can be partially overcome by chooking an
dbsorbent with 4 Tower hawt capacity snd chooning
4 refrigarant with Tets pragture difference brtwean
the qenprator dnd sbserver, From Eguettan (2) 1t
can bl yaen that o Tower pratiurs ol Frarance Mg
the 1ame ofFect ON Pusp work o3 5 Jowsr volud Cirs
colatlon rute, From Equetion (3] $¢ can bu sean
that » Jower hent cBpacity hax the zawe nifect on
recovary hmat exchanger duly N0 8 lowsr e €ip.
culallon exty.

Howewsr, Equation (1) doay apt compleraly describe
thersd 1 performance. Whed 41! factors are combined,
Equation (4] results,

C.O.P = Hre = trc/(Heg-wra] + Mo AT & we 4]

Whare: Hre = heat contant of ope unit of
refrigarant Teavipg the evapora cor
Hrc = heat cantant of ona unit of
refrigerant 1eaving tha condensgr
Hrg = heat content 2f o unit af
reitigeraat leaving the ganerator
uu-i:r
Wra = bheat contant of one ynlt of
refrigerant Tsaving the shiarbar
N = mAS pf abrorber fglution
entaring the ablarberc bo abigry
ate Lpft of refrigerant
'~ heat capacily af ahsorber Solutian
g temparature of Sulution entaring
the absorber + tesgeraturs of
abrorber
Hd = Pkeat of diluties of one wnit of
refrigerant when spsorbed

Une cuh gasdly see from Equation (4] that chobiing
a Tluid pair with ro hest of diTution cen Tead Eo
increated thermal C.O.F, {F the st lowses in the
recovary heat eachaoger are held to a miniem.

When Fregn 12 abscrbad into Frean 113 ayatem 43
compardd Lo ameonia absorbed 1nt0 water under |deal
conditiony, the comparison In Table 15 rasulte,

FYL



072 Kcalfhr (3 tows) refrigeration

§1.9C [2000F) genarator

2. C (900FY absorbar and condenser

4 400 [400F) evdporatar

5.50C [100F) approach In Lhé recovery
heat aachanger

Elven:

NHP'II?IJ F-12/F-113

16000 kcal/hr
1049 Wbty

£I00 Kcal/hr
2117 Watts
TABLE 11

Comparlion af Recovery Hadt Lachanger Duty amd
Fump Work far NMy/K.0 and F-12/F-113

RHE Duty
Pwn_p wNark

Wow cospare Figure | and Figurs 2, Mote that both
have one Comprassor and Lhat tha hybrid unit In

Figure 2 has two less heat eachdngers then the stan-
dard abtorption refrigeration unit in paralla) with
& wvapar Compression erit chows in Figure 1. The
dred ot the Llwo additional hest exchamgers (3 twn
timet barger than the added sred in the retovery
hent eschragar af the hybrid.

Although the punp work done 10 the hybrid absorp-
tion dystem 13 3.77 tlmey lacger than the pump
work done by an armonls absorgtion wnit, the hybrid
unit |5 able to utitize input Lempapatures Lhat
cannat b yied by an absorpticn wnit.

2.1 Performance Comparison of the Hybrid

Tha tharsal and elecirical parformence for the hy-
brid ayites 18 shown in TabYa IF] and I¥. The
alactrical powsr 15 caliwleted on the basic of 1del
mitors and no parasltic powsr. Tha ralacive power
consumptioh ahown fa Table IV will lacreage for
both cases whin motor 1nafficiency and parasitic
powtr Ak CONSIdered. Howsvwr, tha power concomp-
tion of Ehw hybrid systes will always ba gqual tg
or les3 than the power condustd by a convantional
dbsorption and parslla) vapor comprassion coaling
unit.

Frean 12 sbsarbed into Freon 113

1 tons constent output- 9072 Kcalfhr

Absorber tnd Condanser - 32000

{900F )

Evaporator = 4.49 {4DPF}

Approgch 1a Recovery Hest Exchanger

5.59C {100F}

B, bupsr heat of Rafrigerant leaving
generator avsembly - 11.9%C [20°9F)

/. BOY approach to thturatton in

sbsorber

Glven:!

ek Wil m—

+

-

46

Beneritor Tang, C.0.F. Tharmal Idwal (¢

Ellil:ﬂ:-._
23.3°C [2000F} N ] ¥
az.200 {1609F) 0,585 H
H.1%C [160%F) b0.672 %)
6070 [ T400F) 0.E54 171
48.85¢ {120°F) 0,638 1.
Pure ¥apor Compression ) 814

TABLE ]I

Thermal and Electrica) Performance of th wyor.
Glven: Sase Conditions a3 1n Table 1T

Tamal Pownr Contumed (wanty

Ganerd Lor Conyantional Abserss
Temperstura Hyhrid and Yapar Comprasine
93, 3°C [300°F) 167 w o
22. 7% {10gPF} 2 1§
F1.19¢ [1609F) al? 1237
E0OC [ 1409F) 595 129
48.8°C {120°F) am 1231
7.7 [1000F ) 1232 1217

TABLE IV
Powgr Contumption of & Pybrid Yersus 4
Convanttonal Absorption Unit with Naps
Conpression dackup

The fractton of rated coollog that 15 prod,.. |
501ar powsT under various operdtlng comdlits:,
the hybrid and toaveatlond] 1pvtems I3 o .
Tabte ¥, '

Conventional apug-,

Ganerator With Vapor Campe;) .
Temparatora Hykrid Backas .
93.39C {2069F) 1.000 Lo
82.20C 18097 0.911 ' 4.6369
T1.19E (1600F) 4.7987 g

BRL  [1409F) a. 6481 &

48600 (120°F) 0. 881 4

TABLE ¥
Solar Contribution to Tatel Conling
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~t"y. therg 15 only Ore redshvable methad to
* eeliadle olar powered cooling wite Flpt
"rellectors. That method is to puk an absorp-
““‘rigeration wn1t 1n parsllel oith & yapor
T *iiion gndt Bt i3 shown in Flgues 1. 1T f3
*rhpar that the hybrid absorption cocling wnit
e 2 15 p ressonable wng mora seonomical
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Figure 2. Hybrid Absorption Loaling System
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i i thueie T recedented
he international wl com P nics continued to eapress theie fears uwt.-r_runf o
i is) heir very ability t@
ice T )  crisis crupred. Butthoir
Fice rises, as | 1d dane before the ari . y ab e
1—Iﬂl'rm e 55 adequardly durtny the early months of the crisis, fromn P
upplies more « - . . e
:-;P}E! tes the end of the year, blunted the eiects of their expressions of nl:_mhc e
an p | crisis primarily a3 mancuver o1
nded to sec the ol crists pom 1 Mg
i continued 1o
Hemselves, not so much as a threat by the Arabs. A preoccupicd E"rcﬂdrll{'n:d onrinue e
.ancern hirmscll' with Wartergare. AR involved Secretary of Shtatr: .u-::rra:n reing in
. i-cnwl ' crisi
i Ant-covironmenialists saw the Ing.
: on weacemaking eforts. : 1 : : i
:"':k ﬂri‘; dinst th cESicrrn Clul and s afhes; eriviranmenalists and cor[ilcr .
- har wa N . orm
- high Ecﬁ a3 a boon in discouraging oil consumption: independent o ;w F; ne
aw hi 0 I x
i 1}5; cri;is 1% ap opporuniLy to counteramack the majors; Bix :r_df::rm o
" w . " a Iﬂ a )
-hance ta cnd ceratn provisions that beneficed the major oil tumLF;n‘n e one. In
™ The inzbility te shift course rapidly was ot confined to the Unie e 7y
i i wnity
1 [ by various groups as 1n oppor
cunirics, the criss was scen _ e
me ch the simation sexmed ta seTve, whether chal Cause wak In fact r!:i o e
at as
s tr ot. Tsurumi points out that, in Japan. MITT (the Ministry for mt:nmmml
sritis of not. Athe :
.;'I de and Industry} uted the erifis as 2 peg for bolsiering 105 waning ;uwcz fo con
hra e aese scanomy, In France, the crisis provided 2 plz.:fnrm ﬁ:!r in cp:nou i,fu, i
t TJ:;?:n +* ‘he Arab world, action thal had only 2 parual_rel::mn fo :h: o s
n[f‘? Rritain and Norway governments cast an £ye 1o their I'ulturt;.tn the " ,mhar'
i I | thar wo -
cautigusly asking themselves whay precedents they might be setting

tor oil exporters.
o e s s hctcl'?en;;:l?:;f;rfr;lnt,zl least in the :hurt_ rum. I!'an.:,r el-
expected lrom the rich oil-importing cuuntnc:,]n
ed. Indeed, it wuald he lare 1974 or even carly
ered in gnvcrnmcq;ai

an puhﬁc opinton Le

G it was business 1% usual un
{ecdve reaction {o the Crisis wis [0 hn;
' he nee
rood dezl more time would d , ,
LI"S'i'j before the full gravity of the criss would begin to be re

pu]'tr:ics.

- "Par-rz:THE CRISIS ' .

JOELDARMSTADTER AND HANS H. LANDSBERG

The Econemic Background

fneroduciion

This PAPER ADDRESSES THE QuesTion: What major developments in the energy ficl
and partcularly in oil, predisposed the world econemy e the shocks 1o which i h
been subjecred since the end of 19732 By “shocks,” we have in mind, frse of 41,
drastic rise in world oil prices and, second, the intimacion thased partly on what ha
pened during the Chcrober, 1873, war and pardy on subsequent OPEC actiens ar

pronotncements} thar supply would be manipulaied 1o mainrain the new level
prices and for ather ends.

The answer has both economic and non-economic companents. In essentially e
nemic terms, it cemes down o asking what fctors on the enerpy-demand and energ
supply sides provided a receprive setting for the acrions of the producer careel, In |
non-econamic—and largely political——aspect, ir comes dawn to asking what policies
the Arab-lsraeli conflice (and perhaps with respect to nther issucs 2s wdl) made for o
eohesiveness that was necessary not only for the implementation of the embargo bu
heking beyand thae shert-rerm disruprion, absy fur the depree of harpaining effe
nveness thar, an purely economic grounds, could nue have bevn pn-d'lm'd un the ba:
of previous efforss ar cartelization. .

This paper, however, deals f:xr:lusivr[}r with the ecenemic cumpunent‘—:hat I5.
surveys those world-wide developments that seemed ta render the majar oil-conumir
countries suscepiible to the supply and price pressures that bepan late in 1974 We
aot point ta such devclopments as sufficient by themselves 10 2ccount for the crisis, f
wr make no pretense either of exhaustiveness or of knowing how the behavior of tf
producers might have shifted had a differcne set of ccanomic circumstances prevailn
QOur exernise does nor even pernul a quancarive * fecl” for hew much of the supp
and price crists has its roes in the developmenis we will recoynr, Al we suggestis th
the phenemena we will review conisibuted significandy in seriing the stage for (f
events of 197] and 1974, and thar, ro the extent that these phenomena are recurren
they represent enduring issues. Their conswleration and discussian are therefore neve
wury far an appraiszl of the shape of things ro come. Above all, we find it important
stress that an “energy crisis” was developing, that borh decision-makers and the publ
were aware thar it was long before the Cerober, 1971, war, and thac many of 1t
{actors singled out below were cambining toward a new conseellation af forces in we-
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1ergy. The embarge and the ensuing price revoiution brought to an early and violent
wl what probably was incvitable in the longer run, but whar mighr have been more
anageable at lower temperatures and with greatly auenuated disturbances, .
Several fairly distinct wrends on the world energy scene helped create the climare in-
hich the producer-country actions of |$73-74 could bear fruit. These trends revolive,
i theie physical manifestation, around the growth in overall energy consumption, the
sing share of petroleum within the towal, and, in wrn, the steadily rising share—al-
ady high in the carly nineteen-sixtics—of Eastern Hemisphere (particularly Persian
ulf and North African) 0iFin accommodating that rise in oif consumprion. In general,
nuember of these trends accelerared more rapidiy than had been anticipated. Con-
rrently with the growing dependence on energy from this concentrared geographic
gion, major changes benefiting the producer countries were occurring in oil-pricing
«l in the financial celationships between the companies and their host gavernments,
he resuiting increases and, especially, the prospective accumulation of revenues made
possible at least for the principal exporters to contemplate slowdowns or even cut-
itks in production without adversely affecting—and pechaps even henefising—rheir
ORQITIES, Fina!!y. a comioriable rc.il::l"u'c—prurjucl]'un situation gfgba.f{p tended e ohb-
ure the palitical, econamie, and distributional aspects of converting these reserves into
pplies where and when needed. while at the same time removing urgency from the
velopment of alternanve sources of energy. -

Tabis |
WorLr Envency Consumption anve Popuiation. Seceeten YeEars, 1 925-72

! . B
Total energy contumpnn Energy consumption

10* barrels/day Pepulation percapita

10T Bru oil equivalene (mlivon) (t0% Brud
g 43 249 2.6 1.5%4% 114
150G Te.32% 17.% 2. 504 i0.7
i 24,044 40§ 1,99 b8
Ll 1| 214,49 1047 1,409 7% 4
LEN 237,144 115.7 1,747 L3

Average amrua-fperr:nmgf rate of change

2550 2.2 1.1 1.1
i A0 49 |8 3
MEG-12 13 - 1.9 3.3

"One barrel of crude o has a beaceontent of aboue 5 6 million Bru. Therelore, | millinn barreds a duay
aitly zppreximatels. 2044 trillion = 10" Bru per vear. 04 corsumpton is somedmes alus enpresed ia
T e per yeat and EnCrEY CONWMPOTA 1 et tors ci-equivalent per yoge, Sines §oron of cuge
oo aai mmahout Im!__h-_‘trft{l- I malbior Macrels 3 Jay equaly appraxmately J¢ mudlion rgns 3 yeur From
*feweping -u‘;ﬁqgaﬂﬁﬁ:ﬂgﬁﬁt equezbenn, we cap then denive an addinonal one: b ooubhon ons of ol
Tais :Ipp'[a‘{lr'!l.'llr:;f‘ ;‘t{’i]]mn B ’
Ty . 4;: Prarmaenle raed Schure The World Energy Qurinek to the dtids 1 75p7c
Phe oot 6 Henage Supply Pach « he Unied Stares,” Philarapbnat Tracarntani, 17
. mdom, 154}
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Trends in Aggregate Energy Consumption'

By 1972, world-wide energy consumption had reached an estimated level of 237
quadrillion Brus—representing, in mare familiar rerms, the cquivalent of 118 million
barrels a day of petroleum (see Table J). The rate of energy-consumphon prowth ap-
pears ta have been acceieraring throughour much of the twenticth century: from 2.2
per cont between 1925 and 1950102 postwar rate of nearly § per cent annually, rising
during the most recent decade to about 5% per cent. While the more recens change in
Taie may not seern dramatic, one must realize that, at the aggregare consum prion ievels
prevailing in 1970, each tenth of a percentage point of consumption was equivalent to
over one mitlion barrels a day, compared o stightly over half a miliien a decade car-

her—ihar is, acceleration by even a Fraction of a percentage point represented a sub-
santial amount,

-

At 2 per cent per annum population growth, the aggregate cnergy growth rate of
¥ per cent during 1960-72 meant a yearly growih un per capua energy consumption
ul approximarely 3% per cent. The worldwide average spanneda range of per capita
energy-growth rates, varying fram around 3 per cent in the United States to aver 10
per cent in fapan, with 2 number of regions clustered in the 4 1o § per cent growth-rate
heacket. Bu regional differences in the feve! of per capita energy use. while narrowing.
have remained dramarically- wide. 1n 1970, per capita energy consumption in the
United States and in Canada—which was orly slightly lewer-—was morc than tweo
and one-half times the level of the next ranking regions—Western Europe, the Soviet
Union, and Ocrania. An even morr extreme disparity is reflected in the fact thar Narth
AMerican per capifa consumption was berween rhirty and forty times the levels pre-
vailing in Africa and the developing porrions of Asia. !

To be sure, trends and levels in per £APita ENCFRY CONSUMPLoN are not proxies for
fPer capila income or gross national product; nor are the laner measures, in trn, truly
reflective of living stamdards, however defined. Nonctheless, while r:cugnizing chearly
the potential for cansiderabie enerpy savings of a sort that would not inbibir ecanamic
wpirations, the existence of such disparities. coupled with u close—if not fized —rarre-
‘pondence between levels of per capita encegy consumption and general econamic de-
velopment, has an important implicztion for the future: the drive taward a substannial
impeovement in living standacds in the years ahead will exert added claims and grow-
ing burdens en world energy supplies.

In the carly seventies. an almos unprecedented concurrence ef boom conditions
prevailed in North America, the Eurepean Community, and Japan. Growth rates of
real GNP were ar peak levels in the twn years preceding the ol crivs, For the devel-
oped counirres as a whole, real GNP rose as folluws hetween 1970 and 1973

FQAEY=%10 2 -
[970-71 16
1971-72 5.3 B
v ] 1772-75 6.3 :
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+10.3 per cent in Japan, but ~0.4 per cent in the United States, between 1972 and
1973, and espegially during the first three quarters of 1973, rapid cxpznsion in the i
dustrial cuun’-':{:’-jﬁf}?-nincidrd, For the year 1971 ax a whole, thoe were the individu

GNP grawth rias of the major areas: )

Ch

Unized Staies SR
Western Enrope F.4%
Japan 10.4%

Many indusiries worked at increasingly high rates of capacity urilization; some en-
crgy-intensive primary industries in the United Stares operated at rates approaching
{00 per cent in 1972 and inte 1973, The near-capacity utilizatien of industrizl fach-
ties can be illustrated by data for the United Stares compiled by the board of governors
of the Federal Reserve System., The index of capacity utilization in materials indusiries
(ranging from stecl and copper ro paper and fibers) reached 96 per cent in the third
calendar guarter of 1973 and averaged 95 per cent for the year as a whole. “"For much
of 1971." says the Federal Reserve Bufletin of January, 1974, “"basic materials-pro-
ducing industries were operating at rates higher than at any ether time in the postwar
period.” Similar conditions seem to have prevailed abroad. Such high utilizanion races
necessarily involve the operation of less efficient equipment and a strain on the supply
capacity of hath materials industries and encrgy suppliers. in Japan, for example, fucl
consumption by manufacturing industries in Qctober, 1973, was nearly 30 per cent
above the monthly level for calendar 1972 while, for the same month, the rate of
:apacity utilization in manufacuring stood at a remarkable 102 percenc.*

Shifts Among Energy Sources to Meet Demard

Table 2 provides a picture of postwar shilts in the role of the different energy
sources to supply the rapidly rising demand documented above. A sharp relative de-
sine of coal and marked relatve inereases in both ail and gas characterize the period.
The larter two sources accounted for 38 per cent of world-wide energy consumprion in
1950, buc had risen to 64 per cent in 1972; concurrently, coal experienced a relauve
lecline, [rom 56 to 29 per cent: The primary eleciricity share—hydroelectricity along
sith 2 thus-far modest but rising nuclear component—remained essennally un-
:hanged.

With variations, these shilts occurred rhroughout the world, as can be seeq n
[able 1. ln no zrea did the share of coal fait v decline. [n most areas, the share of ml
ind narural gas was higher in the early nineteen-seventies than in 1250 and, more of-
en than not, substantially or radically so. Cnly in two regrons— Eastern Europe’and
“hina—did coal continue o contribute more than hall of toral energy consumprion in
ecent years, in Wesicrn Europe, there was 3 sharp decling in coal’s relanve share from
wer three-lourths (o a little over one-lfourth in the shert span of less than two decades,
od irs absolute use drclined as well, Concurrently, the share of il and gas went from

-k

Table 2
Worr Enercy Comguseerion: Diyrriwtrion by Sotn Q-72 -
1950 1950 1965 1944 910 1%71 1972
MR CATE COMSUMFTION
(1o" By 764 1240 160.7  1dy.? 2141 N1y 272
Per cemi shares ,
Cral $57 441 390 1Lg  ind %y 2187
yl 289 154 39.4 429 4 5 45y 440
Matural gas s 13.5 17,5 1é.8 158 18.1 8.4
Primary clociriciy 6.5 6.4 5.2 5.5 &5 &6 5.9
1200 1000 1000 1000 {000 o0 1000
Avperagean nua.’prrr:m.'agr rates of ircrease
1950-60 1 940-72
Ceal 1.5% L%
Ol (| 1.8
Matural gas 9.4 83
Primary electricay 4.8 4.2
TOTAL 49 Fg

*Comprised of grothermal, nuclear, hydro, For {972, the £.9% figure in the rable broke dewn approi
mately as follows: geothermal. 0.0F; nuclear, .75 hyden. 6.2
Source: Same as for Table 1.

15 o 62 per cent. Japan’s energy pauwerns underwent simifarly dramatic shfts, The
Soviet picture is highlighted by a big postwar risc in the share of natural gas.

Changes in the American pattern were diflerent. bur evenmually aggravared thoss
noted above. The early emergence of ail and, subsequendy. of gas had resulied in im-
portant shares for these fuels in the country’s total enerpy consumprion far ahcad ol
most other regions. The proportion of oil in United States cnergy consumprion rose
father modestly between 1950 and (970, wich the sharpiy declining relanive positien v
taal being principally compensated for by increases in the use of nawral gas. Hlowever
ugoificantly for the 197) evenes {and discussed more fully below), in che pasi several
yrars Unired Suares oil consumption has advanced at a disproportionacely fase rare, as
gas output leveled off, power-stanion coal urilization encountered tight environmenial
constraints, snd oil demand in the transport sector accelerated. The significant factor in
the American siruation is thus not the sharp shift to ol and gas in the past two decu le
but rather the recent acecleraion in oil demand and the mecting of this incraased de-
mand not frem indigenous but frem fareign sourees,
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ing the past ten years {Tabie 4). Rising from 2 mullion barrels 3 day in [962 to near'
5 million br a day win 1773—or ava growth rate of 814 per cent per year—
import share _. Jnited States oil consumption hay gone from 20 to JO per cent, anu
rust before the Dcmhfr 1973, war was running af close te 11 per cent, Monetheléss, o
a share in aggregatc national ener gy consum ptien, A merican oil | imports scand far be-
low comparable levels elsewhere, In Western Europe, oil imports went from J7 per-
cent of total energy consumption in {742 1o nearly 80 per cent 1n 1972; in Japan, from
44 1o 77 per cent; while, for the United States, the increase was from 9 to {3 per cent,
Even so, the high absolute level of United Seates energy consumption and the pervasive
role of oil in transportation make even this refauvely small increase a substapiial one in
the face of supply difficulties,

For Western Eurepe and Japan, the dominance of the Middle Fast and North Al-
rica as suppliers of ail, coupled with the importance of ail in West Furopean and Japs-
rese encrgy consumption, has meane thar these two producing areas have come to oc-
cupy a crucial cole in the toraf energy position of the consuming areas: 47 per cent for
Western Europe and 57 per eent for Japanin 1972,

Traditionally, American oil imports have come in the main lrom C:Ir:l:bcan and
Canadian sources, the Persian Gull-Nerth African region having maincained an ap-
proximately constant share of arcund 1§ per cent of American ol imports {and Yo 4
per cent of American ail cons-.Jmptiun} during the period from 1962 o 1972, How-
ever—and this is not brought out in the 1962 and 1972 comparisen on Table 4—it
has now become clear thar, because Canadian and Venczuelan expansion passibilines
are 2t best severely limited, further additions to United States imports must bank heavi-
ly on Eastern Hemisphere supplies, particularly from Saudi Arabia, bur from other
Arab and non-Arah suppliers (Iran, Nigeria},as well. Indeed, during the period June-
Qctober, 1973, American crude-oil and oil-product imports coming direcily from the
Arab couniries only already amounied te an estimated i .3 millies barrels 2 day, repre-
senting 8 per cent of oil consumption and 19 per cent of oil imports for the United
States; if one adds impores indirectly raccable ro Arab countries.® the respecoive figures
for this mid-1973 peried become 10 per cene and 2§ per cenc® With the inclusion of
Iran, the entire Middle Easi-North African region would figure more prominently sull
—a minimum of | 2 per cent of cansumption and 30 per contol imports.

Conternplation of the conninued world-wide shift to imports from the Middle Ease-

, North African oii fields during the past decade and the moere recent American changes
just noted may shed a different light on what has been judged by at least some asa pan-
icky and submissive response to producer-country moves during 197)-74. It may in-
siead reflece this prominent charaaerisuc of acute dependency in world oil Aows.

The Past Misreading of Futiure Trends )

Nane of the three principal lines of development sketched above—the rapid growth
of world encrgy consumption as a whole, the conunued shift toward ol everywhere,
and the rapidly cising velume of American ail imporis—was adequarely anticipated in
the succession of encrgy projections that have appeared sinec around 1960, The review
of forecase summarized in Table 5 it desiened merely o convey an impressicn of the

}

Table § ‘ .
Review 0r Serpeten Past Eneagy Comsumerrns i W oy

—
Aol Dara®
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. A : A
F f 11

H Average Averag
annwal anrmal
. growth growth

. . rafe Year rate

Hegion Perion (%)  Source published  Perjod (%)

Toral ¢nerpy mnsump[inn-

oy World [R6U-70 5.6 {A) 1966 196070 4.6

1270-§0 4.8

(B) | 946 1940-80 30

. Wesiern Europe 1960-70 6.3 (T} 1960  1955.75 . 2.3
' {A) 1966  1960-70 4.4

L¥70-80 4.4)

{8} 965 1964-70 4.2

127080 4.1

L'nired Siates I &0-700 4.2 (D) L%63 [960-70 2.9

19780 1.8

(A) 1966  1960-70 1.6

, . 1970-80 1.3

Japan 1960-70 119 (A) 1966  1960-70 9.l

. 1970-6G 1.0

* (B} 1964 196470 100

1#70-BCG &%

- oif cansumption )

Weseern Europe 1962-72  10.5 {8} 1966  [964-80 41w

United Sta104 1962-72 4.4 (A) 1968 1960-10 3.5

1970-B0 2.7

{E) 1571 1965-75 1.4

. 1975-80 2.9

. (F} 1748 1R45-B0 il

j:pan 19&1-72 175 (/) 1964 1964-70 143

) 1970-80 8.3

. oil imporms

United Siacex S iv42-72 £.4 {F) 1943 1965-80 1.2
, {£) 1871 1965-75 3.5

i . 1975-B0 1.4

(A} IP66 _  1960-70 4.4

| 970- B0 4 2

Nore: Differences in definitional pracree among the various projection Hudies impairs enacl fom
Parison, even of growih rales. *
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*Highest of eange shown in source (B,
Midpuint of range shown in source {A).

wrces: (Al Eurapean Coal and Siee] Communicy, Review of rhe Lomg-Term Energy Outlock of the
Eurepean Community; (B O.E.C, D. Energy Policy: (C) O E.E.C, Touwrdr & New Enerygy
Patterm in Europe. (DY Hans £, Landsberg, Leonacd L. Fuchman, and Joseph L Fisher,
Resaurces im Amevica’t Funvre (Baltimored; (E) Sam H, Schurr, Paul T, Homan, and amoi-
aves, Middle Eartern Oil and the Western World: Praspects and Problems (New York}: {F)
LL5. Deparrment of the Inrerior, United Siares Priradenmt Through 1 950,

s of efforts undertaken. It makes no claim 1o being comprehensive, a detailed anal-
s comparing the different projection studies a5 well as a comparison between the pro-
tions and actual performance cannot be adequately undertaken here.,

This said, the degree of underestimation disclosed by the table is still worth ponder-
t. As we might expect, there is less error in rotal energy projectians than in the pro-
tions far otl only. But even for the total, the projections have been markedly con.
vative. For example, even though Western Europe’s economic growth rate in the
ties had been forecast quite accurately, jrs energy growth noticeably outstripped ex-
2tauans. For Japan, the eontinuation of the postwar economic boom, carrying energy
awih with ir, surprised people by its unbroken momentum. In the United States as
1 (is experience is dissected in some detail elsewhere™), the progressively declining
anonsfup, observed for ar least four decades, berween energy growth and GNP
weth did not, contrary 10 expecrations, endure into the latter "part of the sixties.
aong the things nar foreseen were the hal to fuel-eficiency impruvements in the
nerican clectric-power sector and the acceleration in demand for motor-vehicle
s, based not only on rapid growth of the vehicle population, but aiso on less cfficient
L use, which in rurn was the result of heavier cars, added “extras™ such as air cond;-
ning, tugher speeds, 2nd urbhan tongestion, '

Fairly pross misjudgments, also evideng in Table 5. were made with respect to the
¢ of il in Western Europe’s energy balance and of American oil consumpuion and
ports. in the case of Western Europe's oil consu mption, ene source of errer seems tp
+¢ been that projections—Tfor examgple, the 1966 OECD study, Emergy Policy—al-
red for a far greater, though not expanding, role for ceal between 1964 and 1970
- acwally emerged. The OF.CD envisaged West European solid-fuel produciion ar
ween 410 and 440 mill:on caal-equivalen tons 1n 1970. In fzcr, 378 million rong
re produced—a “slippage™ equal to {on the basis of the midpoint prajection) 70¢
usand bacrels a day of oil, or § per cent of oil imports for that vear. With respect 1y
L the 1966 OECD study was only the latest in a succession of projeciions thar [3iled
wnricipate the rapidly shrinking cole of the West European coal industry. Since im-
ied-nil prices wrre deasivel) competitive with European coal throughour most of

=.ceen-fifiies and -sixties, this farlure was not so much one of economic misealcu-

53 dy of maskeaging the govermmens” policy intention: regarding the seale of sup-
e the coay ¥¥. But eves apart from the exient to which ol {in power pen-
- . owied ke inaomenial demand that poal had been anticpated 1n

lin wons beneatable uses also pregressed at 3 buoyant chip, In

——

-

the ux-nation Cominon Market area, for cxample, the demand for automonve fuds
advanced at 10 per cent anaually throuphout the sixaies.,

+ The misjudging of the future rale of al imports in relation to damestic supplies ap-
plis anly 1o the United Srates: neither Europe nar Japan was expected to he a signifi-
cant praducer for the period under consideration. As for the United States, the conven-
twnal assumptions had been two. The first was thar government import controls cuuld
hold the import share 1o a constane percentage. Instead, these provisions were ire-
quendy revised, and the import-conirol program became so eroded that it collapsed en-
trely shorily before the cvents of 1973, 1t should, however, be noted that vven those
whi were calling for an end to the imporz-control program did nut anticipate a stag-
gering rise in imported od. Consider the relaxed views expressed by the stff of the
United States Cabinet Task Ferce on Qi Import Canirol as “late’” as the beginning of
1970: " Because demand is growing faster than domestic supply, imports would have
to ¢xpand by (980 at the present lie., 19701 $3.30 price, and by then could amount o
about 27 percent of our demand at that price,”™* In facr, as we have already noted, uil
imports had already reached a rate of 15 per cene on the eve of the October, 1973,
war.

The second assumption was that large unexplored and unexploited areas, onshore
and especially offshore, were waiting for the drill and weuld supply the tncremental
quanutics to mect rising demand. In fact, however. exploratory and developmenial ac-
tivitics in the United Stares declined, as the industry channeled s funds it overseas
‘ventures that were Jess besct by constraines and gencrated higher yiclds in both oil and
profits.

Words of alarm from oil interests regarding the lagging dumestic cffart failed to
urike a responsive chord among persons lung turned cynical to what they viewed—
rightly or not—as special pleading and poor-mouthing by an apparently prosperous
industry, Unfortunately, the same plea {greater finanaial incentives) could equally well
be read as an expression of need for capinl o sink into further exploration and devel-
npment, or as selely a desice for enhanced rates uf return. Oil companics have not ofien
heen given the benefit of the doubt on this proposition,

Insight through hindsight is appealing, Perhaps the lorecasters had shit themselves
off oo much from the real world—~and particularly the political world—when thry
made their aswmpiions. For, in addition to erring in cconumic premises, most plar-
aing cfiorts did nor appear te have taken sufficiently seriously threais by the Arab -
ernments to use oil as a polincal weapon as well as 1o hold back output for what—ro
the governments. at least—may have seemed a preper means wward income maxinii-
7ation. Popular recognitian that a crisiy was approaching and acceptance of the nete-
sity for bele tightening and for policics to expand domestic energy resources to cvunter-
actit could mat easily have been won in this chimate,
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furing the J1mi' nart of the sixties cantinued wo grow very rapidly. Real prices of ol ir

:he early scvcn"‘- ‘gi'lnd declined, and ihey remained Eelow their level o the Afties :m:..“ have heen linie antiparion of the compound effect of these eler

middie sixrics, thus exerling no pressire toward conservation: nor did falling pncn'
reate a climate in which public canszivation policies could he institured oe, i# insti- -

tuted, be effecrive. Concurrently, a leveling off in domestic output of oil and gas and
partial restrictions on the use of cnal led 1o the need for rapidly rising imports, made
feanible by the abandenment of remaining import controls.

To judge the significam e of this emerging foreign comiponent of the American en-
ergy supply, we need 16 noie that in the early mineteen-seventies oil accounted for
around 40 per cent—and, combined with naturat gas, for about four-fillhs—of Unijied
Statcs cperpy consumption. At the same time as domestic preduction of both oil and
gas had Rattened our in the wake of declining levels of exploration and, conscquendy,
dcc!tmng reserve [evels (see Table 7), consumption of ail —the balancing energy source
in times of demand pressures—accelerated. Several factors were responsible. For one,
oil was rapidly supplaniing coal as a power-plant fuel. Having reached a low of 6 per
cent as s share in utifity fuels in the mid-sixtics, oil's share had unexpecredly risen 1o
aearly 16 per cent by 1972, largely on the basis of the high cost or nonavailabiliy of
ww-sullur sieam coal. To itlustrate, in New England, electric utilities had burned 9
million wns of coal as recently as 1566, By 1972, they had reduced their coal con-
sumption to §.J million tons, and this happened during a peried of steadily rising pow-
er generation, il made up for both the decline in coaf and the rise in power genera-
tion. In the Middle Atlantic sates, the absolute volume of coal burned remained
constant. but oil, and to 3 much smaller extent, nuclear power, supplied the growth in-
crement. Natwnwide, coal had provided the same share of electeic generating fuel in
1972 as it had, say, in the mid-sixries, 3.1 millien barrels of oil per day would have
been “saved,” rrprmnling some 7 per cent of WUnited Stares ml mnsump:inn of 23 per
cent of oil importsy in chat year. In the main. environmenta! restriclions operated
against the use of coal and foreclosed that possbiliy; bur enc must alse note that the
coal industry had generally been “written of” as deciining, that it had severe manpow-
er problems, difficultics in raising capial. and generally showed many signs of being a
deprossed industry. Environmental problems. both in mining and combustion, gready
agpravated the picture.

The late sixties alse witnessed a largely unanticipated burgeoning demand for mo-
tor gasoline. This demand rose by 2.8 per cent yearly beeween 1960 and 1965. After
the mid-sixtics, it accelerated to more than twiee that rate. Continuation of the lower,
1960-65 growrh rare would have "(reed” another 630,000 barrels of oil prr du:,.l in

1578 —another 4 per cent of American ail consumption, or 13 percent of vil | IMpores.

Though much cited as one of the reasons for this development, reduction of automarve
etficiency due to pollution contrel is prebahly & minar cause when compared with
steadily increasing car weight, larpe engine size, rapid spread of air conditioning, and
other extras that lessened {uel efficiency. Failure of annual mileage per vehicle 1o Je-
cline, as had been anticipated by some as a result of more two- and three-car families, is
uill anather. In any case, the high gasoline requirement of larpe horsepower cars cer-
t2inly goes f2r to explain the high levef (even if it is only ene of the reasons for the high

l

—

3

recent groweb rate) ol Amenican ail consumpaon, anil, il there Appears
‘on gasoliae de-
mand. :
One couhl one sl other factars coniributing (o the tight Amencan oil sivanon. A
halt to the expznsion of raturai-gas output. nat uncennected with e contraversics
over continued repulation of the natral-gas price, may have added 1% willion barrcls
per day to 1973 oil demand. The nonavailability of aul fram the Alashan Norh Slope
and from the Santa Barbara Channel, as well as the delay 1a offshore operatians in
general, may have “subtracied”™ about 2 million barrels pec day from potenuial currem

- production. Finally, nuclear power plants were hclng constructed at a rate conssderably

"below the level foreseen just a few years carlier, owing to design and construction pruh—
lerms, nppasmun on grounds of safcty and environmental hazards, and cumbersome,
time-consuming licensing procedures. Various combinations of these posible. bur
problem-ridden, supply sourdts would in all fikelihood have greatly diminished the lev-
el of import dependence the United States was expericncing when the Middle East war
began. '

Atremprs to cupe with these problems substanially preceded the war, but, both be-
forc and since, short-run success by way of market adjustments has been limited. In the
case of natural gas for space and process hear, fer example, ot 18 not £asy w swicch
quickly 10 substtute energy forms. Redesigning automobiles for greater fuct efficiency
tuns inte resistance from manufacturers aml from a not insignihcang segment of con-
sumers, given the radeoffs in size and comfort. In a more general sense, demand re-
straint is not astured unless encrgy price increases are of such magnitude thac demand
Is 1upprtsstd at the cost of increased unemployment and industrial dislocation.

On the supply side, the regulatory lag inherent in federal controls aver naturat-pas
prices msured slugpssh action and sluggish production responses. Productive capacicy
tas in the case of refineries) is net rapidly expandable: aceelerated leasing and new re-
serve development pay off only alter a lag of, say, three or four years. and a quick rurn-
arcund after years of declinmng activity (by 1972, the anpual number of ol and gas
wells completed had declined to less than hall the number complered in the mid-fifties)
it beset by supply and other difficultics.

In the meantime. for the last few years, annual gress-reserve addinens in both il
and gas have been falling shart of production, resulung, as sherwn in Table 7,16 net de-
clines in United Srates reserves. This is in contrast to the period prior to 1968, when
additions to reserves had at least kepeslightly ahead of annual outpur. In the case ol ol
a key element in this trend was the propensity of the American ol indusery during the
sixties 1o divert increasing shares of its capital investment from the United Siates to for-
eign producing arcas. Thus, foreign sources of American enerpy supply began sev-

- eral years ago (o loom as a major factor un the natienal scenc. Other oil-importng re-

gions of the world, notably Western Europe and Japan, have, of course, long lived wirh
far higher degrees of import dependence; bur for the United Stares, previously con-
fident thar irs own excess productive capacity could be deployed in nmes of crisis {see
below), the increased rediance on imporos signified an unexpected turp of events. It co-
incided with—if, indeed, it did not pave the way for—suddenly hrightened bargaining



rican oil: Mo substannial replacements have came into view. North Saa oif will uens
1t rehieve reliance on imparted wil for the United Kingdom and obviously for Nor-
ty. but it does not apprar-to be heading for a larger role. Periodic reports of acw ol
Wls elsewhere in the world, even if verified by subsequent drilling, merely indicate ie
fin a distam future. in the meantime, dependence might increase fas it has donc ..
¢ Umited Stazes) rather than decline,

5Y fnsurance agaimt supply interruptions: Due in past=—perhaps cven largels

the recession, commercial erude-oil stocks have increased substantially in most -
THAR countries, with storage space scarce carly in 1975, Deliberate attemais 1o stuL-
le are mare haiting. In Western Europe, the OECD, as long ago as 1962, urgei m
iropean member countries to adope sixty-day stockpiles. This program seemed ade-
ate for 2 ime. Butin 1971, the OECD recommended early adoption of inery-dn
wks for major petrolcum products. This targes has slipped. [ndeed, the newly creaid
ternational Energy Agency in mid-1975 was siill deliberating. a 1ime schedule for
cettng the ninety-day objective. Japan’s record in security stockpiling does nor appesr
have heen natably more suceessful than Eurepe's.

6 Murtual assisiance; Efforts have been most successfut in the financial field (see |
ove). Work on a tentative mutual-aid pact ameng QECD countries to share scarce
pphes in specified emergencies was bepun in mid-1974 and continued into 197§
Hhuewing demestic teceptance and implementation for the contemplated system

csents problems; but the cffors has pone faster and farther than skepries would hase
Lieved pressibile,

A summary judgment would be that the importing countries are now in a some-

[~

hat herier position to tope. should a situation arise similar to rhat of the 1973-73
snter, but, at the same time, 5o are the exporters. They have as a group. in the mean-
ne, accumulaied very large inancial resources that could sce them through a long pe-
ul of confrontanien, What looms ahead, therefore, are probably the mott importnt
wnswered questions: Will the cohesiveness of OPEC be sufficient to stand up during
prolonged periad of excess oil capacity and will that excess capacity be slowly elim-
sted with a resumption of upward demand in the importing tountries, and a reduc-
n ar cessation of investment in productive capacity? Il what we have deseribed in ths
\per as explanatary economic variables emerge as a product of hindsight, the impor-

¢ cauntries might kearn cnough from the experience to benefit from foresight. A loa,
the past-1971 tremds sugpests that at best the shift is proceeding slnwly.
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In addition, there is the problem of evercoming the threal of excessive damagr
.to the environment due-to extensive use of fossil fuels in transportalion an.
industry. The process of compensating {or these environmenial effects wilr
consume more energy and will require new approaches. Recycling of matcrials,
rapid transit, sewape ireatment, and air-pollunon control equipment ofien con-
sume addiionai energy and 1hus increase our total use of energy

1.} ENERGY CONSUMPTION

An imbalance of energy consutnplion exists within the warld. Less than 50 per-
cenl of the world's population consumes close 1o 90 peicent of its commercial
erergy; this is a majer reason for the great chasm between the indusirialized and
the underdeveloped nations. The United Siates issll consumes approximately
ane-third of the world's er2rgy, although 1 has only about six percent of the
watld's populating, h :

The econcmy ef the United Stales is highly energy-intensive, and per capita
Uz continues 1o prow. During the period 1945 ta 1965, energy consumplion
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ISLRGY CONSUMPTION 5

ncreasc.t at an annuwal rate of 3 perccad,. Doomg the perod 1496310 1971 the rate
acccicraled 10 4.8 percent, then slowed again to 3 perrent lollowing the increases
in caseline and heatine ol prices in late 1973 and subsequent years.

World energy censumption has also prown rapidly during the pericd 1950 10
the present. Figure 1.3 shows the growth of world energy consumption during the
pennd 1949 1o 1971, durig which a raie of growth of 3 percent per vear was
expericnced. The Agure also shows thal Japan has espanded i1s use of enerpy
i regent years at an annnal tate of approximately 11 percent.

Affiuence, as mezsured by the Gross National Producl of a nation, is closely
related 1o the energy consumption of that nation. Figure 1.4 shows the enerzy
consumplicn per capita versus the gross nalional product per capita of several
nalions. There is a clear 1rend loward higher consumption of energy as a nation
indusirializes and increases its gross nalional product. Noie how increasimg use
of energy per capata tends (o produce an increase in gross national product per
capiia, but that the effect is less pronounced once a nation passes into a state of
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relative afluence {approximately beyond $1000 por capila GND). (See Fig. 1.4}
The very close relalionship of energy consunption and real gross nationat produst,
in constant 1958 dollars, is shown in Fig. 1.5. [3] Whether GNP pushes up encrgy
censumplion or energy use causes increased GNP is an interesting and imporiant
question. We may compare U5, energy use wilh consumpmion in othier couniries.
Cur workers commute longer distances than in foreipn countries (usually by
auig); do our centralized, efficient indusirial processcs make up for 1the added
expenditure of energy for transporiation? In Fig. 1.6, the encrpy consumed per
unit of econamic aulput is shown. [3] Ciearly, by 1his measure, 1).5. industry is
an efficient user of energy.

The increased standard of living in the U.S.A. over the perniod 1920 10 1970
can be visualized in Fig 1.7, where cnergy consumption per capila is shown versus
teal GNP per capita Energy consumplion conlinues to grow throughout the
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world, as shown in Table 1.2 {for the period 1968-1971). Following the Arab oil
embuaren and oil price increase of Jate 1973, the growth in ener By use has sloweil
samewhal, but has not plateaved. As energy costs have risen, encrgy has taken 2
greater share of a nation’s budgeied allocalions,

Table 1.2

ENERGY CONSUMPTION PER CAPil4 JT4
SELECTED COUNTRIES IN 198§ AND 197

Crunry 1958 97 dncrease {5
LISA e an |
France g 17 %7
W. Germany 143 1565 16.4
Ciread Hritain Te5.7 16% 1.0
USSK 1214 136 20
lepan Th s 9% 291
Warkt 37 3 1.1

™ Al prr eapits figures in Dillions of B’

ENLHGY CONSUMITION | 7
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£

1.4 ENERGY ECONOMICS

L]

he profound effect of the recent increase in the price of energy has been felt
hreughaut the world's economy. A simple illustralion is the cosl of energy 1o
18, colleges and universities. In the five years {rom 1969 (o 1974, U.S. colleges
nd universities experienced a 246-percent average cost increase. [4] For example,
Ye energy casi for the University of Calilernia, Davis, went rom $812.000 1o
(553,000 over the five-year period even aller a 10-percent reduction in energy
.unsumplion due to encrgy conservation. Michigan Siate University experienced
2 160-percent increase {from 52432000 10 $6,332,000) in the five-year period.
[hese are significant portions of the bodeet of a university. For example, she
percentage of the talal budget allocated to energy al Michigan Siate increased
frm 1.44 percent to 281 percent over the five-year penod from 196% 10 1974,

Energy is nsed for [our major sectors of the U.S. economy: (1) residential and
wommercial: (2} 1ranspertation; {3} industnial; and (4) electrical power generation.
The ponion of the tolal U.S. energy use attribuied 10 each sector is shown in Fig.
I.8. Transportation and elecirical pencration have grown proporionaiely as
sigmificant users of the nation’s energy {as shown graphically in Fig. 1.8 and hisied
15 percentage use in Table 1.3} Electnical power penetzhian is projecied 1o in-
crease its share of the market over the nex? twenty vears 2s the nation utilizes more
nuclear energy.

The fiow of energy impuls to the four market sectors and then 1o vseful and
1¢jecred (or waste) energy is shown in Fig, 1.9 for 13700 The supply of fuels is
shown on the lefi, and each foel is shown as a flow of percentage use by each secior,
in 1970, the 1o1al inpul of energy was 71.6 = 10°° Buw's. Examining the cetpu
side we note 1hal the useful enerpy, 31.80Q), is only 50.5 percent of the 10ial outpuat
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Taide 1.3
CONSIMDITION OF FULL RESQURCES BY
RAA IO CONSUSMLE GRUOUF [N THE ILS.A,

Perirmt disiribution

Consumer sector 155 Lk 1973

Houschold ard sommercial 2z - 208 0.3
tndusinal i3 mn:z 234
Transporation 218 45 248

- Electrieal peneravion 07 242 26.2
hher 1.0 G3 03

Tinalt 100.0 1000 1000

63Q. In other wards, appronimately hall of the energy 1s lost as rejected or waste
energy. In Chapter 3 we will examine further this high propottion of wasie energy,
in terms of thermodymamic principles.

Energy hus been a key 1o the increaset industrialization af Europe and the
United States. The availability of ineapensive and abundam energy is important
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1w mechantzed agrculture, indostrial manofaciure, modern Granspanation, and
medem phiysical comfart. The world has entered an coa of profound alieration in
Itraditional paticrns and frends in the ficld of energy, Price relanonships, sources
1of supply, and in its kroadest sense, national security, all have become fraught
“with uncerlainty and conllict. The curreat division of the uses of energy 15 Shown
fim Fig 1.10.
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Fig. 1.J0  The uses for ezergy in the U8,

1.5 LFNERGY FPHOBLEMS

Energy probiems did not onginate in 1973 with the Arab oil embarpo; they were
evidenl much earlier; gas vtilities refusing to connect service for new residential |
custorners, enforced electrical voltage reductions, and the electrical blackout in |
northeastern U.S, in 1965, Recenty, the closing of gascline stations, the rises in
_'ga'sulinc prices, and the shortage of patural gas have brought the energy issue tu

T most Americans. Spurts in the sales of compact autos over 1hose af larper auios
=1Q{p ="

may be one of the harbingers of change.



FNERGY PROBLEMS |

i

Somec Americans are scarching for 2 villain who can be hlamed for energy
shortages and higher prices. Some blame the ol companies, others the federal|
covernment, while others blame the Arab governments or the environmenialisis.
']"_hc three mos1 convenient targels ase: the energy industry, the federal povern- )
menl, and the environmenlalists. As secn by their adversanes, the first conspires,
the second bungles_and 1he third obstrocls. The first is a knave, the second a foel,
and the third a dreamer.

The winter of 1976-1977 brought another energy crisis pressing the nation.
‘The harshest winter in decades gripped more than hall of the U5, Faclonss,
husinesses, and schools were forced to close hecause energy was nol availahle 10
run the machines or beat Lthe buildings. The cambination of figid lemperalures
and the shorlage of naural pas,-which provides energy for hall of the nation’s
homes and 40 percent of ns indesiries, was devasialing, Schools and laclories in
(3hio, Pennsylvania, New York, and New Jersey were lorced Lo close for lack of
nalurzl gas. Frozen rivers and icy roads blocked deliverics of oil and coal, Trains
defivering coal were sizlled dut to snow and e, The winter of 1977 exemplified
1o many the dependence of Lthe nation on the ready availability of epergy sources.

Industry 1s avcused of withholding supplics—and information on the mag-
nilude of 15 res¢urces, which are alieged 10 be much greater than reported. Thos
it is aileped the energy industry creates shortages, resulting in higher prices and,
as @ bonus, is able 10 squecze out independent refiners and service siations.
Government is charged by the energy indostry with helding down prices [or, by
consuiners, with nol holding them down), reducing incenlivas, cutiing subsidies,
and enmeshing indusiry in 4 thicker of agencies, standurds, and regulations,
causing profits to decline, capital 1o become séarce, and iniliative to evaporate
Environmentalists are held gutlty of haliing the wheels of progress, of following
elitist aspiralions, and of shunning realily. [3] In a recent survey in the TLS.A.,
over 40 pereent of the people Ril the lederd] govemment was at faull, while about
30 percent blamed (he energy industry. About 15 percent blamed the Arab
countries for the energy shortages and price increases,

During the past two decudes there has heen an increasing tendency for
industry and transporiation to become more energy-intensive. Most industnes
responded to increased demand for production by becommg more energy-
intensive and Jess labor-intensive. This is readily seen in the auto industry, which
has become increasingly aulomated, thus replacing manual labor with energy-
using machines. Perhaps during the next decades, there will be a decling in the
nse of astomation and a resuliant shift back (o the use of lzbor, MNevertheless,
fossil-Tuel energy has leen uselu] in muliiplying men's ability to accomplish work,
to move himsell 20d his gnods, and 10 provide physical cotnfort. Encrgy wil! be
needed in the futute (0 run the now sewage-treatmen plam, {or the recycling of |
materials, and fer the creation of pow jobs. The challenge remains to supply the
stergy in 2 way comnatible with o wose use of the emvironment and. the carths
FESOUTCCS.

]
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1.6 FHE ENERGY IS5LE

The three dimensions of the energy issue, as shown in Fig 1,13, are: (1) enerpy
sources, (2) energy processing, and (3) energy pelicy. In the following chapiers we
will examine the eneTgy sources available naw and those still to be developed. the
processing and conversion of encrgy, energy consesvation, and finally the eco-
npmic, envitonmental, and pelitical policy issues involving energy use

In the next chapler we will explore the history of the use el energy throughou
ihe world, and 1hus enhance our understanding of Ihe current energy dilemma.

Energy tiurces
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Fig. 7.11  The three dimentions af the enrrg)y e

REFERENCES )
1. Energr Foctr, Sciemr Poiky Fescarch Div,, Library of Congress, U.3. Governmem
Prioting Office, Washington, D.C., 1973, .
2 Social indreorars, VS Goavernment Printing Ofce, Washingion, D C, 1973,
1. “Pages with the edito:,” Public Uiilitics Fortnight'y. lan. 30, 1975, p. &.



FaFRCISIS § 13

4, Lo energy, e dedbirg

%5 H. H. LANLAKLRG,
101, pp. 247-243.

6. J. K. MURRAY, e1, al., "Fxolution of public response 1o the enerpy Crisis
Apnl 1974, pp. 257-2(3.

7. ). QToxng, Encrgy ond Socwd Change, The M LT. Press, Cambridge, 1977,

F. H. S 5trocker. 5. L. Scacizr. and R. L. Carener, Energir: From Source ta Lisr, Scolt
Farcsman and Co., Glenview, Jlinos, 1576,

CRueetich ot Higher Eduecodion, Taly 15,1975 po 3,
“Lowcost, abunduant energy —Maradiie lost?,”" Science, 19 April

" Seience, 19

EXERCISES

1.1 The most fundamental energy seurce, withoul which there would be no life on
rarth, is
1.2 Oftheznnual ose of commercial energy worldwide, the United States accounts
for: . )

a) almost all alit, 1

b) about & percent of jL,

c) aboul a third of i,

. d) aboul thres quariers of i,

1.3 The use of wood as a fuel is usually pot included in the siatistick of commercial
. energy use in the world, 1s this because its contribution 1o meetng human energy
needs is unimporiant of insignificant? Why is it not included in Lhe statistics?

1.4 a) Supposc encrBy use IS pTawing at a geometric rate such that it doubles
every 15 years. Assumnng this rale continues, how big woutd energy use be
in 2030 compared 16 the 1970 use?

b} Soppose that, by means of powerful measures to rcducc energy waste, the
erawlh of encrgy use had been slowed down as of 1970 such that the
daoubling vme was 30 years. 1M this rate conlinved, how big wauld encrgy
use be in 2000 compared 10 the 1970 use?

*1.5 Oblain 1he populalion and energy coesumpiion figures for your state during
the pertod 1900 fo 1975, and plot a pair of curves similar to Fig §.1. Calculale
the energy per capita in your stdle and compare it »ith the national Agurcs given
in Fig, 312 for 1940 and 1970

1.6 .Determine 1he increase in the cost of energy for your college or vniversiy for
the five-year period 1969 10 1574, Compare the increase 21 your college with Lhe
national average increase experienced by collepes dunng thai peried.

* An asicrish indicaies o celaiively difficuli ©f advaroed caercise.

Cantinued growth in the use of fossil fuels can oecur only for 8 number of vears
before we exhaust these resources. The implications of compaund growth offen
escape ©uF aflention unliil it js teo late. For example, in the U.S. we have used
about 100 billion barrels of our domestic oil resources, and there may be 100
billion barrels remaining as recoverable resources. Smoe we have used oil for
aboul 103 years, it may be tempting to assume that the remaining oil showld last
for anather 100 years. but the fact is that the consumption of oil has heen increasing
at a riile of 5 percent per year, and the remaining oil could be depleted in anotler
[4 years.

41 COMPOUND GROWTH

1f an amount of consuimption grows from an nitial value Ay at & raic r {a decimal),
then we have, aller one year,

Ay = Al + 1} (4.1]

where A, = the copsumption valve after one year. Afier the second year, we have

Az = Al + 1)

Adl + 7). 4.3)

In peneral alier a years, we have
A, = Adl + " {4.3).
Thus, il w¢ consumed one billion barrels of oil in 1933 and the giowth ratc
“gs § percent per year, we calculale the consumption, at a time 20 -s later fin,

5
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1553, 28 follows: If we replace ! by periods of time of length A, we have

- Hiy, . ' ..
Consumplion in 1953 m Aq(1 + 0.05)%° An = Ao (@16
= 1{2.65) billion barrels, {4.4] |and il. for cxample, A = | year, we Lhen wrile 4, == 4,0 Recalling that
One can calculate (1.05)%° using logarihms, a table, ar a calculator. | - =1+t 3! 4 oees X"
IT we ask the question, "How long will it take for a doubling of a value Ag . . il !

at a specified rate v, we can use logarithms 1o write: : .
we may use only the firsl 1w o terms when r is small. so that

= ' 4.5
log A, = log Ag + nlopil + r). {4.3) A, = Agll + I (4.11)

Solving [ e h .
fving 101 m we have Therclore, for ¢ less than 010, compound growih and esponenial growih yvield

log A, — log A . . .
_ [OF A, 2Ae the same resull over 2 limiled penod of time,

log (1 + 1) Anciher approach is to reconsider Eq. {4.3). We may rewrite this equaliorn
_ log {A.Mu}‘ (46) as follows: _
log (] + r) Apfl + )" = dgelin(t + )]s !

- Ao, {4.12)

Sinee we want 10 determine 1the number o years far doobling, we have

log 2 03030 47 where e = In (! + r}. Again we note 1hat & is approximately equal o r il r < |,
4N and 1herefore, we obtain Eq. (4.9}

Bt =

log (0 + 1) Togd + 1)

|I r - - - F
The doubling Limes for several values af r are piven in Table 4.1, Examimog

Table 4.1, we note that, as an approximalion, - ; Some Corsequences of Growth
72 (48 When consumption of a Tesource proceeds exponentially, we can show thal the
Hovar 5 I - ramount of a product consumed during one doubling period is equal 1o the 1oial |
. 1 vsed over olf preceding time. The 1otal used vp 10 limet,, C .1
aver the range 001 < r = Q12 ) : pr g P imef,, &y, S
! 11 .-"n
Table 4.1 L z.[—« Age” dt nTe", {413

DOUVRLING PERMIDS FOR SPFCIFIED GROWTH RATES N , . N
The total used during the doubling lime £, 10 13, Ty, 18

' a0l 0.03 0.05 0.06 0.07 0.00 0.10 012

- [ rr 4y rs -n ’
" 69 & 23.4 14.2 119 102 E.0 7.3 81 Co= .[n Agr™ dt ¥ (e = o7, {4‘]‘”.'

|

Since it is a doubling period, we have £ m 2e™'; therefore Eq. (4.14) becames

The use of pat roleur in the world is growing at the rate of 5 parcent per year,
ani] the consumption in 1975 was 20 hillion harrels per year, Thus we may exprect Cym ﬂ(lf'" T
10 be uging 40 billion barrels 14 yoars later (in 1989) if Lhis szr-:w-th rate is susiained r

over the perind.
A
= —r‘:lr"‘. {4.15}

47 EAPONESNTIAL SSHOWTH
;and thus C; gquald C,; that is. the consuinplion vver the doubling period is equal !

The growih in the consemption ¢f ol occurs continuously, and we slate that the  to all prior consumption. Thus, piven 1hal oil is being consumed at an cxponen-
grow il is rapoueniial and follows the egnanon lially growing mate, whex hail ol that resource has been consumed, then only one

AR = Age™. (49} , Baubling periesd is 12t before the 1esource is 1olally deplered.
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Lel us obtuin an expression for Ihe peniod of consumption time remaining 1 a _
tesaniice bas a fimiie value 4, and we have consumed C already. The rempining
period of time, 1, for using s resouice is they

L
A —C= [Lagna (4.16)

where Ag is the raie of consumprion a1 the beginning of the periodd {when + = Q).

Therelore, .
A
A:TC=*;"““’"'” {417
and .
A, —
U Ul Y (4.18)
Ay
Solving for the period « we bave
{ =_(l) [mu + 1]‘ {4.19)
r Ag ]

As an example, Je us assume that 100 billien barrels of oil remain as 1).S. resources '
and we CORlInGE 10 INCTCASE Our CONSUMPHION 41 5 percenl per vear. We use qur
resaurces 81 a rate of 3.5billion barrels in 1975, and we wish lo calculate 1the number
of years Lhat the resource will last, Using Eq. [4.19) we have

(g [(35)oes + 1]

201n {2.43)
2000 888)
1776 years,

o

i
'

{4.20)

Limijis (¢ Growtih

Exponential growth cannot continue indefinitely since some natural limitation
seis in. In 1he caee of @ resource such as uranium or naturzl gas, as consumption
continues and the resouree hecomes scarcet, rlassical economic theory of supply
and demand suggests that the price will increase. This price increase should
dampen demand and thus lengthen the lifetime of the resource, Ciher faciors such
as environmental controls or canservalion measures may zlso limit or alier the
growih patiern of the consumplion of o fossit fuel. S

As an example, consides the growth in the consumplion of caal in the U.S. |

* since 1860, During the period 1860 10 1910, the consumplion af coal grew at a 'y : - . =
rate of 6.6 pee~enl per year, thus doubling every 11 years. Afier 1910, however, !E“““"‘“? of a fuel, proven reserves drop and ihe price of fuel rises, thus limiting .

as sapples ( nral pas and petroleum became avzilable, the rate-af growth it

EROAIR AL P - by =x

e consumpiion of conl slowed untid e average vearly consumption beca e
esscttially constanl,

The produciion of an exlaustibte fossil fuel may folfow a curve, 25 shawn i
Fig.4.1. The production ingreases initially along an expanential curse, then asses
throogh a maximum and declines exentually 1o a sery small quantily as thz fuel
wource approaches exhaustion.

i
ﬁ— Exponcnlist
;o cume

' / - ——Xxuamum

£ i produclion
£

L]
Time
fig. &1 The producrion of o fozsil fuel in finite supph .

The cumulative production up to a Ume ¢, is

Q = f:, P, (4.21)
where P = production ute, For a finite guantity of fue! Q). we have
= [ pa (4.22)

where iy = time when the fuel is exhausted.

il we define @, as Lhe proven reserves and €, as the telal acoumulated quantity
af fvel remaved from the ground, the cumulative discoveries @, represents the
quanlities removed {rom the ground plus the recoverable Guaniities remaining in
the ground. Therelore,

o = G + O {4.23}

. Since @p is eventually limited 10 Qr, we may represent the changes in these quan- .

Liues as shown in Fig. 4.2, As the cumulative discoveries approach the finite

oduciion. .
J .

-

-



56 | PROIESIONS 01 LSERGY OONSUMPTION

ranl -

Finite quanbity

. of Terour T

o

E Cumulaljes Cumulatjve

b ditcoveries productiion

£ o

5

=

Fig. 4.1 The consimprion of @ fimited fuel over the lifetime of the fuel,

4.3 USE OF ENERGY IN THE LS,

As an example of a shift from exponential growth, consider 1the growih in per
capita consumplion of energy in the U5, Historically, energy consumption has
grown a| a rale of ahont 3 pereent over the 70-year pertod from 1900 10 1970. ) |
we were 1o extend this rate of growth over the next 30-year period, we cauld expect
2 doubling of per capita consumption tvery 24 vears. A more lhely event is »
gradual deceleralion of the rate, 0 that the gromh rate might reach zero by the
yea 2 2000,
Faor example, the rate ol increase might deeclerate following 1he squation

dr, 434
7 .24
where { —a) is 1he consiant deceleration. Then we have
1, _ [ _
L = _f (—a)di (4.25)
aT
it} = g} —.ally — ) 14.26)

Thus, il r{ty) = 003 and a = 0.00LS per year, we would cxpect the raie of growth |

to be zqual 10 zere: after 20 years,
In Fig 43 the tiend ol the prawth 1o enerey use in the US. 1s shown I'i:-r the
.period 1500 1 1975, The cune nl‘ih" historical exponcnlial prowth® jis extrap-
olaied to the year 2020, yieldicg a value of 300 = )0 Bty for that year. A

* When eapinenbal powdly 4 pioiled apdanzt @ loganliic scale (wn the werligesl axis), the corve
eenmes & wragla g
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i .
Aor Tapered /o
Expaneniial
200 -
prowth oo
L]
- P
= -* -
2 - -
= 0o &:.-""
- — -
=) B o —  — » —
< Lero prawlth
3
E Linear growth
i &
¥
H ™
£ Type of Value in 2070
by mowth (x 1003 Biuy
Tt
E Exponential 300
) Tapered 11
Linear 120
Lero 75
4 1 ] 1 | 1 }
1990 1970 1¥40 1960 1520 2000 020

1 year
,ﬁx, £3 The hissarical growth of encrgy vonswned in the US. and several projections for the
urid §975 1a 2020,

curve for zero growth 15 also shown. The curve for linear growth following an
imcrease of i % 10T Biu's per year is also shown. We can also calculate a curve
for a tapered growih resulting from a deceleration of the use of energy in the US,
In Fig. 4.3. one curte shows a lincar deceleration of the growth rate 10 a zero
growth rate by 2025 {u = 00006 fer year).
' While the exponential projection yields 2 value of tolal energy consumed in
2020 equal to 300 x 10'® Biu, the value in 2020 is 170 and 120 » 10" Bru. for
the tapered and Yinear modals respectively. Of course, the sero-growth projection
remainsal 75 x 107° Bie Wecan expect that many of the curves relaled 1o energy
consumption Ip ithe world will expericnce a lapersd zrowth as prices of fossil fucls
increass znd supply falls behind demand.

Furecasiing

Foracusis of felee cpvtgy cunsuinpbon in the LLS, hese traditionally tuined oun

10 be Jow, However, Terent evelits have caused forecasts of energy and power
tremls o e higldy goestionable. Various forecasts of US. energy consumplion
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n 1980 which were prepared in 197001 1975 varied from 9510 110 x 10 * Biu's. [ 2
As we now rapidly approach 1980, we can more accurarely estimale cngrgy coul-s
sumplion for that year as Iving in the range 01090 x 10"* Biw's. Forecashing is
A art, nol a science, #nd variations in forecasis are 10 be expecied.

Per Capita Use of Fnergy

Energy use per capila bas remained a relatively low-growth item in our US.
energy history. Considering the use of wood, and agriculiural products for work-'
animal fred, as well as the use of coal and oil, energy per capila has nol increased
continuously. [3] Two jumps in cur encrgy history occurred: early in the 2015
cenlury when agricutiure bocame energy-inlensive. and again recently because of
a marked in¢rease in the number of Americans emploved. However. as Lhe
populatien of the U5, levels off and the per-capita use of cnerpy stabilizes. the

nation’s energy curve may flalien oul over the next 40 wvears, T

The average standard of iu'lng L, for 3 nation may be c}.prtsccd by the fol *
lowing equation: [4] '
’ Ex E x|l

> .

L - 4.27
where R represenis the consumplion of raw materials, £ represents the consump-
tion of energy, and f (h consumption of all forms of ingenuity, The populaiion of
(he nation is represented by P. As population stabilizes, the average level of
afluence and well-being may stabilize also as long as a stable supply of encrgy amsd
raw materials is avajlable.  *

€4 FORECASTS OF L'S, EXNERGY CONSLUAMPIION -

There have been many forecasis of the consumpnion of energy in the V5. for the
period 1975 1o 2025. The projections provided in Fig. 4.3 are relatively nseful and
aceurate. A recepl study spansoied by the Ford Foundation propased 1hrec
possible prowth patterns for the period 1975 1o 2000, & r{:]alive!}r intermedhate-
term perigd. [5]

The first Jorecast is based on the assumpiion that energy use in the 1S, will
continee fo grow uniil the end of the century al aboul 3.4 percent annualty, the
averape rale of growth frorm 1950 {o J970. Thus il assumes that no deliberate
cHor! would be made 1o alier our habirual patierns of cnergy use, nor woul:!
higher energy prices cause a decreasing rate of growth in consumplion. The curve
depicting this growth is shown in Fig. 4.4, and the value of energy consumption it

- listed for 19735, 1985, and 2000 in Tabie 42, While the trends of cnergy prices cas:
doubt upon the likelihood that histgrical growih trends will persist, it-1s neverthe-!
less the one trend thal is often 2ssumed by many povernment and indusiry leaders:

The second Jorecast is based on 1he assumption of a conscious national effort
o use encr wTE eficiently through the introduction of tns:rgv—mnscrhn
technelogy, anu 1s calied the technical fix scenario. The Ford Foundzlion projat

ey

NS BF LA ENELGY 0NN Pres S

Table 4.2
THREE PURLEASTS OF THE 1 JRTY CRERGY PRIMEC

Engrgy consuengtiion { = J0' By

1975 1985 2000
Histarical growth FE) 116 187
Technical fix 78 # 14
“Zero growth™ IF 1 m
Tapered growth of Fig. 4.3 ik 10 132

g ——— ——" - amy A o - r———————

rcport states that if these lechnical approaches were consistently applied, an encrgy

gmnth of s . ) \
The growth of energy use in the technical-fix scenario is shownin Fig 4.4 and the
alue of enerpy consumiplion is given for 1975, 1985, and 2000 in Table 42. Note

thatl the on

as laige as

1.9 percent per year would be adequate 1o satisly our natianal necds.

argy consumption of the technical-fix response is one-third less than

1 that of the lislorical response. This savings of 63 » 10'* Biu in 2000 1s four-fifths

the 1otal energy consumplion in 14975

The Ford project proposes a zero energr-growif scenario. While called zero,

ztowlh, il

2001, The

aciuzlly has decreasing growth rates, eventually reaching zero after’
zero-growth scenario assumes a growth rale of 1.76 percent from 1975

10 1955, and .47 percent over the period 1985 1o 2000, The growth of energy In

Enesty sontumption (£ 105! Btufyesr)

200~ ) 187

120 Histoncal prawth
. iy
| 65—
1401 Technical fia 174
1M

100

“Femo gmwﬂ'l"—l

B8O

k) =
40
W0k

U

1 1 L | ] I
1970 1E -1 85 it Rt 2004}

Year

LLI Theer forecusts of emergy consmymion in the 15, during the peric 5 10 KN

rr hase foreiauis e o resdt of the Ford Fousdacion Energs Folicy Frajeet.
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this forecast is shown in Fig. 4.4, and reflecied values are histed in Table 4.2, The
2ero-growth response esiimates a value of 100 x 10°? Btu for 2000, oniy 28 per-
cent largee than the value of consumption in 1975, and 46 percent less than the
value forecast for the historical response,

For comparative purposes. the rupered growih ol energy consumplion shown
o Fig. 4.3 is listed for 1975, 1985. and 2000 in Table 4.2 This tapered response is
only 6 percent larger in 2000 than thar forecast for Lhe 1echnical fix case.

Only time will e} what the energy comsumption will be between 1976 ang
2000, In fact, wheiber we experience fasier, lower, ar zero energy prowlh depends
upon sull conjectural factors such as fuel prices, environmenial cantrols, lilesty les,
and the value attached 10 energy uses, [6] A conservative but unsubstantiated
approach might be 1o assume that a response similar 10 the technical fis of the
Faord project or the rapered gromth of Fig. 4.3 is a reasonabie forecast. The aciual
erowth zate, however, will depend upon national and international policy issues
16t 10 be seitled,

Une Projection for the Perjog 1970 10 2000

A teasanable projection for the grawih olenergy vse in the U.S. Tor the period 1970
le 2000 might call for a value of enetgy consemption in 2000 equal 1o 150 » «
16'* Bru A pattern of growth yielding this value in the vear 2000 is shown in Fig.
4.3 which also indicaies the propenions of each of Lhe sources of supply 1hat
would be required in order 10 achieve 1his growth.

T80

160 Solar heating and cooling

140

128

4 ————

100

Kecica fisnan

&9

Hydinelectsic and geothermal —J

a0 Coai

Annnal energy corsmption (v 10/ fyu)

4y~ Dumevic wnd importsd satural gas
up Domesttic angd imporied oil
o } L 1 | 1 X
1290 ‘75 EC kX wl '] 2000
Year

Fig £ T possead
n 2t

et for e supple of eneegy io e 0L kst ivgt vhe povicd Fyeg
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I is assumed (hat petroleum will supply 20 % 10°* Biu's i!'n 2000, an inm-.:.lasr:.
of only 15 percent during the ,"IL'J?} ear pf:rim:l. This. could ]:rr: m_:hlr:ved by increasing
imports.of Toreign ol as well as increasing domesiic exploitation of US resources,
I is assumed that the supply of natural pas will decrease over the period 19740 1o
2000 as domestic sources decline and imports prove to be unable to balance this
:jcclint. Cnal in this projection, s assumed 10 supph an im:rcaf_.ing percentage of
ihe nation's engrey. Furthermore. it is assumed |hat‘ hydrnr;l:ctnc and geothemal
enerpy sources can be developed 10 vield a steadily increasing amount of cnergy.

Within this projection, il is assumed that enerey supplied by nuclear fission
reactors generating electricity will grow from Q.25 = 10'* Biu's (7 x 10'¢ kilo-
watt-hours] im 1970 10 30 » 10" Bru's (9 = 10'? kilowatt-hours) in 2000. This
use of nuclear energy over the period 1970 10 2000 assumes 2 rapid grou_'th that
may be unrealizable, After 1982, it is assumed that 1he use of sc_-lar heating and _
cm-ling systems will yield an impertant poenion of the increasing energy con.
sumplion in the U5, )

This one prejection is jllusirative of Ibe various scenarios that may be ro-
pased. In taler chapiers we will consider each source of supply and delermine
whiat reasonable amounts may be obiained and what policy decistons would peed
to he Laken in order 10 reach a staled level of supply.

Table 43
ONE PﬂﬁSthE FROJECTION FOR THE SUPPLY OF TANERGY N THE US IK
1970 AND 198%

197G FUss
Lowturnp i Percemt af Consumipiion Perveur of

Supph { = 107 Bry) rotal (=005 Ba) feral
Chl 21 341 28 11!
Coul 18 3% 26.5 265
Cas 218 130D 235 s
Hydra and geothermal 09 1.3 Lé 1.6
MNuclear 025 04 175 115
Solar i 0 3 it
Toul 4 100 100 100

The changes that might he achieved by 1985 are summtarized in Table 4.3,
[ixamining this tabfe, we can see thay ihe projected growth will onty be achieved if
nuclear power incieases au a rapid rate and hecomes 17.5 pereent of the lotal
supply by 1985, Furthermore, this projection assumes that solar heating and
cooling will account for 3 percent of the totat encrgy us=d in 1985, Perhaps it is
morc reasonable Lo expect nuclear power 1o supply only 10 = 10'® Btu in 1985,
m which case we migh! expect the otal encrgy consumed in 1985 10 amouns 1o
915 x 10'* Bru instead of 100 x 10'* Bru as previously projected for the LIS,
The exploitation of puclzar fission pawer over 1he next decade will karpely derer-
mine whether the projecied supply fas shown in Fig, 4.5) will be schieved. An
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unattractive aliernative would be 1o increase Ihe amount of imported oil by
7.5 » 10" Hiuin 1985, m ander 16 yickd o total consuinphion of 100 gquads, (One
quad s equal 10 10" Brus) This alieiaatine s summarized in Tabls 4.4,

1ahlr 4.4
AN ALTERNATIVEG FROIECTION FOR THE SUPPLY
OF EXERGY 1% THE US & 190 WITH AN
INCREASED DEPENDENCE UFON IMPORTEDR QIL

Seeppfy { Dhiireds ) Pereeonr af woral
oil 35.5 35,8
Cnal 26 5 6.5
Gas 235 135
Hydio and geolhermal 16 16
Nuclear 1] i0
Selar . 30 K
Total 100 . 1K)

45 EXERGY SUPPLY FOR THE WORLD

The growth of encrgy use by the world has followed an exponeniial rawe of 4.5
peroent over Lhe past several decades and many eapect 1his growth rzie Lo conlinue
at least until the 21st century, barering a worldwide ¢conomic depression. The
growth rate for Eastern Evrgpe and Russia may approach 5 percent over the rest
of this century as these nations reach out for affluence and high productivity,

I is expected that cil production will grow dramatically in mainlind China,
the hiiddle East, and Aflrica, in order o supply their increasing domands for
energy. One intriguing possibility is the projection of rapid industrialization of
1he Middle East 1o the point of consuming the major pari of 15 awn oil production
by the year 2000,

Europe and many nalions of the world are ba';mg their future expansion of
energy consumplion on the availability of nuclear-fission reactor power plants
by the 1980%. In 1973, Western Europe was 67 percent dependent on imported
encrgy sources and Japan B85 percent dependent. Russia is essentizlly sell-suffi-
cient, while the US. imports about 12 percent of its energy.

The world consumed approaimately 260°x 10** Btu {78 x 10°7 Lilowau-
hours} in }975, and we may eapect this to grow to B00 = 10" Biu by the year
2000 if the rate of growth 5 mainlained at 4.5 percent per year (a questionabls
assumplion).

The unsctiled political situation in the Middle East and the rising costs of bil
have been major factlors tn.the cager development of new encrgy sources in all

industrialized counirizs. The emphasis kas, up 1o new, booh jul on Lweo saurces,

nuclear cn nd domestic oil and pas production, bt & third source is ale
receiving M. - and mot 2 inlerest—ihe use of coal directly and for 1he productio

% ’ ERemtsy SUFPLY FOH THE WOHRLTY ' £3

of ~anthetie gas. [7] The deselapment of the Alaskan and Norh Sea ot Gelds
..II‘!‘FUI‘PEJ anly a fraction of the U8 and Eyrepean daminds,
A decade ago, nuckear Nssion power was presented i the answer tooall futare
ergy problems. Now, however, sericus convern with environmental and safety
oors s delaying Toll and rapid mplmtauon of this enzrey source,

Takle 4.5

INCREASE IN EXERGY USE FOR 193 TO 1959 T

Frerg1 foervaar Frreens

o JO'2 L ibongts honer 1) It
. orld toral 12 1%
Thard Wkl 4. 1%
USSR and Eastern Europe 130 EL

U.S.A, and Wesern Europe .1 a7 '

The world doubled its 1se ol energy over the perind 1951 10 1965, as shown
Table 4.5 Duning the remaining years of the 20ih comtury. we can expect the rale
of growth ol energy consumplion 1o rise in the Third World while decreasing
somewhat in the L5 and Wesiern Europe. As industrialized nations increase v
affluence, their per capita cnergy use is increxsed. Tuble 4.6 shows the increase -
per capita energy use for selected regions in the world for the pericd 1951 in
1969. [7] 1t is reasonable to expect thal the increase in per capita consumplion
will be slowed down over the next decade for the indusinialized nations, while
the per capity cunsumpl:on in less developed nations will continue to increase at |
1 conslant or growing rale. Enerpy consumption per capita in the U5 has
ssientially leveled off since 1968 (see Table 1.2% and we can expect this effect o
~onlinue. Energy usc per capita in the US. increased from 225 = 10® By i
1351 10 325 » 10® Biu in 1969 —an increase of 44 percent over the period, We
nizht project a modest growth in per capita consumplion in the .S, from
337 = 10" Bluin 1971 10 350 = 16 Biw in 19%0.

Table 4.6
IWCREASE IN PFER CAPITA ENERGY USE FOR
CERTAIN REGIONS FOR 195] -1%6%

Locegy increage
(e ppawaii-hours)

Norih America 236 "
South Amenica 15 '
Weslern Europe 10.1
Alrica 0R
US55 R. and Exaglern Zurope Bo

A



fd PROJECTIONS OF ENERGY CONSUMPTION

L] F
While recognizing the increasing worldwide demand for energy, we musi also
work lowards consiraining this demand by means of energy conservalion and
hfestyle changes. Reduction in the rate of growth ol demand in the transporiation

sector is discussed in Chapter 9. The conservation ofenergy it discussed in Chapler
2.
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FALRCISES

4.1 If the enroliment of your college 2rows at a rate of 272 per year for the neat
decade, by what fucior is the corallment multipled? Whai is the 1oia! percentage
mercase over thal (en-vear period ?

4.2 The LS. has approximately 8¢ = 10" Biu of energy in coai remaining to be
explonied. and cuisently uses 16 » HI'® Biu of coat euch year. 1M ihe growth rale
of coal use 12 57 over the rexl several centuries, how tong would it take to com-
pictely exhaust this resource? .

4.3 Draw a curve of ¢nergy consaamplion 10 the US, 1o the period 197010 the
year 000, that atsumes a prowih rale of 270 por year. What are the values of
comsymptyon for the year, 1989 and 0007

44 Draw a cunve of enopp eon oeplien i the DS for 8 tapered prosth of 3%
mitiatly 10 1950, M eveasing 40 8 sero-zrowth rate in 200100 What arc the values of
contu -odion fo. .¢ vorps 1988 2 od 22007

“Mineral resource sslimates and public policy,™ Amerivon Scicanss,

EXEHCISES | &%

4.5 Usin:!_.; natural 'Iiﬁgari:hms and Lthe approximation that la(l + x) = x for

«muall . show thal
L

1
-

Compart this resull with Eg {1 §)and esplain the discrepancy.

4.6 For the curve oblained in Evercese 4.3, shetch the supply elernents in a manner
eimilar 1o that shown in Fig 4.5, Decreasc ihe rehiance on imported oil 2nd nuclaat
cnergy i your projection.

4.7 Early huating man, with fire available bt no agriculture (1610), used 5()
Lilocalories per day, while early agneulivral man (1700) used 12.000 Lilozalories
per day. Advanced agricultural man {1780} used 10015 and domesticaled animals
and consumed abour 30,000 kilocalories per day. Indusirial man (about 18704
veed about 70,000 Kilocaleries per day 2nd conlemporary man uses about 230.000
kilacalaries per day. Complele a plot with loparithmic coordinates for energy per
capila per day as the vertical scale and years {linear) on the horizontal, Determine
the rale of growth over the period 1600 to 1975 Esitmaie, by extrupolating the
curve, what the per capita use wovld be in the vear 2100, Is it ressonabie 10
cxizapolate this curve over this many years? Do vau expect thal 1lvs per capita
ficure will be auvtained? .
‘4.8 When a resource is first discovered, ils production may rise from zero at an
cxponential rate. Eventually, as the resource is depleted, i1 is more difficult and
cxpensive 1o exploit and the raie of growth of the cansumpiion of 1he resource
slows down. Let the value of the ultimale resource be @, and Lhe cumulative
consumption of the resource be @, The equation {or the use of the resanrce will e

2 - cgig. - oF

where ¢ is constant. Solve the ratio ,,/Q, which ¥ields a curve called the logistics
curve, MNote that the rate of change approaches zero when @ approaches the
ultimate value Q.

T A astetish indicates a reiatively difficull of advianced exerciss,

n
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rigrio Pyrex evacuados a presiones de 1077 Teer con el tin
de reducir las pérdidas por conveccidn.

d) Como sistema mecdnico e escogid un motor de pisto-
rnes de vapar $on una eficiencia de 20%. Tambidn se proka
unta turbina de vapor de 1 kW, pero desafarfunadaments su
eliciencia fue muy baja {alrededor de 2 por cienta).

El fluro de trabalo es vapor @ una termparatura de 200°C

- ¥.unza presign de 3 atm. Este sistema se ha hecho funcionar

con una bhomba de agua para tener una aplicacidn jnmediata
en po2os, (Fig. 3}

l :'Ii \ -
1 ': - i
{ LR} A
1
we o Wt .:L‘ S -
o - J Y e .. " _
e 2 gl o i b o o W T T

Figura 3. Siateme sater ool Instituto de nganierfs con ung bombs da
A,

En =l cuxiro 2 18 comparan los sistemes que trabifan s
base de helidstaros y gque en su mayoria son para potencias
grandes.

En los sistemas de Torre centrzl como ¢l d los Laborato-
rios Sandia de 5 MW, los eipefos estin initaiadas sobre a)
tuelp y orientados para reflejar fa parte directa de g
radjacion solar hacra un absarbedor que se encuentra en la
parte superior de la torrg, ésta hace posible gug el absorbe-
dor reciba la radiagidon solar directa de todos los espejos &
tadas las horas del dia, En el receptor, la radiacién se
ahsarbe por whos negros por los que circulz un Auido gue
s& calienta, v Que posteriormente se envia a una turbina qus

CUAORD 2

Sivtemas solares @ base ofe Helidsiatos

18

tiene acoplado un generador para producie electricidad. Evtos
sisternas deben contar con un MacenzMiento de calor pard
asequrir {3 generacion de potencis en log periodos de nubo
sidad.

En general estos sistemas comtan esencialmente de guaten
subsislemnas:

1] El conjunte de helidstatos orisntados.

2] La torre central con un ebsorbedor en la partg supu-
riar.

3} El sis1ema de almacenamienta de calar,

4) EI subsistema de conversidn del calor 3 energla mecd.
nica y sléctrica,

Una da las caracteristicas mds atractivas de estos sistomas
B1 Que todas sus partes utilizan 1ecneloplz conoeida, es decir,
¢l nivel general de incertidumbre téonica es bajo v de squf,
que @n un futyro muy préximo, se poedan implanear siste-
mas mayofes, Existen ya dos proyectos grandes que estdn
par iniclarse: al de 10 MW, en Barytow, Californis, ELA v el
de Z0 MW, en Armenia, Rwi2; ¢! primero tandrd un costo
del orden de 100 millones de délares.

Factores geonrificos
que afecian & Jso de concentradores

La temparatura en un sistemns de capradores depende del
balance térmico entre ef calgr ganadeo al flujo =olar v (o8
phrdiday térmicay debido a la convescion v a (2 radiagidn
haci2 &l ambiente, par o que al empfear dispositivay de
enioque de radiacién solar seefa factible majorar sl balance
entre ganancias y pérdidas 1drmicas con 'o que afcanzarian
rnayores Wemperaturas. Un aspecie impoftante es que a fin
de que Ios capladores de enfooue sean més eficientes. e
necessrio que gstos sigan el rmovirmiento dal Sol,

Existen diferentes métodos para sequir al Sol:

a) Sittemas a base de computadoras de manco cenirat
Que siguen un programa fijo, dehida & qie el moyimientg del
Sol ey parfectamente pronasticable.

Lakuralorips Tacn dlogica Laboraror g THEM
Sandis ae Gegac Wihite Sand1 Qdielio Ginove Mgt ke Fram:ia
rEL fEL} FEEA. Francia itatia Jrpén foara [ 3841

F ‘g térmica tatal {kid,) 5 000 400 20 1060 130 10 Joco
» de heblifmlatas 232 S50 36 63 n 120 -
03¢ hiligatsias bt Exh 1.10 Q506 Gx7S - 035 =35 -
ATwa tUral de helyOstatos (Mo} 8257 532 137 2633 115 - -
Area e proeba [mi -3 01-10 o =018 025 -1 - - -
Flujo [Wien) 250 s A0 1 e00 - - =
Tamperatura méxnna 120 2300 2 10m ' 2459 3200 FQo - -




b} Sistemas 2 base de sansores electrinicos ligados &
L O-meCanismas wuaimente 4 base de Seldas fotovoltaicas.

¢) Sinemas 4 bate de expansidn de gases con eiecto
peristdiuico inwvenidp; estos $istemas s0M autdnomos pucs
frabajan con anergia sular.

df Suremas o base de efectos bimetdlicos,

Toemindo an cuenta estos factores e importante 11 selec.
gifn de regeones para utilizer la genergia solar, en especial
Fara las capladores oe #nfoque ya gua Stos rrabapn con la
campanente directa de la radiacidn solar; Tas zonas desérricas
son lay mejoret va que en ellas te pusden egperar grandes
centidades de radiacion directa durante todo el afio. En la
Fig. 4 s8¢ muoestra ta radiacion total prumedio digria deranie
¢l afio en la Repiblica Mexicana an Langleys/dia {cal/crm®-
dial,

350

conversion fototérmica

Costo de la generacion de electricidad
mediants conversibn fototérmica

Ei principal argurmento 4n contra de 12 generacidn de electri-
cijul par transformacidn fotorérmica de (8 epergla solar, es
su alta costo, Antes de profundizar en un anialisis compara-
tive de Costos conwiene aclarar baje guwd condiciones e
conyenients la generacidn de electricidad en aparaios solares.

La primera candiciin serla: cuandn cpmisncan a agotarsa
las fuentes tradicionalss ¥y no quede mds recursg gque utilizar
1» enargia salar, 1a nuelear v otras. Esta crisig segdn algunas
etlimaciones pesimistay se hard evidente dentrg de 20 afios ¥
segan los optimistas dentrs de 50. En todo caso, tarde o
temprano, sard ung redtidad que rendremos que enfrentar,
Loz centrales puclaares serdn sin duda las que remplacen en
mayar medida 2 133 tradicipnales centrales lermoshéeinicas,
pero con Una inlerrogante Moy importante qug edn no se ha

ANUAL
Aachiacicn 1awal promedic dara
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definido tOtalerente ¥ Gue ot la oe seguridad Fisica {sabotaje
¥ sus catastroficas consecuencias) y la de los desechos
radiacrivos. La oninion piifica hz tenido una influencia
crecienis al respecto principalmente ea Sueciz y en Francia v
COMmienta a sentiry con mayor presidn en Sstados Unidot,
Esto hace pensar que en el futuro, dada lat limitaciones que
sg irdn imponiendo a la energia nuclear habrd una bueng
eporiunitlad para ls energia solar en la forma de pequefias
centrales, del preipn de §a B MW, gua suministeen energra
elécirica a pequedas poblaciones en zonas de alta insaiacion.

La segunda, que corresponde a 1os dias en que estamos
vivientia, &5 gue vale fa pend pensar si en un territorio de
alta insclaCion #n ronas aparladas, puede compsiic 12 genera-
cibn de eleciricidad por tramsformacion folotéemca de 3
energla salar, con wn motorqenerador diesel o con fa
electrificacion rural,

A este respecto 38 han realizado estudios econdmicos para
Mixico [Ref. 36} que murstran que todavia sigue Hiendo mis
barato generar eleciricidad en ronas apartadas, por medio de
un grupa diesel-generador gue por energia tolar, Pero la
tendencia gue muestrz el coslo de |a geperacidn solar a ir
bajando su precio debido a nugvas desarrallcs que permilen
surmentar las eficiencias {lo que e traduce en menos m’ da
colector por kW generodol v que abaratan los costos de
fabricacion de los colectores. sumade a Ja fuerte influencia
que el valor del combustible Tiene en el costo de operacidn
de un molor diesel, hazen evidonre que leqard pronte el 2A0
€n que ambas sistemas sean dompelitives desde el punto-de
vista del ¢osto total. Esta fecha sera determingda principal-
mente por la razdn de incrementg de precio gue vaya
registranda aio con afo el pelrgleo diesel. ’

En las figuras S5 y B se muesira el costo de generacidn por
kW, reducido & valeres de 1978, que tendria la generacion da
electricidad en un poblado pequeiio, apartade unos B0 km
de una linea principal de transmisidn eléctrica ¥ unos 200
km dal centro de abastecimiento de combustible, A conti-
nuacibn hacemos una comparacidn de tres opciones para
bombear agua en dicha rona. figuras 5 v B},

1} Bomba solar ¢on cofector cilindrico parabdlico dirigi-
da,

2| Planta Diesel [grupo elecirigenc) convencignal, con
almacenamiento de combustible mara un mes de operaciém,

31 Bango de un transformador (45 kKVAL gque alimente al
grupo motar hombd, derivando una linea de alta tensién de
Iz red mis cercana ICFE].

Para el costo el capital v la tasa de descuento, se foma
12, 15 y 20% de intards anual.

Para la escalacidn anual de @recios de materiales, equipo y
salarigs, 7 por cienta snual.

Para la etcalacion anual de precios de combustible; 10 par

iento. Ademds, s& tOMAron Como caso exlrema valares con

escalacign de 20 por Sienls anga! para dar dea del coslo &
lzrgo plazo, 20 afos, segldn prandsticos de escasez de engrgé-

ticos.
Para la wda Gtii (vida econdmica) an ¢l ciclo da wrvicia,
s& considerd:
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Plants diesed 10 anos
Planta solar 20 afos
Lireas transmision 30 afios
Piania termoeléctrica

30 sR0,
Para gastos de manlenimiento: .
Flanta dissel 20% anual sobse |a inversidn,

Flanta salar 2% amual sobre la nversicn,
Electrificacitn valores sequn dates de la CFE.
Operacidon promedio: € haras por dis durante tode =l 270,
Capacidad de la planta: 35 kW, '
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Se corsidetyon loy siguientes pardmetros v condiciones
particulares para ooda sisterma; :

a) Planta diesel: Costos actuales de' mercadg en México:

promedia de grecuns de Ingeniogia Electromecénica, Oitamo-
tares, SELMEC, IGSA, ¥ Diese! Matriz,

£ 5.500/KW instalgdo.

B Lfhora

% 653/m’ en México.

52,158 m' de EUA,

$ 7.900/m’ dato de precio internacional,
5 Z20{tanwlada.

Prumed:a;
Crpsdmal
Precio diesel:

Travyporte diesei:

b} Flanta satar:  bLaporatorios Sandiz (Ref. 22).

11403 dis. /& Pricio promedio de sistemas da irtidacion,
con aimacenamiento térmico y de agua, v
colegror parzbalico dirigida de 10 dls.fpie?
caprcidadss de 70 kW valor medio; en
varios lugares, Oregon, Arizona, Toxas, Mua.
vo México, Nebraska, Calitornia.

4080 dls AW “elor considéradz para 1988, 10 ahos. por
Produtcion en sefie, miy de 1 000 unidades
y mejoras en la tecnologia, dismingird el
costo de produttion.

1000 dis./iW  Valor considarado para 2008, 30 2dos, su-

ponignda que $& conegraria én una planta
s0lur mavor de 1 MW con tarre central Sar.
Dar-iicholy {rel, 26).
1 500 2 3 800 dis./WW para 1978, valer estimado prame
i,
2 700 gl FeW con diterenles tipos de coleguores,

¢} Electriticacidn rural, CFE {ref. 38}, Datos de la Direc
cidn de Electrificacian Rural, CFE, Méxjco, para sU progra-
ma de 1978,

Para efpctos de comparscibn errcada sisterna se calcula:

“el valor de |3 inversion inigial

COsto de mantenimiento

cctlo de transpocie {caso planta Digyel)

coslo de cperacian, par kWY generado

caleata del fluju oe efectivi v el yalor presente corras.
pondignie d@ Jos costos (gastos! a 30 zfod con fa
escalaz.on de precios mencionsda, sumada este valor
Latente a la inwersion nicial. EI ciloido de walor
pracenie 5o heze con factares anuales v por 30 ades,

4 & g * &

Apadecimiantos. S0 ulilizaron datos proporcignados por
et {ng. Luit Palazios Hammekean para la parte de castos. De
la Geiengiz de Elegtrificuciin Rural de |a CFE so abtuvieran
cifras para el mismo ingisn.b
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Entrevista

con el Ing. Juan Elbenschutz o
Secretario Ejecutivo
de la Comision de Energéticos

El Wturo anergetico de México ertard
taxado en 4l petriden.

Méxicu tiers up2 (asa de crecimiento

para [a demanda giobal de energla del
urdun de 7% anual, Eta a5 la situscidn y
5. caracteristica mas importanie es que
el- ~pitrbleo—y 8l gas satizfazcen zlrededor
da S0°% de la demanda.

-8 au 2

-~ Encel futuro préximo esta suacidn
no sulrird cambics impartanies. Es cier-
ta que entre sus paliticas ta CFE tiene
metas de diversificacion de energius pri-
marias: plantas hidroa!écrricas, nuclsares,
sarboniteras, georsrmicas, eI, A ear
iru gllg, sequirdn preponderands los hi-
drocarburos. .

. Por lo demds, los recientsd dascubris
mienios petrolifergs subrayvan que &f fu-

turo energétice dei paly se vn abjetiva-

menie muy petrolerg,

Tales descubrimientos implican tam-
bién un dusaflo, representan un reto
para la “salud” epergética de México, La
abundancia d¢ energdticos plantea una
serie de opeignes da politicas econémi-
cas generales,

]

Con 12 informacibn qus s tenfa haca
unos arfcs sobre neestro potencial ener-
gdtico, era evidente que México tenla
Que gmbararse &piisa en el detdrrel'o de
fuentes altermativas. bos datus actuales,
1 bien no invalidan bas Mot Q¢ diveri-

ficacifn, qua estdn proftentes en el pensa-
mienio de 1oy altos fupcicnarios del g9-
bierno, 5{ plantean a1l problzma perc sin
Ia urgencia snterior,

Eito es busno y malo gl mismd iem-
po. Ef bueno porgus permite hater las
cosas mediante una mejor y més mediia-
da plapificacién. Ex malo porque &l yd
ng urgir ef desarrollo de fusnies elizrna-
tivas se corre ¢l rigsgo de deiar ef probiz-
ma sin salucidn.

Hay que datiinat recurses imporianies
para planm gectérmicoy y carboniieros.

En México 19 estd trabeiindp modesta-
mente en gl desasruibs de fusnizi 0d
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convengtonales, En mi opinidn se trata
ain de dessrrolics incipientes y aislados
Sue B35 Precisa integrar ¥ fortalecer, ya
gue no hemos dedicsdo ni suficientes
recursas nil suiiciante planeacidn al res-
pecte. Er cierto que somes un pafs €n
desarrolio vy ogue, a pesar de nuestra
rinucza energética potencisl, somos rela-
tivamenie pobres. Sin embarga, hay que
destinar reCursas importantes para el da-
wrroflc de fuentes no convencionales
parz ne parder el impulso de la rioueza
patratars

En el coro plaze, ic, mayores recur-
so3 deben dedicarte a proyramas coma el
de geotermla y carbdn. Esnte Oltimo,
2unque pAresca rarg, en México es una
fusnte no Convengiconal, o decir, no &
uta como energélico en el sentido en
Gue agui estamos hablanda.

Crec Qua algo gque nos falta y que-

deberfamos hacer ¢f formalizar, sistema-
tHzar for ponocimienios sobre los desa-
rrollos de fuentss nD convencionales rea-
hzados en otros palses. Por ejempio, =
casn de la fusion nuclear; sabemas qus
etd fuera del aleance econdmize del
pafs desarrotlar eta fuente energética,
mrg se teba mantener un pequefio gru-
po qoe esté rzalmente al tanto da bo que
suceda £n un campo  tan importante
SOMa et ) -

£ o3 palses industrizlizados hay ra-
rones e fondoe para desarrollar fuentes
no convencianaies de enargfa, Le mis
deciziva g5 gue la mayorlz de elips no
om0 sulutuligientes en energecicos, El
1430 de Estados Unidos &1 un ejempio;
debs importar anergéticos v esto crez ol
interes en diversificar, en desarrolblar pug-
vas fuentes, que lg permitan hacer hrante
a la demanda er mejores condicianes.

1

Es muy dificil qua los paises industrialas
satén dispusatoy 4 cambiar sus formes da
vida,

En relazidn con las Hamaedss ensrgias
blandas, debemcs advertir que implican
un cambio’ en la estructura de vida de 1a
socirdad moderna.

En mi opinidn —y aungue par razo-
nes pracricas ot palies desarrollados har
ten con buena :.ruluntad de estoy anfo-
gues—, encuentro dificil Que una socise

dad industrial estd dispuesta a cambiar
de vide, es decir, a prescindir de lzs
cindades macernas. a prascindir def trang
porte an su forma actual, de la calelae-
cibn central, de aire acondicionaedo, #(-
CERTa.

En lox paises en desarrailo Ia idea &
también ciflcit de realizar. Es yn tanto
utépica pretendee que la gente acostum-
brada # vivir en & miserin v gue comiens
Ia a-tener acceso al "modys vivendi” de
& sociedad industrizl, In ahandone en
favor da una vida miés arménica con la
preservacidn del ambisate.

En comunidades atrasadats v aisladas hay
que comenzzr por resclver el probisma
de (2 wobreviveneia,

En =! cato de comunidades peguehas,
atrasadas y aivadas, en donde no hay

" agua potable, donde el mivel de alimerta-

cidhn £y inferior al minmimo humang, en
donde e constatan condiciones misera
bizs, hablar da ung infraastructura com-
pleja tipo industtrial parece casl uyna gro-
seria.

Ahors bien, para fleger a dsarrallar
esas comunidades hasta un nivel de satis-
faceidn de las necesidades slementales sa
rquieran  varizs madidas qus lal wez
incluyan energia sléctrica; de wer al, su
introduccion formeria parte del “"pagua-

“te™ complete que tiends a3 rasclver s

situacidn,

El costo pars un pals coma México
de ilevar etectricidad en forma masiva a
astas comunidades con un sistema del
tipo desarroliada en tecnolnglas avanza-
das como ta espacial, e muche mayor
en al pigsente gue 103 castos de sistemas
convencignales. WUna cosa &5 que 5o alec-
trifiquen algunos pobiados con métodos
soiargy avanzadas en plan de desarrallo
tecnoldgic ¥ otra muy distinta es pro-
paner un plan de plantas solares para
toda comunidad aislada de doscientos
habitantes. E| volumen de recirsos nece-
sarios estd fuera del altance del pais,
aun cuanda nos volvamos muy ticos con
el petrdlen.

En casos especiales, 1a aplicacidn de
milas recnotogfas puerfa ser conveniente
comg Wiucibn a un problema especifico
[radiccomunicacion, ensdfianta por tebe-
wision, afc.,] perc de mingund maneéra

pupde considarerse en el prasants cun‘f
una solucion masiva a los problemas del
medin raral subdesacroflady,. Por olro
lada, sxisten otros lipos de fuented no
convencionalas cuya tecnalogla no e
campleje v tuye utilizacidn 3¢ ha llevado
a cabg durante siglos, coma la energia
silica para bombec de agua, que pusden
contribuir 4 resolver gl problems de S
brevivancia #n comunidades aisladas.

Las propusstas de ulilizacién de fuen-
tes Mo convencianaies se deben znalizar
con cuidado para po caer en oberrs-
Cloned que pasteriorments oreen un Am-
bients de dasconfianza hacia sitas #xpe-
riencias,

Fuerk da la nuclear n hay hoy en diz
en €l mundo una nuaya fuents de eoer-
gid de aplicacibn masiva.

L]
Debemos ser claros, E1 problema de
hablar de |a introduccidn de una hueva
fuente de anergfz —a nive!l de utilizacidn
masivie— & reduce 8 la nuclear, actual-
mente, Yo nd considere al sof como ur
fuente energdtica que pueda 18- antics
masivamenta ni an Mdxico nian ningu,
lugar del munda, en e} presente.

Aon resta muecho desarrollo sl res-
pacin, Primarg hay que convartirla en
tecnologfa accesible. Es dacir, que en
tErmines econdmicos fea redlmeatsd una
tecriologlz energética disponible. €5 obs-
yie que, por giemplo, si las peddas foto
waltaicas 58 pudieran construo a un pre-
cip competitivo con respecto & la tecno-
logla convancional, resuitarfa Facuble y
hasta rdpida su incorporacitn zf sistema,
Otro 1anto aconlecs Con i incorpera-
cidn de sistemas edheos a Ha generacilin
anergatica 2 nivel industrial. Tates posibi-
lidades implican el desarrolio de los edty-
dios, 13 evaluaciin de sus resultados v
después la construccidn mastiva de tipo
de instalaciones que no son sencilla,
Pocemos decir que la stapa principal, a
nivel de = otiligagidn masiva, 8% 12
conuversion de estas investigaciones cn
tecnologia comercial.

El problems de las energfas blandas-
w wilizacién en « mundo moder
contienen una filosolfa gua, en 1o e
nal me gusta musho, pero Que resulty de
dificil aplicacidn, Serix necewsrio que la
humanidad se Jdiera cuenta gque 13 12¢ie-
dad industrial no 81 o meor modelod



Conversion fotovoltaica de

la energia solar a energia electrica

Esteban Javier Péerez
Juan Luis del Valle P.°

' Hasumen

La convarsisn cirecta de snergis walar an sisctricidad hece uso e e
corddcusncind dal atecto totowalthico sn un meterial semiconduct o,
Los dispositives gue real tin esta luncibn 100 conockdon comla celde
golgres. El rendimiento ok asios dispo¥ilivel dependa de |as coractaris-
tigsd expecireles de la radiacidn walar @i e de b propiedade ¥
mrtroctura de |0 maleciples sermiconductie,

Cuando unp cwds solw ey ilurninads poe o 101 ADAcecH on fus
extremos une diferencis da potencial de C.0, det ariten e 0.5 viils v
una denidad de corrante o mirededor ©e 30 mAjomd, La corrignte
tol cepands Sy, la supeelicis axputsts & 12 lluminacion. Asl, une
cedde tolar a3 inhafentermants un Jatrador da Dajs pomencia. Para su
utillzacién préctics 93 necrsario MIGCIAT Un Qran ROmero de celdas en
wrila 0 an paralel para incramentsr (3 pomncia. El conjunio de caldas
ar{ mociadm v Sendiming mddulo ¥ S RIOF soler. £n panaral, paa
1amar a0 cusnts e inlarmrtancis O (4 SnEYgra 400ef s RACE MM
pocler slmacanar Iy snargla producida; 10 Qua 3¢ rasdlza tlcilmanta par
medic e sumuladorm. Un genersdor wole, un bance de scumuls-
dores, 1a pplicacidn ¥ un Likterna Oe control da e anergle constituys
1o rpger s dlarma un B3tama Fotoeol teico.

La conversidn fotovoltaics de la energfa salar en snergia
sldctrica s un método directo qus, a diferencia de'los
convencionales —hidrosléctrico, nucleceléctrico, termoeléc-
wica, et¢.— na utiliza partes movilas ni cicle termodindmico
atguno. Como consecuencia de estas caracteriiticas, estos
conversorey Tignwn grandes tiempos de servicio (superior 3 20
afos) v o eficacia no estd timitada por el principio de Car-
ngt, sino por mecanismos de LHipe cuanfico y ¢ grado de
perfecion de los materizles utilizados para fabricar 1os dis-
putitivos de canversion conocidos coma celgas satures

Dtra caracteristica atractiva de las ceidas solares es que los
sistemas de potencia que las emplean pueden ser disefiados
coma médulos, Esto es, . les sistamas fatovoltaicos pueden
scoplarse econdmicamente 2 la demanda 3in necesidad de
emplear lcnnnrphs de sscala, lo Que permite agregar sislemas
ds potencia por etapas y, por ende, na partir necesariamante
de vitemas de patencls relativaments grandes y eiperar que
la demanda !os haga rentables ni, en e caso conirario,
esparar que la demanda sga suficiente para instalar un
sistyma de potencia, Esto permitiria una Hexibilidad mayor
en esquemas de electrificacidn rural, originande un acceso
slativamente rmds ripida a los benelicios de la electrificacion

' ipvsiligadrw da Lampg complete del Cepartamenio da Inge-
niaria Fléctrica del Cenro de tpeertigacbn oel (nstnuto Pollbcnice
Wacianal, y codireclorm oel Programa de Energlad Solar de e
Thapartarmanta,

de nuestras comunidades ruraies. conjuntado con und Meior
opcibn snergstica futura,

Desafortunadaments, aundue tal opeidn téenica pudiera
ser faciible para propdsitos da electrificacibn rural en nuestro
pals, tos costos actuales {que varisn de 15 a 20 ditares/Want
picol tendrian gue ser reducidos 4 valores cel orden d:
G500 oblares/Watt pico parz que fusran competitival con
ciras fuenies tradicionales de energle en Cisrtas gplicaciones
da desarrolle rural, perspectiva que, por ofra parte, podria
cer realizada en la prdxima década, dado: los progresos
cientificos y tecnolégicos actuales.

Mo obstante los costos sctusies de loz generadores feto-
voliaicos &0 nusstro pafs v dadas las caracterfstices de
infraestructura de un gran nomero dz comuonidades rurales,
axisien diversas aplicacicnes ecaondmicemaente rentshlas de
beneficia comunltario, tales comao I3 telavisidn excolar, Ja
radiotelefonia rurml y, en los proximos afioy, el bhombeo de
agus, asi como otras aplicagiones en |es qua ¢s ngegsario una
fyente de ensrgla eléctrica autdnoma y de ficil mantenimisn:
te como =5 el casp de sistamay qQue gperan en lugares
remotos, ' .

s .. Disponibilidad da ta energfa solar

L energls solar recibida por la Tierrs es de 5.5 kW-h/m?
digrio, 8n promedio anual y geogrdfica, o sa de
X107 KkW-him® anual, resultando asi una insolacidn de
4%10' ! kW—h para la anergia solar que reciba la Tlerra en un
afq, tal coma se ilustra en {a figura 1, energia que equivale 2
50 000 veees el corsuma eléctrico mundial duranta los prdxi-
s 50 afios. O bien, la enargla sofar que s& recibs en un dia
promedio #quivale 3 casi 7000 afos el comumao pcludl de
energla.

En el drea tropical v ecuatorial dentro de las paralelas an®,
1a insolacidn anual es superior a los 600 k/em?, que squivale a
1666.8 kW—h/m® acuaslet, o saa 4.56 kW—h/m? aiarics. Si ¢l
dres se redujese a 50lo aquella dentra de jos 1rﬁp|::u: de Cancer
y Capricornio, que estdn a latitudes de 27.4°, la (nsolxcidn
anual aumenta a un minimo de 700 kifom? (19446
KW—h/m® anuales, 5.32 kW—h/m? diarlas),

Los paises industrializados de Europa y Japian eatén fuera
de eylas regione ce alta insolacidn y Estados Unidas no al-
cana a ettar en los tropicos. Sin embargo, tales paises son los
que han desarralladc 3 un nivel comercial las generadores futo-
voltaicos, generadores Gua claramente serdn Té¢nica y Economi-
tamente mds rentables en los paises en desarroile de Ias dreds
tropicales.
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Figura 1. Caracter(sticas o la erergfs solar.

5f =2 uza el promedio da insalagifn de 2000 KW—htm?
anualas para lag dreas tropicales, sk tizna que si esta energla
safar e pudiese transformar en energis eMetrica con una efi-
cigngia Je 3l menos 10% {lo que estd completamante dentro de
las posibilidazies de {a tecnologfa sctual, que permite eficizn-
wias superiores 4 15%) bastarla eon un cuadrade de 120 km de
izdo [Fig. 2) para cubtir el consumio munpdial de snergfa eléc-
teica (Jel orden de 4.5 X 10'? kW—n en 1978}, drea que
coups apenas 0.068% de los desiertos de nuestro planeta.

dusatpei o iclonal

Dos terceras paries de nuestro pafs tienen una insolacion anual
superior & 700 kJiem® {=2000 wW-h/m? anuales, 5.3
KW=n/m® diarics! v el resto, al centro y ol suresie, tiens GO0
kdfem?, En primera aproximacion, esta coincide can el hecho

de gue dos terceras partes de ousstra nafs son des#riicas o
sermdesiriicas.

Si se considara el promedio de 2000 kW -h/m” anuales para
' mayor parte de rutstro paisy, se tene que i esta energla se

A )39 10" wnd Bup, Wirsua

pudctizse translormar en energfa eléctrica con una eficiencia de,
al menos, 1055, bastar(a un cu?drado de 16 km de lado (fig. 20
pari cubrir o consumo mnacione! de energla etdcirica (del orden
de 4.5 % 10'° kWW—h en 1978), dres que dcupa apenas 0.02%
de los deslarios nacionales.

Estos calculos muestran gue la enecgfa satar es abundanie
aunque disperia, esto es, de baja densidad, Asl, s necesitarian
grardes Arags para instalar centrales el&ctrigas de gran porengia,
del arden de 108060 m* por cada mW. Sin embargo, se heca-

sitardn dreas tan pequefias como 3 m* GAra suminiytrar gnergia
a aparatos eleclrénicoy tales coma los de television educative v
radiotelefonia,

Conversion fotovoltaic

La calda solar fue obrenida originaliments como un subproduc.
10 de 1 inyestigacion y desarrolio de materiales semicond ue o
res en 1954, y desde entonces te ha bensticiado del grandisimo
potencizl de ess industria.
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Figura 7. Niypoaibilidsd de ls anargis sclar & scals murdial v naclonsl

El sfecto fatovoltaice puede definirse coma &2 peneracidn
de un potensisl cuando une radiacibn ionfzx 1s ragidn carcana
& {2 barrera da potsncial de uni semiconductar. Se caracteriza
por ura Fe.m. sutopencrads y Iy habilfidad pard entregar poten-
Ci & una carga, provinienda 18 potencig primaria de la radia-
oidn jonizante.

En tdrminos generales, la detarminacidn del semiconductor
dptimo = Lo en la determinacibn del ancha de banda prohi-
bida E; qua proporgione la mayor potancia ae salida (o sea, la
madximia eficiencia que et 14 relacidn da potmeia de salida a la
patancis constants incidente]. Desds ol punto de vists da vol-
thje mayores E, dan lugar 3 mayor ensrgia potencial ganada
por 1ot atectrones en la formacibn de los pares electrbnehueco
¥ por tantn mayoras voltajes da walida. Desde al punio da vists
de carriente menores Eg permitirdn que se aprovechs mayor
ndmerc de fotones, generdndose asl mdy portadores v 12 co-
mients sumentard. Surge 250 el compromisa e Ep v queds
clara su determinacidn sobre el eipectra solar.

Aplicaciones actuales

Las aplicaciones de las pilas solaces fusron muy amplias desde
1860 #n los programas cspaciales v o partir de 1270 ha empe-
Iado su lenta penerracién &n las aplicaciones terrgstrzs. Su
precio refativamente alto {comparado con (a enercis eléctrica

AR

conversion fotovoltaica
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Figurs 3. Radiorrecaptor AF-FM operado por un mbdulo fotovottaicg
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Figura 5, Slhreona de racietsicfonia rural inststado én Blenvinido de Galimis, sierve norty de Pusbly, por el leboratorlo de Energia Solar dal Departe
menie de Ingeniaris Eldcteica dal CIEA. 1PN, EI genarsdor qlar twns una potencly de 78 wiat 0100 qud garEnLES Una hova didnls inbtrhifentes de
epargcidn. Los reflaciorss plancs lateraies 1ljon san axperimeniales v podrian dar nasts 40% mis de anangis eldcirica,

cocyencianal en dreas electrificadas) ba circunscrito ertos sirte-
rmas u iss regiones zisladas y comunidades rurales. Sus caracte-
ristices de generar energia de c.d. y de operar confiable y
ccondmicimenis aun con dreas peguellas de captacidn (desda
unos em? y con ello potencias eléctricas de algunos watts) lgs
tia hecha idezies para equipas electrdnicos talest coma:

* Radiurreceptores para radiodifusibn comercial y parg
racio profesional (Fig. 3)

# Telerreceptores parz televisidn comercizl y pare ene
fania (Fig. 4

- J.:iadiuteiefanfa rural [Fig. 5}

= Grahadoras da sonnfa.

* Zeilgies para crucera en vias de ferrocarril yen carreterss
# Equipo zléctrica para acampar

8 gombeo de agua

& Piatatprmas de palrdlao

* Transmisores de nfta frecuencia

& Ratransmisores de telayitidn v de tetafania
& Balizas luminosas y da radio

* Helrigeracidn

® Proteccion catddica para tuber [as

+ Juguetards

Las apliceciones irdn creciendd conforma ta tecnologfa y «l
mismo mercado las hagan mids econdmicas. Aplicaciones inms
diatas potenciales incluyen transmiscres y retrapsmnoret o
AF, ¥y TV, y balizas de Juz v radlo. Debe hacerse hincapié e
que todas las aplicaciones mencionadas han sido probadas y
estén funclonando alrededor del mundo, .

Taoria del efecto fotovnltaica

El estudio de I interaceibn de la energla radiame (o radiacidn]
con la materia puede estudiarse desde ¢l punio de vista de
cuglquiers de 1ay dos manifestaciones da {a radiacién {ondula>
torla o corpusculzrl, Psra la descripcién del fendmeno-foto-
voltsico es mis sencillo considerar &l cardcter eorpuscular, domn-
o cada corpOsctulo con gnergfa dada por E = by recibe ol
nombre da fatgn, siendo h lz constants da Planck ¥ ¥ su
frecuencia, ! :

Un haz de radiacianes que incide en un matarial da origan &
varios efectos segdn Jas carpcteristicas fivicay Se la radiacidn v
da a5 medios de propagacion e incidencia, Asl, debido » g
diferencia de Indice de reflectividad de los medios la radiacién
cer parciglmente reflejada v pargialmenie traremitids. La ra-
discibn qua se ansmite puede dar lugar a tres efectos princi-

palrnente |Mess, 1961):

1l Ei sfecto fotoatdetrica. La radiscidn transmitida fa abr
sorben 1o jtomes del matarisl. En gste caso toda ia eneryfo he
del fordn Incidante s& code & un electrdn ligado a un fioma
g5 ¢xpultado con una energis cindtica Ex = hv — & donde £
es ¢l potencial de ioni _:*.a::i-fm dat electrdn,

b £ efecto de dispersidn o “scattering”. La radiacion
transmiticda es desviaga de su trayactoria sin pérdida de eneraia
{Eiecta Thomsont o una phrdida muy pequeda (Efecio Com-



por] despuéy de expulzar un electrin de un Stomo o efsctuar
una colisidn con un electrén libre.

c} Generacidn de pares gisctrdn-hueca o #facto fatoeldetr!-
o inrerno. Sita energla contanida por el fotén transmitido es
igual o mayor qué el ancha de |3 banda prohibida Eg; da un
material {generalmente semiconductor, donde Eg es pequediol,
antonces un electron de la banda de valencia absorbard la ener-
gla necesaria E; para patar a Ja banda de conduccidn dejando
o0 su bugar un hueco. Asi, la energia radiaciéin se ha convertido
en energia potencial del slectrdn y an presencia de un ¢ampo
giéctrico externo sa producird un flujo de corrisnte que da
lugar &l sfecte fotoconductive v Bl malerial s& denominard
fotoconductor,

La fuz del Sol, ya sea en la superficie de |4 Tierra o fuera de
wlla, tiens fotpres de sulicienta anergla para formar paras slec-
trén-hueco. Ctro tipo de radiacién usado es la radisctividad y
rayos o . ’

La barrera de potencial en las uniones p—n {Fig. B), propor
ciona el campo eléctrico para calectar |os portadores genarados
par bt fotones y abtener €l efecto foloveitaiva en dispositivos
tales como fotodiodos, fotoceldas y fototransistores. Para el
mmﬂlmlanto del afecto fotovoltaico corsidéress que unad ra-
diacion incide sobre fa regidn angosta tipo p de una unian p—n
¥ Crea pares eleciron-hueco, ganando cada elegtrdn una enargia
potencial E.. En presencia de la barcera de potencisl {gl) de la
wnibn, los sisctrones ganeredos . {portadores minoritariost den-
o de una distancia no mayor que yra longitud de difusidn a
partir de la-regidn desértica, s& moverdn por difusidn hacia
&ita, donde sardn colectados perdiendo energiz potencisl al
vencer |n barrera. Lok pertadores colectados estén asi habili-
tades para flufr en un circuita externo, devarrollando una
potemcia a naxpensas de la anergfa potencial ohtenida por las
pirtadores a partir de 2 energfa incidente, perdiéndoss parte
de e¢sa potencia en wvencer la barrera. Lns electrones genera-
cos fuers de una cisrta distzncia (Ly} te recombinarin antes
e alcanzar ! regibn desértica. Fendmeno similar de cotec-
widn de portados minoriterios tucede si la radiacitin ioniza
una regidn delgada tipo n: &n eyt caso, se colectardn huscos
que se movergn por difusidn hacis la region desértica,

S ¥ fotones generan los paret electrén-husco #n la
reqiim desértica, los electrones se movardn hacia la regidn n
¥ los huecos 2 la regidn p debido al alta gradients de
patencial ¥ contribuirdn af flujo en un circuito externa, Por
supLestd que los fotones incidentes pueden eolisionar con un
glectrén libre @ un hueco y no g un slectrén de valencia y
mransmitirles parte de sy enargfa {(Efecte Compton) tin
genesar pares slectrdn-hueco: no abstante, sun en los tami-
conductores mas fuertements contaminadas 1a concentracion
de portadares mayoritarios no es mayor que 0°%fm?,
siendo alrededar de 1710 000 de 1a concentracion de 2lectro-

wi de valencia, tal que la probahifidag de fue un farda
slisione can un partader Lbre ¢ e transhiers sU energla es
delprecistile,

Asi, ol mecanismo del efecta fatovéltaico se compone de
ires ai2pal, a saber:

conversién fotovwnitaica

.2l Absorcidn de los fotones, dando lugsr a [a generacidn
de pares electrbn-hueco.

b] Difusibn de los portadores generado.

c} Coleccidn de las portadores que flulrdn #n la ceega,
completindosa as( la transfearencia de snargia.

Siendd caraclerizados 105 pasos ab y ¢ por r:u"rspund.en-
tes probebilidades.

lndependientemente de |2 regidn de lz unién p—n dende
8 produzca o generacidn de pares slectro-hueco, o ¢fecto
mto et gna correntr de portadores minorirarics; lof huscos

~:cragdos fluirbn de Ja regibn n & la regidn o a través de |3

regidn desérticm, #n fanid gue loy electrones lo hardn en
sentide inversg, resyltando una corriants neta da poriadores

‘positivot de la regidn n 3 la regibn p e el inierior, o wa de

fa regién p oo la regiGn n & través da la cerga en #l cirguito
axierna,

A} circular esa corriente en {a carga 8 desarralla un
patencial que hace al conlacto ¢on {a regién p més positive
respecto al contacte con fa cegidn . De esta manera, el
potencial desarraliado en |2 cargs provoca una autcpoiarifa-
cibn diresta de lz unibn p—n, erigindndose atf una carrients
gue desafortunadamente & en santido contrarlo s (2 ganars
da por 1a luz o w2 de |3 regidn n a la regidn p a travee de iz
carga. Con eslo la carrients, que Circyls en ja cargs es menar
que fa generada por I3 radiscion y en sentide contrarico a l2
direccibn normal det fluje de corrients an wna unidn p-rn

. pnlanzada directa.

Dtrn posible uso d=l fotodispositiva squil deserng es
aplicar una polarizacidn inversa al dindo, gue da lugar 2 un
aurnanto en la corriants cuando s4 iluming, parz operar un
gircuito o un interruptor. Ef1a e {a apHcacion del fotodiodo.
Cuando aumants la intensidad de Juminagién aumenta &l
flujo de corriente inversa.

- Estos principios bdsicos de la conversibn fotovoitaics han
proporcionado (3 guis para la investigzeidn de mditiples
tecnotoglas, matsriales vy ertructuras, tal como sugisse a
figura &.

Tecnelogia

La tm:nolmiia de fabricacidn de esidas y mbcdulos sojares,
como parte da |z elsctronica del estade sdlido, ss1d en una
etapa de intensa evolucion. Si bien existe unz teenologis
comercidl pringipal mds ¢ menos delinid2, tiena muchas
variantes y en lo gue respectd a investigagion y desarroilo e
trabaja con una amplia variedad de IEcpicas, dy materiaies 4
de estructuras {Fig. 7). ]

Tegnaiogds do cefdas safares d2 silicio
Actynimente las celdas solares miy barstas y oficaces se s

brican -z partir ded silicio. Este &3 el sequnda elermnento mis
abundanie en la superficie de la Tierra, pero desalortunada-



Lroletin i, junio de 1978 g

- Semiconducto:
. ) . . |
- . C-ﬂﬂ'l,pl.lll-tﬂ
J
Eitmantal ) 1 .
.. Binario Alto orden
. _. . |
. o T . - oo | iﬂfros Muchos .
GaAs .. Cas cqlsl |
| I ||
I ) .‘ N
Crisead Palkerisial Amoria Crigtal Folicrictal  _
l .
Modeiadamenie
flanenta Modasr adamen s En Altamenie Mod crad amens Altamente desarrollade
deanioilade detarrollado dewarralio desarrollsda desarrallade detargllads
i .
. : L ' Dipatitive de material
hipovtive . i
‘g cevial 51 miltiphe (heterounidn,
& matenial simpie ' ventana, apilados, ate.)
J -
v I .
o o
Uni&n pon Barrwry Sthoithy T

Fiera f. Cinitizagitn de mareridie ¥ 31 combinacione: park cemvieritn lemvo 'ty -

al Difusidn de fosforo: previe una etapa de pulidz de fas
obleas de silicio ¥ limpieza de las misimas, #stas son tratacias
a 900°C an um atmdsfers contaminada féufero (fosfina o
axicloruro de {0sfore), A esta temperstura el elzgmento. -
fonforo difunda en o crital contamindndclo tipe M. Cen -
tiempos de operacidn de media hora se pbtienen profundida-’
des de unibn de media micra; profundidades mds cortas s
controlan con 'a temperaturd y el tigmpo de ditusién.

mente 2parece gn forma de compussios [la arena 5 una
buena fuente da sllicio). Después de procesos de reduccin y
purificacidn, se crecen cristales de silicio en forma de,
linpotes qua posteriorments $¢ cortan en obleas. Estq slamen-
tr #1 un conductor Mmuy pobre en tw forma més pura
{semiconductor] y pof esto se |e impurifica con oftres
#lementos para darle la conductividad requarida. Cusndo se
afizde’ tasloro duranto el crecimianto del crstal el silicio
dezarrclla ¢argas negativai lelectrones); cuando s affzde
bwoio, aparecen cargas positivas Lhuecos). Dr ssta manera we
halz de silicios tipo n v tlpo p respectivamente. (En la
frgura 7 ose muoestra la estructura tipica de une ceids solar de
sificio pard eplicaciones 1errestres,)

&) Contactor metdlicos: para la cary posterior de fa celda
%6 realiza primerc und evaparacidn de aluminio en alto vaclo,
Luege un recacido 8 750°C #n atmasfary inarte para asequras
un2 &leacifn silicic-aluminio y obeener sobre la cara P um
. contagte dhmico, '

Easz estructurs consta de las siguientes partes:

al Lin subsstrato tipo P de aproximadamente 250 micras

Rafimaba ualar
ce raoisor (1 micra = 107 m), -
L + -

bl ‘Yaa rana tpo N de aspesor eproximado de 0.5 micras, l 1 ' l I i :

& thn contacte metdlico pasterior. S T R A

dl Un contacte en forma de rejsy sobre la cara bumnada g Zona P —
Ggue permits recoger ta corrignte y dejar llegar Ja tuz hasta «l -
sEmieonaduEtpr. ‘d ConLas 1 o duce -

i I #mimror

Los procesos tecnolbaicos fundamentales gque intervienen

en la fabrizacion ge celdas selares ga silicio son: T gura 7, Ralructurs e und chlde soler da unidn p.



Ei contacto da enrejado w logra evaporanda titgnic y

plata {en slgunas ocasiones titanio-paladio-plalal a través de |

mascarifias metdlicas. Este contacio ey estable sobre silicia,
Sobwe el contacto de aluminio de [a cara pasterior tzmbidn
sa zplica una capa de plata por evaporacién para facilitar el
widada del du;pumwo *

el Capa mtirreﬂectora la diferencia &ntre los fndn::ai de
refraccion del silicio y del aire hace que 36% de la'luz

incidente sobre i sermniconductor sea reflejada sin contribuir---

al efecto {olovoltaico. Para disminuir estas pérdidas se apli-
can capar antirreflectoras de {ndice y espesor predetermi-
rado. Para _capms de 5i0; In ~ 2| s usan espemires. de
aproximadaments 750 Amstrongs. -

P R L ht e i -
1 - . []
Tkt gt
] . P P |
S oA N _I

Otros materiaies y tecrokogias o

[ P

Aunque |a tecnologia de# las ¢eldas mlurés de silicia mong-— *
_ monpgristalings en obleas y disponer de métodos de crect

cristalino et la-opcion mis prictica v econdmica, actualmen-

ta existen otras que se &nco=ntran a rovel de laboratorio v en -

* w =t

slguney casos a nivel de preduceidn piloto.
a} Ceidas de Silicia Policristaling, Laboratarios europoos:

. ¥ estadounidensas han utilizade sxitasamente materialas de
silicio_policristaling de pureza “calidad wolae™
récnicas de moldeo (Ycasting™|. Las eficiencias de convarsidn
brenidas te titdan ancre 8 y 10 por canto, Dado que por
howa la fabricacidn del material s& hace en z:cala oiloto la
reduccidn del eosto del Watt generada no es tan importante;
tin embargo, puede preverse qua con la fabricacibn mative
dal materisl, - ef costo por Wan gensrado pueda redugirse
considerablermente en lod proximos cineg 86os. Unez mayor
recluceidn, a mdt large plazo, starls representada par unz
tecnologlia en pelfcula gruesa {aprox. 50 micrasl de ilicio
polieris'aling ablenido por depasigion guimica en fase vapor.

B} Celdas de Silicio Amorfo, S8 han fabricedo en labara-
1orios” estadounidenses e ingleses celdas sclares de silicio
amorio de espesores Menarss @ una MG Con estruciuras
tipo p—i—n ¥y barreras Schottky con eliciencias hasta de 5%
utando descargar gqaseosas de C.0O. o ALF. en Silano 15iH. ).
Aparentemants jus caraclerfsricas foroyoltaicas na dependen
de los mismos pardmetros que se considoran en |as celdas de
silicio monecristatino. £l hidrbgena ingluida dantro da la
matriz del material detordenadg pudiera Tener un papel
importants.

Estz método da fabricacion podriz ser uno de los méto-
dos més apropiados para resolver a largo plaze la condicidn
‘sconomia-eliciencia para la aplicacidn masive de 13 conver-
siQtw‘d'Lr'e:t_.a_de la energia solar en eléctrica.

" ¢] Celdas dg CdS5—Cuy 5. Estas celdas de pelicula dulpdat

i sido fabricadas exitgsamenta a escala gilata po1 evapora-
=idn térmicy ¢n al vacig del CdS por Compafijas trancesas v
labgratorios norledmeanicanas con Hiciendias de conversidn de
5 a 8% 5in embargo, su faincacidn’ masiva equiere de

_metcdos mds simples de prodoccidn de [as peliculas de CdS
1a:zs zoma la téemea de Ao Quimica {“Chemca' Spray’).

fabricado por”

conversidn forovolraica

Hasta chora no se han podicdo msolver los problemat repre-
semados por 1a degradacion can 2 twmpo de 1a aficiancia da
convarsion da estas hetergestructuras utilizenda loi métodos
de faoricacidn simplificados. '

d} Celdas de GahA:. En laboratorios de fnglaterra y de
Estades Unides s¢ han fabricado celdss solares de Arsesniorg
de Salic con {as sficiencias més altas informadas en astrue-
turay fotovaltatcas; 20 a 25%. Sin embargo, su explotacion
comercial ng ha sido posible debidn a su elevado precio y tu
limitagién en tamafio. SU empleo bajo sistemas de concentra-
cion sodar, del orden de 1000 veces, pudiara hacer factibhs
su aplicacién en la generacidn de potencia. Sistemas de esin
tipe e&stdn en operacidn con prnpﬂiltm de evahuclfn mn

= Estadas Unldm

evitar !a pérdida de materlal inherente 2l°corte de lingotas

mienta continug da |dminas de siliclo al espesor deieado, e

‘han desarrcliado mérodos de crecimiento de membranas y

listones de silicio. La vizbilidad comercial de estos métodps
todavlia o ha sido demostrada respecto & l3s tdcnicas
convencionaies actuzles (monocristal d= silicio]l. El métoda
en 3l &5 una variante de Jos métodos de monocristalizacidn
de| silicio y su ventaja potancisl reside principalmeants en fu
caracteristica de productidn masiva, ¥y su desvenlja 2n
alto £EAtO eNErgElCa 08 IUs PrOCeso.

Caractensttm de Ia: celdas
snlares da sllmm

Circunto aquivalenis e fa cekda solar,
Una celda solar no iluminada presentard unas caracteristicas

carriente-wnliaje correspondientss a la de una unida P—N con
una resistencin seria [Fig. B). Por medio de una teorfa

1>0

A

V>0

Figura 8.

e:l Cal.da: de sificio en ustones (Mribbons™), Con objeto de

v
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smplificada puede mostrarse qua aslas carat.turl'su:n esun
dadas en fnrma analitica por: _- -
. = K 4o :
PR . Sy LT W Do
AT :
' I' - tu IE - 1]

R

anrj- | %5 el flujg de corriente en la unidn, i, Ia

corrignty de ;atufmﬂn inversa v Y es el voltaje aplicado (T
# 13 termperatura &n K y k la constante ds Boitzmann: ] T
“‘5"" kT 0. 025 av],

-
"

Eigurs 7. : ' ERER ]

La iluminecion de [ celda resulta en ums coirignte de
ileminazién b, El moeoelo de circuitc gue contlisne este
efecla a2 muestra €7 la figura D Anallticemenie eita sifua-
sion estard representada por:

Cr 1]

donde | <0 0, ya que ficamente se tiene que | | ] | I;_l.

. Para condiciones de corto ercuito (A, = @)

l==1
yeque W= e IRj=0 paaR, —1

Para condiciones de cirguita abierts (R, = =) te tizne el
rdximg forcwoliae

11

l -
—ln{$+ 0

En cualguier otra condician de carga
L] - LI li I 1 J

IR # o), |v|«:!vﬂ|- ||¢:|tL.,

Dehido & las caracter(sticas | v V o tineates del gisposi-
tlva exlstird un punto de patencia maxima eniregada [repra-
wntado por el méximo rectingulo inscrito en |as caracrerfstl-
as ] v V], I;;!_::t:ri}ﬂin par le resistencia spiima

.- i Van

st e T HDP

N
4t et op,

En evtas concdiciones para una radiacicn spiar incidente
determinads, P, l2 patencia mdxima sstacd dada por

LICI

1- Prl:m = ¥op |up
¥ la eficiencia de la celda saler serd
1t Y -

P A

. . =
L T e
Tante Yy come |, dependurdn de las caractar sticas | v '
de la ceida {l,, A, Ryl y del valer tp de Iz corriemte -da
iluminacién. Para tomar en cuents mste hecha, es (til ¥
canveniente. definir un factor experimental f. factor ds
curva, como!

el

v Vﬂﬂ Iop
o= — -

Voo IL
I;f, la aficiencis de la celda podrd expresarse:

Vac It -

Pinc
De astz menera una celds serd mds clicientes conforme

kT N
crazea 1o, [Vae :-—-E!-- in [—+ 1] )yla re[acmnl— o alo
[+]

mds giande potible.

Aunque spargmemente un factor A {“tactor adicional de
gurva”]l granda sumentariz V,. este no er ¢l casa, va qut
pueds mosirarie que un coaficients A mucho mejar qua la
unidad #t indicic da mecanismos da tramiporte no ideakes
que aufnentan la corriente de sptureen g,

En ganeral sa caracterizan las celdas por medle de lr
siquientes foctores, que permiten avaluar » contralar |
procesas:

Ip —+ densidad de corriente de corto cifcuita [mAfom®).
Centrolt el etpesor de |a copl superhicial v acabado
suporficiel de las celdat.
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Vg~ vorftaja de circullo abierta (mV). Contral: Densidad de
coiTientd de saturacién. ]

1. -~ factor ds cuna. Control: Ry, 15, A.

R, + rmistencia sarie {ohms). Cnntmi- mixime punta da
ptencis,

A factor de curva adicional. Cantrel; uniformidad de la
difigibn, procesos de recocido, precipitacién da ele-
mentos metdlicos. lop

ne ** eliciencia e[ér.trir.a.: . =-| ]

- L
" 'pnr drénzje de corriente en la unlﬂn p—un
n- nflcaencia glﬂbal

100. Contral: prdidas

+

L L] I-.-

La d!ﬂﬂdld de corriente de tturacidn, ¢l faclor de curva
adicional y |a resistencip serie pusden evaluarie experimental-
mante determinandc Iss caracter(sticas reagles de |s unidn
p—n, por medio de una técnica de iluminacin variable.

N P

Médulos y panelss fotovoltaicos

Dado 2l estado actual de deszrrollo t&cnico-poondmico de tas
celdas solaret para aplicaciones terrestres, se contidera gene-
rmimente qua lag genaradores fotovoltaicos {modulas ¥ pa-
relas de cofdas sclares) estin hachos a la medids para ioy
pafset de fuerte insalacin y que la mayor parte de las
avlicaciones ecOngmicamente rentables necesiten potencias
pico de algunag decanas o centenas de Watt o hasta kilg-
r waria.

— . - H

En ta seccibn anteriar 3¢ wvio que una celda solar &5 un
ditpositivo. que genera potencia aluctru:a a yalaras relativa
mente bajos: '

& E| yvoltajs Optimo para potencia méxima se sitda alre-
dudor de 0.450 yo|ts,

& Ly carrieme dptima para la misma poancia, o mejor la
densidad da corriente 4ptima es alradedor de 30 mA/cm?

# La potencia maxima propotcanada pof una cewda serd
da girededor de 135 mW/em? (Fig. 10},

La iluminacidn corresponder (s 3 una condicion da ilumi-
nacibn AMI1 {1 Kw-m").

4

Ya que la corrjente proporciornada por |a celda &5 propor-
cignal a su superficie (iguzl a densidad de corriente por
superficie total {em?]), en tanio gue el voltze es indepen-
diente de ésts {segom se vio en la secCibn anterior} la
notencia mdxima total proparcionada per una I:GHL‘II serd
propicional al drea da la misma.

Asl, para obtener 1as potencias necesarias para las aplica-
cipnas presantas se disefian arreglos sere o serie-paralelo de
celdas solarey {mddufes) edecuados pars proporciondar una
potencia pico dada a un voitaje dalermingdd, en genersl, por
los rangos ¢4 operacidn de las baterfas en flotacién de los
sistemoy {en particular las baterfas comerciales eomunes
trabajan 2 multiplas de 6 y 12 volusi. Ei arreglo serie.paralela
de westas mbdulos fganeles] proporcionard ¢ vallaje y 12
corrisnte necesaria para la aplicacidn dessada,

100

T vanversién fatovoftaica

E00 ' ’ .

cc . v

g it m

300 T

4] i - .
‘p 200 300 400 sOO

Figurs 10, Caracwsirticay sdciricas corcignmevoliste oe wna folocsids
e 57 mm de dikmwtro, & uns inteasidad dg 1 KV-m 3.

[ -

600 )

Aal par ejemplo un médulo solar fqua ted wuhzado en
confuncian - con una bateris ae 12 -yais - nominates, deberd
generar potencia a un voltaje de cusndo menos 14.5 volts;
13.8 volts representan &l voltale terminat a plena carga de la
baterfz y 0.7 volits la caida en ¢l dicdo de bloguen. Pata

" tener- ette voltaje se necesitari un pdmero de celdas fgus a

14.5/0.45 = 32.7 celdat, &sto &5, 33 celdas, Sin embargs,
parz periodos de insolacién débii o por efectos de la
temperatura de operacién [ 60°C, dependienda del tipo de
soportg ¥y proteccitn ambiental deoj mbdulp} el voltaje por
celda puede disminuir 2 95% {el voltaje disrminuye comn una
funcidn logaritmica de la intensidad solar), deberd preverss
un nbmero de celdzs del orden de 14 5/0.43=34 celdss. En
general Jos modulos pars aplicacignes con baterias de 12
volts naminales 38 disefan con 36 celdas en serle con ¢l fin
de quw ol gereracar solar funcione como fuents da cornenta,
con la bateris como cargd requladera, o con el hn de
prolongar 12 wids Otil de las baterias,

Caracterfsticas fisicas de los
madulas solares

Un genmrador fatovoltaico 3 compong de; wohd estructura
mecinica que tirve de soparte, de Skldas solares, de intarco-
nexiones y de ura encapaulacidn. El conjunte & interscoidn
de estas componentes deberd asegurar dursnte un gran
periodo {10 aflcs coma minimol el comportamisnio normal

del generador lotovaltaica, con minima o nuta degradacién
de sus caracternticas eléciricas, Bajg las condiciones ammen

tales de su urilizacin.

La concepcidn de generadores fotovoltaicos debera consi-
derar, gntre owos, o3 sigurentes aspecios ambiantalgs:
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* Humedad; oxidacibn de los contgctos,
& Esfuerzus térmicot; integridad de las conexiones.

® Esfuerros mecdnicgs, slecto del viento y de diversos
impacias. .
® [epieios de diverss naturalsza: pérdidas de potencis
e<itebles o permanentes resultantes da astos depdsitos.

dhserio de sistemas, Un ejemplo
Ce deseribe agul someramente {a experiencia del Cantro de
Envesiigaciin del 1PN en el disedio v operscidn de un sistema
rovollzico para una lelesecunderia. El sittema _presenta las
conexiones e la figura 11, en la que un disdo de potencia
Beile o descargd de las baterias tobre el mbdulo solsr en las
noctast. -

A continuacion sz hatm una descripcidn de los slementos
bisieos del sistemna: e méddulg mlar la bateriz v 2l televisar,

El rnﬁmr . ol
% adquirieron dos ttlevi:o}'es da 1% pulgedaes de pantalla, ya
que exte famafo v el dea 21 pulgadas son Jos recormend ados

pcr la Dirsezidn Gepecal de Telssecundarias, s
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Fugura 11, Sistemn lotawa! teice pard Le tilavisitn mcolar.

Este televisor fus seleccionado por su PNor conwmo de
palengia = re'acion con su tamafio de pentalla. El &riterio
de menor consurna de patencis ehdctrica ey decisivg en un
sisiema fotovuataico coma el aqul experimentado, va qus
1704 potencis eléctrica consumida implica menar |mrur:|gn
en los mddulgs-de generaciéon lolovoltaica, los cuales repre-
sentan alrededor de 75% del sistema total de telerrecepcion,

El consumo de polenciz en carrients alterna de este
televisaor e del orden de 50 Watti, dependiendo del nivel de
audio y la brillantsz de |3 pantal'a,

Sin embargo, puests que lyr midulos fotovoitaicos gene-
ran energia elécirica del tipo de corriente dicects {también se
iz Nama curriente contnua), fue necesario adaptar la felevi-
sifn para este propasife. Estz adaptacitn requiere {a eliming-
cthn de 12 etapa de seclificacidn ¢ estabilizacidn de la
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mrrianit y, ademids de simple, tiene {a doble ventaja de: 1,
consumir una potengia slgnificativemants, menor que l2 de
C.a, v 2] permitic préver un menor costo oal televisor debido
4 ia autoncia de la etapa de rectificacidn v estabilizacién. Es
posinle también la adaplacidn simple de un copmutacar de
perilla la Jeslizatile} para su uso ya sta en .5, 0 c.d., el cual
s asth adaptando ahora. '

El conremo de potencia &n corriente directa es del arden
de 20-24 Wants, dependitnde del nivg! de audio, la brillaniez
v &l nivel de valweje d= c.d. El voliss nominal de trabajo de
c.d. & de 23 volis; sin embargo, valtajes tan bajos coma 16
valts lcon un cansumo’ de* 12-13 wetts) permiten adn un
wabajo , setisfactaria del TV, aunque cabe aclarar gue a 18
voils sa empieza reducis la dimensidn horizontal [anchol de
la imagen ¥ qua & 15 volts s& empieza a perdar ¢l control ae
la estabihicdad de la tmagen.

Lta sdaptacidn del televisor a un suministro Onco de o.d.
incluyd la incorporacién def filamenty cel tubo de imagen
gue trabaja nominalmenta a 6 wolts, La adaptacidn ¢om-
pleta, que incluye 1anto |8 electronice de procesamiento da
la sefizl de :udio y vided como ) filamenta, fue hesha pars
2+ woits nominales con un consumg de 1 smpers pars
mdximos brillantar ¥ audlp, © sea un consumo de 24 watts

maximo.
Las barerras

Estay son de 4 volts, gue o5 el voluje de adapracidon del
televisar, Su capacidad da carga almacenada [Watts-hora}
quera determinada por al consumo del telavisor, los dias de
sutonomis del datema (ndmero médximo da dias en qua ¢
preve tigmpo nublado ¥ por 1o Tanto yna recarga despocia-
ble de las baterfas], la disponibilidad #n ef mercado y, muy
impartante, el aracio gue w esté dispuesto 3 pagar.

Estas consideraciones musstran ung ciert2 veniaja técnico-
econdmica para las baterfas deal tipo plomo-dcida. De hecha,
el istema alemdn para loe televisares educacionzles solares
instalades en Egipto ¥ la India, fayorece asta decisidn, *

Se sleccionaron dos acumuladores de autemavil plamao-
dcida, de 12 woltt cads uno, para wsarlor an sarle
proparcionar el voltaje desesdo, con una capscidad ge 932
A, que preporciontd 90 horas de sutonomis va gque el
televisor consume 1 ampere, Considerando que las jornadas
de clase de talgsecundaria von da 8 horas diarlas, la sutenc:
mia por carga aimacenada ey de 15 dias hibiles o rea de 2
semaray calendaric con 5§ dias hdbiles cxda une. Pebe

hacerss natar &n eite con(exto, que la autonomia serd meyor |

en iz priclica poique aun en dias lluviosos & nubladcy se
logra caprar una cierta energfa sojer y tramformacls &o
eléctrica; esta parte a:t4 sujeta & avaluacidn en este Pru;ra‘
ma.

£l mddya salar

52 usaran das médulos fotovoltaicos con dimensiones esler-
nas de 83 cm por lado v 2 ¢m de espey
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Comiderando &7 13 potenciza miximas da 21.8 wails por
,médulo @ 56°C (tempuratura 1dcilmente alcanzada par las
celdas »l exponerse 3 la Insalacidn directa) 42 nota fque esta
potencia instaladi por mddulo selar peede proparcionar la
energiz necesarip si ¢ hagce un balance snrargético semanal,
va gque al madule genera energio los 7 dias dunda: 21.8w x
Shsfdias x 7 diarfiemn = BD3 watti—h'/semn ¥ 1anta que la
telesecundaria trabaja tdlo 5 dfas consumiendc 144 wats-
horafdia x B-diasfsern = 720 watts-harafsem. Aun aconside-
rando 90% de shcisncia de capracidn de snergla y 20% de
sficiencia en almacenamienic y iugas en al acumufzdor la
energla generada ¥ slmacenada serd de 09 x D9.x 803 =
73143 watts-hora/semn y superior a la demandada por el
tylevitor:

5in sembargd w$ta potencia gonerads alectiva de 731
walls-horafsem por cada mddula ey 3die disponible trabajan-
do- &l voltae dprimo de 12-15 »oits, o sea carganio un
aumuiadar de voltaje nominal de 12 voly, Puesto gue el
televisor wleccionado opers a 24 yolts, serf/a necesarlo al uso
cde un converudor c.d.-cd. para cambiar de 12 a 24 voits,
Desafortunadamente un convertidor do este tipo y para asta
potencis tiene una eficiencia de entra £0 y B0% y un precio
cel grden dy 7 500.00 pesos, que hacen & =5ta solucidn
maceptable, -

Basados en estas consideraciones, s& pptd por colocar dos

'nﬁdutm &n serie y cbisner =l voltaje deseado de 24 volts
Aanto para af acumulador como para el talevisor.

Esty sfudio muestra que la paleccidn del médule ey
bastante corftica y limitada a aquélios disponibles en ef
mercado, Las consideraciones anteriores muesiran qus, ideal-
fhente, era recesario un mddula de la misme potencla pero
o doble del voliaje de operacidn {y conguientementz a la
mitad de la corriente) que el disponible. En términos de tas
caldas solzres que los componen, el médulo salar ideal para
wila Telwvitor debaria taner el coble de celdas con la mitag
de dres individual (6.3 em de didmetro} para obtengs |
misma potancia que el disponibla. Esta conelusibn s estd
poniendc en prictica en los médulol que se estin detiurro.
lland g en nuestro laboratorio.

Investigaciédn en Mdxico

De 135 instituciones activas en energlz solar wdic 4 lo son en
el drea fotovoltaica.

1) El Depananents de Ingenier (s Eléctrics del Centro da
investigacion v de Estuclios Avanzados del 1PN, Desda 1984,
realiza investigacidn ¢ desarrallg experimenisl en ceidas
solares de ylicio, ariginalmente baio conlratd con 1y Cami-
Bé&n Nagional del Espacio Exterior. Ha desarrollado una
tecnclogla de ewldus de silicio por difusidn hacia un prote-
oo de 15 watts-pico, con 10% de eficiencia. La tecnoioala

'.-s sisceplible de incustriafizacidn pievia adaptacidn gque
puede dusarroltarse &noun afa vy con un yalor de alrededar de
wn miltdn d= pesas. Una fibrica pequeia requarirfa un
cajital imicis! del orden de 5 millones de pesos pae una
prenduccion inical anwat da 50 KW,

vommriidn fotovoliaica

Els'.t: :;harlaturm T Ire)itgy, investingdores trabaianda
en investigacidn de celily -iu-l-r'r*;-rusg celdas da siilicia
amorfo, cgldas de silici vmln..,,,“"m' ta;ldss Schatth i
cornd en ol crecimientu (a |, e ii:;nm;:;._. il ¥, a1

En el dreq de aplicatiinwy 4, la desarrgado un sistems

de teiesecundaria fotuvil,

. Bt, (lscyi .

me d . v tlmcrivg antericrmznie, asl
ome cot eslaciones Jdw Laln iy rural, todos ollus an 13
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a new source of eneroy?

Solar cell power, converted to microwave

‘povier, is beamed to earth and reconuurted

eyt

"
.‘-'i- 1.

William C. Brown

The rapidly increasing demund fur electric energy!-2
—coupled #ith the inability of conventjunal means of
zlectric puwer generation 8 keep up with that de.
mund—makes urgent the need for new prie enengy
solfes fur future electric puwer generativn. In addi-
tiun to nuclear fuels, thore are many potenlial sources
of energy Lhat are nut now beipy weed in eppreciable
amvunts: wind and vidal epergy, geothennal energy,
:emmm:uu. dillerenves it the weezn, =nd splar ener-
xy- This article will e concerivd with solat etersy,

For euch puosgible energy source, including nuclear
fission and fusion, there is some factar thet limits Lhe
degree ol vplimism. Either the source is too small tw
qualily as 8 majur energy suurce, hard-w-nasess pollo-
tiun and ecological hasards are unavoidable, the teeh-
nn[ug_y has nut yet been reduced to practice, ur there
s on’ ecunumy barrier. Solar energy falls ino the last
CaLEgUry,

I'he mowunt of salal energy |nltr|_t|.:led by the
earth i at Joast 1O immees the projected cynsimiplion
uf #lectric energy in Lhe Year 250, Hevause the sun's
coergy has auch e low density st the earth's surtace,
any earth-Bound power generttion wcheme Dasegd on
the 2un as £norgey source would reguire relatively farge
grenms devoted o devices that cither cunven the sun's
enerey dirccily inte electricity or function as bailers
fur 8 syatem emploving turbugenerators. AMoregver,
the duv-night vycle. semepheric avenuaien, cloud
covernge, abd other faciors tedoes the gmimunt of
solar ener:y falling on a given location (o a small
freslion ul that fulling on the same area in space. In
Cecember, tfur exampile, the sunnisst lcarions in tha
Linited Stares, lucated in the Southwest and in Flui-
da, recejve uwilyv 11 percent of the enerpy Lt a8 sitni-
lar ared in speve would receinve? In New York and
Seattle, by cuntenst. vhe peventanes woeld e 4.5
and 2.2 resportive|y. Uite onpractival result of these
ponet duny eyeles in an evsssive incestment in solar
eneryy devicest 1o capture A given ainount of energy.
And am eyoally exces-ive 1Bl trenl 10 siuraxe facili-
tied muyt be made §F the caplured enérgy b (o De

Raytheun Company

used as a relialile base- loud spurce of vlectric puywer.

Ta evercome the problems resulting rom this pour
duty evele, Dr. Peter Hilaser of Arthoe DL Litule, Inc.,
Eropused, in 1983, that we put large arcave of sulsr
photovattaic ceils inlo space in near-egoslurial syn-
chronous orbit where the sun would shine wpon them
nearly 1w percent of the time® The de power ob-
taiped froun the photovehaic wrrays would then be™

T gomverted into wicrowave powks, Leamsed 1y the -ue-

Face of vl sieeth, wod Vheee canverted back dmo Jde
power, Beesuse “the rolntion ol Lhe solar sntellite
would be wynchromeats with thet of the carh, the i
crowave link would be fixed and wperative ot ali
times. Thir concept has bevome knuwn us the Sarel-
lite Bular Fower suntion (ssPsh.

Or, Glasers priposal wis recvived with consider-
ahle interest because ol the cueept™s IRhesently low
thermmal pllution: bevauee b Lhe abeeies oi oy luno
o particulate, chemical, vr agelear pollation; and be-
cause of Ha wisociation with a deneadible, ineslugs-
Lible swurce of energy—the sun. “This interest hus Led
1o & swrivs & studive of the techaotig “and dawr fated
economicy of the syateny Q0 sLigges of  incredsibg
depih 3T The latest atucly was perturniid by a [uue-
cumpotty team, with Ur, Glaser as its toader, runsizting
of persunnel frum A, Do Lictle, Ine, the {ieginman
Aerpace Curp., Haytheon Uo., and Tealrui, Inc,

Aller a aix-mounth stody ul all Gspects of the 337048,
the regrn rcached Lhe conclusion that the sulellite
sular power atutivtl sutioept, @ propused by Dr, Glay-
ez i lechmcally {easilila® - The present cust prgjection
= hitaps] vpon solar cell ousts derived from an aute.
imated s orsion of tuday's votvertivnal aclicon sedag-cell
technoligy and upun spaeg frunspurialion coats #a
represenied Dy o first-generativn jpas e shutile—is (ve
bBigh 1 be vust etanpetitive wil b entablisned necheds of
puter getermlive, Boostge of the 13 ne 2 vears Qo
jected thme tramne Tor the 3503 1o beionie operationsd,
it in entirely pussible 1har breskthrouchs o cost wiel
Lyl )

A prelvited way W vivs

the 23 sveem conces 1=

ek s Liwmu daacH 1973



nat it Is a ptlution.free, resource. conserving approach
L the seiution of wur eneczy problem in the Lime frame
1900-2000 and that it is based upon un inexhavstilie
prime energy source, vur »un, Although not curreatly
cost cunititive, it is an optign that should be con-
sidered careiuify and kept open in the svent cost Lreak.
throughs oteur and unexpectedly severe problems arise
is the developoment of ather apprc:aqhes.

Syslem cenliguralion and characleristics

The vverall cuntipuration and pringipal characteris-
tics of 1he 5585 tn be pre-ented make up & ~haxe-
iine” design.? It is not intended as a ripal dezign but

rather tO serve as g starling point (ur (urther stud}r_

and Lhe evolution ol improved designs. .

The »vslem is vheawn un the {ront eover of Ih[ﬁliﬁsue,
The 551°5 is ploced in an squatorial, ;yn:h.rmim}s':m
cemitie orhit M3 A0 km ahove the esrth™ equator so
that ils positinn with  cespect o any  other
pusiticn on the carch’s surtace in fised. Two large
sodor photovolipic ol neroave, plways pointed Lewned
the sun, converl The sun's radionl cpergy te de power,
which isithen trunslerred to o large, active phased
arcay rounled by means ol two retary joints hetween
the Lwa salar array <. The active phased arrays” fung-
Tl are b cunvert Lhe do fuew e Inie micrus Ave engrgy
ar & preferrd wanvefength thal will peaetrate the
cazth’s 2tmungrtiere and 1o focus chal energy into a
narmaw beoam pointed poward the recgjving soint on
the tarth™ wurloce,

The wricewave heam In space 18 unatienuated and
artives at the earth's atmosphere with the some
pimee fevel aa at faanch, The micrewdve encrgy then
penelnles the warth™s almuspthere and resches the
earth’s Furlace where i &5 efliviently converied back
inte de power 'w oo device known &s a “'rectenns,”
which simulianeogsly ubsurby and rectilies the in-
cominy mitrwase energy. )

An importaint chaeacteristie uf the 8513 system is
its lhigh duty eycle. Because of the Zl.degree Lilt of
tre garth’s axis with resprect to the selipic plane, and
the fact thal the satellite i= al o distance of 23600 km
122 300 miles} From the easth in equatorial ochic. the
850% s continuoysly Vluminuted during the winges
and surmmer monihs and well into 1he spring and ial}
months. Fur 22 davs helvre and after the vernal and
auvtumnal eyuinntxes the satellite ia eclipsed for pec.
ods of time ranzing up to & naximum of one hour aad
(4 punutes. [f the satellite and goound rectonna are
loculed ab e same lengitude, the colipse period will
cenfer Arognd midnicstn, The averape duoiv cyvele for
the entite veie §s alightly vore than 5% pereent,

The praposed elecezical size ol 8 single 53P5 is in
e ennze of MR 10 L300 AW, To place this power
levil in petspedtive. 100600 MW represents about i
percent of the eleciric yenerating capacily in Lhe
United States taday but valy 0.5 percent of the pro.
jected capability in the year 2000, The siecirical sige
of Lhe system is determined primarily by the power
level ar which the constryvtion cust per kilowait ol aut.
put is ul 8 minium, Althoueh tmany paronieiess see
involved. the must imporeant aises appear ti be the wrea
of the tronsmiftting antenna aperture reguircd for
efficient tranamission ol power, the must elrivient
ulibizativn uf this urea for radistion of waste beat, and

Provpan atallile fuomer stationa @ nem snoree of spe iy’

the bus losses associated with the transmission of de
power from the solar cel! meray o the trensmining
anlenna.

‘The choice of [Eguency fif the microwave Lrans-
mission of power, from & strickly technological point
of view, involues several factors: how the attenvation
and acpitering of electromagnetic tnecgy in the
earth’'s atmosphere behave as a function of the wave-
Jength of Lhe energy; the physical size of the Lepns-
mitting antenna and receiving recrenna; and the elll-
ciency of the cumponents that interchanges de and mi-
crawave enersy. A study of atmospheric olrenuation
versus wavelength shows thal a wavelength of 7.5 em
{4 GHz) or longer is necessary 1o avaid excessive al-
tenuation {>1 dB) during a heavy rainstorm, the
form of ulmeipheric disturbance huaving grealeat im-
facl upan mictowave propagution, Atmaapheric scat-
tering and aleavation effects hecnme much maore
pronounced ol -millimeler and optical wavelengths
and provent serious consideration of Lhis part ot the
spectrum lorelficien! puwer tronsmission,

From 1he viewpoint of keeping aperture aizea amali,
n short wevelength is prelerred aince the watal area of
the [wo apertures i+ proporiionel e wovelength for &
given efficiency. However, substancial aperture oreas
are necessary (or dispoanl of any woste heat resulcing
[fum any inciliciencies in enezgy chnhersion, patlicu-
larly in apace. Encrgy conversion components pees-
ently have better elliciency al the [unger wavelenglhs.

{t]| Dimensions of esaenilal phygical fmalures ol the SSF3
lor 2 10 DOO-IAW sysiem,
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“The net result of theye considecatinns is that at the-

present time. and from a strictly technuloyicsal point
of view, the best compromise appears to e in the rela-
tively nartow range of 1.3 to 15 oo, In the 55PS de-
sizn, a wavelength af 10 ¢m has beer 2ssumed.

The proposed phyvsical size of the present base-fine
design is shown in Fig. 1 for a 10 0KRMW syatem. The
solar energy collecting array hax an area of 97 hn¥;
one third of that area iv made up of solar cells wnd
the remaining ‘area consists of inexpensive solar con-
centralors made from thin-film material treated to
have s reflecting surface. The transmitting antenna is
1 km in diamester, and the recienna orray to capture
90 percent of the transmilted energy 13 744 km in di-
ameter. ‘I'he antenna dimensions zre derived from the
relation=hip between efficiency and physical parame-
ters given in Fig. 2.

10Q - ]
] | ' mr
Curcnlar =
M %
80 G ]
Quadrane aperiures
50 44

Efficlency =, percent
5

20
Eapurimental data;
(1) 99.53% at v =24 & o= & mur (Gezentarg)
- I f | 1
1] 0.5 Lo 15 2.0 25 a0

|2] Thwaretical Iransrmizssion etliclency fer a microwave
beam radialed irgm an aperture with a sphercal phace
Irgnt whose ratius (g &gual @ (he diktance D, A, and A are
the areas ol the Iranamitling and receiving aperlures, & 1§
radialién wavelength, snd D I3 Lhe distance belwsen trans-
mitling and receiving apariuras, Aparturg ilumnation s
unigue tor each vafwa nof wsiliciency buy lpp'rndmllu [
slighily Iruncaled Gaussian dislribution tor high elliciencias.
One poinl of sxperimanial 2ats I3 glven.

|3] Projected ilow ol power tn the $5P5 gyslem Indicating
varioy sy osses. The power lows and losses are referanced
to the s¢lar cefl outpul.

The overall elficiency of the 5505 system is the
produact of the efficiency of the solar cell arrav aad
the micruwave power transmission syslem, The satar
cell conversion efliciency is limited, primarily beeauss
of the distribution of the stuns cnemty over o very
Lirnad’ [regquency epecitum. The conversion efficiency
of tuday's silicon solar cells i in lJ:e range af 12 per-
cent. It is #xpected to jmprove 1o 18 percent? but
never Lo exceed 23 percent. The use of concentrators
reduces the cosi and weight of the array hut the re-
sulting higher temperature of Lthe cell aluo reduces the
prajecled efficiency of the solar cell 10 11.] pescent.T

By contrast, the snerall efficiency of 1he microwave
power transmission aystem is prujected to be in the 83
to 70 percent range. Figure 3 shows the various power
(lows and losses in the S5PS svstem using the do power
input (o the active phased array as the 100 percent
relercnce point.

The specilic weight of the satellite purtion of Lhe
ESPS sysiem, important because of space Lranspora-
tion ‘costs, has heen estimated to he 2.5 kg/kW of
output,? Aore than half of this weight is associaled
with the solar ceil array.

The aatellire solar power station would be placed
into arbit with the space shutile? ar perhaps & sec-
ond-generation shuttlfe thal would transport material
from the earth’s surface to near-earth orbit ond’s
space tug utilizing high-sperific-impulse electrie pro-
pulsinn to go [rom near-earth to synchronous orkir,

Solar photoveltalc cell array

In the 555 the sun’s energy in eonverted inln elag-
tric pawer by a arge photovoltaic array nptimized for -
this purpose. [ts design uses conslruction techniyues
extramiited fran present practices bt the ~cale lar
furpdasees anvihing vet constructed or contemplated.

The principle of aperatiun of rhe solar phoievaltuic
cell is shawn in Fig. 4. Il made from silicon, ss moat’
sclar cells are, there s an whundant and cheap source
ol material for its construction. fL has an exteymely
oz lifetitne, although in & space envirenment it
may lase some of its initial efticiency, fa & tecreatrial
application, it will need special conlings to prevent
erosion, It will Lelerate & 1nad thm 18 either open-cir-
cuited or shorl-circuiled. It is poltentially capable of a
very high ratio of power sutput to weight. .

Althouph the camventional photovaltaie cell wiil al-
ways. be |limied in efficiency because of the sun'a

R Cordurtor Uncolhcted  Ractilaiwon
o inefl ity
Iy % %
ol impurt ol Oniat, 1=d earih
T erdEY N o cell putpat transmitted povwsr T b
870% > 100% o 4y ? Pt g'-"’/‘:
FmenLprenc
DC 10 muerowave ks
conversion intfficwncy -,
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oudl specteue of energy, un etficieney nf 1 percent
- owtlediy achieved with o cell based wn 2allivm arue.
wede™ represency about hal! the ffficiency «f consen-
tional or Aseless geuccaling plunts using fosail ur pu-
clear Tuels, Sular welts ales have the advaniages that
their pamu mwrge of energy, the sun, is ineahansiible
and eost-trea and thar there are nu redidual wastes to
dispase of.

The salar cell, in spite of it wdvantares, has oot
moved into serfouws cuntenticn as & svurce of large
amenits of electric puwer becouse of its relatively
high coat and peor duty eyele when terrestrially
based. In zpace, however, it has been used widely and
nowW qepreadiits the ndjor souree uf poower fue satellites
that are tegquired Luw eperate relivbly for Long perioda,

Ag the resulc of the growing eoncern over Tuture
eaergy surces, there has Leon a reoewed interest in
improviay the sular photaveltaic cell in terms uf effi-
ciency and teduced munuldciuring ot A'recent study
spurfvred by the Natiena] Acondemy of Sciences? has
indicated that an increase in elficiency of the silicun
sclar cell Gum ks preseot noeminel value of 12 to 18 or
A opereent is a reaxunabije vhjective. Meanwhile, an
eflcwuly uf 13 percent fur 2 solar cel! byxed v galtium-
srseiide mialerial hos been repuned by the laboraturies
of buternativial Business dMachines, @

Cine of the et likely Ueeis fur cost reduction ia in
growing silicon ceystsl materinl for the cells. The
chiel prujecied cust ol gutemated silivun wilar cell
production is that bruught 2 by sawing the crys-
tal material as grown Lote thin wafers wherehy o sub-
staatiod @t of cevstal taterial is st in the saw
kel Seme ceystal materials are now heing grown
comamercially i thin sheet or tibhun furm, 64 I chis
methed could be sdapied svccesstully to the continu.
sus groewih of silieun orszwals, it would net unly cut
drastically Lhe vt o the crystal material ot woald
alia make possilile an uninterrupied provess Huw of
the silicon matenal from the mwolten state to the lin-
ished silicun sular vell.'™ A reswltant vt of $075 per
kilowait has bren projocted trom o study'? based
upan g assuined suceessful ddaptation of the ribbun
process Lo silicwn sular colls.

Micrawave power Iransmlssion sysiem

The propused used 1 o o micoowuve beam For elli-
cient feansler st lorge anwunts of power over loay diz-
tanges is @ radival departure Lrees the traditional use
af migrawuves in racdioe and contmunicatiung. A con-
sideralie gmoual of eflort in the vxperimental devel-
opment ol mivtewase power LRaRsdtioiun shstemas Mas
been suppurted by private and Government agen-
cies!* £ and thia elTust, in addilivn tw ads anue 0 com-
punent iechinobopy and v Grilerstanding ol mive wuve
beams, makes il jresible to evaluate critically The use
of 2 microwave Lram to transmit puwer in the 35F3
Syalem. ' '

The forniing wf the niicrawasve beam. A pruperly
launched beatn can bv an estiguely ellicient means
of Lransporting enedgy in mictowave furm {Tom a
ranamiliing T 21 receiving ajorture, Such bedtns
have been investiguted thewrntically and experimen-
tzily in considerable deprh ? 32 The tranymission «f-
Betrney in the vieuwm vivarenmenl o spoce = ade-
pendent of distapce, althaugh the Trapsmitling sod

-

L]
aperiure areas moust increase in proportion o the dis-
tapce, The relativosbip betweon elliciency g, truns-
meitting and reveiving aperiuees A; pnd A,, traosmis.
siptl distance M and the wavelength A of the radia-
tion i shown in Fig. 279 Une vxperimental data point
of 99.6 percent?4 is shawn in Fig. 2,

The application of Fig. ¥ to the problem of trans
ferring power Itwin & syachrunous satellite over u dis-
tence wf 353800 km using & radiation wavelength of 10
i shous that lir S percent power ttenuler etlicieney
the product of the receiving and traramitting aper-
Lures toust be 14t knat, I the tronsmitting aperiure is
1 km in diamerer, then the recowving aperture will be
T.41 ke in diainerer, 8> shuwn in Fig. 1. The relatiun-
ship provided by Vig, 2 reqguires that for each vaiue of
eliiciency there muost be a sprecilic disiribution of ilfu-
mination wl the {rensmitling antenna. For high elli-
civrey valuva, this iluminative approaches a slightly
truncaled Giaussian.

The gain Wt (he tronsmitting untenns will be very
high, of the vrder of 93 dl} fur the present buse-line
design ol the S5P3 wransmitter, ‘Uhe proposed recten.
na diameter ol V.44 km reguired to intercepr #oper-
cent of the beam tepresenls #n are segment of U5
misute, To maintain a given spot size around & given
puint o the curth’ scefgce, snd tu mwintein low
svattering  lowses Irian the trupsinitting  anreono,
phase deviations uver the phase frunt of the beawn
must be held at luench ty within u smnl! fractivn of a
wavelepgith—typicully within 3 nun or 8 transmitted
wuvelengih ol 10 cm, Since it would be impuasible 1o
repinlain the physival wlignment of the surlace of the
pitenna o thiz telergoce, same Begm lodnching
ethed must be emploved thut wses vne o the fast.
acling, s2lf-phosing cupees®? These methids main-
tain the proper phase uver Lthe entire fransmitiing ae-
ertune Ly sensing electronivally the phynical dispave- -
miedt Wl lecal wpfas wnd compeosatiog lur any dis-
placement by changing the phise ot Lthe micruowave
radiativn at the puint of louoch, T Le ellective in the

|4] Saiient footures of slandard salar cell. Bawc materlal
sirgle-¢rpstal, p-typa slicon, Thin layer of p-hpos malerisl
it tarmed on gne durlace. Enough energy 15 lrénslerrgd
from the iDcoming aglar fays lo the holes and elwchians in
the stcon to oyercome (b [unclion bBarrigr voltage and (g
wslablish cu’ ent flow in the salernl circoil.

Salar wnergy

Fremt contact




.E.iSP'S; thesre seli-phasing concepls would regquire that
the transnitting antenna be subdivided inwe & large
number ol srealler arravs so thar the phasc of the ra-
disted output from each subarray eould be cantrolled
independently. The reference phase front. with which
the cutput phase of each suharrav is compared, would
be ratablished by on independent transmitter lecated
on earth at the center of the receiving location for the
power beam. '

The oversll efliciency of a microwave pawer (rans-
mission system depends upnn the conversion effician-
ciea at both ends of the svstem as well an upon the
launching and beam elficiencies. Conversion devices
heve slréady exhibited highly efficient operotion and
even greater elficiencies are pussible il advantage iy
taken in device design of newly available malerials.

Cenversion of de to microwesye power. In the
S5PS system. the spate envitonment impres unusy-
ally sevire requirement: upon the conversion of de
power Lo microwave power, Waste heat dispesal, the
need far extremely long life and high relighility, and
the demand for light weizht assume an importance
[ar wbove that encountered in a terrestrinl environ-
ment. [n the base-line design, one promising device,
the crossed.lield electron tube, was selected lor ex-
amination 1o see how well it woold meet the stringent

Efiimncy

Solid cathode
pure metsl secondary
- aullang turlacs

+ 1
}

[5] Princigls ol cparalicn of 1he
Amphiron. Retaling spohas of
tpack# charge nduce CufFEnts
inle the microwave cwcldl and
provide eft:pienl amphicalion
af Lha micrgaxave inpul gignal.
OC Lo microwave coaversion
ethciencies of over 55 percent
have bean ghla|ned (rom Ihe
crogs-Lald Cu rICH. .

reruirernents il inteprated inte the uverall aystem. It
will not necessarily be the iingl choice.

The trusskd-field device ia the most elficient con-
verler of do power tn microwave power in the wave-
tepgen. range of inlerest. In both [ts nscillator form
{mopnetran) and amplifier form (Amplitroni it has
exhibited s erall conversion efficiencies of berween 85
and 9t percent.?* Witk the aid of the recently devel-
aprd permenent maznet material. samariom cabaly,
the device can alue be made very Tizht in weight.

[n buth the mngnetron and 1the Amplitron, os
shown schematically in Fig. 5 for the Amplitron, '
theee is & roror consisting of spokes ol space charze
that induce hizh-frequency alternating currents jn a
stator comprsed of a4 microwave circuit. The electrie
ficlds from the epergy in the microwave cirenit, in
turn, &xert a force aganinst Lthe spokes of Epace charga.
The torgue required 16 spin the rotor comes net from
exivrnal mechanical torgue, 35 in the 6)-H:z slerna-
tor, bul frum the motjon of charned particles in statie
electnc and magnelic flelds wriented at right angles ta
each other. LU'nlike 1the mechanical rolor of the aliee-
natet, the space-charge ruir ol the crossed.feld de-
vice has very little mass and rotetes ol extremely high
speed —perhaps 100000000 times that of a @-Hz al-
ternator. Since the puwer generoted by any device w
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{ ropurtionil to the product of turque &r) angylar ve-
locicy, thy capebility ot the anwll, lishiweight micro
wave device to genrrare large amuunts uf @icruwasve
s brounies evidenr, ‘his inherently lightweight
machunistn, in nurmal practice, is highly disguised in
conventitnal tubes becayse of the mass of the megnet
required for opesation and the mass of the glass and
metal envelupe rrguired in the terresirial epviren-
ment, ln spare, the envelupe is pot required and the

rew samiliorn-pelnil magnet maceriel van reduce the.

wiagnet weight by a [gclor < at {east ten.
In the S35 avetem, the power-handling capability

of the drvice apd its weight sre directfy related tw |

divjwesal of the waste heat Lhat results lrode any inef-
ficiency in wgeratinn, Weithe and reliability cunsider-
RUipts Peoylile Chak wasle heat be disposed of by di-
rect radiativn into space S0 the generator must hdve
ap #[(cient cudistor tin sltached (o it Forunately,
the large arva of the Lronsmiting wontenna gllows
ehese radiutors 1o dispuse of a8 large amount of waste
energy i the peneraturs arte wpifurmly distrihyred
over tla apntenie's urea, S0UNIC, (or example, a disk
1 ka1 in disireter hos 2 back body radiarion capakili-
Cy uf 440 % FU% KYY Lrozn vach nr o faces,

A study has been saele of vhe specitic weight of the
errmsed-firkd ieneralor Gaether with it permanent
maguer: Bl ot pyrubueic graphite radiator as a luae-
Liurt wf Amplittan etlicivhicy and powee-handling ca-
pahility. The resvils are given in Fig. . The specilic
weight of the combined peaerater snd touling fin, as
mewstired in ke RV ol st PUWET,, i “"”“tf"“ Lo
hoth effiviency untl poser lesel peimarily bedalse the
aeighr of ke u.-ulrn-' lin appruximares the L5 puwer
ol the guantity ut waste heal it muost padiate, This

cotsideration pluces o pravtcal upper power buund of

about 10 kW un the micruwarve geieratir, .'iIiL'r-..rwafe
tubres with power ratings that wre neminal by present
standarcds would be useel in the 33175,

Use of mivrowave power ampfifiers with a puminal
puwer rattnig ot 5 AW woulil require o quuntity of twe
mitlioes such relaes to produce a J0O00-MW micee-
wave bedm. The prubleins sssocialed with the micro-
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Microwave penaraler efcency, parcenl

I6] Spectic wwight of micrawave gansralor and sssaclaiad
magnet and caabng radintar a9 & ftunclion of gengraler effi-
ciancy and power raling of ot Radlapen lrom Both siden.
AvErEga fin tempecaluie ic 304°C. tamparslere ris4 in lin s
S0°C. tamperature of tube edgs i 325°C, radiglor matarral
b pyrolyte grophule, 254 hedl slna i ~pac# B°K.

wave excitation of s.ch & l2rge number of tubes, and
the etlicient roupling of them imu & phased array, are
resolved by a catcade grrapgement of tubes and slot-
ted waveguides, as supgested by che artist’s rendering
in Fig. 7. The guiput of gach Amplitron {lows in &
section of slutied wavepuide whare most of Lhe power
is cuherently radiated and becumes part of the micro-
wave beam. Envugh power s lelt uvver to exeite the
next Amplitron. The cycie is then repeated fur the
next sechiun ul waveyuide and {he nexe Amplitron.
ete. ot within the scope of this discussion are the
nrethods of phase correction snd ather contrels that
integraie the cawcadod nrr:ngtmendintu the anleana
aubmmy and insure proper wverall behavier of the
L1 AT LI a0 Caatd, _

The high religbility and fong opresting life de-
mdnds of the S5P5 dystem require sl components
have thi capabiliny. They mutt'beluu‘d in & redun-
dant manner {¢ minimize the ynpact ol compenent’
failure wpun sysfem perfurmance, ip the case ol the
microwase generaiar, long life is made passible by the
use of & layer of pure meial, usually platinum. on the
sutface of the cothode to supply elecleons by secon-
dary emisgion. The'Now of elecizuns from the cathode
in initiazed dy the normal injection al* microwave

7] Cuteway seclion In earth-
lacing section al tranamithng
srlEAna showing the pigoed
wardQuida radialors 4Md Twa
Amphirgny CtJpled mia the
wavfguigles &y means aof
probey. The Amghiron dis-
poscs of #i warte Rell o
gpdce by méane ol 4 gircular
cooling lig made lam pycaiyic
graphuly,



IB] Art'sU's shelch of the §5PS

reClerna, Lhe aWciranic de-
vice that capioces LHe sawrgy
from the microwave beam one
simulaneously ' converts  §
Intg d¢ powar for distributlan

ofr 3 canwenlional powier grid,
The tecienma need nol by dc-
curalely ponted loward the
trenzmliting antenna lor wfil-
cienl cperalion and iiS Gpesa-
fion & independent al any dls-
fariion at 1he microwave beam
A% H paszes Ihrough the ezrihe
AMoEpHare -

energy {see Fig. 51 intg the microwave input terminal
of-the tube so [hat no initiation of electron flow by
theemal means is needed. Thiz 1echnique eliminates

.the nieed for a cathode healer that nem only has a lim-

ited life but, in rthis application, would impose an ad-
ditional complicstion because of its separate power
supph: requirement. There is no knuwn lile Hmitation
to the wecondary emission process from s pure melal
cathode other than ernsion from sputtering, and this
is expected to he neghgible in the hich vacuum of
space. The use of pure meial cathodes, and siarling

- them with RF irjectiun, is a standard procedure in

many terrestrial applications.

The efficiem capture and rectification of Lhe micro-
wave power over such m large receiving area would
probably nat be practicnf il it weee et possible 1o
combine Lhese two functions in the Tectenna® and
thereby simultanecusly achieve high collectivn and
rectificalion efificiency, insensitivity of the array to
amplitude and phase perierbations of the incoming
beam caused by atmospheric phenumena, insensitiv.
ity ta the direction of the incoming redinlion over a
cansiderable angle, econumice! construction, and dis-
posal of waste heat by passive radiation.

Structurallv” the rectenna conaists of many inde-
pendent receiving elements, each of which is termi.
naled in a rectifiez. The deo outpurs of the rectilters
feed into & comman luad. [F the receiving element ix a
half-wave dipole, then the directiviry uf the arcay. no
matter how large. approximutes that of the relatively
broad-pairemed, halt-wave dipole. The absueption ¢f.
ficiency of the roctenna is Lhearpiically 100 perrent
Ind the microwave efliciencies of the betier Lypes ol
Sthotthy- barrier divdes, which may be used as recti.
fices, are over 50 pervent, The reclenna is expecied to
hove an overall collection and rectification efficiency
of 35 or possibly 50 percent when sprimum diodes zre
designed and the rectifier cirenics are refined,

Although the reclenna is relatively new, [t has been
used successfully in applications™® and has been made
in 2 number of phyzical formams? It i ecurrently
undergoing intensive m»emgﬂmu to maximize its ef-
ficiency.

An artist's concept of Lhe appearance of 1ke recten:
na array in the 3PS svsiem is shown in Fig 6. The
detailed furemat of the array has vet 1o be developed.
Sume apprécistion of the detsil may be vbtained (rum

Microwave pawes fransmission eificiency

[#] Latoralory model rectanna made ol Hements congisl-
lng of a half-wava dipgie and sold-sidie eciifigrs. Elu-
menls are mounted e @ plang one guartin wovelsnglh
aboye & reflecling melal surtare, Gverall caplure and fecl-
licailon efliclancy, &eperimenially achiayed, {3 §3 parcent,
Polental ovacall eliguency is B35 lo @0 parcinl,

a lzborstory-model of the rectenna shown in Fig. 9.
Printed cirewit Lechriques would undaubtedly be used
in procuction designs,

The overall efficitney of a microwave power {rans-
missjon systemm is detingd as the product of the 1hree
individua} efliciencien associated with de.to-micro
Wave DUWEr CUNVETSION, micTowave (ransmission, and
microwave-to-de power conversion, o the 5513 svs.
term, an overatl etlicieney of 63 1o 70 percent hax heen
prajecled. How does this compore with various ¢Iii- .
ciency measurements in the labaratory? .

With excellent de-to-microwave angersion eflicien-
ey slready well established.? lailoratary effort haos
concentrated on outpul of the micr ""‘h“ generatar 1o
the dr output of the rectepna. R ent resulisi? have
given an elficiency of £0.7 percent l'd! this partion of
the system. Recent improvemenls in fectenna design,
making use of improved Schottky-bartier dicdes and
improved rectifier eircuits, will soon roise this figure
w W percent, If this efficiency i= mutiplied by a
credible generator eiliciency of &3 percent, already
elasived in some maznetrons and Amplitrons @Y aa
overall cificiency of &9 percent is obtained, which is

IEEE AQTlrum Malice THT



approaching the 65 w 70 percent projected For Lhe
853,

The achieved elficiencies and thase expected in the
Puture sre given in Table E [t shows an eventual labora-
tary overall de-oede efficiency of 77 perceni. The
principal reason (o this high efficiency is that in the
Lsbuwratory pearly all of the beam can be intercepted
whereas in pracrice this may be uneconnmical.

Projecied Cosly lor the 55P5 syslem

Table 11 gives the estimated capital costs of 8§PS
sgower peaeration in dollars per kilowar:® Various
omhdence levels ere reflected in the three different
. estiates of toral coat and principal-components cost.
"The exlirates far the solar array were hesed on a
*stralghifute and extrapolation af exisling manufactur-
ing techniques inw a hizhly automated formac justi-
Gied by the huge production velume. They did not
tale into Accpun: puesible Breakthrouphs in manulae-
turing teehnigues, such as chose alrendy discussed.

The cosl fur the micruwsve lransmitling antenns
{draignated “mizrowave™ in Toble {[} and the recten-
p were asfived At by a conaideration of the basic ma-
terials nvelved and o highly automaeted production
line, again justified by the huge number of identical
units to be produced, The oot of the microwave zzn-
arptors.war Losed on the very low cpst ol already
mass-pricduced  electronic-oven  mapnetrons  whese
material and assemhly labor cantent is similar to the
peopused geacrator, The cost of che Schovtky-harrier
dicdes in the seclepna was projected on the basis of
the bwric mnierial content and the use of experiende
gurves 1y prcal of the semiconductor devive inedustry.®

The estimate of transpoctation costs is based wpon
a compleiely reusuble spase shutile w Lrandport ma-
terial fram the grnuntl 1o near-earih wrhit and the use
ol spuce tuys equipped with hizh-cpecifie-impulse
gitciric propulsion to transport material from nzar-
earth to synchronous vebit, The estimate given in the
“low™ culumn of the table is assoristed with a sec-
anil-gensaration eart h~m:near-earthvnrhil svslem.

All component und sistem costs sre assumed to be
dn BVECNEE cunt pasuviuted with the touling lor and
the manulactiure of 2 or more nearly identical svs-
teme. The development costs of the [irst prototype
cannot new he estimated aegurately bur of 3 assumed
that this cost spread over o production of 20 oz more
system:s represeats only a $matl fraction of the costs
listed ins Table I1.

Number ol $5P% syilems and land use

The number of 35P3 avstems that might be de-
ploved iy depeprdent upun their scupomic viabiliy,
Any discusdion of the number deploved and land use
must be placed in the context of the yvear 2000 or
thereabouts, At they ume, the projecred tequirement
is for ¢we million megawatts of electric power generu.
tion.! This requirement is stag=ering but it otill does
not take into account such distinct pussibilities in
that time perind oi electric propulsion of autemndiles
of farced abandunment of beaail fucls for heating pur-
poses. [f the receiremienr wete 10 be met by caaven-
tional generatioe stucions rated ar 10 513 each. a
quantity ol 13X quch plants would be toyuired. I

thewe were all fovated ofishore =0 4: 0 mininize im-,

Irrwe—Satellite pussr slebine: 4 dow sours of ey ?

I, Blicrowave power lransmission ellciencies
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Eficiency Ellicrency
Elliciency - Expactad Expectad
Prasanily wilh with
Cwmon- Presant Agditianal
srateg” Techngiogy* Cevelopment®

1
+

Micrawave plwar Qarerd- |

tion alliciency (q,) 8.7t 85.0
Transmissian allicwncy

Irgem Sulpul o ganerainr te )

COHBCIN JJIUTE (o) 94 0 4.0
Cotlecllon and recolication !

afliciancy [rectannaj (n,l G40 5.0
Transmtaon, collschon, -

and recticatian elficiancy : -

(nrmed 60.2 0.5
Oreerall mllicienty (genimel .51 50.0

* Fraguancy of 2450 Mg {12 2.cm wasslangth)

2.0

5.0
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1 Truy athciancy wil demonairpied al SO00 MtH 7 and & prorwar avel of 300 il‘l'lr
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1 Thi vy e could be imenedlalaly wicradund 1o 45 percent i an wilicignt guneramr
wirs Bydskibit 1 INg sami power vl &l wED B grge slliCarncy of BO.2 pay-

cenl wpy Dilainad.

1. Estimaled capital l.':nll_i . .
ol S5P5 power generation (5 /kW}

Confidence Facior

Low Mediam High
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Solar array &10- 1100 1570
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Fagterna a0 %0 FL)
Tranaparlalion 134 450 £10
Land * * -
Tata B30 1720 2940
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pact upon the land envirenment, there would be an

average of one generaling stalivn appreximately evety
5 km along Lhe sntire U.5. coastline, exclusive of
Alsska and Hawaii., This absurd exampie illusirates
oot only the magnitude of the requitement but the
neceasity of # variety of ‘approaches to the energy
problem.

The terrestrially hased portion of the 35PS syitem,
by wvirtue of its fow pollution and no need tur a cool-
ant. is well suited tn the inland areas of a cauntry.
There is. then. a desire w find an that are ei-
ther wasteland, or ar lrast marging Eu @7 ECONUMIL
use poin: of view. To such land areds pmay be added
low-coyt land that may be located vu.!.h a reasunable
distance of even our most pnpulnui r!il:: Without
some drastic reversnl of the present declmlng birth
rate and Lhe presear fow afl the populativa lrem rural
redions o urhan centers. muny sparsely populated
land regions will remain available 23 sige: [or recien-
nda in the year 2000 This 1 particularh wroe ot the
atid vegions of the Southwest wnd the Grear Plains.

To be an Gnpurtant faetor in suppilving the base-
load requiretnents in the year M3 the A2U5 system
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would have to supply_abagt S0 0060 MW, This Rzure
correiponds 1o & guantity of fifty 1UWG0-MW cortems,
each requiting about 40 km? for Lthe rectenna and a
protective guard ring. The intal land requirement
would be 2000 km?. This is an insignilficant partion of
the marginally uxelul land that s still expecied to he
available in che vear 200,

.Eidl eifacts ol lhe S5PS system

The lreedom af the 351 (rom any pollution in the
form of chemical, particulate, or niclear wastes has
keen mentioned. It also has g very law thermal polla.
ticn &3 the resul of the very high efliciency of Lhe
recienna. Tthe only terresirially based part of 1he ays-
tem, Three possifhle side effects whose senoysness
should he evaluated, however, are hiplogical eifects,
RFI, and weather medilication,

From the viewpoint of veneral hinlogical effecty??-3¢
of micruwave energy Upon man and other foems of
life, the anly eitect that has been estoblished alter
many years of investigation and olwervation is the
‘heating eflect. now used beneficially in the home
elecipupic cven and in indusiris! peocessing.
heating effect is relatively henign hinlogically and
man has the relatively high conlinuous-exposuce bal-
‘erance of 10 mWiemd The conlinums Expu&urr ktan.
dard in the U, 5.t set al that level,

The masimum power denrsity of miconwave radia-
tion in the basedine 553 sysiem = al the center af
the rectenna and ils value i & little bess than 100
mW /cmi—iess than that of solar radiation byt ten
limes the densily of the US. conlinbous exposure
‘standord. The intemsity level falls ropidly near the
Ekiria of the microwane beam and reachos Tevels of &
“few &% fom? within a few kilometers of the marer et ge
of 1the rmcienna, A reasonohle guard ring snd fence
around the rectenpa should prevent any damage to*

humans or wild lile in the genern! aren. Within the - *

cenlines ol the rectenna arsa, wild lite weuld proba.
hly be excluded and mainicnance personnel would
take suiralile precautiona.

‘The impact of the beam upon metal hklnned air-'
cmn that fly through it should be minimal because
alrmuat all of Lthe snergy 1 npinging apon the sircraly
wiuld be reflected, For fahric-covercd planes ond
plastic-vockpit helicopiers ur airplanes, the veeupents
would be exjured fo the beam e the perind ol time
reguited to 11y theough i The impaet upon birds is a
special prolilem vhut needs to he siudied. Location of
the reclenpa in comparatively desolale areas ond
away trom the migration lanes of hirds should mini.
mize Fhis aspert.

In euncluding this brief diseussion wl bivlogical ¢f-
fects of the 53P3, it shiuld he aoted that despite the
lack ©f wientification of any etleets of microwave en.
diatjon other than ‘hermal, there i» pgreerment thar
the «tudy of bivlogical cliects of microwaves should be
coptinued. particulurly with respiecl 1o any ling.range
or delayed elfects, This concern has hren recognized
by the U5, CGovernment.and i= alentilfied with 4 pro-
posed Cvovermment-suppotted eumprehens=ive study ol
the noniunigation aspects of micruweve radialion,
The results of this and other studies that may he
madi would determine the extent of the guard ring
around the rectenna aml the tinge 4 chaice of geo-

The

graphical area for rectenna insinlintion,

The side efiects mnciated with HF] are expeged to
be more imputant than the baalingien! effecis. Since
the microwave beam portion of thﬂ H8PS svktem ja
not intended 1 hindle iaformetion. no bandwidih is
required [or thal purposc, Huwever, a transmitzer of
this power level will inherently genernle a large
amounl of nuise. which would be scailered jshynically
nutside of the microwave beam, The intensity of this
noisg would be greatest near the (requency asdignad
to the S%PS svilem. just where the use of Llters is
the lesst effective. It would he destrable, therelare, 1o ©
assign a frequency band—perhaps 100 MHz2 wide—io
the system. Injtisl caleulations hased upun the mea-
sured noise properiies of the typs ol microwove gener-
atar proposed [of Lhe system and the use nf & moder-
ate amount of addiional- Rltening ndicate thut the
CCIR Mux density limitation requirement thal protects
earth.based micrawave receivere can be mer il a band
of 110 MHz is asaigned. However, this 'nspecl of Lhe
S55P3 operation necds a preal deal mare siudy.

In the minds «f many. it may *eem lhnt 1ke pro-
posed use ol space fur the Transmissing ‘of power rep-
revents a potentul intmision {nly an prén bang re-
served fof Lhe 1ransnission of infermation aul alould
be permitied soly if aur futere energy " prohlem bs
comes 5o greal that power rransmission through space
ix an overdding cnnsideration in onr svstem of prioe-
ties. Bul the ouesisicnce of power apd inloenaling
tranafer in space shinld be examined inderms of what
cemmunicalion practjces will be in VN and Jikd) —

rensomablile dates for the fest operatinnal 855 sys-

tem and for fud}-seate dephoyment, The lnw-Tre-jueney
end of the miviowave specirom. W which the 555
would prabably Be leated, s already becaning too
restrictive for fhe laege mass of inlarmaetion to he con-
veved nnd. by 19HL nlmost ail Bind hoged communica.
Nap may he handled in ducted ay-1emsz using millime-
Ler waun0s or light woves and spaced -ha-ed systemms may
be using millimeler waves.

ik alse whserced that, in the past, power and
communication bave been able oo take advaniage nfa
cunlmun transmisston -mediom, hutably wire Lrens-
missivn, snd o resalve the mucual interference prob-
lemy that have arisen. Thers may 2lse be a clue fu
suliion in case interlerence problems do arise by ob-
serving the pulliarive action that has heen taken to
averride man-macde interference in the AM henadeast
hand by [ncriasing the power level ol Lhe Leapsmitrer,
It is even pussible that the syncheanous 55175 sazel.
tite may hecome alirgctive as vhe phyvsizal Leation
for the transmitlers of advancoed commnication sys.
1eims hetause of the ensy availability of puwer

The issue of the micrimave |IE.‘1 pﬂtl upen
atmuwsgheric dizfurbances and wealh 1 s also heen
rareed, Llpwn examination. hnnmer : found that
the depsily of power inpul Lo the atm here result-
ing frem ahsorption of microwave rnﬁr-r_? is typically
Hr watts/m2, This level is small compared with the
density «f puwer alzached frem solar radialion ani
recndialise proaesaes trom the earth, Inis douhtiod i
the beamn coull produce a significant local Jistur-
hance, M a global seale the total etergy input o the
utimesphere Troan [ $%ES wvsteins would be minis-
Lube compaced with patural proy ese

tPLr =P maaL 1972



Any proposed time wcale for the S3HS develupiment
must be made in the conlext of the possibie need for
the aystern, when il may be readed, und the difficulty
of the develcpment and deplosment. From s strictiy
technological point of view, the development of the
5305 system may welt be less nl an undertaking than
was the Apollo project when it was (it initiated in
1961, Most, but certainly not all, of the basic technul-
ogy end know-how invohed are at bhand, either from
the Apullo praject or fram ather sources,

Will there be a aeed for the avatem? This denends
upon whether the approach tan be made moe cost
competitive and upon Lhe experiencs with other ap-
proaches ta satislying eur fulure electric power needs.
And here the picture is very elowded. Even nuclear
fisgivn has a eelatively pear-tern Tuel prublem whose
scrtulion is dependent upon the successful develop-
ment af the breeder reactor. In the Pong term, the
Bulk of &ll our energy—inclheding elecinic enecgy—
musi come eitler from a concenlration of the sun's
dilfusg encrgy or froe nuclesr fuasion,

Il needed, when will i he needeed? It is clear that
the approaches Lu achivve aur clectric power necds for
the nest two decades Lhave already been sel in motion,
[1 sbould bernme much clearer in Lthe 1950 1inie frome
wtether these appmaches will zlso meet our needs in
the 190 to 2000 time frame and whether nuclear fu-
sion will hove progressed to the poipt where we wiil
have confidence in its capability to help supply our
energy nzeds inrto the fucare, It appesdes that it will be
the 188X, when the 35173 aption will e picked up, if
there ia o need Turit,

With this discussion as o background, the appropri-
#te bear-termn action is clenr. A thorough systemas
study of Lthe 55" should be made to determine Lhe
critical and weuak pedints in the syster and 1o assess if
thuey can be dealt with soceedatully. IF the stutly con-
tinues to indicate s viable system, nome development
ellurt on a few limyg-lead-time items should he ini-
tisted, Cuncurrenlly with the avstema study, develop-
ment ¢lfort should go forward in some of the already
estebiliched critical ureas that have a brosder range uf
epplication than just the 55P8. Two specific techno.
logical press are solur phutoviltaic cells and micru-
wave power tranimission. With swich a near-term pro-
gram as a background, the 1950 time Irame should be
arrived nt with a well-arganized, well.thought.out
program o mohilice our resources etficiently apd to
build and deploy the complere 5303 system il it
should be desirable tndo so.
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Sunlighi and Elecirons

I.  The hackground

The radiant energy which reaches earth frem the sun is

+ aur sale eontinuing supply, in the langterm. All the other

world energy resources, whether thoy be fuels for burning.
uranium for fission or even hydrogenfor fusion, are linile
in exteat. In the long run, if civilizalion survives, thosc limitcd
resources of stored energy will become exhausied, Bpt when
that day comes, sunlight wili still be falling on eurth with
unditninished strength, we belicve: at a rate, on the earth’s
‘surface, of ane kilowatt Per square meire of area narmal
le Lhe direction of the syn. ¥

In the very long term therefore the direct conversion of
solar energy 10.man's use will be an impoitant element of
our civilization. In this chapter we are concerned wilh clectronic
conversion lechniques, in which the selar energy interacts direci-
ly with clecirons in solids. The two effects with which we
are conkeened are kaown as 1he photovoltaic and Lhe Lhermo-
electric effects.

As, incoming solar rm:r'gy is available ta all, and free. we
might well ask why it i3 that np great usc 14 alrcady miade
of solar energy as an energy rescurce. We know of some,
mited lechricsl applications, it is true, which we will discuss
brieNy below, and of course all farmers and [laresters are
stiongly dependent on aolar energy for the growth of their
craps. But why 5 it Lha retatively slight use is made of-
Lz “free" saurce of energy in fethlling- aur sequirements,
panticularly its potential 10 éontribute te our usnge of clectricily
by teans of & direct interaction with Lhe electrens in zolids?
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Direct electronic conversien of solar encrgy o electricity
has o.er potential advantages also, It is silent and static
it invoives no working Muid other than the electroas contained
within Lhe semiconductors, and it generates no waste products
which require 1o be disposed. '

There are however two principal aspects of sclar energy
which kave limited its economic usefilnesy in diregt conversion
io #lectricily. In the first place it is incident at tather low
power density (I XW/m"), so that energy must be collected
cyver, quite 8 large area te obtain a cantribution which ja
apmeciable in terms of cur industria) electricity wage. More
importantly, perhapa, is the disconlinuity of its supply. The costs
of tie large-scale siorage af electricity gonerated during daylight
aoursonly, and even Lhen intcrmittently during cloudy conditions,
rule ot for the moment the large-scale “central™ generation of
ciectricity by direct conversion of zolar cnergy. As we shall see
later; there are also 1he costt of the conversion devices, the *salar
cclls™, to be taken inlo account,

I: spite of such cost barriers there nevertheless exist applica-
tinns for silicon yalar ceils in which they are quite economical,
In th: case of satellitc communication sysiems they are indeed
essenlial, Ay way shown in the first saicllite commumcation
experiments with a passively reflecting satetlite in 1960, i
is necessary for continuity of communications that the satellite
earry a “repeater™ which will recgive amplify and re-iransmit
the signal from and to earth. The electronic equipment invoived
in Lhis procedure requites 2 supply of electrical power to perform
s function, but because of the Emitations on satelite launcher
payload it 13 not pestible to launch with the satellite a supply
of fuel or other stored energy which would maintain the repeater
in aperating condition for the many year of its 1ife. Consequent-
Iy the satellite must draw its energy supplies from its environ-
ment, and solar enetgy 1 the only realistic source. Sificon
solar cells are a1 present the preferred means of cacrying out
the conversion to efectricily which is required; they are more
rchiabte and costeffective than any other known means. We
nole thzt no energv atorage {8 regiired, since & satellite in
synchronawy orbit is in almost continuous suntight.

Suniiight and Ebecirons o Am

There i5 an increasing number of terrestial applications in
which silicon sol2r cells are economically attractive in conjunc-
tion with storage bauteries, even at their preseat cost fevels
of 525 and abuve per peak watt pgencrated. These inctude
many electronic and ether Torms of equiggnenl which are re-
quired to opcrale remotely, in situationy where lutal__-lf'm_\"ff
requirements are only a few watts and it isRlficull' to maintain
a supply of more conventianal fucl, Examples of such equipment
are remote radio-telephene subscribers’ installations, lighthouses
gnd ather navigational aids, wreestial broadeasting and communi-
cations repealer statians, and networks of data cnllection installa-
lions such as rainfall and river-heigh gauges.

The increaging usage of solar cells in such applications will
undoubtedly Tead 1o reductions in the cost of cells, quite apart

from Lhe possibilities inherent in the research and develapment =&
inlo new forms of solar celf currently under way. The time "

hay come, then, for Uy now to look into the physics of the

operation of solar cells, so-called phinovoltaic devices, sn thal

we may identily the problems and obtain a better understanding
ol their exciling future prospects, [rom a lechnical point of

view. It will also be possible for us at the same tme Lo

study another electronic technique for the direct conversion

tu eleciricity of incoming solar radiation, namely \he use vl

thermoelectric elffeets (thermocoupics). Both photovaltaic and

thermoclectric effects have been recognized empiricaily for dec-
ades. but it is only in the past 20 years or 3o lhat <lear

prospects fer the large-scale applicalion of these eifects hu. e

emerged as the result of technological advances in materials.

2, Semicomluciors

Sinec both forms of interaction of sunlighl with electrons
with which we shail be coneerned involve semiconductors,
it may be appropriate to refresh our minds on seme aspects
of such materials. We need (o know mare about their prapertics
to understand 1he photovoltzaic cffect, in which sunlight lalling
on a singlc crystal of semiconductor with an intcrnal bartier
can generate an eleciromarive farce (emi) in the erystal, which
¢an then disspair electrical energy in an exlernal load. We
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alse need to know why heat appiied to one junction between
two dissimilar semiconductors can cause a curecnt (o Mow,
agein doing work in an external load, Hoth these effects
ean be understood in terms of quite a simple model of a
Semiconductor.

Silicon is by far the most Cﬂmmﬂlﬂ_’y’ “used szmlcunduclar
-material today, and we shall therefore focus on the clement
silicon in our basic discussions. It is one of the most commeonly
occurring of the elements, but oor intersst is in a highly pro-
cessed form, in which the silicon is purified to an extraordinary
degree of purity (iess than one impurily atom for every (0"
silicon atoms).

~
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Fipus L. Spetial xrrangemers of siomu bn cryatol of nificon

Sunliphi ewi Bhevirons . . 181

A pnrspﬂ:tw: view ol the arrangement of dtnms in a ¢oystal

of silican is shown in Figure 1.

The mode of crystallization shown, which ococurs when mollen
sificon is sofidified, ayises from the [act that cach silicon atom
has 4 valence electrons. Consequently a cryglal form is adopted
in which each silicon atom has 4 nearcst neighifurs, as in
Figure L, with each of which it can shar®¥one of its valence
electrons. The crystal lattice arrangement of Figure | is inciden-
tally identical with the arrangement ol carbon atoms indiamaond,
50 that the crystalline structure of Figure 1 is sometimes refcrred
o as a ‘diamond lattice”.

The structure of Figure | is shown in & schematic 2-
dimensional form in Figure 2. Here again we see cach atom
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Fipwre 3, Schemati reo—dimrniional mogdel of xificon orpeel, showing orestion of
eleciron-dale pair,
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with 4 nearest neighboors; the two lines drawn between each
atom represent the ! valence electrons, one from each atom.
These pairs of valence elecirans constitute the covalent boends,
which are in eflect the binding Iinks which hold the atonmy
of the crystal together. ~

ik

Al the absoluie zero of temperature all covalent bonds in
a erysial of pure silicon remain unbroken. However, as the
iemperalure 13 raised, the thermal vibrations of the alems
of the lattice are sufficiently intense 1o disrupt some of b2
covalen: bonda, ax shawn for one such bond in Figure 2.
The disruption of valence bonds in crystals of semiconductor
at ambiznt tempetature has some important consequences for
the electrical praperties of the crystal. These are the propertics
of greatest intcrest to vs when we scck explanations of the
photovoltaic 2nd thermotlectric eflects.

From Figure 2 it is clear that the breaking of a valence
bond gives us & iree electron, free Lo move throughout Lhe
crvstal and to lake part in conduction processes. The "missing
eleciron in the broken valence bond can also take part, quiie
independently of ke newly-<created free electron, in electrical
conduciion; it does so by successive replacement of Lhe missing
clectran from neighbouring bends, Ee

As a conscguence, when an electric fleld s applied to the
crystal the {ree cleetrons tend to drift in a direction anli-
parallel to the feld, while any vacancies in the valence bonds
lend to drift in the ¢pposite direciion, i.e. parzllel (o the
field, The vacancies thus tend to behave like positively charged
particles. Semiconductor physicists as a cONSeqUERCT are aCCUs-
tomed to thinking of semiconductors as matenals in which
electrical conduction occurs by two quite independent incchan-
isms: the movement of free elecirons, énd the mavement of
canceptual positively-charged particles, which we call *holes’
to remind v thal each one represents a missing valence electren.

The prefix ‘semi’ in the word "semiconductor™ arises from
the fact that there are relatively few clectrons and holey (in

¢qual numbers, n 1 pure crystal) when compared with con- .
ductors such &s the metals. In pure silicon, in equilibrium ..
al rosm temperatorz, (or examgie, there is e clectron-bole

-
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pair for every 10" atoms approsimately. This compares with
one eleciron for each atom in many metal crystals.

In a silicon crystal under :qulllhrlum conditions at 3 given
temperalure the slectron-hole pair density is determined by
steadystate balanee between the rate at ﬂl":h electrons and
holes are created by the thermal vibration pmccsm of Lhe
lattice, and the rate at which they annilate cach other by
recombination when they approach sufficiemly closely to sach
other.

It is also possible for incoming electremaguetic radiation
to disrupi the valence bonds. Provided ihe photon of incoming
radiation is sufficiently energetic, it will ¢reate an ¢lcetron-
hole pair at the point al which it s absgrbed. The energy
required to form an eleciron-hele pair is a weit-defined quanlity:
iz L1 ¥ in silicon at roem temptratuu [t fellows that
zny photon of energy greater than LI eV, iz of wavelength
less than 1190 nm (in the infrared region of the speetrum)
can create electrop-hole pairs in silicon, [n pasticular, the .
grealer portion of the specirum of lncnmmg solar radiation
is capable of creating elzctren-hole pairs by absurptien in
stlicon.

Such charge carriers will be in excess of equilibrinm, and
we shall see in the nexi section how they may [ead to the
generation of an eml and the direet conversion ef solar energy
to electocity. However, we must first look at the impottant
cffects which impurity elemems incorporated in silicon can
have on its electrical conductivity. The whole of silicon Lech-
nolagy is based on lhese relatively “impure” erystals, rather .
than the pure crysials which we have discussed to this point.

In Figurt 3 we show an aiom of arsenic incorporated in
a silicon crystal, grown for example from a melt conlaining
a small additional amount of arsenic as an impurity. Arsenic
atoms have 5 valence ciectrons, Consequenily when they take
up a substitutional position in the crysiai lattice there it one
vajence clectron left over, after 4 of the 5 valence tlectrons
have been shared with the 4 npearest acighbour silicon atoms.
Al ambient temperatures the relalively weak binding forces
which hoid this [ifih electron ta its parcnt arsenic atom are
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Fipure 3. Arsenic impurity afom in )ificon crysial, ehoul fe “denate’ free eleciron

overcome, and we are lell with a situation in which the arsenic
atom *denates’ a free eiectron o the silican crysial, The positively-
ignized arsenic alom remains fixed in the crystal, while the
electron which it donated can move thraughout the entire crystal,
and take part in electrical conduction processcy if an electeie Mizld
is present. '

Since arsenic (and other pentavalent) atoms behave in this
fashion in crystals of silicon, it is ¢lear that additions of "donor’

. impurities, as they are called, ¢an modify the electrical properties
of silicon in two impartanl ways. In the first place, if donors
are added in amounis greater than 1 part in 16" {2 very
low level of impurity] they will increase the clectrical condue-
tivity of oiicrwise pure silicon. Secendly, whereas clectrons
and hoies contribuie to Lthe conductivity in roughly equal propos-
tfions n pure silicon, conduction will be almoast entirely by
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the movement of the more numercus elécirons o a crystsl
containing denors, {The positive charges, ionized denar impur-
ities, remain fixed in Lthe lattice and unzble to contribaie 1u
conduction}. Because elecizons carry . negative charge, we
call such crystals N-type. - T

Not surprisingly, there is a correspefding effect whea 2-
valent impurities such as boron or gallium are added 1o silicon.
Ir this case, however, each impurity ‘2ccepls® an electron fram
the valence bonds giving rise lo a hele which can take part
in conduction, and an immaobile negatively charped impurily
ton. Since holes are positively charged. we refer ta crystals
containing a majerily of acceplor impurities as Ptype. Once
again, the conductivity of pure or ‘intrinsic' silicon can be
increased by many orders of magnitude (powers of 1en) by
the addition of appropriate amonvits ~f acceptor impurity.

3. The photavollaic ccll

Because Lhe relalive amounts of impurty involved are %o
small, it ia quile possible to have a single crystal of siligon
which is P-type a1 onc end, and N-type.ai the other. We
show such a ¢crystal contaiming a P-W Jubction in Figure 4(a).
It sheould be pointed out, in passing,*that the many milliens
of silicon semiconducior devices {transisiors and integrated
circuits) manufactured gaily cach contain such P-N junctions.
Their properties are well understond, and widely applisd.

Suppose that sunlight is allowed lo fall on the silicon I-
N junction, as also shown in Figure 4{a). We have already
seen that cach pholon of solar radiation whose energy is greaisi
than 1.1 eV is capable uf crealing an clectroa-hole pair in
silicon. In the arrangement of Figure 4(a), we find expen-
mentally that the ¢lectron-hole pairs are somehow separated,
so lhal the P-tegion becomes pesitive with respect to the
MN-region. |f an external load, a resistor for examplt, is connected
1o the irradiated P-N junction as shown in Figure 4({b}, a
cisrent is found to Mow: there is then direet elecironic conversion
of the incoming solar radiation to the elecirical energy dissipased
in the Ipad resistor. Te understand how this sequence of eveniy
can-take place, we give -some ihought ta the propertics of
P-N junctians.
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In the N-region of the PN junction of Figurz 4a} there .
are many clectrons. in the P-region, by contrast, there are 1 p .
very [ew. Yet this is a menocrystal of silicon at room tempera- N
ture, in which any electrons and holes present are taking part

i
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in the ceaseless migration processes which are characteristic
of thermal equilibrium. The elecirons in the N-region would
tend (o diffuse, ay a consequence of their random thermal
movemments, into the P-region of the monocrystal They are
clearly prevented from deing s, and the restraining mechanism
is B contact difference of patential belween M-type and P-
type siticon which is of such pularity that the P4ype materiai
B negalive with respect to the N-type. Thus the rlectrons
encounier a potential barrier at the junction : only the mest
engrpetic elecirens are able to surmount it, and in equilibrium
(when there is no ‘net current flow) they are offsel exacily
by tlcetrons which are thermally generaled in the P-region
and then accelerated through the junction to the N-region.
This barrier iz shown ax the full tine in Figure 5(a).

The polarity of the contact potential difference at the jungtion
is such tha. it alsn acls a3 a barrier to constrain the positively-
chargeditioles in the P-region, thus being more ncgative than
the N-region. Thus in squilibrium we have 7410 pet eleciton
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and hole currents throegh the junction, with each type of
charge-carrier resirzined for the most parl to its respective
side af the barrier.

It is possibie to change the height of the barcier in Iwo
ways. We may apply an external voltage source to the junciioa,
or we may illuminate il with photans of sufficient energy
to create electron-hole pairs. Lel us look at these two possibilities
in mare detail. i

In the first instance, application of a voltage source.of the
polarity shown in Figure 5{a} will lower the height of the
barrier, enabling increasingly large currenis of electrons and
hales te flow a5 the barrier height is Tunher reduced. The
junetion current indeed increases exponentially with voltage,
as shown in Figure 5{b). When we reverse the polarity of
the external voltage source ¥, however, we increase the height
of 1he barrier and rapidly reach a situation in which no charge-
carriers of either varicty can surmount the barrier. We are
left enly with a small saleralion current ls, corresponding
ta the thermal generation of electrons and holes in the vicinity
of the junction. The complele c¢urreni-veltage characteristic
of the junction, which is highly non-linear {a “rectifier”), is
shown in Figure 3(B). We¢ note that it also exhibits a rapid
increase in corrent for large negalive values of ¥, whea the
junction undergees a form of internal avalanche breakdown,
but this iced not congern us further.

Suppose that a silicon P-N junction is now illuminated while
disconnected from any source of voltage, as shown in Figure
4{a}. As we sce [rom the equilibriums curve of Figure 3{a)
there is in existence al the junchion a potential barrier which
will weparale any electron-hole pairs created by light in its

vicinity. The holes are accelerated into the P-region and the

¢lectrans inlo 1he N.région, so that an electromative force
{cml) is sct up, of the polarity indicated in Figure 4(a).

The magnitude of the emf is in principle determined by
the tate at which, eleciren-hole pairs are being zeparated by
the incoming radiztion; in the meady state, the reduction in
height of the potential bacricr allows a current lo flow within
the junction which just balances the rate of separation of
photon-created charge carriers. in practice, because -:;f 1he

- —— - i
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;::;:rnncnltial nature of the current-voltage :};aractcﬁstic of P-
G‘ﬁ#;.ncuun. the vollage under illumination is approximately
The e]’ﬁ:‘u:nc;,r wilth which the phnluvoitaﬁ‘pr‘cicfgrfur direey
conversion could take place would be quil rémarkably high
if only solar energy were monochromatic at a wachcngtl';
close to the eleciron-hole binding encrgy of a suitable semi-
conductor! This is not the case however. we must face the
Tact lhaf rach phelon of solar radiation with energy above
[.leY will create one electron-hole pair, regatiess of the amount
by 1wh1ch 1ts energy excecds |1 eV, Consequently there i
a wu‘;i: departure from pericction on this count alune; i silic.nn
,maximum conversion elliciencies of 20 per cent are envisaged, '
" However, on this basis a one-square-metre array of silicon
solar cells would generate 200 W when the aais of the arr
i3 direeted at the sun. . il}"
In principle other semiconductors, particulacly intermelaliic
compounds, should offer the prospect of higher conversiun
:fﬁm::r:m:s than silican. In praciice, however, the technology
of silicon processing is so advanced that silicon oelbs ngl';:
likely to be the principal ones of inlerest for some Lime (o
come, The cstablished reliability of silicon devices also mitigaes
against other formg of phatovoltaic generator such as mgl.:tal-

em d ucko k s n &)

1t 18 possible to consider likely increases in cost-effectiveness

" by concentrating or “collecting™ the incident solar energy and

bringing it to a focus on a smaller areq of relatively expensive
solar cell. The drtailed economics of this procedure If:w 1
be evaluated in cach application, however, a3 in gtntralkth:
concept of cancenlzarionfcolicction carries with it the need
far g mcc_hamcal SLECTINE arrangement Lo ensure thai the axi
of 1he optical concentrator is alvaye directed a1 the sun "

4. Thermaoelectric evaversion
Recently there has been a renewal of interest in the possibility

of using th:rmo:lcctric Beneration as a means of directly con-
Yerting incoming aolar energy 1o electricity,

5.—k
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To understand the physics of this effect, first dixcovered
by Scebeck 150 years ago, we refer to Figure 6 and to our
carlier discussion of P-type and N-type semmiconducicrs. fn
an N-type semiconductor, it will be recailed, almoat ali the
free charge-carriers are electrons. For each electroa there is
~ a"positively charged doger ion, fixed in the [atice.

-

1]

HOT

Heatl [low

Figwre 6. Thermorieciric grneration of rmyf (Secbeck effectl

When we heat an N-type semiconductor crystal both the
atoms of the crystal and the elecirons move more vigorously,
with ircreased thermal energy. If the crystal i heated focally,
far example at the top of the N-type crystal shown in Figure
&, then the electrons there will move with grealer thermal
errergy than the electrons at the cocler #nd of the crvsial
Hut the cleciron “pressure™ must be uniform throughout the
¢rystal in a steady-state situation, and therefore, since clectron
pressure i3 jropartional to the product of their density and
lemperaturs, there will be fewer electtons au the beated end.

The density_of positively jonized donory iy fixed; however,.

gnd 3o the relative movement of elecizans away from the

i m— e ——— .~ ————— — —
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heated end Jeads 1o the generation of an emf beiacen points
in the path of the heat ffow in an N-type crystal.

By means of a parailet argument i can be seen that an
emf s similarly sct up in a Jocally healed M-1ype semicond uctor,
but of opposile paolarity, as shown in Figgpe &. This difTerence
enables the heated ends of the crystals to be rected with
a metallic Jink, placing Lhem in aeries, witout intecfering with
the heat Now.

Thus we see that the thermoelecttic generator of Figure
6 iz also elecironic in character; it i3 a heat engine in which
clectrons are the working fluid. As is Lthe case for heat engines,
its conversion cfficicncy is related to the Carnot efficiency
appropriate lo the lemperature difference of hot and cold
junctions, and is generally a lew perecnt al most

In seeking semiconductor material which will have the highest

.canversion efficiency, or figure of merit, we lace two conflicting

requiremenis. On the one hand we require 3 high resistance
to the flow of heat (ie. low thermal conductivity), but an
the other a low resistance o the flow of electrical cusrent
when an external load is connected Lo the thermocouple, Low
thertnal 2nd high ecctrical conductivities are most readily ob-

. tained in relatively high purity “mixed™ crystals of such material

as germanium and silicon, or of ismulh teiluride and selcnide;
an economic ¢ompromise is the usc of lead telluride (PHTe),
which is the most used material in commanly encountersd
fossil-fueled thermoelecttic genermtors of capacity 10 W and
azbowve,

In searching {or possibie applications to solar energy conver-
siont for thermoelectric gencrators we should keep one ndvantage
in mind. The discoatinuities in the incidence of suoshine, to
which reference was made at the beginning of this chapter,
can be surmounted with an auxiliary luel supply 10 heal the
thermioelectric generator when solar energy is unavailable, In
this case, in principle, there would’ be no need far the storane
of eicctrical energy as with sular ceils.

Recently, however, there hay been speculation that this faiter
disadvantage of phatoveitaic rolar energy conversion systems
may be.aveided by placing the system as an eanth sarellite
in synchronous orbit. [n this case it would be conlinuously

—
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irradiated with sunlight except lor the relatively rare oceasiony
or. which it is eclipsed. There are very great difficullies, however,
in arranging lor the ¢nergy penerated o be tRmpored 1o
earth froms Lhe saeltite!
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INTRODUCCION

El sol, elemeno fundamental de nuestro sistams ecofbgica,
es una fuente natural de energla que, en |3 aciuslidad, el hom-
bre busca afanosaments aprovechar pary mejorar sus condicio-
nes de nida,

Be scuerdn con los lineamiantos qun ¢l CONESCAL ha de
finido respecto o 18 ddusidn do nuevss tecnologfas o nueyvos
enfoques de viejas ideas para el aprovechamiento de nuevas al-
ternativas energéticas, este artfeula pretende continuar con e
lilasofia planteads en e nOmero 44 de eita revista, &n la que
se inmgcif una serie de ortfculas enlocados & |a difusion de ori-
terios para 1a oplimizacidn de! confort 1érmico en et intarior
de lus recintas escolares. En ese sontido pste trabajo ejempli-
fica como, medanta la conversidn fototérmica da la energla
suolar, 3 decir mediante 13 transformacion de radiacidn salar
en calar, 3 posible alcanzar la sensacidn da bieneatar higrotér-
mico & Traves del disefie de sisiemas de climatizagian natural,
en los que el 30l y afvianlo praparcionan I3 1uerza motriz para
el scondicicnamiento adecuada el dire,

1. CLIMATIZACION NATURAL HABITACIONAL

Un drea de exhaustiva investigacibn de s snergia solar es
1a arquitectura sofar o helio-arquitectura. Esta, a partir dela
infarmacién sobre la intentidad v duracion de la radiaeion sa-
lar global, directa y difusa v otros elementas climatologicos
lucales —temperaturay, humedad y vientos predominantes—
permite disehiar viviendas con los requeripientos necesanios
para resclver problemas de climalizacidn, tales coma ventila-
cion, enfriamientlo y calentamienta,

Lis disefias helio-arquitectdnicos deben realizarse de acuer-
do al tipo de clima y con materiales de propiedades térmicas
sldecuadas, para que de esta manera, la construccion misma
sed Copar de actuar camo un envilvenle autoregulador de las
vallaownes termicas diarias y estdcionales del exterior. Se ha
pochidn comprobar que mediante tistemas de climatizacidn
pativa —los Que por sU naturaleza prescinden de sistemnas elec-
tromicinicas— es faciibila atcanzar eondiciones de confort tér-
mico humana, evitdndose asi of empleo de wtafisticados v cos-
Los0s dispositives de aire acondicionads, calelaccidn y otros.
Latinoamérica, af igual que todas aguellas regiones del munda
situadas en las 7onas 1mpucaln suhirgpicales y de lztitudes
medias {hasta el paratele 55°) cuenta ¢on un cauda! energético
solar anual {Figs. 1 ¥ 2] que permite, mediante el disefio he
lig-arquitect@mico idénes, el tuncionsmignto elicients de sis-
teinas de solarizacibn pasiva, ya que dstos operan, la meyoria
de fas voces, tanto en condiziones dea ciulo despejado come
nublado,

Mras caraclerfsticas positives de log sistemas de elimatiza-
£idn pasiva son su baja inversidn inigial, ripida amortizacian,
minirmo mantenimierto, integracidn estruciurel a la vivienda,
taina duratalicad y ef ne propiciar alteraciones de la salud, Esg-
ta ultima caracieristica es muy impdrtants, ya que por el can-
trario los sisternas efeciromesdnicos convencionales de aire
stondicionadg, sblren lrecuentes avBrias en suUs MoCanismos
de regulacidn de temperatura, ademds del “shock térmico”™
que el individus experimenta cuando sale del local acondizio-
nade artificialmente.

Puede decirse que lox sistemas pasivos ohmk

ta mis natural & los requerimientos de confor térrnu:\ TN
gue cabe aclarar que snte el empleo de las sistemas electinme |
cinicos, ol hombre moderno se ha vuello demasiado gxu"ngnm

y las condiciones proporcionada por uUn SisTema pasivo pudle
;an parecerl¢ insuficientes €on respecto a su estindar de] co-
modided. Sin embarge, debemos recordar que el aire acondi-
cionsdo es un prodocie lecnoldgica relativamente reciente, 'y
que ¢l hombre hy podido prescindir da 8] 3 través de {as tiem-
pos. E+ tdcil consratar que culturas ancestrales yva basaban el
disefic de sus viviendas en functén de un profundo conoci
miento de su habitat ¥ de 13 problemdtica climateldygica lecal.
El disefio bioclimitico resultante conjuntaba, ademas, fa inte-
gracibn de materiales locales que empiricamente mastraban
las propiedadas térmicos adecuadas a wus requerimientos de
aislamignto ¢ almpcenamientc de talor,

iLe capacidad de los sistemas Dasivos para proporcionar
condiciones Tavarsbies debienestar 1érmico, dentra de limites
razonablemente acaptables pars el ser humanag, estd condieio-
nada a la disponibilidad de energia tolar —que como va se
apurtd es cuantioss en Latincamérica— vy al disefio helig-ar-
quitecténica apropisdo, resultants del ynalisis de variables la-
cales y del cdlcuio que permita el dimensionamiento apropia
do y eficiente del yistema seleccionado.

Dado gue 1o5 sistemat*uaiivos de climatitacidn basan su
funcionamients en fendmenos de cormveccidn y advetcion de
fluigdot, asf coma en intercambios de radiacion solar y terres.
tre, cuya descripibn fisicomatamdiica quedaria fueradel con.
textp del nivel de divulgacidn cientifica can el cual es1d enfo-
cado este srticulg, I exposicibn se centrard sobre la deserip-
cian operative de oo sistemat de climatizacidn y los disefios
gue, en mi opinlén, pudiessn dar una solucidn prictics 2 un
problema de climatizacidn de un edificio esgalar, En particu-
lar he cansiderada de interés abardar &l problema de 1a venti-
lacién de aulas en climas hdmedo-calientes. El por qué de la
seleccidn de este caso prijcular sa fundamenta en ba circuns-
tancia de que este tipo de clima correspande a extensas regio-
nes de Latinoamérica y det Caribe, donde las escuetas presen-
tan serigs problemes de vantilacldn matutina, uespertma ¥
noctarna,

Considero que los sistenas y disefios que s& describirdn
ofrecen, por su bajo ¢osto, una solucién de alig heneficio sg-
cial, ¥ representan una alternativa ecendmicamente factible a
ios problemas de ¢limatizacidn que suire la poblacian escalar
mayaritaria en las regiones tropicales hdmedo-calientes de
Latinoarnérica ¥ 1a region del Caribe,

2. ANALISIS CLIMATOLOGICO DE LA LOCALI-
DAD SELECCIONADA

Comeo njemplo de la prablemdtica 3 resolver, he escogido
Iz locatidad de Martiner de | Torre, Estada de Veracruz, que
so pncuentrad & solo unas decenas de kildmetros del litoral de
Golfp de México, » una latiwd de 20° 04' N.;  langitud 97
03 W ahitud: 152 m.s.n.m. Suchima se clasificacoma tropi-
cal lluvicss (elima de seival, homedo - cdlida.

Tamperatura del sira.
En la ta%la | podemos observar os valores de |as rempera-
1uras:
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TABLA I Temperaturas *C (1945 — 1970}
E F M A M J J A 5 0O N ] A

Mixima extrema J48.5 370 410 432 4318 198 3.0 400 308 30 240 36.5 4356
Promedio de

Mdnimas 238 252 212 109 330 30 Jlg 231 M5 206 28.2 240 281
Media 185 198 220 256 215 277 26.7 214 264 245 233 19.0 23.%
Promedio de . I

minimas 135 145 188 201 220 224 25 2,3 14 185 164 141 1B6
Minima exirema 0.9 20 60 BOD 145 161 160 180 Mp N0 1P o0 o8
Crciacian - 103 g7 104 104 LY 106 124 114 100 15.y 8B 989 105



Podrd obsuewarse que el promedia de midxima oscila duran-
12 el ofg eniie 23.98°C en enero (invierns del hamisterio nar-
te] vy 331 "L ¢n mayo v agosla (veranc). Hay que recardar
(e 13 tempuraleta maxama, generalmente pourre entre ias
14:00 y 15:00 hes, mientras que Jas temperaturas minimas
uLurien al amunecer. Estas Gliimas ascalan entre 0.9°C en gne-
1oy 18.0°C £n agosto. La lemperatura media, segin pcn:lnrnm
observar del hislograma de ta ligura 3, oscila de 18, 6°C en
ent10 2 27.7°C en junio.

La gscilacion meha diarid duranie 16901 Ios meses perma-

nece Sysi conslante, Huctuandas entre 'os 9.8°0 y 11.4°¢C,

Crado gue les 1emperatulas maximas ¥ Minimas exlremas
{record] han oourridg sotamenie en una oCasion durante los
26 afoy [1945-70) cte registro, para propdsilos de disefio ey
recomenddble hasirse en los promedios mensuales de maxima
y de minima.

Humedad relativa

Como la humedad relativa represenia Ls cancidad de vapor
de agua conlemdd gn un momento dado en ¢ aire, respecto s
Iz canidad Mdsima que pudiese CONTEner a |a IEMPErAtura
ambiente, s inbere que Una humedad relaliva del 100% co-
rresponderia 3t aire camplelamente saturado y, en ConNIECuEn-
cia, IMposlnltado Je aceptar mdis vapor de sgua sin gue se
produica la inmediald condensacidn del exceyo de vapor pre-
senfea. Lay consdivraciones anteqiores son imMportantes, yo que
en la lpcalidad Jde Martine: de fa Tarre, I3 humedad refativa
media memuat uctda durante 1gdo el aho entre ¢b 70 y BD%,
lo gue sigrilicd que &3 una aumdslera demasiado himeda en
fa cual s¢ propicia 13 tarmacian de tocio matuting, cuande la
humedad rclaliva aumenta at 100% al disminuir [a tempera-
tura del gire al tiempo de la s2lida del sel, En la rabla ] puede
glservarse como aproximadamente en poco mds de un tercio
dul afiu s proesentan dios con recio.

La presifin de wapor de agua Nuctds entre 25 y 30 milibe-
rios, o que ya produce sensalibnes oe incemodidad y de bo-
chorng al aumentar t3 temperatura en |8 Drimeras horas da Ia
rmafiang.

Al spbrepatar la presion de vapor el valar de 20 mb., ya se
nota cierto grado de incomodidad,

Precipiacidn

La 1abla |1l rmuestrz la distripucidn anual de la precipita:
cion, Jdunde podemies apreciar que lueve durante 1000 ef alg,
Las pregipinaciunes mds intensas ofurren durante ¢l verang,
atofia y principias del invierno, €1 histograma de la Fig. 4
muestra | distribucian anual del 1atal de llyvia {media men-
sual].

Condiciones del cislo

Examinando la tabla IV y el histograma de ta Fig. 5, don-
de se muesira la disiribucién anual de la cutheria de nubes de
la localidad en cuestidn es f3cil percatarsy de que el cielo esrd
permaneniemente nubladn, Cas amited d¢! afio presenta ny-
blattas cerrados #n un 50% del mes. La suma de dias comple-
wmente nublados y parcialmenie nublados Bx minima duran-
te fines gel inviernd y primavera que, coma te describid ante-
fIOfMmEnle, e3 12 EpOca ge MENQE precipilacidn pluvial,

FPursio que en pste estudio se trals de 2firovechar 1a radip-
cion solar, el conocimiento dela nubosidad rewlta fundamen-
walmente importante, La nubosidad parcentual y el tipo de
fubes repercutle cuanticualitativamente en la radiacion solar
gue, hinalmente, slcanta a Negor a nivel el suelo despucs de
ser alenuada en $U lrayecto atmosterico,
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En 1a misma Tabla 'V se Observa que ol numaro de dias
con niebla &s mayor en inviernae. Esto s& debe 3 que 1y may
biajas temperalaras caracief (flicas de £5ta estacian, tavorecen
lacondensacion del vapor de aqua, lormandase asi nieblas ma-
tilings o vespertinas, Por el contradio, duranie el verang, 1as
tEMPeaturas son mas elgvadas, y aungque la humedad relativa
permanece al1a, na llega 3 alcanzarse biciimente la temperaly-
¢ de punto de rocia, De Mayo & 340810 52 obiervan & 1o su-
mo dos dids con neebla. Alonunadamente, a3 niekhint @ disr-
pan durants 125 primeras horas de ta mafians, reducidndose
2, una posible slenuacidn adicional de !a radiacion salar.

Radincibn solar

Como se sefals en ot parrato antarior, las nubes 1lenen un
efecio determinante #n cuanta a |a intermitencia & intentidad
de |3 radiacién’solar disponible, Las nubes constituyen el ele-
mento que mayor reduxidn praduce sobre fa cantidad y du-
racidn de asoleamiente 6 instho._.Gn, Sin embargo, & 1a 1atitud
grogrifica en 12 Que sa sncutnira el sitio excogido, |a radlacion
solar anual 65 cudntios relpecto a latitudes mayores. Eso
pueds apreciarse en ta Fig. 2. No cbstante, por elec1o de 135
nubes, 1a rediacidn global resultante (direcia + dilusal # pre-
dominantemente dituss. (Figs. 6y 7).

Los principales fendmenos de stenuacibn de 1a radiacion
winr pueden clasificarse on trea:reftexion,dispersidn y absos-
titn. El primere repereute negativamenie en |a disponibitidad
de radiacion solar, ya gue s nubes gereraimentd presantan
urd alta reflectividad » lp radigeidn solar de onda cortd, eipe-
cialmente 2n la regidn del espectro eieciromagndtico de la luz
visible, Debido 2 esta aita reflectividad, 0 albedo COmo &
acostumora VIamarle en el lixico meteoroldgico, una gran tan-
vded de radiacian solar es reflejgda directamante hacia gl £5-
pacio exterior | Tabla 51

El sequndo de los fendmenos product esencialmente |a di-
fusifn en las regicnes del espectro solar correipondientys al
visibile y al cercang infrarroja. El efecto nete del fendmeno
de digpersitén por |os gares stmotféricos ¥ las nubes consiste
en ta difusion de la radisciédn solar, Esta ¢ilusidn pulds ser
tan intemsa que llpga & producin, con Trecuengis, siludCianes
malztias por &l deslumbram keno gue produce,

L& intensidad de la rediacion difuss en latitudes souatoria-
les v subtropicales, generalmente e Cuantintl, 3 MENCE que
grislan nublados demasiado cerrados come o gue anteceden

a 135 lormentas tropicales {Fig. 7.

La Fig. 8 muesira la intansided de la rad iacién solar en va-
fiod tipos de atmasieras, pudigndase observar que #n las a1
mbstaras consideradas como “humedes’’ 13 intensidad no deja
de & imporane,

El {endmeno menos importants respecto a la atenuacidn
de 1p radiacicn solar ot el ca fa absorcion Ern slecio, dentro
del inervalo de longiludes de onda que corresponden sl g5
prcirg solar, la absorcidn por los gases de la atmbsiera, y en
esFcial par el vapor de agus y el bidxide de carbang, as mink
ma. 5in embargo, 512 absarcidn puede ser da importsncis en
almdsleras urbanas o suburbanas conteaminadas, ya aue la pre-
sencia de aerosoles {paniculas sélidas a liquidas suspendidas)
incrementa la aDGroion de i3 radiacian solar,

En contraste, &l vapor oe agua es opaco # pasa de radiacio-
nes electromagnéticas de mayor longitud de onds que las del
especiro salar; las radiacionss del iejana infrerrajo proceden-
tey de cuerpos O Gases 8 TeMperaturas terrestres son absorhida
por el vapor de agua atmosféricn, particularmenta por [as nu-
bes. Esto tavorece el llamado efecio invernaderg atmestérica,
mediante el cval las radiaciones solares pasan n Wravés de 1as
nubes camo par anatogis Lo hacen g través da un vidrio comon,

7
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TaBLA 1}

DHas con racio

E F M A . M A s o N D A
10.4 120 1.7 11 127 120 1.4 13.8 109 1.5 1106 2.3 1404
TABLA D Lluvia [1947 — 70] mm.

E F M A A J J A 5 C L D A
Total {promedial g4 .3 BG4 1.4 16,8 87.6 19,7 1417 1098 3080 2054 1601 107.6 15137
Maxima 1550 1722 27an0 2224 1B 2990 3I%9p 378% G897 S?00 495% 13728 BBOI |
Mixima del mes en 24 hs, ad.D G0 1085 Y402 \DBA ' 15.5.0 1154 ~ 950 212.0 _‘223.5 %0 'IEL_? 2285
Minima 246 155 193 4.7 1.4 150 29 205 735 SB9 462 155 14
Nimero de dizs con luvia
aprecizbla 124 113 10.4 7.0 5.4 B.3 1.4 0.9 130 n? 10.3 111 1220
Nimera de dasy can Huvia
inapreciable 59 4.5 5.4 653 4B 33 55 5.7 5.1 5.4 5.2 4.4 52.2
MNimero de dias con granito D 1] 1] 0 0 00 1] D ‘0 L1 1] 0 0.0
TABLA Y Distribucibn del nomero de dias nublados

E F M A M J J A 8 0 N. +) A

- butmad a

Mimerc de dias . )
Completamenie rabtacions 19.5 155 169 146 129 14.8 11.3 134 181 13.4 115 161 . A5.7
Himero de dies
medio nublados 5.4 8.5 U] 68.% 7.8 B 1.8 11.9 8.4q 7.4 63 4.8 6.9
Mamero de dips
despe]adkas &1 1.0 a.7? g.a 0.2 10.1 2q 57 59 10.2 102 191 B9
Nomero de diss conmiebla 84 68 58 46 23 ‘10 - 26 la 40 50 50 B . 64 .

()

3!
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mas no &4 posibls & paso de lay radiaciones de longivud de
orda mas lerga pravenianies del suelo, cuerpos o pases calign
15, Asl, rmed.ante este efecto tnie 38 InCremenla porla presen-

cia de nupes de gran espescr, 1 #vith ol enlriomiento nocturno-

de la suparficie terrpstre, permanaciendo la tEmpErslura am.
biemal @ un nivel elevado. Lat gonas ecuatoriales y subtropi-
coies presentan en conseculntia und Jgébil oscilacihn de tem-
peraturas diarias ¥ estacionales. En Martinez de 1a Toorp, eita
oscilacion 1dlp alcanza unmdximo de 11.4%C. Enregiones de.
sériicas con cieloy despeados, este oacilacion puede ser de
&5°C en un solo dia, '

La Tapla v myestra la distribucidn anual de la radiacisn
solar en Kwhim® —dra.

Debido a la impartancia gue en helio-arquitectura tienen
los asoleammienics sobie tachadas verticales, 1a Fig. 9 muestrz
la distriucion anual de la insolacion directa sobre &l plang
horizomial y sobre los {achadat este-Qesls, NoMe y sur pary
condiciones de cielp despejado v ala latilud de 20°, Las absci-
w5 repiesentan los 36 peripoot {3 por mesl £n que Tue giuidi-
do el afo, Las grdenadas indicanios valores de laradiacion di-
recla en Kwhim? —dia.

Debide a que 13 radiacidn global G se defing como 13 suma
de las componentles directd v difuta, pars el ptano hprizontal
de captacibn {Fig. 6) & liene gque;

Gy = dy+Dy
donde dy = |senh: componente directs
1, . components normal
altira solar sptwe 2l horiZonte
compaonente dilusa
Andlogamenta para el planc vertical sa vene (Fig. ':;I

Gy = oy+D,

dongde ! dy = lcosh | componente directa
Y Dys Deizla + Dsuelp
! 2
tal que

* Deigic = Dy = Dy

v, Dsueto = a GH @ @ = alvedo dti suelo

para ¢} caso de suelpy cultivados o varfa entre 007 v 0,14
y €n selvas, de 0.06 a .25, Como podrh apreciarse o tiens va-
lGres pequenos, 10 que signilica una Baja rellecuividad del piso
y una alta absoriividad,

Respecto 2 la componente Dy o O, 52 tiene gue ante 1na
gran masa nubiosa coma 1o puede ser un tumulus tipico de re
gignes ecualoriales o Sublropicales donde los lendmenas de
conveccidn favorecen su larmacidn, en algunas ocasiones Gy
puede ser lan inlenss Que Heyu# a ser mayor Que el valor de b
radiacion extraterrestie vn el 1ope da Ta strndslera,

Exta se origina cuando duranig algunos Minutos estas nu-
bes ademas de dilundir lavadiacian solar, la reflejan hacia abg-
je enlocdndola a Lraves gda los cspacias despejados Que Quedan
entre ellas y de esla manera concentran la radiacibn salar glo-
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bal. Los elevados valores de GY debido Al fenfimens anterior
conlrastan con (0% bajos que se registran cuanda las nubes Yie-
gan z pcuttar al sol, (Fig. Bl 1a) que en prownedic Gy es gene-
relmente interior &n estas |atitudes respecio 3 la Gy gua se re-
gistra en cielgs despejados, No obsiante, cuandg por cir-
cunstancias topoarslicas ¥ orogrificas existen formacionss Lo
cales de timulus mas o menas estabies, Gy puede ser superior
que 1 Gy de cielo depejade debido a la compongnte redleja-
da destde esias nubes hacia eb lugar en cuestién, En tales cor-
cunstancias ¥ durante algunos periodos del dia ¥ de! aha, la
G en presencia del cumulus €5 superior a la Gy tebrica cal-
culada aun para cordiciones de cielo despejado.

Lo anterior es muy IMPOrtante €N regiones ecuatoriales y
subtropicales donde comin. Ate & acnsiumbrd Subestimar
la radiacion solar glohal, arguyendo |a presencia ontlinua de
nubes (Tahla VL. '

Vianto

Fara ilustrar de una manera objetiva la Tabls Vi que con-
tiene 1as direcciones & intensidades del vienta 11945-771 en la
localigad selecoionada, conviene analizar fas tiguras 10 a v b
donde e muestran los condiciones qua 18 cirCulacidn general
de la atmésfera impone en lalatitud queconcierne a este caso
particular y, en general, a las regiones ecuatoriales y subiropi-
cales,

La Takla Y1l indica que, durante ¢l periode considersdo,
st Dien £xisten discontinuidades en e registro de datoa (1061,
52, 53, B6 y 66), la diregcién gue pradoming, para todos 1os
meses es Ia noreste. La velocidad predominante, con clave 2,
cofrespande a un viento moderads con vatiationes entie 2,1
a B miseg. {766 a 216 Km/h.l, Los vientos relativamente
luertes sé presentan en fos meses de junio y julic, courriendo
gn tres pcasiones por mes; [aclave 3 cotresponde a vanaciongs
entre B.1 y 12.0 mfseg (216 a 43,2 Km/h.).

Puede apreciarse que de 1975 a 1977, la direecidn predo-
minante es 13 del este, con clave 1 cuya equivalencia comes.
ponde a velocidades entre OU6 y 2.0 m/fseg [2.96 & 7.2 Km/h.]
En generdl, los vientos dominanies won del norte y esld y sy
vetocidades dominantes varfan entre 2.1 y 6.0 mfseq. Las di-
recciones QuEe se presentan en esta localidad se deben a bas ali-
sigs de! noreste (Fig. 9) que soplan dewde el Gollo de México
z la vertiepie del mismo en el Estado de Yeratruz ¥ a una lati-
g de Z0°N,

En estas regiones el vienta posee velocidades relativamen-
te balas. sobre tode en la Fona de calmas etuatriales donde
Iz ativeccifin g5 pOCO IMpOItanie en comparasian con log mo-
vimientos convectivos del cinturdn ecuatorial de bajas presio-
nes (Figs. 10 a v b)Y, Respecto 2 las direcciones predominan-
1es, normalmente existen dos, como Sucede en esle Cast.

Caracieristicas del suelo

Qurante lodo el afic permancte Cubierto dB una vegelacion
generalmerie densa que ciece notablemente n 1o meses de
mayor precipitacién, Es debido a 1a vegetacién que ¢l atbedo
Bs Muy peEquety, aun en dreas desforestadas, ya aue & suelo,
por su elevada humedad, shsorbe hastante radacion solar, En
épocas e Hluvigs INtENYAs SLEK N DLW Inund3ciones que prg-
ducen variaciones del alhedo,

3. CONFORT TERMICO *

En términos psicométricos de wmperstura v humedad am-
biensal existen pargjas Uevalores temporaturs-humedad relat-
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DSTRIBUCION ANUAL DE LA DURACION E INTENSIDAD DE LA INSOLACION

TABLA V
' Rediacitn giabal Radiacibn directa
Durscidn relative tntensdad relative mixims {dinz mdxima (dfa
Radiacidn global de Ia insclacidn de In in1olacidn deipsjado: deipejndor
{kwh/m’-dia) (raatfmix) % froal/méx.) % Kwh/mida) Kwh/mbdis)
Enero in 59 56 53 47
Fetirero 4.4 58 55 8.8 50
Marzn 4.4 43 47 7.7 5.8
Ahril 5.5 56 55 B.4 5.5
Mayo 6.1 1] 62 B87 6.6
Junio 55 a7 S0 B.g 6.7
Julio 5.5 53 53 8.7 8.7
Agosto 4.9 49 50 B.5 6.5
Seplivmbra 4 4 39 44 7.0 5.2
Ociubre 3.8 48 50 71 53
MNoviermnbre 38 B4 52 6.2 4.5
giembre 3.8 59 5 §7 4.0
FABLA Vi Albedo de tas nubes
Téipe Eiperar Albado
Stratus 100 m o4
- 200 0.5
300 0.6
" 500 07075
Cumulus varigble 0.7
Tope de cumulue - 0.83
Allostratus variable 0.5
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TABLA VIS DIRECCION E INTENSIDAD DE LOS VIENTOS PREDDOMINANTES
Ado  Ena Fsb  Mar Abr May  Jun Ago  Sap O Nov  Dic Anual

1946 Nwl nw? NE? O NE' L NE' O NW'  NEY  SE? Nw? Nw! Nw! o nw! nw?
47 Nw' NW? NW' O NE! SE!? NE'  NE? ME? nWw? NE! MW NWE Nwe
48 £ E? E NE® NEY  SE'  SE! 54 NE'  NE'  SE?  SE'  SE?
49 SE* SE' SE'  sp? E? EvyNE'SE!  SE*  sw'  NE' SE?
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+d QUi para M mMavuros de 1a gente resultan adecuadas para el

esarrgho e 2 vida ¢ del trabajo, La sensacion de bienestar
ngrulénmed, aunque depende de maltuples 1actores 1a'es oo
it eddd, sean, wesnde, Iorma del cuerno, osfado de salud,
vl e aclunglacion, cic., qeneralmente se prodyce bajo de-
teomados valores tonjunlos de temperatura y humerdad rela-
1ivd,

Mumerosos iInvestigadores han realizado estudhos al respec-
1o, ollenieniio divercas graficas y diagramas donde se delimi-

tan Ly condiianes tagrotécmicas del confart humanao,

Un concepio sumamente Otil derivado de eslgs esiudios,
es el Je la temperatura etecuva, Esa se deline como ta 1empe-
ralura de la atmosterg en condiones o2 SALUraCian y de cal-
ma, que producifia la mismna sensacion que el are ambiental
circurifanmie en ausencia de radiacion {Fig. 11). Los indices
de coniort respecio a la temperaturd electiva pueden obeer-
varsé entel disgrama bio-climatico de la Fig. 12 donde se
muestian Tambien fas lneas supenares gue amplian lz zona
de confort al moverse el pire a dastintas velocidades,

La temperaturd efective s expreésd aproximadamente
comao!

TE = 03 (T + T +4.8 1°c}
donde -

Ty @ temperaluca ambisnte (bulbo secol.

TH = wmperatura de bulbo humeda.

La TE es un indite hastante hueno de la Tensién de cator
# yue relaciund adecuadamente fas reacciones del cuerpo a
1 vl iacion conjumta de la temperatera ¥ humedad
o Mas dul aan resatta el concepta de termperatura efecliva
cuando $¢ considera tambicn el efecto de calentamiento que
produce uny cxposicidn del cuerpo a la radiacidn, ya sea solar
o provenienle Je la apmbstera u atros cuerpos calientes adya-
centes. A esta QiLima se g [lama temperatura electiva corregi-
da.

En regiones tropicales y subtropicales nimedas, la zona de
conforl gerealmente se acepta como agquélla limitada entre
Ly tetnpiraturas efectivas corregidas de 22° a 22°C y entre ve-
locidades del aire qué flucioan entre 0.15 ¢ 1.5 miseg.

T'Coms 1a determinacian de b 1emperatura efectiva corregi- *

da requiere wn Termarmelrp de esfera (intereambio radiativol,
st 0y be ISpone de ésie y Si las temperaturas de 1as superficies
¥ cuerpls advacenter son iguales a las del aire ambiente, la
temiperalura elective corregida puede considerarse la misma
aue la del aire {temperatura de bulbo secol. Sin embargo, si
1w gTe radul:mn ircidente habrd que agregar 1 C por cada
OfWAn® de radiacian {solar o 1errestrel.

Dy acuwdo can el orden de magritud del promedic de
riidaimas Jo 1ermperdtura en Martiner de la Torre, Veragruz,
representadas en el thagrama brochmdrico de la Fig, 12, en las

situaciones climeathtas mas rigqueosas, se requiere mMover airea

vetocidades del orden de 1 myseg. (36 Kmih! qQuedandp asi
lay condiciones smbientales da temperatura y humedad relati-
wu comprendidit dentrg de la zona amplificada de coniprt de
Lk Fireds supr iores,

Mediante ¢l vivnin gue predamina en la localidad estudia-
da, seria puosibile alcancar el nivel de confort requerida, ya
e a velocidag del viento fuctie entre 2.1 y & mfseg. Sm
e go, No s LEne [p coneza de disponer de este viento du-
rante las horas Jde calor mas intense que geners'mente son 1as
de mdyoi calma,
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Ante este moblema habra que buscar 13 torma de mover
aiie por olro media, o sea 3 Lravés de 12 energia solar, y sin
prescindir de 13 prienlacion adecuada de los 1ocales que perm-
13 aprovechar g] electo bentfico del vienlo predormnante, al
menos durante algunas horas del dia,

Cansiderangp la ecuacion de balanee Wrmica gue retaciona
las qanancias y peérdidas « . zalgr del ser humana!

Balance térmmica = MEA*CtK-E

Cuando &l Cusrpo se encuentra en equifibrio 1érmicea, a
ECUACION BNLETOr BQUivale & Cerc.

Las ganantias y pérchidas pueden desglosarse coma:

Ganancias

M: calor generadao por 18 actividad rmetabolica.
calor ganado por radiacidn satar, terresire © de cuenpos
o mayor Temperatura,

C: calar ganado por canveccion debido al sire & tempera
turz mayor que la de la piel.

¥: calor gapado por conduccign medidnte el contacig
con cugrpos mas calientes,

Pérdidas

E: calor perdido por la evaporacion de sgua, por (espura- | .
cidn o transpiracién,

R: calor perdido por radiacién hacis ia arméastera o hatia
cuerpos mds frios,

C: pérdida de calar por conveccibn hacia el aire a menor
ftEMperaiura gue la de la piel,

K: calor perdido por conduccicn medianie ei cunlacm

COn CLEfpOs mas feios,

~ La base lisialggica del conlort consiste en llegar al equali-

brio térmico con o minimo apore de 1ermaregulacion, gue
cunsiste, en el conjunto de funciones yue regulan la prodds.

wion y el transporte del cabor en funcion dé las cond iciones
termodindmicas del medio ambiente, e T3l manera que la
lemperalura cOrporal permangzca conslanigmente a 37 C.
Analizande la Fig, 3 de la distribucién anual de temperaluras
de la localidad estudiada. se notd que pueds ser cara ta ncagir}n
Bn fue ia temperatura de! aire sobrepase 1a de (g piel (36 CJ.
Sin embargs, en caso de presentarse esa Ciréunmsiancia debido
a que la humedad relativa es elevada, |a sudoracidn s incre-
mentariz, pero la evaporacién se obstaculizar’a debido a la
elevada presidn del vapar de aguz etmasténico, Ademas coma
al atre tendria Una temperatura mas elevada Que la del cuerpa,
#n ¢aip de gque gl aire se moviera, éste cederia cabor al cuerpo
por convescion independientemnente del calor que tambien se
ganaria por radiacién, En lales circunstancias, seria imposible
disipar el calar earporal credndose Una situacidn sumamente
inetmoda que podria [legar a ser peligrasa 5i continueea par
un tiempo prolongado. Alortunadaments estas situaciones
SON Muy esporadicas y € aire No §& encurntra Sompletamente
saturado, por lo que existe Una evaparacidn minwma,
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T Fr condiciongs promedio, 198 temperaturas que se presen-
tan en la incalidadd v fa elevada humedad relativa impiden la
disipacidn calorifies por conveceion y radiaciéin, en cpnse-
ruencia siendo éstes minimas, |2 evaporacion ¢ Convierte en
I forma e disipacidn potencial de calor, sobre Tods cusndo
bty movimientos de aire que remueven la peliculs de aire sa-
turado gque se forma contlincamente sobre la piel, a conse-
cuencin de la evapotrenspiracion.

Anl, la wennlagian se convierte gn # media mas apropiadao
pard alcanZor ba adopracidpn del metabalismo a las carscter isti-
Cas anibientales humedo-calientes de este tipo de clirnas.

Una vennlacidn adecuada &5 capaz de propomionar una-.

sensacion de enlriamiento al incrementar la evaporacion cuta-
nea, aun cuando la lemperalura del aire sea ligeramenta supe-
rigr 2 la de la piel,

4. VENTILACION EOLICA Y SOLAR

Las construcciones en las zonas calido hamedas deben sa-
tisfacer Ciertos requerimientos tTérmicas. Las frecuentes & in-
tensas Huvias, la elevada humedad, la pequefa oscilation dia-
ria y estacional de la temperatura y la intensa radiacién difusa
imponen condicionss de makima abrigo a la sombra,

El 1echa de las construccianes es el elemento mas impor-
lante ¥ gunoue No es capa? de prodocic enfriamiento alguno,
sf evita ol menos el incremento de la tarmperatura interior res-
P10 3 la extenior, Eslos 1echos deben ser de materiales lige-
ros de muy baja capacidad caloriiica para que no absorban 1a
radiacion solar. Generalmente deben escogerse materiales de
colar clarp gquir auinenten la reflectividad al sol. Debido a las
Huvias, debwn ser impermeaties ¢ con una inclinacion suli-
gienle para ¢l rapido desalojo del agua v preferentemente aca-
nalados, D existic Iejado y techo, debe dejarse un espacio ra-
rotwalale entre ambos v aberturas laterales para evitar conden-

2% P

saciones,” fuvorecer o circulacidn del aire v desalajar. el calor.,
gtumulado. Las paredes deben ser de materiales de baja capa. ©
cidad calerilicay dulgadis, aungue si estan ela sombra de gle- -
rosdurante et dia, cstas pueden ser de malerizles mads compat.
L0% con recubrimiento (el o pinturas exleriores de color clarg,
Debido @ la inlensa lumninosidad (5000 a 7000 cdim? } dque
produce la radiagron difusa en estas zronas, 1as ventanas, a.m-
nue de grandes dimensiones, deben ubicarse de 1al maners
que ofrezcan visibilidad extaraa sdlo B bejas alturas cercanas
al horizanie,
El uso de persianss o de celosias es muy recomendable, ya
que groducen sombras que —-itan desiumbramigntos, Debido
a quela iluminacién interior es de arigen difusa, conviene pins
tar parsdes ¥ techo de coler blango, para que en caso de Que
te presentan grandes nubladas, e luminosidad externa (1 200~
a B0 od/m’ } sea suticiente para que la iluminacidn indirecta
en el intenar sufra rellaxiones moitiples ¥ pueda ser suhicien. ~
118
Las venlanas deben estar orientadas en la direccion de los
vientos predominantes de la localidad {NE), v procurar que las
cortientes de aire circulanies encueniren fa menar resistencia |
de maiida posible. Este puesde iograre mediante celosiag o=
aberturas a sorpventn. En caso de no coincidir la arientatibn
de las ventanas con 'a de los vientos predaminanies, se ngce ~--
sitard recurrir a artificios capaces de desviar el aire de barlo- .
vento. Las persianas de hojas vermicales o aletas mbviles pusden ™"
reqular #5tas desviaciones y aun variar velocidades de entrada
mediante bjuStes en & tamafio de (a5 aberturas, _
De preferencia, la sstruciura de 1os locales deberd estar, 2
una cierla alturs del suelo, 13l que permita la circulacian del °
viento por debajo Jdel pisa, La altura deberd estimarse en LT\ D
citin del tipo de vegetagibn predominante a nivel del suele, ya~ -
que écts puede producir Iricciones impoarantes gue reduz;:an&- 1
considerablemente 14 yvetocidad del viento,

i
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Como se menciond anteriormente, en lag horas de mayar
a30feamiento, la velpodad del vienta es mimma o {rancamen.
te eaitlen calmat. Estoimplica el emplec de sislemas de venLi-
Tacidn que, =0 el Casd Que nos inleresa, deberdn opecar aprove-
chardn b grergia del sal,

Lin sislema muy interesante di ventilacion y acondiciona
mignto de aire que ha sido estudiada para 2onas Pomedo ca-
lertes, 0y el de ba Fig, 13, S5e le considera como unsis1ema sg-
1ar pasiv@ de climatizacidn, por o incluir ningun dispositivo
vlctramitunico, Su luncionamiento se basa en &l “gfecio chi-
menes’ o de teimasifon, Este consiste en la circuacién par
conveccion natural del aire, Que se calienta por efecto inverna
derg en el espacio vertical comprendido entre la cubiers me-
tdhica ennegrecida v el videio. Durante 12 mafana penelra &l
aite hdmede calipnie Gue ¢t deshumiditicads por el contacio
con el matenal desecanle [silica-gel] ¥, en consecuencid, ¢ ca-
hignta. Al gircular por el humiddicador inferior se enfr i3 pene
trando al interinr coma alre fresco, Camo por la mafana el ol
calienta |3 fachada #3418, seca ¥ regenera el matanal desecantes
que quedd homegecoido [a tarde anigqiar, cuanda ¢l sol calen-
taba la facnada oeite ¥ circulaba &t aire en sealido inverso al
Malgling,

Dratortunadamente, et calentamiento de las tachadas et
poco eliente 3 anos que sea por captacibn de radgiacion dis
fec1a, 13 cual na es abundantie gn 1as regianes tropicsles hipne.
do-cdientes. Aunque 8 radiacidn difusa es Cuantioss &n estas
10nay, su natwraleza mullidirecckonal impasibilita su congen-
tragion hacia cuaiguier superticie, particularmante las verlica-
les o inclinadas, Esto repercute en un funcionamiento defi-
ciente del stema al noe circutar efectivamente el aire gue s
suceiona dewde alguna de las fachadas, S5e ba comprobado que
este sislerma funciana sGle cuande 1a radsacidn difecta es im-
portanta y la humedad no es demasiado alta, 5i esto dltima
ocurre, el material desecan!e puede saturarse rapidamente,

Aungue eyie sislema ha sido disefiade para las 2onas calien-
Les y humedas, s« ha comprobado 1ambién que &n ausencia
de sy liciente radiacidn soiar para activar 2l fendmeno de Ter-
mocirculacddn del aire, el efecto aislante de las paredes v 1a
estabilidad de! aire &n el interior eleva la temperatucs del re-
cinto.

Podria cuestionars® entonces el pargué se ha descrito el sis-
temy de Climeatizacidn anterior, sin émbargo Moy poco 18 ha
hecho hasla la fecha en esie campo para 20nas humedo calien-
185 ¢ ¢l ejemplo citado et una de 105 mas interesantes que,
medianie mejoras de disefio, poede optimizarse. Aungue Exis-
wen fwchoy disedos similares basados en 13 termocirculacion
tel gire efre paredes que también producen una cirealscibn
cruzada, £510% no incluyen 13 deshumidificacian ¥ humidifica-
cian del «'re, por lo que en mi opinidn, &t sistama dels Fig, 13
v £l mas enmpleto al respecto y representa un ejempho digno
de mencionarse par su signilicacién,

(iasandmne en lgs regquerimientos de disefo v ventilacian
de 13 localidad seleccionada, propongo un sistema de climati-
1ocin edlicoanlar para ser aplicado a escuelas, v el que, coma
st Cganiolla a continuacion, esta en posibilidad de cresr con:
dicignes de conlorn térmico para 104 alumnos bajo las condi-
ciones climatoldoicas imperantes en 13 Incalidad,

La Fig. 14 muesira le que podria ser una #scuela de varias
aulas con CaracIeristiCas tales Que Gerpilan asequrar ol 1eque
timienies de wentitacian en condiciones extremas. Como e
analizo anleriormente, éxtas sarian satisfechas con un Movi-
mienip det aie a razdn de 1 mfseg A esta velooidad v con
und humedad relagi-2 entre £ 70 v B% se pueds compensar
un gumenio de la temperalurs ambiente de 5°C por encimas
de la rona de conlon [diagrama bioclimatico),

Eniales condiciones 1os requerimientlos de ventilacién pue
den delinirig, yva sea en Tuncidn de la velooidad del wre o en
luneidn volumélricd del Ndmero de cambios da aire e ciaro
vempo. El suminislio de aire tresco a bag sylas remouera =l
b= ido de carbona liberadg en la respiracitn, disipard los ma-
Igs olores de wn aire viciado y pxogenars el volumen involucras
do. Seponiendo que ¢l techo v 1as paredes estan a |a tempera.
tura ambienle y, €N CONSECUEncia, no radisn en excesg, pera
calcular los requerimientos de ventilacidn en cada auls hatwd .
que considerar fundamentalmenta las tiguienies luentes de
calor:

o Ganancis de {lujo calarrfice 3 vavés de aberguras o venta.

nas 10R!
O Flujo calarifico metabdlico liberado por los ghumnoy ()

Suponiendao una ganantia de calor 3 través (e las venaitas y :
cMosias [aterales e 50 W/m?, el dres de las fachadas Isternles’
125 mx 10m x 2 =50 m?) arrojs uns ganancis de:

On = 50 x 50m® = 2500 W
m

Por ctro lads, el calor metabdlico liberado por un niflc de
aproximadamente 35 a 40 Kpg querealiza trabajo de escritofio -
e: de alrededor de 90 a 95 W/m® | Comg el drea du la piel de
un nino {de 35 a 40 Kg) es de aproximadamente 1 m?, &n un
salén cgn 35 nifios, Gy SEFd ANONCes; :

Om = 35m? x 95— = 3325 W
m

El flujo de calor total que habrid que remover del seldn de
ctases ag serd de SB35 W,

Mediante la retacian:
Or = CyWNAT
donde;
Gy = calor especifico det aire [Vl cte.! = 0.36 W h/m”°C
valumen del salan 1125 m*)

B 2 pimero de cambios de aire necesdrios por cida hora

diferencia de temperaturas {interigr-exiericr),

AT

Se tiene que &l nUmera de cambias de aire requeridos pare
una AT extremna de 10°C, es de : 12.9 cambios/hora, Que para
un volumen de 125 m*, representan : 1612 m? /h.

Si las dimensiones aproximada del Lecho del taibn, que er
esim caso haria las veCes de un calentados swolar Cp e que par'®
clogto 1ermosifan succiondr i aire dal intariar, fusran las que
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se muestran en la Fig. 14, ul getto de sire caliente a la salida
. de cada lado del colector sariz:

G =vA

donde:

v &5 |8 velocided de salida det pire calignte y

T A es el area de la seccién rectenguiar de salida del alre ca-
liente

Si la velocidad del aira fuera, conservadoramente, de 0.5
mfseq., para unb seccion de M b m?, s tendria que G secia de
.25 m?/seq, 0 s#a 900 m*/n. En ambos lados evacuaria un
“yolumen de aire del interior equivalante a 1 B00 m? /h, con lo

" cual s& rebasaria ¢l raguerimignte de 1612 m'/h. El colecior
_ salar proparcionaria 12 cambios por hore.

Sin desear entrar en especHicaciones ni cdtoulos detalladas
de disafia del colector sclar, ol gjempio dessrrollado Liene |
intencian de mostrar objetivaments [n potencialicl sl de un sis-
tema de ventilacién que seria econdmicamente factible de im-
plantar en escuelas. Los materisies emplesdot en el colectors
son facilmente asequibles: liming reglocids scanalada, dmina
metdlica galvanizada pinteds por ambos lados de negro mate,
plafan de macers recubierto #n wu parte peults con papel 2l
minio.

Para consweguir o maximo stoleamignto posible en la loca-
lidad durante el afia y al miymo lismpo apravechar los vientos
predominanies, s» escogid la orientacibn del edificio con eje

- meyar en la direccién este-aeste. Oebido » gue la direccién
del viento predorminante =n lalocalidad ¢1 NE, Ins ventilas ver-
ticales a barlovento de l& fachads nore, aparecen en a figura
crientadas hacia #l NE, reduciéndose 550 1a friccidn dal aire v
favoreciendo su pasg sl intarior S lus Auiss,

Con cbjeto de favorecer la salids dul aire & totavento, ta fa-
chada sur consiste en celosiss amplias. E| nlerp ds asta fachada
evita el aspleamianto directo en Ios moses de enero, febrerp,
marzo, abril; agosto, septiembre, octubre, noviembre y di
ciembre. Las Figs. 9, 15 v 16 muestran [as grificas sotares gque
sirven de base a este coso pacliculsr, #n gue I3 focatidad se en
cuentraa 20" de latitud norte. Se ha craido convenianta angxar
las tablas horarfas de la allura y acimut horaric de e trayecta-
ria mensual promedio del sol sobre #l harizonte » 'a misma la-
titud [ Tablas VI v IX),

El disefio del calecior, ssf eomo 10 orienteclén, inctinacién

_v dimensiones, los be realizado en funclén de loy datos clima-
tolégicos detallades antarigrmants ¥ tobre la base de mis ex-
periencias personales,

CONCLUSION

Este trabajo muestra ta factiblifdad de Imptamasion de sis-

" temay pasives-de climatizacion edlicosolares para satisfacer
requerimientos de confort térmico en Tonas himede- 1ropica:
les. El autor agradecerd hos comentarics que s¢ deriven af res-
pecto y plantes fa pasibilidad de ssmorin y discusidn sebre los
temas tratados #n este artfoule a rodos squslics intaresagos
-en el aprovechamienia de fa anergfw solar y edlica, no s4lo en

. elimas hamedo-tropicales, sino an cunlguiar otra caracieristico

de Latincamérica, drea del Caribe y atras sonas del mundo,
cuyos climas y problemitica sean similares,



FIGLIRA 14

Parapectiva de 1s mecotls con ven1lacikdn sdlics soler.
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The Seasoncl Distribution of the Incoming
Solar Radiation in Mexico

Everordn A, Haméndez
Natienal Uaiversity of Mexico
Ceontro de Investigacién de Matericles
Apartado Postal 70-360
Maxicao 20, D, F,

Abstroct

This papar shaws the seasonal distribution of the mean daily sotar global
radiation in Maxico obtained by the author’s results of a related poper, and com-
pares it with the seasonal distribution of the incoming solor rediation for the northern
hemisphere obtained by Lewis and Londan,

Excasses of global rediation were found: +29% in spring, +21% In sum-
met, +33% in avtumn, ond 41% 1n winter, with rezpect to the whole hemisphere,
Within the latitudingl balt In which Mexico is located, the computed latitudinal
seasonal distribution of gicbal rediation 15 In good agreement with the correspending
averoged measursd valver,

Introductiaon

In o related popert a method for the evaluation of the regional global
radiation has been proposed by the cuthor. This mathod permitted to know the dis-
tribution of inswlation in Mexico. The monthly and ennwol mean daily values have
been obtalned for 117 regions covering tha whole country, Mevertheless, some~
times it is more suitable and sipnificant to represent this distribution seasonally.
This situation arises secially when the components of the radiative budget of the
sorth=otmosphera system are sfudied. Particularly global radiation becomes of out-
standing impartance for the energy-balanca of the whole planet, because it repre-
sents the solar radiation reoching the sarth's surface in direct or diffuse form. The
first orrives along the solar beom whiie the latter is scattered downward by the o=
maspheric components or transimitied downward through the clowds,
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Seaona| Global Rodiation

Asids frum the mtmonomicol and geographical poramaters detemining the
sogsonal distributian of the incoming extraterrestral rodiation reaching the top of
the atmesphere® other parameters are necessary in onder #o koow the solar radiation
distribution on the surface of the sarth, Under cloudlens conditions, the following
phenomenag must be considered: wattering by dry air molecules, water vaper, and
aerowls (interphase particles); absarption by atmospheric gases such o3 water vapor,
carban dioxide, end azone; absorption by atmospheric aerosols with very complex
oborption spectra. These phenamena concem both the diract baam and the down-
ward scattered rodlation, The global aftenuation effect under cleor and clowdless
conditions gives penerally the following percentoges of exiraterrastrol rodiation:
combined reflection and abmorption reach 20% (4% of wcottared and diffused reflece
tian + 14% of absarption by moleculas, dust ond aerosols).

in this case appraximataly B0% reaches the ground., Under cloudless con
ditlons the attenvetion resul ﬂng from scattering, absorption ond reflection by water
droplets, ond eventually by ice crystals, must be added,

This cloud seflsction can account for a direct reflection into space of
about 30 ko 60% of the incoming rodiotion, with maximum values of tha order of
73% for Nimbostratus clowds, as Hourwitz*remarks; the cloud gbsorption parcentage
ranges betwoen 2% to 20% depending on the density and depth of the cloud. The
combinad effact could produce a depletion of chout 20 % B0% and in the worst
cloudy sonditions fr is possibla that anly less than 5% recches the sarth's surface.

A study of the radtative heat budget on the northerm hemisphere carried
out by J. London shows the genaral distribution of the Incoming rudiuﬂnn n cal
em day , shownloTablel,

Valuet [n Toble | were computed following the r.u:tnmur).r climatelogical
critaria that consbt of dividing sach season of the yeor in' a three—month period, of

follown:
Soring:  March=April=pMaoy
Summer:  June~July-August
Auvtumn:  September-CeicbarMNovember
Winter:  Dacember=January-F ebruary

) Under tha same critoria, the secsona! mean daily plobal radiation values
were computed by uslng the data obtained by the author in ref, 1. The results are
shown In Figs, 1, 2, 3ond 4.

An axaomination of the maops shows that thu highest mead doily volues occur
durlnn the summar, followed by those that oceur during spring, avtumn, and winter,
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Table |
tiuming rudluﬂ Spring  Summer \ Autumn Winter Ananual
Insalation at tap of atmasphere 835 929 L 611 20 720
Absorption in the atmosphere
By ozone 23 z 14 14 20
By water vaper and dust g8 V32 . B2 &3 94
By clouds 14 14 i1.10 7 12
Total absorption 13 176 floy 86 125
Reflection and scattering
back to space
by atmasphere 53 69 49
By clouds 203 233 174
Toha! raflection bafore
reaching the earth's srface 254 302 273
Total reaching the sarth's
surface 445 451 a2
Tuble 11
Maximum Region Minimum
cal. em~2day™] cul.cm'zdny"1
Spting 662 San Luls de | 421 - O
Loma, Gro. : 'N 975 1'W
17°10tN, 100°54'W ,
Summer 684 San Javier, B.C.S. 351 T w*’x Vén, Oox.
259511, 1119351W, v '-\iﬁ_"ﬂé'w.
Autumn 503 Cerro Giganta,B,C. 5. 269 C '!:ﬂmlﬂl-‘ﬁ‘;,_'_\f:r.
260100N, 111°35'W ' W
' RN
Winter 5N San Luis da 1 262 ) Ilﬂmﬂfﬂh Tﬂﬁ\g«"
Loma, Gro. o520, 97731
17°10/N, 100%54'W R NG

J;f..r

o

T
f;’m’
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Tha variation range of the computed values can be observed on Table 11,

Although the ’nfghnf regional values wers found during the summer, the
overall country maximum msan dally values computed for each season can ba seen
from Table (I} In¢ol, cm=2 day =1,

Table 11§

Spring  Summer Avtuma  Wintar
575 S45 420 380

The ratics of the above results o the corresponding seasonal values of
tha whole hemlsphere {Tobie |} gives the following values. Spring: 1,22, Summer:
1.21, Avrwmn; 1,33, Winter 1,41, annual 1,31

Conclusions

The annua! avarage of the global radiation' incident over Mexico is 31
percant greqter than that of the whole hemisphera. From Table il1-it can be seen
that rhe magnitudes of the averall country-mean daily values, follow the same se-
quance o5 Hhe sacsans of the year. This can be explained considering the hemisphe -
rical cloud cover distribution which mdlrectly enters ip tha latitudinal aad seasonal
distelbution of atmospherlc ramsmissfon given by Lewis and extended by J. London
Fig, {5}

Although Flg. {5) represents a langituding! averaga of the seasanal lati=
tudinal distributlan of global rodiation, the order of magnitude of the seasonal
valuss within the balt In whigh Mexica }ias 149 J0I1N, to 320 42/MN, follows the
same sadsonal wquanca ot Table 1l Figure § alse shows o moximum fransmissivity
in tha subtreplcal belt. This meximum shifts northward during summer and south -
ward during winter, This 1o why during summar the north of Mexico 'lying on the
swhiroplcal zone shows tha maximum seasonal values, and the southarn part of
Maxlco shows i3 minimum seasonnl values during this saasen whan the cloodiness
raaches Tn this zone I annusl maximum,

Finally it can be said that the 31% excass anIr.:I-bnl radiation in Mexico
with respect to the whole hemlsphera is o direct consequance of its latitudlinal lo=-
;a;lnn, in which almost the whole year the sun's alewrion: remains high ul'mw

2
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ANALISTS [E VYARIOS METODOS PARA LA EVALUACION
I'E LA RADIACION SOLAR GLOBAL

‘Everardo Hernindez,
Gerardo Durazo.

Centra de Investipacidn de Materiales
Uriversidad Naclional Auténoma de Méxrico
Apartado Postal 70-360 Méxiee 20, D. F.

c

fuantiticacitén de la Radiacidn Global en funcidn_de datos

nelivcrolonieoy, .

-

E1 aprovechamiznta racicnal de la radiacidn solar, precisa de
; voldcintente previe de la intensidad de la radiacifn ineci-

Lty e Lot loecasidad en cusestidn.
b

L Fopos mas precisa de cuantificar la radiacidn polar es in-
wewwutiblumente la piranométrica, Sin embargo, ante la esca-
sey dw uSte Lipo de daros, se hace indispensable recurrin 2
ronmutaciones tedricas, que ante 1la alearcreicad de los pard
nmetTros, invelucrados, no represgntan sing meras . eproximacic -
nea, . No ebstante, algunas de estas formulaciones resultan

Daﬁtanté prémiaaﬁ, sobre todo cuando en ellas intervienen pa-
ngmetroe cuyas mediciones han sido confiables, continuas y ex -

TETIZ4B

Tntre las diversas formulazciones existentes destacan las de
=] . "4 '
Angsrrdm, Xcndpatyev, Savinov v recientemente lasde Reddy y
Sathagh, Sayigh y El Salam, '

Los tres Gltimes autores, han desarrcllado un método empirpico
de tipo exponencial que correlaciona la intensidad de radia -
cion solar, horas de brillo solar (duracidn de la insclacibn)
funsdad ‘relativa, temperatura méxima, latitud y altirud del
lugar., Scgln los autores de esta fdérmula, la radiacidn solarp
apual puede estimapse con una aproximacidn del + 5% sobre da-
"toS regisirades por aparatos de medicién {1} Ante la preci -
8i10n de este mEtodo, resulta interesante aplicarleo a ciertas
localidades del pais cuyas caracteristicas climatoldgicas son
semgjantes 4 las eatudiadas por ellos, &sto es, en zonas sub-
tropicales,
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Los papimetros in/olugrados en la férmula pueden ser caloula %
dos tédéhicamente Lo cual implica un cierte pgrado de incepti-
dumbre en los resultados, debido a la alcatoreidad de los com

ponentas atmosféricos gque intervienen en el modela. Preferen
temente estos parimetros deben ser tomadgs de registros cuﬁ- ' N
Tinyos, tomados durante prolengados periodDS'io cual perpite ?%ﬂ
utilizarlos para estudias estadisticos.:

Mientras que para aigunoﬁ invegtigadores como ;ngstrﬁm, Biack,
GGlover & McCullock, Sabbagh-Sayigh y El-Salam utilizan las
horas de insolacidn para estimar la radiacidén solar media;
luil & Jardan, Bennet, Mateer, Krith, Sharma £ Pal y Whillier
utilizan otros parlmetros meteoroldgicos; Reddy y otros auto
‘res obtienen la [Srmmula correspondiente utilizando horas de

- insplacidn, humedad relativa y temperatura media. Reddy su-
giere utilizar ¢n otra formulacidn nimero de dias con lluvia,
horas de insolacién y un factor que depenﬁeide la latitud y- -
la altitud. Swartman y Ogunlade por su parte utilizan la hu-
medad relativa y laa horas de insolacién,

Para estahlecer una férmula empirica que estiﬁg 1s radiacibn
aolar incidente aobre la superficie terrestre, es nhcesdpia
considerar los faastores que afectan esta radiacibn desde su : ;
llagada -a la payte.supepior de la atmdsfera hasta que ipcide
‘sohiprg 1a'supepfi¢id de ia tievra, Un faector que no es fré.:
cuentamante nﬁalizgda €s el gorrespondiente a la temperatura
dei aire, Las variéciones de la temperatura del aire no estén
diregtamante relagionadas con la prediccifn de la radiacidn
uo}ap;Lparo come BEe puede observar en las Figuras (1) y {2};
su patrén de distribucién es similar al de la pradiacién glo-
‘bal piengdo al misme tiempo antisimétrica al patrén de.1la hu-
medad relativa. la temperatura del aire es un factor impor-
tante en la cantidad de vapor de agua y agua existente en la '
atmbgfera, los cua}eé son Importantes elementos atenuadores

di# Ja radiacidn solar,

Ensayo de formulaciones empiricas que inecluyen factores meteo-—
roligicas, o

Entre lap ecuaciones empiricas propuestas por difepentes au- .



A 33
tores ¥ que relacionan. pardmetros metecroldgicos con la radia
cidn solar ingidente ep 1a superficie terrestre, s< 'escogib
la da Sabbag-Sayigh y?ﬁl~5alam{1] la cual se expresa-como gi-

gue .

N ol
QzﬂkEalLa (blﬁb+cch+d1td] l"!*---ro--rt-:_i (1) -

.Y

t a T -.":
donde. a, aqy B4, ¢4 ¥y dy son coeflclentes é,

Y a, b, c y d Boun factores.

es el Angylo de 1at1tud en radianes. . '

es la insolacién afectlva ;i

es la humedad relﬂtxva.

e5 la temperatura mixima del aire.
! -

ef unp factopr de latitud ¥ altitud.
i,

& o = O -

El método que Buglaran Jos autores -apoyado en un prcgrama de
cemputadara- cnna;sti& en ajustar la férmula (1) gon los da-
tos meteoroldgicos, d;ﬁponlhles en cada eatacidn estudiada.
Los valorea reportadqa da los coeficientes 'y de los-factores

CTS enliﬁtan en la Tabla I.

ik
'TABLA I _ 3
Factores o . . _ _ ! '
geeficientes 8 b © d a4 D4 Cq dy. @
Valoree L1 13 -1 1 17 -1 - -1 1.530 .

El valor de a fué también obtenido con un programa d€ computa - .

dora  para cada estacibn, | : it
Z

el
El promegdio de los valores de o caleulado de los valopres oh- _
tenidpes len trece lccalldades de la Peninsula ﬁrablga resultd ";i
sepr de 1,530 y los autores sugieren aplicarlo 1nd15¢1ntamente' ’

an cualquler logalidad, - e

)
-,

., .
Sustituyende los valores obtenidos de los coaficientes y de
los factores en la fOrmula (1) se obticne que: . o
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intaau k‘IL (D_VR-ifT LEN RN DI I B R T L L I | {2]
) Rara gnalizar al grado de aproximacidn de esta férmula, es ne
gesapio contar con suficientes datos da los pardmetros que in

tervienen en ella, Los lugares escogidos en México para 1os
que s& epcontraron datos suficientes son Chihuahua y México,
D, F. o ' '

El praimer prubiema que Be presantd en el estudio de la fbérmu-
13,(2) fué el cllgule del factor 'k, Sabbagh, Sayigh y El-Sa-
lam sugieren utilizar una relacidn propuesta por 5. Jeevanan-
da Reddy{2} y que ﬁuede expresarse de 1a'§iguiente manara:

k # (AN ¥ yj§ cos ¢) 107 cal cm.”’ aia.

donde :

¢ es la latitud del lugar { en gradcs),

A 0.2/1 + 0,1 0 (factor de latitud}.

N . duracibn astropdmica de la insolacidn.

pij facter estacional { i=1,2 tal que i=1, se utiliza para

" estacipnes continentales localizadas lejos de-la costa.

e is2 se utiliza para estaciones costeras. j varia de 1.a 12
dnn@a j-repﬁeaanta #1 mes del ano. ' La Yi4 ge utiliza de
aguerdo a'les datos ;adua en la Tabla TI.

- TABLA II -
e Factor de variacibn estacicnal para el Hemisferio Norte

Ene Feb Mar Abr May Jun Jul Ago Sep Oct  Nov. Dic

bg: 1,20 1.38- 1.54 1,77 2,08 2,30 2.48 2.41 2,36 1.73 1,38 1.1Y

g5 1,48 1,77 .2,06 2,15 2,05 2,05 2,10 2.17 2,14 1.96 1.60 1.43

El valop de N fué tomado de la serie de datos previamente cal
culade por E. Herndndez{3},

Debido A& que al aplicap la f6rmula (2) con los valores obte~
nidos de k, ge obtuvieron valores de radiacidn global muy di
ferentes a leos registrades con pirandmetros, la k t.vo que

- Ger avaluada mediante otro método, Fste método. consiste an
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dietipejar la k de la Ebpmula (2) aprovechando gue para los
adts 1967-1972 (Chihuahua y 1927-1937 (M&xico,D.T,} existen
toedos lou pardmetros que intervienen en esta férmula, La ex
pregifin que Be obtliene €8 la suipuiente:

Q :
K = o - PR R R R I NI B A I I {3}

1,510 gL(B - /R - 1/t

Les valoreg de Q, para {hihuahua, fueron tomados de los datos
reportados por el Instituto de 3eofisica de la U.N.A.H.{u}

Los valores de 5, para Chihuahua, fueron tomados de los datos
reportados por el Instituto de Geofisica de la U.N,A,.HM.{5)

Log valores de los pardmetros restantes fueron tomadosa de los
datos reportados por el:Sepvicio Meteorclégico Mexicano.

Los .valoras obtenjidos del factor k para la localidad de Chi-
huahua ¢ muestran en la Tabla III y para Méxice, D.F. en
la Tabla IV, '

Haciende upa comparacidn de los valores de k abtenidos  por
medic de la expresidn de Reddy y por medic de la férmula (3),
BE ohserva qua’ existe mucha difepencia entre ellos. FPor con
@iguiente ae efectud el cociente ky/ky (kq: Reddy, Ky: férmu
1a'{5} gon el fin de analizar la existencia de alguna depen-
dancia entre ambas constantes).

Loa resultados del cociente kq/ky se muestran en las mismas
Tablag III y IV, En las Figuras (1) y {(2), pueden observar
se 10§ @entornas de los patrones de distribucidén dal promediao .
de padiacifn mensual real (Q); del promedio de humedad relati
va {R); promedio mensual de la temperatura. maxima extrema
(t); y del prqmédio mensual de las horas de insoclacidn (rela
tivag a 172 hqrasi (D).

. . .
Ersayo de las formulaciones de Angstrim,

' a
Escencialmente el método de Angstrdm{6}! consiste en emplear
5
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la férmula empirica:

uﬁmm

Q=7 [ a+b O] (4)
donde:

7 es el promedio de la radiacibfn global real (la que llega
a la superficie de la tierra considerando los efectos de
nuboaidad, turbidez, ete,)

Q, s la radiacidn global mixima (la que llega a la superfi-
cie terresStre en un dia completamente despejado y limpio)

v

es la duracidn de la insolacidn real (el tiempe en el cual
el sol ilumina directamente tomande en cuenta las disminu-
ciones en tiempo que pudieran ocurrir por la presencila de
nubes y efectos topogrificos),

S¢ ©8 la duracidén de la insolacién mixima (la que puede espe
rarse en un dia completamente despejado y limpio}.

a¥ b son constantaa que se determlnan de acuerdc al siguiente
criteric:

1y 51 § = 0, entoncest Q= a Q,3 tal que al efectuarse el co-
cienta da Q {cielo completamente cubierto) y Qg {cielo
completamente despejado} se obtiene el valor de a.

2) - Para § 5 5, entonces: Q = Qg; por lo gque en £ste caso se
tiene: a + b, # 1., Los valores de a y de b se determinan
exparimentalmante y dependen da los periocdos en los cua-
les Q@ ¥ § fueron determinados, Es decir, a y b varfian
con la época del afio ¥ con la localidad.

P, de Brighambaut y G, rLambolay{?] al analizar en miitiples
caspe la padiacidn global media (§) en funcibn de la fracelén
de la ingolacifn media encontraron que la exprasidn de ﬁnES*
trom (4} no es del todo lineal y sugieren reemplazar la expre
86i6n anterior por los valores de la curva que se muestra en
la Figura (3), indicande ademi3s que la presicidn que puede
Ber obtenida ea del 8% o aln mayor (dependiendo de la conti-
nuidad ¥ extensidn del acopic de datos y registros de que se
disponga),
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Fntre las dificultades que se encuentran al utilizar 14 ex %

a
presidn de Angstrdm destacan las dos siguientes:

al

b}

La definicibn de insolacién es ambifgua. Algunos autores

congideran a éo come la duracidn astrondmica de la insc-
1aci5n, epto 2%, el tTiempo transcurrido entre la salida y
puesta del gel; otros la ftoeman como el tiempo transcurri-
do entre la salida y puesta del sol, tomando en cuénta leos
factores topogrificos de la localidad en cuestidn; Final-
ménte, otros autores aceptan el valor de 5, como el tiem-
po miAximo de insSolacibn repgistrade por algin helibdgrafo -
8N un dia ﬁerféctamente despejado y limpie, La Gltima dé
finicidn depende del umbral de sensibilidad del instrumen
to, Es por €s5to que algunos autores sugieren hacer, correc
ciones aditivas a los registros de horas de insolacidn
partiendo dal hecho que leos helidgrafos no registran se-
flal alguna cuando la intensidad de la radiacidn solar es

menor que ciepto valor critico.

El valor preciso de Q, no puede ser determinado en luga-
res dnﬁdé-na'qxiaten mediciones pirheliométricas. Algu-
nes investigadores recomiendan que en los lugares donde
s¢ dispongan de datos de radiacién, se tome el valor de
Qs como qllprohedia (mensual durante varios afnos) de la
radiacién mAxima registrada {piranométricamente). Otros
auteores sugiepen para simplificar el problema, tomar di-
rectamante, al valor de rla radiacidén solar extraterreatre,
aunque esto modifica sensiblemente los valores de las
constantes a y b, §i 8 = 0, al efectuar el cociente: a=
Q/Qy, a tendri un valor mayor cuando Qp Yeprasente la ra
diacifn mixima en un dia despajado.

No cbetante lae dos dificultades antes citadas, tanto la egua

: . o .. i .
cibn original de Angstrdm como algunas otras que e derivan

de’'ella ¥ ques contienen ligeras varjantes gque deﬁgﬁden de la

disponibilidad de los datos necesarios para emplearla, han

resultado ser en general bastante aceptables para el caleulc

de la radiacién global Q. Se ha encontrado tambi&n a lo lar

go de miltiples estudios afectuados por 'un sinmémero de inves

9
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:tlgadores, que los- resultados de (0 obtenidos mediante ecuacio
N4 8 dﬂl tipa !‘mgstr'om son las que mis se aproximan a los da -
tos piranométricos, aungue como ha podido constatarse en incon
tables ocasiones, no 5€ concce con certeza la precisidn misma
de estos datos ya que ha sucedido gue al) hacer mediclones si
"multéneas de Q con ingtrumenta de¢ diferente marca, los valo-
‘'res obtenidos difieren entre si hasta en un 1% o 20% ain en
los .casos en que dichos instrumentos hayan sido reclentemen-
Te calibrados, Esta diferencia de resultados es la que bﬁigi
nd la suspensién del funcionamiento de docenas de pirandmetros
de la red que operaba en los Estados Unidos de Norteamérica .
hasta hage apenas unos cuanteos afios,

Un mé&tcdo que permite evaluar a Q con bastante aprox1mae1nn ¥
que tamhi€n sq basa en la ecuacibn de Angstrom, es el desarro
1llg prn E, Herndndez{3} el cual en sustitucidn de los datos
de .ipsolacidn de superficie, utiliza la duracién de la inso-
lacién ebtanida ;_partir del andlisis de la distribucidn da
la ﬁubnsidad'npﬁaruada por satélites metecrolbgicos. La desg
eripeidn’ fompleta 'del método pueds observarse del diagrama:
da la Figura (4. .

QB -pegultadas .obtenidos al aplicar este m&todo mostraron una
diferencis del 6% anual con respecto & la serie casi completa
de datos piranométricos del perfodo 196%9-71, medidos en la
Ciudad;pnivensitaria de México, D, F. ¥ reportados en la Re-
fereneia {4}, En.otras lecalidades colindantes con los’ Eata
dos -Ynjdos de Norteamérica, donde no se contd con series com
Fletas de &atqg pirancmétricos, los resultados de Q fueron
.cnmparad?s cﬁq los valores reportados por Bennett {84 La di
farencla gncontrada eptre Brownsville, Tex, (E.U. ) y Matamg
raa, Tam, {M&x,) fué de #6lo 1.5% sobre el valor medio anual
de.Q,. Para las localidades de Yuma, Ariz. (E.U.} y Hexicali,
H,Q.N. (MEx.) la diferencia fué de sdlo 2.5% aunque. estas lo
ca;idades se encuentran un poco Mas Separadas.

Conclusiones.

-Pe los dos métodos estudiados para determinar la radiacidn
gaubal, ¢l de Angstrdm presenta la ventaja.de incluir a la
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duracifin real de la ingolacién la cual puede ser facilmente
registrada hEllch&flcamEnte Por su parte la formulacidn de -
Sabbagh, Sayigh'y El-Salam auﬁque contiene parémetros meteoro
16gicos de fdeilld medlclon, presenta el ipconvaniente mismo del
nimeroc de datos qua ef preciso considerar, Mientras que en
gl primer caso sble 8 necegario controlar el fegiStrG de la
duracidn de la insolacidn, en el segundo el problema se com-
plica, ya que e£& necesaric controlar con la presicidn reque-
rida- un nimero mayeor de par&metpos que aunque son datos de f&
eil adqulslclon, introducen una mayor incertidumbre, sobre to
do 81 no son datos suficientemente confiables, ya gque en este
caso, los datos metecroldgicos invelucrados en lugar de repre
Béntar una ventaja, se convierten en una desventaja,

En MExico se cuunta con la informacién casi continua de mu -
chpa de los principales -elementos metecrnldgicos sobre una
red que pusede considerarse extensa.

Log datos heliggrificos aungque escasos, resuitaron, sin lugar
a .dudas, ser.mids convenientes para los propdsites requeridos
en un estudio de este tipo, ya que aungue Eolamentg.ﬂé dispu-
80 de unaj-guantas estacipgnes, su continuidad, volumen, asgi
oomo ‘el mantenimiente suministpade 2 los helibgrafos en les
penfodos cempréndidaa,_permiten'asignarles una mayor.confia-.
bilidad, ' *

'8in ‘embargo, es negapario hacep notar que algunos mitodos da
-evaluacibn QElia radiacién solar global que incluyen funda -
mehtalmeﬁtexdatos meteopoldgicos han mostrado tener bastante
aproximagibn, por 1p que 51 en el pais en cuestidn se dispone
del acopig suficiente de datos meteorolbgicos con -la calidad
neqﬁapida, estay farmulaciones seguramente reportarian resul

tadpa 'importantes,

De -laos regultados obtenides en éste trabajo se aconseja que

en ausencia de datos de insolacidn se recurra a las ap}nximg

clones, basadas en la fotointerpretacifn de la nubosidad re-

gigtrada. y transmitida por satdlites meteorolfigicos, que aun

que pudieran cubpir un periodo muy corto de tiempo, son datos
)
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continuos y su distribucién repular (sobre una gran extensién
territorlal) es importante puesto que permite localizar de ma
nera precisa la posicidn de las isolineas de radiacidn global.
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TABLA ITI
Valores de k para Chihuahua

Mes kq kg ka/kq
TAUTo 165 . 266,50 1.62
fabrore 17 288,02 1,63
I'arzo 1949 313,14 1.TC
Abril 219 369.26 1-59‘
lnve 247 308,50 1.62
Turde 271 416.26 1.54
" 285 . 412.67 l.44
it 271 368,95 1,33
AP 269 344.84 1.28
D thyy 200 322,67 1.54
- e L 250,60 1.44
beienlre 154 20 .43 1.66

TABLA 1V

Yalores de k para México, D. F,

Fnoara - 191 260.41 1.35
Pabrora 2 332.55 - 1.6l
Mapzo 206 358.13 .53
Abril 253 366G, 3 1.45
Kayo 283 353.66 1.25
Junio Ein 360,81 1.0
Julia 37% 3BT nLan
rmonto 314 A26.50 LD
aptiombpn e . 2E%.00 3,0
Ootubry Tt 280,11 1.1
Hovianbro 204 275.03 1,1%

T A yrhan 1 LT 2L IR
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ON THE DETERMINATTION OF THE OPTIMUM SITE 1IN HKEXICO
FOR AN THTERNATIONAL SOLAR ENERGY EXPERIMENTAL CENTER

L. Hernandez, G. Best, E. Hayer -
Centr'e de Inveatigacifn de Materiales
Univergidad Hacicnal Autfnoma de Mé&xico

Apdo. Fostal 70-350,

ABSTRACT

Due T0 the neceseity of selecting tha op-
timun logation for the Mexican Solap Enep
Ey Experimental Center, studies werg made
on various podsible sites. These studies
were Oirectsd towards factors such as: in
valation and climatic characteristicg, 13
ving condirions, technical and scientifia
infrastructurs, accesibility and local
apcioagonomic conditions. The short and
long Term ghiectives of this Centar are
alen summarized. . Aftar a closs exAmind =
tion of glebal information, seven places
ware €elected. ThesSe are: La Paz, B.C.5,
Ciudad Juirez. Chih.; Preogresao, Yuc,; Her
mosillo, Son.; Puerts Vallarta, Jal,; Aca
pulca, Gro.; and Durangeo, Dgo. The gity
of La Paz, B.C.5. being the best place for
the 50lar Rapeapch Center which will soon
be establishsd there. [1l

INTRODUCTION

Solar research and development in Mexico

ig carried out at present at Several aca-
demic institutions, among which the most

ipportant ape {2}

The Hatioral University of Maxico (UNAM]

Materials Rasearch Center {C.I.M.)
Engineering Institute {1.1.}
Atmossheriec Sciences Center (CCA)

The Marropulitan University {U,A.H.)

The Electrical Research Inetitute (1,1.E.}
The Center for EeseArch and Advanced 5tu-
dies of the Mational Politechnical Insti-
tute (C.I.E.A.)

The Technological Institute of Monterray
(ITESM]),

The Solar Energy research areas covared by
these institutions are the following:

wWater heatere (domestic and industrial)
Air neaters ldrying)

Water -energy- food relationships

Solar Architecture

Refrigeration

Air conditioning

Celective surfaces

CdS and 5i cells

Solar flux and cloudiness data treatmont

C.U., México 20, D. F.

Solar Ingtrumentation developrment
Water pumping

Most of the saxperimental work has, up 1o
noW, baen carried cout in the area of Mexi-
ce City Where due to atmoapheric pollution,
the ¢limatic and insolation conditions are
by no meang the hest as they were before.
In order to guarantee wither work continui
ty or offer better operation gconditions in
The countpy, it was thersfore conpideresd
neceggary 1o establish a Solar Resaapch
Canter in a lecation which would provide
the best working conditions.

This paper deale with soms of the aspecta
studiad for varicur locations in Mexieo-
«hich re&slted inthe city.of La Paz (Baja
California) being chosen a® the site for
the Sglar Research Center which will soon
be established there.

OBJECTIVES OF THE SOLAR RESEARCH CENTER

Table I summarizes the short and leong term
objectives of the Solar Research Center.As
nan be seen, the Center ¥Will coordinate re
cearch activities and will carry out SPecl
tic work as well as supporting activities
at other institutions. It will also serve
a an experimental station for long term
testing ©f new Jdevelopments and will esta-
Llish research agreements with national
and internarional institutions.

CRITERIA FOR THE SELECTION OF THE STTE

The pain criteria uged in order to select
the pprioum site for the Solar Resgarch
fenter were the following:
Insolation and climatic characteristics
Living conditions
Technical and scientifiec infrastpucture
Accesibility
Local socicescnomic factors

THSOLATION AWD CLIMATIC CHARACTERISTICS

Since the best insclated areas of the world
are those located hetween the latitudinal
belts of 15%=-35°N, and 159-35°%5., this
means that the gecgraphical situation of
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Mexico lwcomes Excellent. The annual dis
tribytion of insclation in Mexico ‘can be™
S5ynthedized from reporte published by Her
nandaz (3), {(ul. An examinatien of Fi -
gure 1 showing the annual distribution of
#lcbal radiation in Mexico will axplain
why Hexico has been called “for go long
time Country of the Sun. It can be easily
distinpguished that although the entire
country has favourable inaglation condi -
tigns, there are several regions eapecial
1y suituble for solar energy technological
rvdparch. These regions are those with
values higher than 500 cal, em~® gay-'. It
13 & well known fact that the zonas of
highest annual insclation are alsp those
Where the great desert zonegs of the #arth
arw fgund. The corresponding arid zones
0t Mewico can be seen {rom Fipure 2. Both
arid apd remd-arid rones make up about

“1% of the entire paticonal territory.

From Figure 3, it gan be obeserved that the
maximum mean daily sunmer valuem of global
radiatjion oceur in the Peninsyla af Baja
California and in the northwegt of Maxico,
supacially the states o Sonopa, Durango,
Chihgatua, Coahuila, Sinaluva, and north of
Yucstdn Feninsula, During this season
mor# than the half of the country hae insg
lution values above 500 cal. em=? day-!,

After a cloge examinaticen of the abowe in-
lormation, Geven sites werse Eealacted as
the best possible gites for the Solar Re-
seargl, Center,
liforpia Sur; Ciudad Julirez, Chihuahua;
Progreso, Yucatin; Hermosille, Sonora;
Puerto Vallarta, Jalisco; Acapuleo, Guerre
o, and Durango, Durango.

Figures & and &5 show respsctively the
tlimatic 4and cloudiness conditions of the
inven celected placges. The apnual mean
valuea of their main elimatio and inecla-
tion factors are degeribed in Tablues IT
and I, and alsg in Piguras & to 1%,

At ar as global padiation in eoncerned,
the three best localiti«s are; lLa Paz, B.
C.5.; Nermosillo, Son.; and Ciudad Judrez,
Chih, These three alsc have high relative
duration of insflation and low index of
cloudinese during the year. Relative hu-
midity is lower in Ciudad Judrez, while

in La Paz and Hermosillo it is about 10

to 20% higher. One important characteris-
tie favourable for La Paz is that although
relative humidity iz higher than at Ciudad
Judrez, annual Tainfall and sloudiness are
lower., On the other hand, conaidering am
hienl tumperatures, The anfiudal warmest
place in Wermosille, follewed by La Paz
and Ciudad Judrez. Hoewuver, if wa consi-
derr that the maximum temperaturas at each
ane gf the places are reppoatively: 32.6°C
(Jul,y, 29.6°C (Aug,) and 27.8%C [(Aug.),
and their corresponding minimum tempera-

These ara: La Paz, Baja fa

| s

DU

rures are: 17.2°C (Jan.), 1B°C (Jan.] and
5,20 (Jan.), e can gbeerve that a
smaller temperature gscillation during
the year occurs at La Par; hence it
offers pore temperature stability which
may represent better weather operating fa
cilities and Yiving conditions. Thum from
the inEgclation and climatic point of view,
la Paz, BH.C.5., Emems to offer the best
poesible conditions in the country. In
order to reach a final decigion fﬂr the
location of the Research Center 1t was ng
ceSEATY o consider other eriteria, an
previcusly mantioned.

LIYING CONDITIONS

It is & fact that most of the research
personnel whe will eoclaborate and work:
with the Research Ceénter, will be people
who have probably lived most of their
livas in pajor cities and used 1o follow-
‘ng 4 comfortabla life style. It i
tharefore of great iopportance to be able
to offer to these pecple a range of ser-
wices and gonditions similar to Thoss of
their pregent environment. Some of the
#ain Barviaes which have to be offared
zre: Hupicipal services {elegtricity,
vater, telaphones); Schooling fngilitlns
(Primary to University); rand Medical ser
VIgBE.

The city of La Paz not only offersg all
thaee services, but is pecognized ag a
place which has & high level of urbaniza-
tion, presecving ite Colonial architec-
ture. Sghosling includes up tO univarsi-
Ty lavel which comprisss a newly formad
University and a Technological Inszitute.
Hedical sarvices are very adeguataly co-
vered by both state and private fagill --
ties.

hg far ag other commodities are concarned
duch as shops, cincmas, theatrss and out-
door activities like sports, La Faz ie
Fhe main oultural ang shopping center f{ov
the entire population of the state of Ba-
ia *alifernia S5ur. The range of sport ag
tivities which can be carried out iq La
Paz are obvigus due to its geopraphical
position and its climatic conditions
throughout the year. HRegarding housing,
La Paz offers a variety of possibilities
and the Reaearch Center will have captain
accomadation facilities. .

ACCESIBILITY

Figure 13 phows the distances from La Paz
to  thé places with which it will hava
the moet gontact {Mewico City, Cuadalaja-
ra, lLos Angeles, Hermosillo). La Faz can
be reachad by road from the north; by sed
from the Pacific Coast (there are geveral
year-raund ferry services from several Pa
cifie portad); or by air, Thers are twd



’natiundl airlines and one U,5.A. airline
which ily to La Paz with natignal and in
ternaticonal connactions. There are alsg
local Alr services connecting La Paz with
major citieg across the Gulf of California
and oh the peninsula itself.

TECIMICAL AND SCIENTIFIC INFRASTRUCTURE

The aepucts which were analyzed in these
areas Were mainly the following: work -
shops, libraries, seientific equipment
agencies angd scientific information gep-
vices, It is a fagct that this type of in
frastructure is only found in large Mexi-
can gitieg which do not fullfil the fivst
selection criteria (insolation and clima-
tic conditions). It ie thepefore in
these Gervice aress where It it most Jmpor
tant t& concentrata the firat affors of
the Centar, and ite firet activities will
be directed towards establishing and pro-
moting the necessary local infrastructurs,

LOCAL 8SOQCIO-ECOHOMIC FhCTﬂﬁg_

It is interesting to analyza the 80Cio-
acononic davslopment of the Faninsula of
Baja California in ganeral. BpnclfICally
itE acuthern portion which constitutesg

the state of Baja {alifornia Sur and which
yntil 1973 was not properly communicated
by read. In that year the transpeninsular
highway Was contluded opening La Paz to
the north, SIince 1968 thera has besn a
regular ferry boat service from the Paci-
fi¢ coanst ports of Mazatidn, Guaymas, Man
zanille, Acapuleo and Salina Cruz { and
touristic routes from Los Angales, Calif.}
Although hadly cootiunicated in the past,
a constant flow of eclonizers sxisted for
many years, mainly attracted by the grow-
ing mining and by the cotton and fishing
industries. It'im interesting to note
that since the XVII century saveral mining
settlemants have been In operation. HNow-
adays, ths state of Haja California Sur

is ene of the fawtwst growing areas of
the country, and & great impulse to ite
pconemy have been the touriat and cotton
induptries. In order to mantsin its
growth and converts it intc a balanced-
economy EBtate, it ie nacesBary to pronote
a local medium weight industry, It is
considared that the sstablishing of the
solar Research Ceanter in La Faz will pro-
motea & local solar industry with The bena
fite #ought, It is also necessary to pro
mote the water-energy- food chain 80 nece
smary in arid and semi-arid regions. The
Center will help to prepare specialists
who will be capabla of prometing naw tach
nologies and agricultural techniques
around the La Paz area.

G

CONCLUSIONS

Based &h its 1nsnlat10n and glimatic eondi
tions, the city of La Paz (Baja Californiz
Sur) has bsen Gelectad a6 the best flace
to astablizh the Mexican Sclap Ressarch
Center. ]

Analyzing other selection criteria, Such
as local living conditions, accesibilirty,
technical and scientific infrastructure
and local socio-economic factors, the clty
aof La Paz ig consideced, not only to com-
ply with the neceszities established, but
ig coneidersd as an oprimum place [oT na-
tional and international solar research de
velopment and industrialization.
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ANTICONVECTIVE ANTIRADIATIVE S5YSTEMS
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Apdo., Postal 70-160, C,U., MExico 20, D, F.

ABSTRACT

The development of sclar collectors has be
come of great interest. The efficiency
and cost have been reporfed. AT the same
time, Wwith tha widespread use 3f JGMQpULETE
new methods te improve design characteris
tics have been used. In this paper, & com
puter model of 2 flat plate collector With
or without anticonvective-antiradiative
aystem (honeaycomb) is presented. The mo-
del can simulate a flat plate collector
wWith one or more coversd and with o with-
out Belective surfaces. The test simulat
ed ig that proposed by the Mational Bureau
of Standards (U.5.A.) {2}, where colloctor
affipiency is plotted as a function of
(Tp-Tald/I {°C w’/w), where, Ty, Ta &re
the absorber plate and Aphisnt tempera -
tures respestively a4 I ig the incident ra
diation. It is aleo posgible to simulate
4 working day for the czllector, howevar,
in This case some experimsntal data {4
needed a8 input data for the model.

INTRODUCT1ON

In the last few years, the development of
polar collectore has become of great in -
terest to researchirtE; Ned &systems to Lm-
prove collector «fficiengy have been tas-
ted.and a good deal of information has
been published. In thit paper, the re —-
gults from a mathematical model of &4 e ~
1lector with AR Anticonvective-antiradia~
tive gystem (honeycomb) are analyzad and
comnpared with the corresponding ones for
a nermal collector [without honeycomb}).

It is planned ta build a flat plate colles
tor with a honeycomb Eystem cperating with
good efficiency within the range of kO to
1p4eC.

Qptimization of the collectors performance
can be ochtained through the mathematical
mode]l presented in this paper, Thins model
takas into account factors such as: the
uwte of selective surfacag, the use of one
or more COvers @up to three). The abeorp
tion by the medium betwean the asverr

and the characterieti¢ of the honeycomb

~1102~

Byatem. A detailed description of the mg
dal fa given in {1). .

A sieplified flow diagram of the computer
program is given in Figure 1. An itera -
tive process to determine the absocrber
Flate and cover temperatures was followad;
an energy bkalance at the absorbar plata
and cover {or covers) is parformed to de-
termine the steady state,

In order to evaluate the heneycomb perfor
manga, collactor efficiency i calculated
and comparad with the calculated valua
for a collector without honeycomh. The
model computes the absorber plate and co
ver (or covera) temperaturas and the heat
transfer within the system by considering
diffarent hsat transfer mechanisms. Ter
the collector with honeycomb, it is peasi
ble to obtain information for different
L/D (length/diamuter) ratics of the honey
comb calls, provided the tranemisitivity
for a given L/D is known,

Tha ecollector aimulated by the model with
out heneyeomb has, the following design
vharacteristics: A flat plate with high
thermal coanductivity. Under thieg plate,
thare are welded a number of parallel
pipes through which the working fluid cir
culates carrying away the eanergy collect-
ad by the abmorber plate., Tha ahsorber
plate and pipes are back govered by a
thick layer of Insulating material, On
top of the absorber plate, there isu,- at
laagt, ong cover nmade of transparent mate
riul to the visible wavelangth and at the
same time, opagque to the infrared {i.e.
glags). The collector with the honeygomb,
ham the same design characteristics ag the
ane previcusly descpibed, with the excep-
Tion that & honeycomb is inetalled bet -
ween the absorber plate and the first co-
YR,

In order to avaluate collectars perfor -
mance, 4 standard test proposed hy tha Na
tional Bureauy of Standards (U.5.A.) {2}
was Bimulated. The simulated test has am
input data: (besides the design characte-
ristigs giwven in Figure 2), radistion in-
tensity, flow rate, ambiant temparature
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and wind #peed. During tha
quantities Temain coOnEtant.

teat thege

Tha inlet fluid rtemperature is given, but
varies during the test from a value close
10 ambient tempeprature up To a value uhere
collector etficiency is neglegible, Tor
the computer run the variation is linear,
however this dows ROT impoSe any TEETLTIc-
tian. This datu is reprefented by an effi
ciency vs (Tp-Ta)/I pict where Ty, Ta are
the ahsnrber plate and ambient tempera -
turss respectively and I is the radiation
intensity reaching the collector surface,

The foliowing computer runa wWere done fop
the HBS test:

1. A collecior with gne cover {cover:
thicrkThess 5 0.3 cm), wWith non-selsg-
tive surface [e=0.9) with or without
honey-somb {LAD=5).

7. M ecollectsr with one cover {(cover
thicknass=0,3 ¢m) with selactive sur-
face (c=0.1) with or without honsy -
combk (L/D=%).

1. A eollector with two covers (both co-
vap thickness=s = 4.3 o¢m), with non -
gelectiva Byrface (e=0,8), with or
without hopeycomb [(LAD=S],

4. A ceollector with two cavers [(both co-
vers thicknesses = 0.3 ¢m), with me~
lective surface (e=0,1) with or with-
out honeycomb (L/D0=0,%3.

A Bimilar set of runs was made for a cover
0.6 em. thick and this was compared wWith
the fiprsty ser of runs,

Figures 3 and 4 ghow the efficiency ve (Tp
~Tad/l for the get of runs with covers '
thickness of 0,3 em. From the plots, the
wffeet of the fellowing factops: number
of covers, selective surface and honeycomb
over the effigciency can be se#en, The ab-
s0Fber plate Temperatures $hown in the (1
gur¢E are the points whert two collectars
kave the same efficiency. From these plo
plots, information about tha collector cha
ractarisgtic can be obtain, depending in
the tempuratuyre raAnge whalt the collector
is going to operate. It 18 claay from
thegu plots, that the honsycomb esystem is
quite effective in reducing the heat
loszes, and also it can be Eean how the
TWE coVerS 5ystem works to reduyce heat
losses at certain tempepaturs levels,

Another type of information provided by
the ,model is shown in Figure 5. The total
heat loeses for the collectiors represented
in Tigure % {i.e, collector without selec
tive surface} are plotted as a function of
the aLsorber plate temperaturs; the sage
trend shewn in Figure 3 is shown here.
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For a4 cover thickrnese of 0.5 cm., the efff
ciengy vs {Tp=Ta)/I plots show similav
Lahavior, Tigure 6. The afficisncy curves
for gover thicknesses of 0.3 om, and 0.6
cm are shgown, oenly to give an idea how
much an ipcrease in thickness decreanes
collestor efficiency.

A run was made to simulate the parformance
of the collector during a normal working
day, assuming inlet fluid temperatura,
flow rate and radiation intensity gistri-
tutions for the day. Figure 7 showa the
efficiency va time plor for a caollector
without honeyecomb compared with experimen
tal data, The diffaereanca betwean these
curvea ghows, to gome axtent, the limita-
tions of the model.

Tha efficiengy curve for a collectar with
honeycombh 18 alag shown in Figure 7, the
curve has To be interpreted with some Te
servations, becauss dus to the lack of ex
perimental data, some of the input data
used, wae taken from the gollector with-
out honheycomb, however it seems that the
general trend of the reaults agreea with
the expectsd rsayglts,

CONCLUSIONS

With the modal it is posaible to simulate
the performance of a flat plate solar co-
llertor with or without an antigonvee -
tive-antiradiative systeam [honeycomb),
with or without salective surface and with
One OF Mone COVEDS.

For the design of a flat plate collector
caveral rans could be mada to study the
influence of the geometry and the mate -
rial proparties ip the collectors perfor-
mance taking inteo account the working tem
Farature panga. The NBS test can he ta -
ken as a atandard to compare the pasSults
of the different designs. .

Due to the lack of experimental data avail
asle for the lntlnanvectlvu—ant1rad1at;ve
systama, this model <an be used to pimu -
late those asyatems. The advantages of

the use of thedse systems are clear from
the efficiency va (Tp-Tals/I plots present
ed here.

The model can aleo fSimulate a working day
for the collagtor, however, for thim case
goma experimental data i@ Aeceded as input
data,
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ON THE NUMER ICAL COMPUTATION OF SOLAR RADIATION PARAMETERS
FROM SATELLITE CLOUD DATA

Everardo Herpndindaz
C entro de |nvestigacién de Materioles, Universidod Nacional Auténoma de México
Apartodo Fostal 70360 - México 20, D. F.

ABSTRACT

Three years of sayellite cloud cover dota, have been used to estimate the
monthly and annual mean values of the duration and intensity of insolation at 117
regions of Maxico. With only the knowledge of tha monthly aad annual regional
percentages of cloudless and portiolly cloudy days, an approximation was done of
the monthly and apnual mean walues of the relative duration of insclation. The
Fritz formulaa have baen usad to cbtain the maximum globel radiation that can be
expacted in cloudless days, Both, the relative duration of inselation, and the ma
ximum globol radiation values, were related to interpolated volues nf the quasi-
linear approximation of ingsrrum's squation, os suggasted by P. de Brichambaut
and G, lamboley. The obkined monthly and aprwal meon volues of the real glo
bal radiation were mapped, The corresponding isoradiation tines show countaurs
that hove a ramarkeble continuity with thosa found by Bennatt for the United States
of America, The results obiined ensble o study of the best place-time areas for
the future development of solar energy applicotions and pretend to be o contribu-
tion to the knowladge of the solar ¢climatology of the country,

Introduction.

Whareas the irregular world distribution of oilflelds and waterfatls hove
allowed Gnly o few countries to reach a high rote of development, the world dis-
tribution of solar snargy on the sarth's surface is fortunctally more uniform. More~
over, [f we consider that the best inselated areas comespond to the |ess developaed
countrias, for which the scorce onergy resources represents at present their main
limiting facter of developmant, harnessing solar energy in these undeveloped
countries raprasenh a feoslkle solution o their anargy shortage probiam, MNever-
theiess, design of solar energy squipment involves a through knowledge of insola-
tion charactar{stics which unfortumately is very often fimited.

The quantitative determiration of global rediation, i.e. The incoming
wlar short wave { 2+ 3y ) radietion {in direct and diffuse form) over an horizon-
tal plane at the earth-s surface level, can be dona with the aid of intansity, or
al laast, with duration of Insclation records, - These must be systematically raken
over a lang perind of Hma and with snough accuracy. Considering that sven the
micro—climate of g place, which genarally does not exceed extensions of mora than
ono square kilometar, could be completely different from thar of the surrounding
meso climate, or ragionat climata, therefore the solar ciimote of a place may be
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diiferent from anather not very distant,” even more, if orcgraphic irregularities
axist. Regionally speaking, a solar climatolegical study depends on a well dis-
tributed network of sretions continously collecting the required insolation daka.
The dimensions of the network depends directly on the size of the region under
study but duu te the high cost of the pyrheliomatric instrumentation this size must
be rastrictad.

Globa! Radiation Cbteption

Afrar A, ;E|-.1:;,:\tr1'a:'n:lr.t (1924), severel investigators have developed ampiri
cal formulae 1o evaluote global radotion. Purametrization of duration of insnlf.l_
tion and cloudiness are commonty carried out, As was previously mentioned, eva
luation of globa! radiarion necessitates at least of insolation records. In this
paper, replocement of these daln hava been achieved by means of dota on cloudy
ond partially cloudy days. In o recent poper by E, Mendoza, J. Luna, and T,
Gémez,’ the monthly and anmwal percentages of regional cloudiness in Maxico
ware reported. These values were obtained by interpreting three -rears {1969 -71)
of cloud cover photographs {(APT} from the Nimbus !l and E55A -8 meteorological
satallites. The whole country was divided in a network of 117 squares (each one
of 130 Km long per side, approximately).

Inside each square a regional referance town wos assigned. [n order to
obtain the monthly and annual mean daily values of real global radiation, tha for
muloa summarized in the flow chart of figure 1 has been followed. The curve used
to interpolate the values of & has bean adapted from the given ratios of G/Q mo-
and 5/S max suggested by P. de Brichambaut and G. Le::urwl::w::~|e}ur {Figure 2) .

Tha computed monthly ond apnual mean daily values of real glebal radia
tion, were mappad o3 can be seen from figures 3 to 15, The annual distribution
of insolation can be summrlzad as follows: 3G percent of the natienal extension
{total area 1,972,547 Km? }cnrraspondz to regiocns with mere thoan SDﬂ cal, em”

day” -1, 57 percent correspend to reglons berween 500 and cal. cm™=% day and
5 pﬂrcﬂm cerrespond to regions with less than 400 cal. cm ™ day~ af . Tha anmwo],

ly best {nsalated zones ase: Peninsulo of Saja Califoenia, the Wast of Chihuchua,
almost all Sinaloa, MNayarit, the West of Jalivco, Michoacdn {oxcept the North~
wast), almest all Guarrerc, the Southwest of Oaxaca, the Nerth of Yucatdn, ond
the Northeast of Quintono Roo.  The results obmined could only be compared
with a fow. pyrhaliomatric messurements e.v.ishng in Maxico and corraspording to
tha same 1949-71 period as the cloudiness data®. The annual computed value at
the Mexico Clty region, shown only a & percent difference with respect to those
reported by the pyrheliomatric statien

When the computed values of Q at frontier Mexican regions were compa
rad with those neighbouring localities ot the United Stores of America’, only small
ilifferancas were found, For instunce; between Brownsville, Tex. (U.5.A.) and
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Matamores, Tom, (Mex.) the differance was of 1.5 parcent, between Yuma,
Aciz, {U.5.A.) and Mexicali, B.C.N., {Max.) it was of 2.5 perceat . Similarly,
tha iso~radiotio n lines betwan Mexice and U.5.A., shown o good continulty.
Because tha cloudiness data used in this study, does not correspond to specific lo
calities but to regions, interpratation of the computed results must be considered
os mean regional values, Taking inte occount that 93 parcent of the country ex-
“tantion, annuoly receives more than 400 cal. cm=2 day~1, the pancrama of solar
anergy wtilizotion in Maxice is excellent, Thus, this paper attempts also ta en-
liven the attantion of ull those who are interested in a clean energy resource
which can to improve, the now-o-days critical, world ecologic equilibrium,
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Fig. 2. Relationship between relative global radiation and relative duration
of insolation (curve adapted after P. de Brichembaut and G, Lambolay ).
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ABSTRALT

Ay It i1 wal! known, in order to reach tha manl=
min Iniglatlon an fixed 3cTar collectors durlng
the year, thaim are gansralty tllted toward the
aquatar st wn engle which deponds on the latl--
tude of tha place,

From pure qgaomecricat consfidaratlony batwes=n Che
delly 3un's path above the herlzon and the cdlec~
tar arfantaticn, [t cam bo esnlly demonstrated
that tha optimum 1t angla s aqual to the la=
tituda of the place., However, thls determine---
tion |1 not sTways Lhe best ax commonly has ---
been suggested due to cloudiness.

Claudipesn wmay reach consldarsabla valuvasr durlng
thoss parlods of the year of high sufalticudes

I'n which the maximum annual fnyoletion would ba

.mud If the sky ware cloudless.

n this paper, the optfimum L7t angle to collece
the -maxlmum anergy durfng the year Iz gbtained
through » moan weighted opiimum tltt, which be-
gldes of the sun's altituder I[ncludes the effect
af reglonal cloydiness,

The Intenslcy af resl (nsolatfion cn che collece
tor, |5 wonthly and seascnally axamined, The --
comparizon of the computed optima tily angles,
thows » dependence on tha annusl dfatributfon of
tha cioud cover,

YKTRODUCT ION

Tha wfFfect of the ctftt angle on & sclar collec
tor has {ts main Iafluence 'h the amount of ---
wnargy Intercepted,

,The Importance of cloudiness (n szatectlng optl-
mus Lilt angles In particular for flxed panels,
Iy ganerally Ignored notwithstanding that this
mateorologlcal phenomenon produces the major
atterwat fon of solar energy resaching the asrth's
surfoce, )

In most of the cases the selactad L1t angla ac

# place of JTatltude ¢, arlses Trom pure geometrl
cal considarations. These are based on tha vemi—
annudl thifting of the sun In the sky to the ---
narth #nd south respectively.

It is trivlal that che manlwum smount of sclar
nergy that tould be Intercapted by a collectior
{1) occur when [t Is normally orlanted towards

tha Incoming solar Flun., Howevar In tha case

of statlonmary coflectors a flxed optlmum th'e
Argle must be seTacted,

31

ft |5 » fact that the wmost widely tIIF angla usad
at the present tima [y {that which has bsen long
time suggasted In 1itaraturs and whizh s wqual-
or almsst equaf- to tha'tatltuds of the place,
Howavar, dua to cloudTnass, thlsx propoxediangle
may ba Inadequate as w!il be secn from'the. seel
cloud cover condltlony datermined for seryaral
aites {n Manice " L.

in this papar » wathod for detarmining an wptl-
mum t11t angla which Includer the affect of raglo
hal cloudiness [y devalopad. Although tha random
naturs of cloudiness, . there Iy & climatolagleat !
we!l dafined pattern of [t during the year whosa
know|adgs atlows the cabiulation of tha £ilt an-
gle for finad salar collectors,

OPTIMUM TILY ANGLE AS GRYAIMED FAOM GEOMETRICAL -

CONSIDERATIONS OMLY

The clossr to the norsal of tha collactor surfacer
[s tha Incoming radiatlon, the greater tha snargy
intarcupted will be o’ -] unexamine whit happars for

a fixed panel.

First It |s convenlant to duscrite the snglay. In-.
votved [n the mathemat(cal- sxpress[ons derfved
From the neturs of the:problem. -

The apparent metlion of the sun In the sky and re-
lated snglag, can ba ssen from tha celestial 3phe
re of figur) In whiah an obsarver |5 located &t
0, and the waln anglas sra the followlng:

latlcuds

solar declination:

solar &ltltuda abave the horlzon
Innlth

azxlmuth

radir

Tenical alcltude

hour angle

calagltude

comp lamant of & .

Dt P A O T O
p

By mpplying the 1mw of tha coslnes to_tha spheri

gal triangle KZPAy formed by the potltion vactorx
a, band %, Ic can ba ity ousined the follo-

wing mxprassion: ’

Sln b $ln ¢ Sin § « Cos ¢ Coad Com w i1



This maam that e aljjrude of the we obove tha horizan
dapends on thisa bislc angles; one o them, the latiteds
i #) s Tirnd; the voler declliatlon [ 4] r.h:qurl ity walya
lowly fium chip 1o day a0 Bt i cin be Eactically
conigend comXnt for o ora duy pericd; flnally  1he
hewr angla [w] changer continuolly during tha doy 13
por howr] |

The ralatigrship batween the pormubly incidant walar
flua Inal on ongle h respect s hoviconrol and rhe Hux
In folling en a horlzental plane AH can be written os;

IN Az [H Ay {2}
whers;

A os A‘H Sinh
than:

I becomas: Yy =Tinh {3)

-

Heglacting the sffecr of the ctmosphete , the dily amunt
of wlor wrargy falling on an horizontal wrfoce can ba
anptasied aa:

e Sin b dt

AH =g t4)

where:

I, i1 the iolar oorutont, whese volua s
[, 21.94 cal gm™ doy™ ' £ 1453 wati @~

R*, [1 the corraction Factor For ha Earth-Sun distance
d-hmd ai; - .

R'=R_R- (5)
whars:

Ry, Iy the mean and R, any arbitrary Earth-5un dis -
tancd. '

i the hour engle it qxprqil;ld In tarm: of bath the
Earth rotatlon peciod and the tlme v alepyed sice
nusn, we pbmlm

. En'r'
1

then by swtitution of squotiens (1) ard (4) and Inte -
grating, Gy con ba cxprauad on

O +f g8 ta Sin g Sin 4+ 3=
L)

(8}

!

Lot o1l llnz——ﬂ-

l:?]'

whara:
I; il 0 cantfant :hplndmg on tha scale of yaits ampigeed,

“jf}‘lm Ty ineal. em day™

andi

298,76 0 1077, for Q In Kwh m™ ' day "

Tou colculate the wlor mdiation flux incldent ana tilted
plare {locing to the sagth in the MNortharn hemisphere), o
gear trical simplification can be used; the direct insola-
tion {Qi) on o tifted plane ot enangle T raspact to the

2

.oy
‘Hodzontol in a placa of latityde ¢, 7z co meldered squal
1o tha direet inmsolation nang horizantally {Quat a,
placa of latitude [ ¢-i).

Fram thir, i rewulbs that oquntioln (7} may ba written gi:

Qi =K 11"" to Sin { $-1) Sin &% Tcog (4 2p)
2'.' l'u

"
L
the maximum valoe of Qi will oceyr whaen:

d G
di

cor & Sin

(2

s O

i-lu

Aftar differantiating squation {8}, satting:

o s rl | ‘s ¢ and raarrongement of tha tarms, ig rewin
aqual to? I

ia =¢-ra |2 o & {9

a Tin W, . )

Durlng the whale yaar 8 Fluctuatey bebween &
-2 A b o< v 230 7

and tha averoge valus occurs at the time of the aqulno-
xes [ & 7 oF), A} this tima, the sunrlsa and syrset cocur
sxacHy on the Sast-West 1lne, and the correaponding wn
riso~surset hour angle i3 o= 90° . Hanco tha yearly
overage optimem tilt angle far a fixad mbar o lector
from tha gesmattical point of view i
iz 4 (R]s]]
Although the daily detmrminotion of the cloyd disiiby -
tion in the sky I+ 0 madom problem, onmwaty there i3 o
wall definnd raglonal pattern which srables i to predict
the months or measore of the year whan the 1ky s mors or
le3s cloudy,
Undar ¢loudlan conditions, the maximoem lnhmh‘hi of
the incoming selor radiation will eccur ot theis perlods
of the year whan the wn's altitydas above the horizon
ore maxlmum too { minlmum optical paths), However jF
bath pericdy of moximum clovdiness and olar albitudes
occuf of the ama time, tha optimgm tilt angle cbralned
only from geomeirical camsideratione will be affecied bl"
this weolher sirvation,
Cloudines |3 choracterized by the fragtiona) (decimaly
omount of ¢loud cover ¢ (30, € 3 o, reprevent & oomplare
cloudless shy; and € = 1, an overcost sky. MNow wiing
tquation {1}, lat h be the meon monthly valus of b oad 4-
milorty lat Qmax and (g be respactively, the mwon
monthly valuse of the maximum and real glekal raKation,
Qg depands on the doily wasther conditions, hance on ¢
I# order to compars the ralakive impornce of ¢loudine,
and welar altinyde, we wlll take into account the emount
of Incoming anergy finally inlercapredaline 15 depletion,
Qr. 8y relating h ﬂﬂd'ayﬂ thrnugh tha iollowing waighted
arithmalic mean:

hs {;’Z:ﬁit.'-ﬁil ?E':,,Eqﬁm‘ )

r

(I}

(



mbtalm the angle aboye the horizon at which
incoming solar radiatlon wlll be annually ma=
wm, Thus the optimum position af Ehe panel 13
talned hy settlng It perpendicular Lo thils di-
rection, The optlmum tilt angle b under real ave-
rage cloudiness condition s then given by:

te= 90"~ h {F3)

In order to see the dlfference between 1, and I,
we have stuvdled the effect of cloudlness at seven
pfaces in Hexlco. The carresponding values of
Orax, &, and & were taken from rafacences (1) and
{3) and ﬂupnr:ud fn takles 1 to 7.

The resulgs can be summarizad in table 8 where wa
present the calculatad values of I, compared ta
the corresponding latltude af each lacallvy.

From the results obtalned we can 1e¢ that only st
one place {%an Luls de |s Loma, Gro.} I, appro-
aches ta I, In other place there exlst tome des
wlation of Iy from |, ohhough those are relatlve
Yy amall,

COMELLS 1ONS ;

[l

As we have seen the method propoted does not show
a very slgnlilcant devliagion from the generally
acceptod.rule of secting the solar collectar at
s tllt 1 = 4, However we Feet Lhat ft allows te
determ{ne the optimum ¢77t In & much mare tealls
tlc way. l.e., under conabderat(on of the maln

ather lactar affecting the Inceming solar ra-

tlwn,

2 Informat Tan about cloudiness all over the -
Mexlcan Territory will be used all logather with
the valuey of the total (nsglatfon {3 ] to find
s correlarlon between the recommended i1t angle
far collecting the maximum snergy durlng tha year
and other geographlcat and cli{matic conditions.
Such Informatian could be helpful [n &ll countrles
were # minimum of informatlen s avallahle.
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T A B LE [
. OPTIMU M
L O G AL | T ¥ LATITUDE TILY
ANGLE
7 i

ViLLA FLORES, CHIN. 16 Ik 1% 51
SAN LUIS DE LA LOMA, GRO, 17* w0 17 11
COSAMALDAPAN, VER, 18+ 20 I15* 36"
OZLLUAMA, VER, 11" hot 18% 45!
JIMENEZ, TAM, 4" 03! 29 2
MATAMOROS, TAA 25" 53 30" 18
PALO VERDE, [OAH, 15* 200 22" 26'
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L O O & £ I T ¥ LATITUDE TILY
; ﬂ ANOLE
iy
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JIMENEZ, TAM, W on 9t M
MATAMORUS, TAM 25% 53¢ L L
PALG VERDE, CDAH, %" z* 2&'
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INTRODUCCION.

In este trabajo se estudia la marcha anual de la
trayectoria diaria del sel en su movimiento aparente SQ
Lrg el horizonte.

Para esto, se ha coansiderado la franja latitudi-
nal gque eorresponde a nuestro pals, comprendida entre
los pardaleles de 147 32' uwS"N y 32° u43' 05'N respectiva
menta.

Como los factores astrondémicos de posicidn que -
determinan esta trayectoria vaprian lentamente dia con -
dla, se han considerado trayectorias medias diarias co-
rrespondicntes a periodos de diez dlas. De esta manera
se han calculade los valores horariecs correspondientes
del acimut v altura solar para 3b pericdos del ano. Los
resultados se han enlistade grade por grado de latitud,
y con el propésito de visualizar las trayectorias, se -
han elaborado ademas algunos diagramas polares con 1los
valores medios mensuales de 13 posicidn del sol  para -
ciertas latitudes. Mediante #8tos, es posible aprecilar
también la duracidn de la iluminacidn solar (insolacién)
an diferentes épocas del afic.

PROPOSITOS,

Se pretende gue la informacidn obtenida resulte
aplircable con un buen grado de aproximacidn a la solu -
ci&r de multiples problemas en los que las coordenadas
solares son un parametro fundamental. Tal es el caso
de la seleeccidn de orientacianes preferentes en siste -
mas de captacidn de radiacifin solar; disefio arquitecto-
nico en funcidn del clima gclar regional {helicargquitec
tural; variaciones en la iluminacidn natural solar; luz
crepuscular y reflectividad de superficies respecte al
dngule de incidencia de lalradiacidn solar.
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Arquitectinicament-. los beneficios que pueden
obtenerse al construlr conizrme a4 orientaclanes prefe
rentes son nietables. Saobre todo en cuanto se reiiere

a la optlmlzaclmn de la ilusinaecién natural y confort
téermico de interinres.

Ya desde lIa antiguedad diversas culturas han
aprovechado los efeutos de una buena orientacibn res
pecto al 01 en 5us construcclanes, e inclusive se ha
llegado a la sofistificacidén. Tal es el caso de los
nfectos loegrados en la Pirémide de Kukulkédn en Chi -
chen-Itza, Yuecatin, en la cual los mavas lograron que
en el transcurso de los dias deegquinoccio, el scl pre
yectase sortras de los bordes de cada nivel de la pi
rimnide sobru las pdTPdES laterales de las ascaleras:
centraies, dands asl la 1mpre51cn de una serpiente
en movimiento ascendente & descendente ( Foto 1 ) { 1]

Sin duda en nuestros dias, un mejor conocimiento
de las trayectorias diarias del 5ol en nuestras latitu
des, ayudaria A normalizar criterios respecto a la op-
timizacidn de varios factores de construccidn determi-
nantes en e! comfort de las viviendas, tal como la orien
tacidn de paredes y techos y las dimensiones de venta-
nas .

Un estudic completo de la proveccidn de sombras
‘originadas por interposiecidn de construcciones con 10s
rayos solares puede Ser {til inclusive, para regular
naturalmente la temperaturz de interiores, segin 1o re
qulieran las condiciones climiticas estaclonales del lu
£AD.,

Respecto al cada dia mas escencial e inobjetable
aprovechamiento de la energia solar, hay que considerar
que una eficiente captacién da la radiacidn soclar depen
de bidsicamente de la orientacidn de la superficie recep

tora, compatible ademfs con sus dimensiones y factores
de diseno.

La forma mis eficicnte de captar la radiacién so
lar, resulta ser obviamentrs la de orientar la superfi -
cie del caprador normalmente a la direccidn de los rayos
solares. 3in embargo, &sto implica el uso de heliotro-
pos, cuyo Mecanismo generalmente es complicado, costoso
¥ que requiere un mantenimiento casi continuo.
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El profunde conocimientce Maya scbre el movi-
miento de los cuerpos celestes, puede apre -
ciarse en la Pirémide de Chichén-Itza al tra
vés del singular efecto de luz y sombra que
se produce en los dias de equinceccie al in-
terponerse & 1os rayos solares las aristas
de la pirAmide. En la fotografia puede ver-
se como esta interposicidn produce en los
costados de la escalera principal, una serie
de triingulos isdsceles que rematan en su
parte inferior en la cabeza de una serpiente.
Asf, la serpiente emplumada, Kukulcdn, resur
ge dos veces al afio para iniciar el fuego
nuevo del calendario solar Maya. (Fotografia
cortesia de L. Aroechi) .
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Generalmente se dec.de seguir al sol cuando se
trabaja con helidstatos & z2on captadores-concentrado-
res {espejos cilindriceos y parabdlicos, lentes de Fres
nel, ete.) capaces de alcanzar temperaturas relativa-
mente altas comparadas con las que pueden aleanzarse
con colectores planocs. El golector plane comunmente
se diseha pira que sus dim=nsiones y caracteristicas
de construccidn permitan capter eficientemente la ra
diacién solar c¢op un minimo de cambios de orientacidn
durante el afio, lo cual requiere un conocimiento pre-
vio de la trayectoria anual del sol respecto al sitio
escogido. En muchos casos, estos colectores se fijan
a los techos o paredes de las casas con una orienta -
cibn optimizada respecto a la posicidn media anual del
sol al medio dia.

Resumiendo, puede decirse que la informacidn prg

sentada en aeste trahajo puede ser de gran utilidad a
los estudigses de un sinnimerc de fenomenos relaciona
dos con la pesicidn del sol, ineluyendo aguellos ano
mencs bioldgicos intimamente relacionados con el hello
troplismo.

Se ha querido complementar éste estudio con
una seccidn dedicada al movimiento aparente del sol
sobre la esféra celeste, mediante la cual sea posl -
ble familiarizarse con los principales Angulos que
determinan la trayectoria solar sobre el horizonte
del obsarvador. Adem&s, puesto gque en muchos esty -
dios concernientes al aprovechamiento de la energila
solar es necesaric referir los fendmenes que se estu
dian respecto al tlenpa solar, se ha hecho enfasis
en la transformacidn del tiempoc civil comin en tiem-
po solar.

MOVIMIENTO APARENTE DEL SOL SOBRE EL HORIZONTE.

. En la Figura 1, se nmuestra la trayectoria diaria
del 50l tal y como es vista por un observador situado

en al puntoe O, para el cual) el circulo SWHE es su hori

zonte; 2z el cenit; h el dngulo de la altura solar ins-
tantlnea, y a el acimut correspondiente {medio respec-
to al sur). )



Piang dal
horizonts dal
obaarygdor

SUR NORTE

FIiG, 1

Acimut y Altura Solar
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Los factores astrondn . s vy geogrificos gue de- G
terminan la traycectoria diaria del sol K, en su movi -
miento aparente sobre la esiira celeste para un obser-
vador situwadc a la latitud gzografica &, puede cbser -
varse usando el sistema de coordenadas horizontales de
la Figura 2.

———
F

Sea z, el punto de interseccidn de la esfera ce
leste con el cenit del lugar: correspondientemente, 2!
representa el nadir.

L El plano perperdicular a la linea cenit-nadir
zz' que pasa por 0 intersectando a la esféra celeste,
representa el cilrculo NESW del horizonte del obserwva-
dor O.

_ El &ngule emprendide entre Z 0 K es la altura
cenital C, tal que el angulo complementarioco K 0 A es
la altura solar h. En consecuencia, la direccidn de
incidencia RO de la radiacidén solar, queda determina
da por el valor instantdneo de la algura sclar h, la
cual durante el dia varia de cero a la salida y pues
ta del sol, hasta un valor maximo al medio dia refe-

r%do al rtiempo solar verdadero (TSV) también llamado
tiempo solar aparente {(TSA).

Dado que es comun referirse al tiempo solar ver
dadero, es5 importants definir respecto a gque puntos de
referencia se acostumbra medir el pericdo de rotacidn
terrestre.

Un sistema de referencia abscluto =3 el estelar.
En &ste, el dila sideric o sideral, se define como el
periodo de tiempo requeride por una estrella para ser
vista en la misma posicibén despues de una rotacidn com
pleta de la esféra celeste (movimiento aparente).

El dia solar, en cambica, se define como el pe-
riode de tiempo transcurridc para gue el sol sea ob -
servado en la misma posi¢ldn despues de que la tierra
ha rotado una wuelta completa.

¢

De la Figura 3, vemos que la duracidn del dia
medida respecto al paso consecutivo de una estrella y
del sol por el meridianc del lugar de referencia, di-
fiere por un dngulo muy peqguefio {aproximadamente 1°).
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En 1i Figura 3, pod.unos claramente apraciar por
que 2]l dla solar es cerca .le 4 miputos mas largo que
el d1a sideral. No obstanrte, tanto el dia sideral co-
mo. el dia solar se subdividen en periodes de 2% horas,
estableciandose entre ambes las sipuientes relaciones:

24 h. {tiempo sideral)= 23h. 56 min. 4.09 seg.
(tiempo solar medio).

24 h, (tiempo solar mediol= 2uh. 03 min. 56.555
seg. {(tiempo sideral).

1 dia sideral = B6,400 (segundos siderales}=
86,164 segundos solares medios.

1 dia seclar medio = B6,400 segundos sclares
medios = §6,636.5 -segundos siderales.

Debide a4 las variaciones de la wvelocidad angular
de rotacidn de la tierra y a 1la Srbita obligua y elipti
ca de la misma, el tiempo medio con respecto a dos pasa
jes consecutivos del sol por el meridiano local ¢ sufre
variaciones diarias.

T

Al tratar de determinar la duracidn de pascs con
secutivos del sol par el meridianc local {mediante un re
loj astronbmics preciso) se encuentra que ciertos perio
dos del afo, el intervale de tiempo transcurrido es ma-
yor gque las ?4% horas del dla solar medio. Durante los
pericdos semanales & mensuales en leos que el dia solar
verdadero es mayor de 24 horas, los excesos de tiempo -
correspondientes, producen una divergencia entre el tiem
pe en el que el s0l debiera (respecto al tiempo solar
medio) cruzar el meridianc local y el tiempo en el que el
sol realmente viene cruzando este meridianc. En tales
cireunstancias, parecerda gque el sol se ha venido despla_
zando mas lentamente, pudiéndosele entonces considerar
retrasado respecto al horario de 24% horas del tiempo SO
lar medio. El sol se desplaza mas lentamente durante
dos pericodos del afio; unc en Febrereo, alcanzando un re-
traso maximo de 14 min., ¥ 21 otroc en Julic, en el gue
gl retraso es de cerca de 7 minutos.

For el contraric, cuando los dias sglares verda-
deros son més cortos que cl promedio ( de mayo a ]ullo
y de noviembre a diciembre), el socl cruza por el meri-
diano local antes del mediodia del tiempo solar medio.
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Fig. 3. Cuando la tierra fa encuentra en A, fanto el sal como una estrella 5
s& encuentran situados colinealmente con el meridianc del punto de
observacién O. Al dia siguiente daspués de que la tierro ha girado
una vyalta completa, puede observarie que lg astrella se encuentra
en o mismo direccién (dic sidercl), es decir, exactamerde sobre el
meridiano local, sin embargo, el sol se ve ligeraments desplazado
respacte at dic anterior. Esto se debe a que an ese lismpo la tiaro
36 ha dasplazado a lo lorgo de su &rbita trastacional cerca de un gre
do. Da estc manem, paro que ‘sl sol quade nusvaments situado sobre
al meridinne lacal del punto O, necesitu girar casi un grado edicio
mal, que en tiempo afectivo representa cerca de cuaito minutos.
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. Asl, en Noviembre e =sol alcahza un adelanto mé-
ximo de 16 minutos, en cam-ioc en Mayo sélo es aproxima-

damente 4 minutos. Estos =fectos pueden verse al exami
nar la Figura 4+ {analema).

El intervalo de tiempo correspondiente al adelan
te © retrase del paso del sel verdaders respecto al sol

medio imaginario, es lo gque Se conoce como ecuacidn del
tiempo, €. t.

o.t.= Tiempo Sotar Madia {TSM} - Tiempo Selar Verdadero {TSV}

cuya graflca puede aprecilarse de la ¢1gura s, Los va-
lores diarios preciscs de la ecuacidn del tiempo en
cada ance, pueden tomarse del almanagque publicado por
el Institute de Astronomfa de la U.N.A.M. {2]}.

Cabe hacer notar, que en las Figuras 4 y 5 se en
cuentran graficados locs valores de la diferencia: T8V-
T3M, mientras que en el almanaque <el Instituto de As-
tronomia se reporta la diferencia: TSM-TSV: Esta acla-
racidn resulta importante para evitar confusiones al a-
plicar la ecuacién del tiempo { 3 1.

Como es comiln en este tipo de estudios, las coor
denadas (h, a) del sol, se han obtenidoc respecto al TSV.
Lebido a que nuestros relojes se ajustan respecto al
tiempo civil, TC ( & tiempo estandar TS), hay que recor
dar que el TC e35 el tiempo al cual se. ajustan los. relo-
jes para que indiquen la misma hora dentro de la zona -
correspondiente a una franja longitudinal de 15°de am -
plitud. En la Repiblica Mexicana se han tomade das hu-
508 hecrarios referidos a los meridianos de 50° 105%W.
respectivamente, ( el de 105%s81l0 rige en: Nayarit, Si-
naloa, Sonora ¥ Peninsuls de Baja California). En ta -
les c¢condicienes para transformar el TSY en TC, tendra
que hacerse usc de la sigulente relacidn:

TZY = TC % s +e.t. .01}

donde es la correccidn de tiempo que hay que hacer
respectd a la diferencia angular entye la longitud geo
préfica del meridiano de referencia y el meridianc de
la localidad.

il
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Deb ido al sentido Ja rtacidn de la tierra, ésta
correccifbn se considera positiva para puntos localiza -
dos hacia a2l ceste del me“ldAdnG de referencia y negatl
va hacia a| este. Asi para la ciudad da Maxico (cate -

tdrall) cuya %ongitud ed Y= '19% Q7! 48" | de la tabhla 1
£ del Apfnaiecs I, 1la aarruceldn en tiempo viene a mer de
6 min., 31,9 seg ¢ 12 pes, i por ajenmple deseannr voal

aulap la hova an T8Y mrresueudients 4 lad 1t hra, 1b
min. a.m. (T'¢), del dla 1% 1o Noviembre, #e tendrd que
para esa fecha la ec. del flempu tomada de la Figuras ©
5 serfa dert+ 15 min. {scl adelantado respecto al acl
medic ), por lo que de la ec. (1), obtenemos:

TSY = 11 hrs. 15 min. + 36 min. 3Zseg. * 15
min.

y lag 11 hre. 15 min. (TC) = 12 hrs. B min. 32seg.
(TSV)

Un problema que freocuentemente se presenta,es el
de expresar la hora en TC del paso del s0l verdadero -
por ¢l meridiano del lugar en cuestidn (Culminacitn lo-
cal del a8cl)}. Para ilustrer este casq sirwva como datos
los siguientes:

Fecha: 1o. de Enero; lugar: Ciudad Universitaria, Méwico

¥

D. F.; longitud: 99% 10' 54", hora sclar verdadera: 12h.

Como el valor de 1a ecuacidn del tiempo tomado de
laa Figuras 4 & 5 tiene signo negativo, é€sto. implica
que el sol verdaderc tiene un retrasc de aproximadamen-
te -3 min. respecto al sol medio. Como antes se mencic
nd,los relojes comunes se regulan respecto a las 24 ho
rag del B¢l medip fictiecio, por lo que en este caso co-
mo el 8ol verdadero viens retrasado, este pasaré efectl
vamente por el maridiano de referenc;a 3 min. después
dal medio dia del sol medic o fea,a las 12 h.¥3 min.TSH.
Dado que la ecuacidn ( 1 ) tambi&n puede expresarse co-
mo: '

TSY = TC + e.t. + ( ¥p - $¥100 2 ( 2}
' donde Yy = longitud del meridianc de referencia

Ab .
¥ Vloe ° longitud del meridiancilogal

Se tience que ai la longitud del sitio en cuestifn
e8; Yioo = 99° 10' 54", ia diferencia yn - wlac en tiem

po viena a sexr:
Y0 - ¥1ge = 36 min. 43.6 seg.

L
AL gy 1
- ::-hr"‘:-"‘

- (T}
al.



For lo que despeja:nio 4 TC de la ec. ( 2 ) ¥ aus
tituyendo, tenemos gue la nora del pasc del sol por el
meridiane Llecal en TSV, ooarre a las:

TC = 12 hra. - (-3 min. ) - (=36 Mmin. 43.6 Hey.?

TC = 12 hra. 39 min. 43.6 nay.

Transladando el planc del horizonte SWNE a la es
fera celeste completa de la Figupa 8, la variacidon de h
podri ser descrita de manera mas completa. La esféra
ficticia de radio infinito PZE'A'H'F'NEAHP, es concén-
trica a la tierra y sobre ella se proyectan todos los
cuerpos celestes. Puede apreciarse que el punto O, co-
rrespondiente al observador, se determina por su longi
tud geografica ¥, contada a partir del meridianoc terreg
tre de longitud cero y por la latitud geogréfica ¢ con-

siderada positiva en el hemisferic norte y negativa en
al hemisferic sur. Prclongando el eje de rotacidn del
pPlaneta hasta los puntos de interseccifn N y N' de la
esfdra celeste, Se tiene que una paralela a éste eje

razada por el punto 0, contendri a los puntos P y B!,
Como las dimensicnes del planeta son infinitamente me
nores que las de la esféra celeste, a estos dos puntos
ge les llama polos celestes, norte y sur respectiva -
mente.

Al gran circulo ABRA', cuyos polos son P y P',
se le llama ecuador celeste. 5u plano es normal al
eje del planeta y puede confundirse con el plano ecua
torial del mismo debido a las pequefias dimensiones de
éste zntes sefialadas.

El gran circulo HPFZH'P'Z' que pasa por el cenit
Z y el polo P, es el merigiano correspondiente al obsep
vador 0. La altura del pole P por encima del horizon-
te ( arco HP)} ¥ que es ipual al apreoc ZA' (Angulo ZOA'
formado por la vertical al punto 0 respecto al plano
ecuatorial) es la latirud gecgrafica ¢. Su Angule com
Plementarioc es la colatitugd

Para el observador en 0, K serid la posicidn del
80l sobre la esféra celeste, tal gque el arco ZK del gran
circule ZKD que pasa por Z«¥ X representa la distancia
cenital 2, referida anteriormente en la Figura 2.

13



FIG. 6 - TRAYECTORIA DIARIA DEL S50t “ROYECTADA EN LA ESFERA CE-
LESTE Y VISTA POR UN OBSERVADOR SITUADD EN O A LA LA-
TITUD GEOGRAFICA © .
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El aprco KB del grap circulo que pasa por el sol,
representa la declinacidn solar , positiva cuando el
s8cl se encuentra en el hemisferic norte. La declinacifn
golar es equivalente a la posieidn angular del sol al
medio dia verdadero (T.5.V.) con respecto al plano ecua
rial (4ngule formado entre la linea tierra-sol y el pla
no ecuatoriall. La variacidn anual de la deelinacién
golar ¥y de la ecuacidn del tiempo puede verse del ana
lema de la Figura 4.

El dngulo esférico ZPS, formado entre los planos
OPS y OPZ, e el &ngulo horarioc w del sol. En otpas
palabras, w e8 el dngulo comprendido en cierto instante
del dia entre el planc meridiano del lugar y €l plano
mgridional que intersecta al sol en su posicidn instan-
taned.

En consecuencia, al medio dia verdaderoc, estos
planos meridiancs coinciden ¥ se tiene que w20° . Como
el periodo de rotacifn terrestre es de 7?4 horas, 1 ho
ra equivale a un &ngulo horario de 159 E1 angulo hora
rio {Figura 5), se mide a,partir del medio dia verdade .
ro, considerindosele positivo en la mafilana y negativo
por la tarde, aunque también se acostumbra medirlc con
forme a4 la Tabla 2. '

Tobla 2 Ralacién antre al &ngulo heraric y la hora T.5.V.

Tlampo Sclor Verdadero | & hrs. [P hrs, |12 hrsy |15 hes. { T8 hrs. | 21 hrs. | 24 hrs.

o tiempa sctar local

Angulo horario w z70° [a15% | 0° 45  §90° 135° | 180
corraspond jente

Trasladando los vectores a,b,c de la Figura &
a la Figura 7, puede verse que, la relacidn que guar-
dan entre si estos vectores de pesicidn en el triangu
lo esférico, puede obtenerse a partip del triple produc
to vectorial, el cual se expresa para cuatro vectores
a, b, cy d cualesquiera, como:

(a x By, (2 x @ = (F.3) (F.©) - (B.c) (&.9)

i7




FIG. 3- VECTORES DE POSICION AL SOL, POLO NOCRTE
CELESTE Y CENIT.

En el caso particular de la e=féra celeste, se
tiene que:

{a x BY.(8 x©) = (b.T) (T.ar - {(F.a) (2.

Tomardo magnitudes:

{121 1Bl seny)(12l 1Bl senflcos ws(lhl 1lcl cosaela? -
(1F1 131 cosy) (1F1 1B1 cosf)

v haciende 12 esféra de radio unitaric se obtiene:
Seny seng cosw = cosa - T8y COSB

Comoc: a + h = B + & = v + ¢!: n/?2

Se ogbtiene finalmente la expresidn para la altura
s&lar h. :

-1

h = sen { sen ¢ sen ¢ + cos ¢ cos & cosw ) .03}

18
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Observiando la misma Figupre 7 y procedieﬁan de ma

nera semejante, Se obtlene gue el acimut a queda expre-
sado como:

1 ¢ cos 4 sen w )

a2 = sen”
Cos h.

L.04)

£stre se acostumbra medir partiendo del sur hacla el oes
te.

La declinacidn solar en cualdquier dia del afic, puge
de ser obtenida de la Figura 5 & puede ser evaluada me -
diante la expresidn de Cooper ([ 4 1}.

284 + 1 3

= 1 3
Z23.45 sen ( 360 76T

LL5)

donde i 5 el dia de) afo.

En los computos se han considerado pericdos de
diez dias para los cuales se han escogido los valores su
gerides por P. de Brichambaut y G. Lamboley { 51}, Tabla
3.

Tabla 3

Valares de la declinacién solar para periados de diez dias,

ENE| FE3 | MAR] ABR | MAY JJUN [ JUL | AGQ [ SEF | OCT | NGOV | DKC

la dec. | =22 | -6 S i ts | +16 | 422 | 423 417 +7 | -5 -16 | =22

2o dec, | =21 | -13 2| M0 H19 | 4230 4214 414 +3 - -18 -23

Jadec. | -19 | -9 | 42 [ H3 | 424 | 423 | +20| +11 -1 | =12 =21 -23
4. IHTERPRETACION DE LOS RESULTADOS.

Con el fin de interpretar mas clara y rapidamen-
te los valores horarics enlistados de la trayectoria me
dia seolar sobre 2] horizonte a nuestras latitudes, con-
viene antes analizar detalladamente la Figura 8.

19
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De l1a Figura B,pueuu agbservurse gue a la latitud
coprespondiente (23°27'}, Ja altura maxima del sol al me
dio dia (T.S.V.) coincide con el cenit del lugar solo en
1a fecha ccrreﬂpandlpnte al solsticlo de Verano. Do es-
ta manerd,se tiene que séic en ﬂQUEIIUE lupares cuva la-
titud sea “inferior o igual al valeor maximo de la declina
cién solar ( 23°27'), se dard el caso de que el sol pase
per el cenit de ese punto.

En tal situacidn se tiene que cuando w=0° (medio-
dia T.3.V.); h=80°-(¢ - §}; por lo que si ¢=4, entonces
h=90%

Esto significa, que el sol pasard dos veces al afio
por el cenit del lugar para cualquier punto situado entre
los trbépicos ( entre +23° 27' y -23° 27'). Esto ocurrira
en las fechas en que el valor de la dec¢linacidn sclar -
coincida con el valor de la laritud del lugar. En parti
cular, el =20} punca alecanza el ecanit en las reglones de
nuestro pais situvadas al norte del trdpico de cancer, por
Jo gue @ste siempre serd visto a mediodia desplazado ha-
cia el sur.

También cabe indicar, que durante el pericdo del’
afno en que el valor de § sea mayor que 2l de ¢, la altu-
ra solar h tendra que medirse respecto al cuadrante adya
cente, ¥& que h max = 90°. Un ejemplo es el caso de la
clydad de México { ¢ = 19° 17' N.) en la que de acuerdo
con la tabla correspondiente a los 19°(Pag.3?), la altu-
ra mivima del 50l crece desde Enero hasta la segunda de
cenda de Mayo. Luego este valor decrece hasta llegar a
la primera decena de Agosto, en que nuevamente Se apro-
xima a los 90°para despuér decrecer a su valor minimo en
Diciembre { Figura 9 }.

Respecto al acimut a4, podemos ver en la misma Fi-
gura B, que este angulo medido desde el sur, varia respec
to a la linea Este-Qeste, segun la época del afio, ¥ que
851o en las fechas de leosequinoccies, el sol sale vy se
oculta justamente sobre esta linea. Asil, del equinoccio
de Primavera { 21 de marzo) alequinoccic de Otofio (23
de Septiembre), el acimut de salida y puesta del sol seri
mayor gue 90°; los valores, horarios en el transcurso
del dia pueden no serlo. Esto se debe a que conforme
transcurre la.mafiana & tarde, el scl al elevarce &

20
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FIG E: TRAYECTCORIA DIARIA DEL S50L A LA LATITUD DEL TRO-
PICC DE CANCER EN DIFERENTES FECHAS: XT'Y —SQOLS-
TICi) DE L4VIERND; ETWEQUINOCCICS; X ZY -SOLSTi-
CI0 DE VERANG.
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descender 2ruza el plano vartical Este-Oweste duel lu -
gar. De esta manera, a determinada hora del dia el a-
cimut podrd ser mayor o igual que 90°de acuerdo con

las sigulentes condiciones que determinan los respec-
tivos cuadrantes de ccurrencia. ( Tabla 4 ).

tabla 4, Cuadrarntes de Qcurrencida de a

A M. P.M. (T.5.V.)
*Senf/Send I IT
51: Sen h
<S5ens/Send IV JI11

Los valores horarios del acimut que aparecen en
marcados en las pAginas sigulentes, corresponden a va-
1sres gue sobrepasan los %0%del ler. y 20. cuadrantes y
que en consecuencia se han medido respecto al 3er. y
Yo, cuadrante.

CONCLUSIONES:

Como puede ¢onstartarse en las formulaciones que
permiten €l computo de las coordenadas horarias del sol,
el pardnetro cuva variacidn es determinante durante los
periodos considerados, es la declinacidn solar. Aungue
su variacidn diaria es pequefiz (ver analema), ésta pue-
de ser aprecilable en periodos de diez dias. For consi-
guriente, en &ste estudic se ha procurado introducir los
valores mas representativos de ésta, de tal forma qQue
las coordenadas horarias asl obtenidas, Sean lo suflglen
temente fignificativas del perlodc decadario en cuestidn.
Asi, a menos que el fendmeanc que se estudie requiera de
una precisidén mayor, se zugiere hacer uso de los valo -
ras enliztades a continuaclidn en problemas como las men
cionados al principio de este trabajo. o

Por otro lado, una representacidn decadaria de
las ecoordenadas huraria" del sol, resulta ser en la mavoe
ria de 10s cascs, mis completa y conveniente que la re-
presentacidn gue generalmente se acostumbra hacer en es-
te tipo de wstudios,en las gue se toman como fechas de
referencia los dias: 1c., 11y 21 de cada mes. En caso
que se desee interpolar algln valor, se sugiere hacer uso
de los diagramas polares. Ho obstante QUe en &ste tra-
bajc se presentan solamente tres de ellos, su construc-—
cidn griafica para otras latitudes es simple.
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