
L.f9 

1)::1111<11;·.H) :111;q 1<>1l:•qd j.u1,i;1 1.\\l.Llj1:>.\f1Hl ·.illllllllt>ll I'll� ( �;( ll I�; J 
ClJl�lfd[li' 

J\.r:ipop lllllljJIJ:; pill: ( �;\l([l 1�; ) :,.:•1t:liulpl[1;, :>tr:u1t.•LI 1i:1,•1•up 1l111il""i ·.'ll"J!llL ·( HV.i .)J 
Jj1llll01l[ ji1p;;llil.lj j\1:1) llll11q1::1 "J l >;jlll:J)C)lll:< :;:1d\.I ;\.''tlljl II>) '"!ll'>1:tf1:c1 l!.)lj ( 'SJLl.1'[1llS)ll! 
:a: p.�:m .� f .). \\ ,.-tl!ll"Jll.;q 11::1'-'I .1pn1s "!lJI u1 p.1:,11 "'I q 1u01po1sp:: iw!111u:i'' \111:.1111.:u 

:)ljl ll:lp p,1j>l.·\U,Jd puqptll .)j<jl:j!li1\I: ,\llV·;)IUitlllll,>J IS.>lj ;HfJ :iq OJ llJJ,;,; ll<Jijd 1u:;pe ·s1ll1;J.lt:f.l!n; fO 
S:'Jl:!J :'l!J jl::\llHlJI lUJ ""!li'tiJd1u:;pi: llOIJl!.lij�Jl:lJ[!l 'llfl!lil:IJ';;, )ll.".jllS ',)'f ":>j)tll[F"ll 1·:01pn Tilllllll\' 

c;1U:Hl 1.ij.l[J ljJI \I [>.'tpt:t1[ oJll'.li'lj [Fl 
:>!JS.1lll(lp J'llll jl?!IJSlljllll fO ise:i :1l[l :)q ()\ 1qri11nqJ �! '11'1!1 jl?L)\,):i JO llOlJll!IOd '.ll!J S'1SllU:l 
lp!lj.\\ :-;,)1,lllDS Jl(l .JO ':>lit) 'llll<lj :l)ll.'l Ii IHI :1:11:1 >lll.lj'!».ld lll1ljill1iH[ :-i,)'.illt:j:,llll!:1i!:l ;l:i.Jl\I l:ipll; l 

·sJUJllll.J:> [t:!q"lflll! .101 .1:u1:n:u :;1: .m111 .111w:; :Hfl puu · 1:1Jt:>\1 

'i3U!'lllllp ll! .ijlkfn:-; Jll ;'JJTnOS J,1Jt:.}i'/l u SU p.11,;p1sno.1 :i.11: Sl'.1.1!1 ,iS.1l[J ,jj(JllJl;)ljJlllJ 'J;)lllllll\:; 
ll! .lpt:fllC-1IJJ!!d ':\l<lj J,11? (s;1pt:AI) s1:J.1!l c'illlJS!'.'.J 10 :ljl:.J .'\10!1 :lljl 1111:1<'ij\i [ill :;:a!JlllHlJ ll!l?j.l:lJ ll[ 

'Jll;),l J'.ld ( )') Ill• 1q1: iq llOljl?IPii i-.:0:1.1 
.IUJ .\1!·:·vd1:.) s.)! s.J::np.)i .l,)IC" ;jJ;)\!.I lll ,.lllP "But l jlJ.)�l,lP[l JO jlliiUltll: 11•:llb \:.JO .JJIJJ:i;'.>.ld 

::>lfJ Jl:ljJ ll\\IHl'( .\l!':.f;'lllJi'J S! JJ' ((""[ )(8861 "jl! l·i p\ll\f. '.IX(il '[C):) l10' 1\) pc)�llUOJd ,iq OJ lll,1,1:; 
)llJlj[O;;p1: SC i;(I:[:> c•J!iJJlllS ,}lj) clll!Sll Jll.)ll!Jl?,\.li .l.'.>lt:\\:\l:'i:\\ :\\;'J!\ .1l[I JO Jll!·:ld ;·,1111n11.1:1 llO!ll?JO[l 
J.10 puu .\.1:11\0JJ.l flO pcDlll!lfll;l 'Jll-.JllllU,il) .l;'lJl:\\.''•ISl?\\ :;1: lj)ilo llillll::l!idde [t111ilf.18) JU JJqlllllll 
\� \\\ ;:.-::.\\\:) .\l.h ht11 .\\7,\j) lJI 'till! \Ill p·:,11:'<i! l�J. I 11! 11-.1,,,] ;'\!'Ii l !U!j'.'ll: !.l] lll SJ llt: 1�1; f 1\\S· S •:1:[ 1 c11 l.J. 

uon:mpil.ljllf·· 1 

·si1n::p1:JlllS.JD jl:\(1!11°.'! 111.f 1w1tll)t:.111 l�Jl?l.\;'ISe\\ u: 1·:'qdd1; inn11".C)'.'nllS 
,)lj Jllllln :1JtlhJJll.1<[ jll Lllli �j· lllllj.':1:1_1Jl[j11:q1 i'-'i:"1;i,j11;; :,i I! l:p;p li<lliLl.l<bj!l: JU ""l:c[ .Jl!l 111 J 

l ''IJ'll•ll:1> 1 ux··q :;-11?1[ Wllll? 1111:,Jllil'.l llll?J'.ll'.f 111s 
i'll'' :;ii.,!ll;:\ :•1qi:;:'ilw:t('»:·, j(• ::,ll1ji:u 'Jld :,1: l[.lli" ;,'-J1:;d11 11u11diu,11e 'ilu!:lUJi1lfll! ,;.1,;1.:i1111:.l�d 

11"1!\lll):; U:l'1lj ;1:wq (l:U:iiqv J lll,)llCt�i!ISilf\i ptw 1;1uq;H;f\! JO i;IJ:;l)(bp 
lUUIJ �)J!llDJll:'11j OJ uu :-:}lil.'i:lt'jln:; '."J�llll!lllJll pne 7;�l!1J!llC ·:;!LHJ!;t:."l JlUO',; J�J l!nqdio�p\' 

- \ iH:l!J 11· - \·Ul JU Uii()()()-OLL \uu·u-.i 
'�;1111:1-"llll'iillC[ jWlHll.111. \ l'' jtL'< 1- \!( !l !H Jll .\°ib l;Ct \Ill: I 

'i '·'l<:.JID({ l'''" / JClt1.�ll. J ·u :ilt.ii111(i 'll .:i\ I\ I 1:1 



2-Expfrimcntal : 

Tl1c hc11to11ilc� used wen.: from two dcpo�its (M;ighnfa and �v1ost:ig;mem ) in wcslcrn 
,\lgcria, an<l w1;:1 c obtained f rom E1-.!0F ( ,\lgcria ).One s:unµk; was Na.C0_1 :1clivalc:d iJ1 plant 
bv drv 1m:thod and was used as received. Other ones in dil!ercnt saturated fonm i.c.Na1•• ca•< 
a;1d i-r' fonns, 1vere prepared from < 4 5 fLtn fraction obt:1ined by scrccning, this fradion 
contained cssenliall�, the ,montmorillonilc a11<l it is prcfcnt:d rhan < 2 JLlll fr;ictio11, because ii is 
availnh1c cornrni:rci�Jly. 
Na -or Ca - s11luralcd fo1111s were obtained by fou1 limcs lrcnl1m:nt wilh 1 !l.J NaCl or CaCh 
solution and subsequently washed with dislillated water uni ii Free er ions ( 1\g.N< >3 test ) . 
Saturated form was prepared from Na saluralcd bcntonit� by trent1rn:nt wilh 0, l l\ l H2S0.1 al 
98" C, during four hours with stirring. Aflcr what bcntonitc was separated b�' filtration and 
washed five litnes with dislillcLI wntcr :md dried. 
Sodium dodeeyl aryl sulµhonatc was 111<111ufa1:lu1eJ by ENAD ( Algcai.i ) ,1l. p<i�ti;; u! 50 ·�;, \Vt 
SDDRS or in powder fonn ns C:i, 20% SDDBS. Sodium dodccyl sulphate. Cetyl 1!i1m�lyl 
ammonium bromide and polyethoxyl mmyl phenol were purdrnscd, as > 98 pmc, and were 
used without forlher purification. 

2.1-Adsorption measun.·1.ncnt : 

Adsorption data for anioniL: surfactant \\'Ci;; obt:ii.ncd by dispersing 0-4 g of bcntonite in 
100 cm� soh.1lion or vaiicd conL:cnl1 a lion from 0.104 10 3.48 g.dm·3 for SDDBS ;md from 
0.086 lo 2. 88 g.drn3 for SDDS.The choice of these ranges were preferred for detemtining 1he 
in.llucncc of Cl\.IC on adsorption. Solution were shacked mcchankall_v at room temperature for 
five hours. filtered and residual concenlrnlion of sorfocl11nt w111; <lclermined 
spctrophotometricall_v using methylene blue method according to Rodier 1980(3). 
For detemtining the cationic and nonionic surfactants adsorption isotherms, various amounts of 
bentonite from 0 lo 1 g were dispersed into 150 l�lll� llr18ks lllic(! \\'llll I UO cnr� po111on oi 
2 g.dm- � CTAB or polyethoxyl nonyl phenol solutions. Flasks were placed in mechanical 
shaker during fo·c hours. Afler which solid was separafed and surfactants conc.cntrnfion in 
residual solutions \\'en: dcfennined spectrophotomctrically u�ing an anionic colorant ( J kfowtinc 
). as indicator for CTAB defennination :it A.=508 nm ,and iodo-io(lidc as complexing agent for 
nonionic sU1faclant at /,'·'500 urn ( lloclicr) . 
Adsorption isolhcrms were obtained ploll ing the adsorbed arnounl ( q ) \'':pressed in mg 
srnfactanf per g .1dM.>1h:nt, .1s � fi111c:linn or cquilih1i11111 conccntrntion in gdm"' . :\d:;orbocl 
amounts ( q) were calculated acc;irding lo the following relation : 

q '7' (C" - C*) V/m 
Where: 
Cu '"initial co11ccnlratio11 g.dtn-' 
C · '0 equililnium conccn1ration g.dm .. ' 
m = masse of adsorbate g 
V == volume of solu tion ml 

r;1n 
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3.3-Nonioni� surfactant_;_ 

,'\lagh11b :\losla1?,<111�m 

Figure G shmYs l'\o isotherms fo1 poly ctho:·;yl nrnn I phenol on Jr- anJ Na - bcnton.ik. Thl· 
greater uptake on I I -hcntonitc is ditlirnh 10 <..:.'q1lai11. l\fa)i.imum uptake !t'.l!,islcn;d Oil holh rnsc� 
were 70 and 110 mg surfoct1111t i' g N� - �nd IT - l11.:11to11i1c respectiwly. 
o,ving to fm rnaliun of cmulsicrn at higJ\(;1 "111 foctanl conccntrnlio11, other points could ll<Jt lo he 
ohtaincd. 
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ABSTRACT :This rcporl is focused on lhc dclcrminalion or an optimal control which makes a 
linear distributed system spreudahle. and hrings solution dose lo a desired slate. Our approach 
of lhe problem generalizes al two dimensions the work recently realized on the analytic study 
of the same system in the one dimensional case. 

In lhe lirsl pan we will remember mathematics foundations of the spreadabilily concept. We 
will present this concepl in a general rramework. This will lead us to dclinc the spray control 
and the motivations that have incited us to introduce il. Then we will present the discretized 
formulation of our problem. And finally we will give rcsulls or simulations in the case or lhe 
the vegetation dynamics. 
These simulations have been undertaken with the help of a numerical tool based Oil the rinil.c 
clements method. They show the evolution or lhc solution and the applied control versus time. 

I. INTRODUCTION 
The vcgclalion is a f'undamenlal component for lhc balance or our ecosystem. lls evolution 

;an strongly condition !he lire of men in many regions of the planet. Several recent studies have 
1cen developed in this area, on lhemalics concerning biology, chemistry or geophysics. 

Our approach in this work is lirsl of all lti give a general modelling of the process, lhcn lo study 
he inlluencc or a control 011 ils dynamics. 

We can consider that the development or the vegetation density (hiomass) is a both temporal and 
;pacial phenomenon. Indeed, ir we consider each individual separately, its growth is local, and 
Jcpends only on lime. It is conditioned by the environment parameters such that dimale 
�haraclcristics, ground properties or vegetation. But there exists also a spacial expansion for a 

group of individuals, due for example lo process induced by the regional topography of the 
middle, or lhc influence of lhc man or animals. 

In lhc present work, we focus our attention on the determination of an optimal control making the 
;ludied system spreadable and the solution close lo a slate desired. Our approat.:h of the problem 
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generali7.es lo two dimensions a work recently realized which has ended lo nnnlytic formulation ol 

Lhc one-dimensional contnil I rff. 11. 
We will give first or all Lhc dilTcrcnl 111:1lhcmalics cuncepls or lhc sprcadahilily nolion. Then WC 
will remind the model liial formalism our syslcm. Last, we will he i11lc1eslcd i11 lhc calculation ol 
lhl· C\lnlrol. In the case of a hidimcnsillnal area, the> analyt ic expression or the J(irrncr is delicate le 
estahli.sh. Our apprnacli will he thc1drH'C purely num1.:rical. Final!y we present some r esults ol 
simub11ions applied 011 lhc vcgctatilln dy11amics. The muncri;.:al l\lol (_SIC :Syslcmc lnleractif oi 

Cll1n:cplinn) is ha.,cd llll linilc clements n1clhnds. We show lhc evlllur.ion (lf the. solution and lhc 
applied cnntt·o! vc-r�a1:, tin:c hy varying p:H"an1ctc:"S tu oh.l�ervc tht�ir innucncc on lhc lichav;our oJ 
the system. 

2. CHARACTERIZATION OF SPREADABLE SYSTEMS 
We arc going li1st pf all to s11m11rnri1c matlic1natics fou11da1i11ns thal express the sprcndahilit) 

COnlT[ll of <l sy<;tcm. 

2.1. Concept of the spreadability 

Lei us nm,idcr a clis1rihu1cd system (S) dclincd 011 :111 area n. We suppose that the stale ol' the 
system is defined hy : 

G: G( r, y, 1, 1,,. G,,) where 

(x, y) E U 
l �= l,, 

z,., 

arc the space variahks. 
is the time l'ariahle. 

is the initial data. 

(I) 

ls /' a property acting on values or (j ;111cl (()ll';idn lhc f;11nilv or subsets sud 

!hat OJ, = {<x. y) En I G(x. y, t.CI ,,) = p(x, y)}. These suhdrnnains U)l]Slilutc subdo111ain: 

where the stale salislics lhc pmpc1 ly I' al time t. 

At !he initial lime r,, we have m,0 = { ( r. y).:; �!/ G0 ( r. \', 111) == p(x. r)} 

Dc11nitiou I : 

'/he sy.\/1'111 (S) is suirl I' • .1prew/11hle fim11 m,0 duri11g th11 ti111e inten·al I = j 10, Tj if rile famil: 
( m, ) ,, 1 is incr!'asin,; : ([)1 c: ro, Vs,t E I s11ch 1lia1 t <, � 

In other.<: w11rd1:. 1\w .1:y.<ae111 tS) I.<; I' 1:pre:1dai>lc ii' the property /' in<.:rca.•:c prngrc/;�ivdy ou L111 
area n during the lime inlnval I. In the pnicticc. however. some dynamic systems do not vcrif: 
this properly and the rnndilion ol' satisfying the n111strni11L G(x.y,t) = p(x, y ) over the curren 

suhdu1nJin u1, sccrn:; t11 lie t11u s11ulllo'. alld ill\(Jlvc :;u1nc dilfo:ultics in the annlysis Moreover,; 
weaker assu111pticiu is mmc realistic so will he introduced the notion or wc;tk sprcadahility and lli1 

following delinition is mloptcd. 

2.2. Wea}( spreadability 

lle11nllion 2: 
_A sys1enr (�5) ir.: \'(lir/ H'P(1k/y I'-.c.:pr"lulable 'l'i1/1 the tolrr(ll!Cf � fnJJn r1),., 01110 0. during thP tiln 
interval I =lo. Tl ((there exisrs a .f11111ily (rv, ),,1 o( .rnhdo111ains n( .o sari.1fring th<" .f(1/lmri111 
propertie.1·: 
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I. ID" = m,, 

2. ID, c ID, v s, 1 E I I t � s 

'.\. lUr = n 

4. llx,,,, (G(x. v. r) - p(.r. y))ll . :O; £  V t E /  l."\Ul 
( . ') - fl I \Vherr, Xm, .t . _\  - () 

i f  (x, y) E ID, 
if (x, y) "'- ID, 

2.3. Spray control 
A system is not  always, i n  it even, spreadable. Nevertheless Lhe application o r  a co ntrol can make 

iL spreadable . A such control is characterized, among others, by Lhe fact Lhat ils action is 
appl icated on subdomains Lhat evo lve wilh Lime. Recent works have shown [rCf l j ,  for a sim ple 
one dimensional systems, how Lhis control could be characterized analytacally. 
Jn our case, the model is bidimensional, and its geometry can be complex. Also, we have been 

interested in the determination of the optimal spray control hy a numerical approach. Our 
objective wil l  be to minimize a criterion or classic quadratic type whose formulation is : 

T T 
J(U)= Qf l f,, (G(x, y , l ) - Gn (.x, y , t )) 2 dxdy]dt + Rf1L (U(x. y, f)) 2 drdy )dt (2)  

0 r 0 ' 

The lirsl Lenn or Lhe criterion represents the precision, it is to tell the gap between the solut ion at  
the L ime l on OJt and Lhe stale desired on this same area, while the second o n e  represents the cosl 
o l" Lhc conlrnl, al the same instant and on the even subdomain. 

This control  will have for function lo allow Lhe system (S) to be spreadable on t he to lal ily of n 
d u ring the Lime interval ) lo,lr ] .  The act ion is applied on all points of subdo mains co , of Lhe area 
n .  So as Lo simpliry our prohlem we wi l l  impose the evolution of these subdomains. Thus it 
being able lo speak ahoul  an adrrptatif sprcauahi l i ty Lhal rejoins the regional contro l  concept. 

3. Vegetation d ynamics 

Since a few years our group has been in terested in modelling processes related lo 
environnemental systems, and more particu larly o r  the vegetation ones. I ts development is purely 
or space- l ime Lype, and t he competence of om laboratory in the dislihuted systems area l agely 
established. We can consider Lhal Lhc biomass deve lo pmen t dynamics is governed by two d istinct 
processes. The first one conserns Lhe loca l grow th , Lhc second the spacial expansion o r  Lhe 
vegetation represented bye a distributed model. I L  is Lhe combination or Lhis Lwo pheno mena Lhal 
makes a vegetation spreadable on an g iven area. This process will be interpreted by the space- t i me 
m odel . 

3. 1.  Model 
This m odel i nvolves two Lype or dynam ics. The lirst one shows the vegclalion grow th under Lhc 

i n nuence or the waler cycle in ground, plant and a tmosphere interfaces. This growth depends o n  
ground characteristics, considered ve ge tat ion Lypc and atmospheric conditions. The waler and 
energy balance al lows to write Lhc m odel 11ndcr the next form 
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en 
\ dB - I n --;/f == k R R . 0 ( 1  - e 1 ) l/J. ,. -. k 4 8 

d H  
- = k , P ( f )  - </I."' B - k ,.. H d i  

B : the b i omass densi ty . 
H : the ground hum idit y .  
P(t) : the rainfa l l .  

<Psv : the Jlow of waler throu gh the continuum ground - plant - atmosphere. 

(3) 

On the o ther hand the spacial expans it1n o r  the vegetat ion is represented by a dis t ributed model. 

We will tell that a vegetation could growth in a given point of an area n, i f, in this po int, the G 
properly that we will call "development slate" exists and is different o f  zero. This developmenl 
slate depends on varied and numerous 1:1c tors : topology of the area, thal makes that the 
vegetation propagates d ifferently on hilly or !lat rel ief, seeds lransporlalion by the w ind or  
animals, m a n  inl1ucm.:c, for example b y  actions o f  ck.aring, etc . . .  
We have supposed that  the mo del translating the pro perly G is  described by a second order 
conduction - diffusion equation. 

We defined a system (S) and a finished area . The analytic expressio n or (S) is the followi ng : 

with 

r1 G + KL\G + 7.g-:�:i G = Q  r1 t { G on Wo 
(S) � G(x, y, lo ) = o c�sewhere 

d G 
= O () .,., 

V : thP. spP.e:d of the properly. 

K : the di ffusion coefficient of the prope11y. 

Q : the control . 

on n x T  

for t = l o (4) 

on a n  

The difficulty is Lo find analytic expressions for speed and diffusion coeffa:icnl .  These two l cnm 
depend on space and time, and have to represent the d ifferent influences that we have in troduced 
above. We currently work on models being able Lo represent these elements. Otherwise, they will 
he able lo be obtained hy validation on experimental measures. Final ly Lhe space-Lime model will 

he represented by this one obtained hy coup ling the two previous systems. So we w i ll have l a kP.n 
into account the part concerning the growth of the plant (T) ancl l hP. .�p;u: i:il c x pan.� ion of the 
vegetation (S) . Thcreliire the obtained model will symbolize the vegetation dynam ics on which 
we can envisage a control.  The control on the vegetation developmen t is co mplex. ln o ur 
approach , il can he envisaged on t he local growth, il is Lo tell hy fovoring t he individual 
developmen t .  or hy in terven ing on t he spacial dynamic. Thal is what we nrc going to do in the 

com iuumion o f  t h is work, hy supposing tha t  we arc going lo appl y  an action so as lo arrive lo a 
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onLrolled spray or the G properly, and therefore or the growth support . The initial suhdomain is 

�o c Sl so as w0 = {Cx, y) e  0 I G(x , y, 1 0 ) = / (x) given } { J on m, 
nd lhe control Q(x , y, t ) = X,., (x, y)U(I) with X,,. (x, y) = ( 1 

• • ) clsew iere 

'his show that the control is applied on the suhdomains co, during their evolution with time. 

i. Numerical methods 

4. 1. Minimization of the criterion discretized 

o study Lhe system (S) of a numerical viewpoint, we have been brought to discrcLizc the 

1uadratic criterion J(U) in time and space : 

T T 
J (U) = QLL (G(x, y, t) - GD (x, y , 1)) 2 + RL,L, (U(x,y, 1))2 

O m, 

vhcre, T is Lhe duration of the simulation. 

w, i s  the subseLc; thal evolves i n  time. 

0 '"• 

(5) 

Q and R are matrices, allowing Lo allocate more weight to Lhe precision or to the 

:ontrol cosl. 
fhc minimization of Lhe criterion must be undertaken on a lixed temporal horizon[t0,lrl . with t he 
iim to bring the system close Lo a desired stale GD. Thus arc formulated in the criterion expression 
.wo oplimi?..alion problems : 

• The precision on the slale or Lhe system 

• The am pli tude of Lhc con trol. 

4.2. The numerical tool 

ror the calculation or Lhc quadratic criterion we have used a numerical tool SIC, a software thal 
allows to solve dynamic models, with two or three space dimensions and partial d ifferential 
�quations. Used numerirnl Lcchnics are based on the Jinile clements method. This software has 
hccn initially conceived to resolve rnechanistics processes and associated disciplines. Therefore to 
adapt ii to our problem, we have modiry some subroutines and create others to be able to Lake 
inlo account al l  the terms !hat intervene in our case, (for example the conduction part in the 
part ial di lTcrcnlial equations that did nol figure in our version of SIC, or the notion of area 
displacement). 

The slcps or numerical calculalion ending lo the optimal  spray control com prises several phases : 

Lhc lirst one corresponds lo Lhc di fferent dala initial izations of the problem namely the delinilion 

o r  the initial area (1)1 Iha! is going Lo evolve in t ime following a descriptive function thal we has 
defined, lhc desired s l a te proJile GD(x,y,t), and an initial value or the control Uo(x,y,O) then arc 
made buck les or l hc quadn11 ic criterion calculation, and so or the gradient by the finish d ifferences 
method finally we procc<'d lo cri terion minim izat ion. 
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5. SIMULATIONS 

S t ate G( l  i )  

. 

rrmlrol U op(l I ) 

. ,, 
' 

S l a te G(t  2 )  

Conlrnl Uup(l 2 ) 

' .  

S tale G(I _) 

/• . /.� I 
. 

Contrel U0p(l 3 ) 

. /;/· 
.../·/. 
' . 

Stale G(t ,1) 

J . •  ,. 

Crnttrol U011Ct �)  

fi gure 2 :  Examples of vegetation spreadabi l i ty under optimal  con trol 

In these simulat ions we can sec the evolution or t i le G-slalc versus l ime (T=4 slCDS for time) 
I l tg.l l .  under lhe inlluence of the optimal control evolving during the time (U011l. This is lo tell 
that if we want to arrive near the desired stale Go (GD = I  0) W<' 1m1s1 apply. al each t ime l , the 
contrnl U0p(l). 
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SPATIAL M O D ELI SATI ON OF A FIXED-mm DEPOLLUTI ON REACTOR 

(ANAEROBIC CARDONACEO US-NITROGENOUS DEPO LLUTJON) 

ABSTRACT 
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l. M.P.!CN. R.S. 

U11il'etsify of Perpig11a11 
52, A 1'e1111e de Vil/e11e11 1•e 
668611 Perpig11a11 Cede.1: 

FRANCE 

The purpose of this study is to modelize an anaerobic fixed bed digestor in which two 
stages of a depol lut ion process are coupled : methanization and denitrification. It is not 
possible to consider the bioreactor as well-mixed. Indeed, the bacterial growth and the 
compet i t ion between the d ifferent species can clog the process. We take into account the 
spatial d i stribution of the different substrates and products. We write and solve a model to 
simulate the working of the p rocess and we try to estimate the  effects o n  the behaviour of the 
digestor.  Another aim is  to locate the best positions for the sensors, that is  : o ptimizing its 
working. 

1.  INTRODUCTION 

There are a lot of depol lutio n  processes. The use of bioliltcrs seems to be m ore 
interesting than the processes using activated sludge. Indeed, these i nstal lations are more 
compact, use less energy and throw o u t  l ess waste such as sludge : they are more efficient. The 
biofilters are anaerobi c fixed-bed reactors. The biomasses settle on a granular stand, degrade 
locally the pollution and filter the waste. However, this fi ltrat ion can clog the biofil tcr that is 
require a periodical cleaning. In the same bioreactor, there is a processing of different 
depollut ion stages, that is why we need many bacterial populations which compete each other 
ref. ( ! ) . Then, we observe a stratification in the bed. Therefore, it is not  possible to consider 
this reactor as well-mixed . The purpose of this work is  to write a model which takes i nto 
acco u n t  the spatial distribution of the concentrat ions. We try to evaluate  the effects of these 
spatial non-homogeneities. 

2. MODELISATION 

The researchers of I.N.R. A. (Institut National de la Recherche Agronomique) showed 
that it is possible to do methanization and dcnitrificalion in  the same bioreactor fig. ( 1 ,2) and 
they identified the biological parameters ref.(2). A first study was done to test the sensi tiveness 
of these parameters ref (3), Otherwise, this work tried to exemplify the spatial d i stribution of 

649 



prod uct s and h inm� sses concen t rat ions as fu nct ion o f  inpu t condit ions. It is a relat ive ly 
co111p lele b io l ogica l model isat ion i n a 011c-cl i 111ension u pward reactor. This model is non

pe1 nrnncnt and takes into account t ransport phenomena : t h e  speed d i stribu t ion i s  u niform on a 
straight sect ion of the reactor MATLAB solved this model . 

As far as the biological 111ocle l i sation is concerned, t hree types of variables can be 
obse rved. 

• subs t ra tes cornposing the el1luent 
• biomasses 

• products of the reaction 
There a re  seven d ifferen t :-ui ls l  rates : 1 he carboned emuent which is  a monomer (here 

glucose), th1 ee fol vola tile  acids (butyric, propionic and acetic acids), as regards the 
n i trogenous phase n i trit e, ni t r ate ions and hydrogen. Therefore , t here a re seven d i fferen t 
bion1asses� H .. enction products -...verc taken into account too : 1 ne l lw1 1e, cc.u Uunic gas, n itrogen 
and ammonia. 

The experimental resu l ts  o f  I N R A  and the  l i terntu r e  showed Lhal methan izat ion
den i t r ificat ion is co n t r ol led by the rntio : C.0 .D ./N-No, ref. (4) . I t  reprc>scnts the global organ ic 
phase on the n i t rogenou s phase We found the parameters of t he con tro l i 1 1  t he l i teratu re  
ref(\G) and w e  have done  s imulations. The  r esu l ts a r e  on the lig. (3) .  J n  both cases, the 
in i t i al organic load i s  the same (Ci700 mg C .O.D./I) .  The init ial nitrogenous load is different to 
test t h e  behaviour of the model accor d ing to init ial cond it ions 

3. DI SCU S S I O N  

The deni t1 i flcat io 1 1  ta kes plnc:e fir st in  t h e  b o t t o m  of t h e  reactor. T h e  nitrates fade out 
re lnt ive ly qu i ckly in ·the fi rst hair of the reactor. J\fterwa1 d�, the evo lu t io n of the n i t ri tes is  
slower. As re.gard.� the  mel hani zat ion,  the transfor mnt ion of the  rnonorner is rather fast, but 
t h e  degradation of fat volat i le  ocids is then 1 1 1uch slower 

If we co11 1pa1 c Lil i th si1 1 1ulatiuns, we notice that Lhc treatment or the etlluent, which is 
the most ILJaded in  n itrogenous mater ia ls ,  is more eflic ienl I ndeed , the biomasses which 
cle.Q. racle t he n itra tes . c o n s u m e  a lot nf r.� r hnned 111� tl'r i�k. 1 hr>y """'d 1" :".""': <0, th"�' h �,,,� ?. 
share lo the methanization 

We come to the conc lu s io n t lrnt a non-negligible concen t rat i on i n  ni t 1 oge11uu� 1 n a te1 ia ls 

is beneficent for the efficiency of the reactor O therwise, \Ve observe a best treatment for al l  
subs t 1 ates at  the end of the react or. We could do a more systcma l i c  s tudy wi th a stead iest 

compos it ion in e flluent . Therefore, it would be possib le  to put a sensor to fol low the good 
working of the process accord i ng to perturbat ions 011 inpu t concentrations 

4. CONCLU S I ON S  A N D  P E R S P l·:CTlVES 

The firs I simulations pr ove the efliciency of this type of reactor if we cont rol the input  
condit ions. However , i t  shows that  the 111odel isat ion of the b io log ical processes is hard ( 1 8 
biologica l equat ions) This model enables the understand ing and the simulat ion of the d i fferent 
phenomena. However, we can not use i t  for the control or for the opti 111isa l ion. lf we want to 
reach this  aim, we 11111st s i 111 pl ify the model 

Od1erwise, we can come u p  against other diftlcu lt 1es : a lixed-bed bioreactor can choke 

as the growth of bio111asses. At the present t ime, we write a second model of simulation with 
easier b io log ical equations. l t  takes into account a more complete modelisation and a more 
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realist ic flow. In t h i s  case, i t  is a three-dimension model. We use the finite elements method 
ref(7). It makes i t  poss ible to have a better representat ion of the space inside the reactor. 

Furthermore, we have the poss ib i l i ty to  consider d i fferent problems concerning the inpu t  and 
the output of the reactor. A speed distr ibution al rnndom on a straight section simulates the 
obstruction o f  the bed fig. ( 4 ). 

The first resu l ts  show that the average conccntr  a l ions at the end Df the reactor are 
relatively non-homogeneous. They d iffer from the concentrat io 11s obtai ned with a more simple 
transport model .  A t  present, the model, which is  wri tten, t a k es into accoun t  many substrates 
coupled with their biomasses. 

C,N... I --. -+ M•lh"" ''·'"'] A n a er o b i c  I N,, Cl!, ,  CO,,. . . . ==i 

I I M et h a 1 1 iz a f i o n  

c11,,co, 
, . .. 

L N I I • '"" """ I Aero b i r  I I I N i t ri lica 1 i o 1 1  

I N03 

c 
Dcni t ri lirn tion 

I Den i tl' i lic a t i o n  

A n a erobic A n a ero h i  Aero b i c  

----- ·� _____, Noj· 

fig. I a - Classical process of ni trogenous and f'ig l . b  - Both anaernbic stages i n  a same 
carbonaceous pollutions treatment reactor 
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l\!IODELLING OF VEGETATION DYNAMICS 

JU\ DDi - A . G O N ZA LEZ 

Ahstrnct 

This work consists 011 1 1 10Udling ur vegetation cly11a.111ics. We }1 a.ve taking i n l o  accou n t.  Lhe spatial 

<'x p a nsion d y n am ic. We have defined a.nd chara.clcrized n spreading properl.y with clisl rilrn t cd S)1s1.c111 . 

t\ l�o. we h ;i.vc m a kc,t I lie l i n k  wit h a loc:alize<I growl h modcL 

I<".V words : Vegcl at.ion d y n amics; Modelling; Dist.ribu ted systems; SpreaJabilil.y. 

1 INTRO D U C TION 

Evolut ion of vegetat i on is  a space-t i me phenom�no1 1 .  l�col ogisl.s are int.crested i n  the processes involved 

i n  this problem so as to und.,rstand a 1 1 d  lo try to pred ict it. [5, 7, lO](Darcll et al. 198 1 ,  friend et al. 

1993 , Prentice et al . 1992) 

The aim of this study is to fin d  a timc-spncP 1 11 odcl of vegetal evolution. f�ssenti aly , we arc interested in 

the dynamic aspect of this evol u tion. 

The vegetation system is speci al because its spread ing (spat ial evolu t io n) hasn't  been described hy any 

mathem atic formu l a  (p henomenologic relations, physi cist laws like Fou rier law i n  h eat transfer). There

fore, we can't apply the cl assi c a pproach in the model l in g  of t h is phenome11011.  

The difficulty is the d efi n i tion of approach for finding a m odel w hich characterizes t .he h ionrnss sp rcad

abil ity on a geometri c domain and to l ink it w i th its localized grow th . 

The 111odel cou l d  interest cco logi st.s for predicting and su r vey i ng in the gcneral is1. aspect. desert. evol ut ion , 

or fores! spread i n g . 

2 P RO B LE M  DEFINITIO N 

Observation of vegetati on spatial evolution shows that the biom ass spreads or cont.racts from an i n i tial 

occupied area as in I.he "''"" of the forest. (dcscrl.) expansion. [8) ( Fronl.icr et al. 1991).  

In  the l i teraturr. [R] ( Frontier et al . 199 1 ) ,  the expansion of the vegetation can only occur when the soil 

is ready to rec.e i v" i i. . In  add it ion , we have a su ccession of several occupation strateg ies of soil among 

wh irh  we consi drr  
• S trn t.cgy " r'' chftrad.l'rized h y  a rn p i rl rate of d evelopmen t ,  cons i dernh le mortal i ty and a n  earl y 

n 1 aturi l.y ol' �pP.c.ir� . 
• S l r al <'gy " K" w i th a rel a t i ve sl.ahi l i t.y, compet i tion is l ess importflnl. an <l a late maturity species . 

3 Modelling of vegetal sµrea<l µhe:r10menon 

The co1 1 1 plexity of thr biomass spati al evolut.ion requ iers I.he in troduction of the "spreading  p roperty" 

notion . 

On i n i 1  ial s t.ale, [.J,., vrgd.a1. ion exists on a given subdomai n .  N or m al l y, I.he area colonized hy I.he biomass 
l rns to ext.en d , con l rncl or keep i n variable. So, we wi l l  not.i ce an evolution of I.he d o m ai n  favourable to 

hc:;c:; 
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4 N U MERIC SIMULATIONS 

S i r n ulations are rca l izml rrorn the system ( S\ ) . I t  co11cer11s a parl.ia l  d i lfo1·i>1 1 l. ial equatio1 1  w i t l 1  a n  i ni ti al 

condi tion wh ich allows I.he display or 1.h<' s[lJ'ead i 1 1 g  phc1 1on1enon a11d bou1 1dn ry con d i tions w h ich p reserve 

l.hc propert.y E on I .he occupied doma i 1 1 .  

"V , 11 d(}') r c p u c  ' = l . 
We consider the geo111el.ric area !1 = (0, 5] x (0, 5],

_ 
the s1 1 bdornai 1 L  wo = (0 , I ] x (0, 5] . We discrel.ize a 

grid or points (x( l ) , 1 )  i l l  (ili , ph , kr )  where i = 0, 1 ,  · · · , 50 a11d k = 0, 1 ,  · · . , 50 .  Also, we h ave time step 

r = 0 . 1 ,  grid spacing h = 0 . 1  following bot.h d i i·ections x1 and X2 alld speed value : V = ( 1 ,  0) .  

for !.he numeric resolut ion , we have chosen t.he Lax met.hod (9] (Garcia 1 994). This choice is based on 

!.he fact. t.hal. I.he scheme of d iscrel.iznl.ion allows us to assure a st.able nu1ncrical morlel . 

5 PRESENTATION AND ANALYSIS O F  RES ULT S  
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Previous figures show I.he spreading of the property E i n  I .he rcctangu lftr  dornain !1, w i l. 1 1  a constant qwcd 

V along the x 1  axis . On i n i t i al l. irne, we h a.vc t.h� properl.y E = I 011 subdoniain wo and Progressively, 

we remark that E spreads Oll all l-he du1 1 r n i n  n .  
Results of numeric  s im1 1 lal.ions s'1t.isfies t h e  spreading property I l11d w e  have defined. l n  fact,  from an 

i ni tia l  domain wl 1ere t.he sprnad ing p roperty E exists, we cxpoect a n  ex pi1 1 1sion of  the property on a.II t.he 

don 1 ai 1 1 .  

A i m  o f  these si mulat.ions wasn't. L o  give I.he appl ied resu l ts o n  real t i m e  b u l. t o  fi n d  pa rt ial di fl'cre 1 1 l.i"l 

equat.ious which w i l l  able l.o describe I.he spreading property l'rom bioclimal . ic,  physics and anthropic  

hypot hesis accom panying t.he cvo l u t.ion o l '  the vegda t.ion .  

�;xample of s i 1 1 1 1 1 l a t. io1 1s present.s an  expansion or spre:ic l ing prop<'rly on a domain wlwre the cond i tions 

arc favoun1ble.  
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6 Localized growth model 

The second part of this work constitu tes a highlight of the link belween the spreading property and the 

real part of the localized growth of the vegetation. 

We consider a specie plant"d o n  a plot of land . Except its spreadabil ity, it grows with a localized dynam i c  

u nder t h e  fact of the bioclimatic and soil con d itions, 

This part is treated independently of the spatial expansion phenomenon without forgetti ng I.hat al t.he 

end ,  we must reach an equations system with two dynam ics describing t.he space- time evol u li:rn of a 

vegetal cover. 

Localized growth of a vegetal spiece begins from t.he moment when the biomass begin to grow. After, the 

transformations taking place at the p l ant depend on the atmospheric data, sun radiation and soii state 

with it is confronted. 

Modelling of localized growth regardless of the spat.ial evolution of the vegetation h as been carried out  

by Brufau (1995) [4] who h rui worked on the analysis of the water cycle. 

I n  its study, she h as taked into account the interactions that the plant is u nder with the exterior set. Its 

work on t.h., e;rnwt.h mo<fol h•.� ""'"' th" s11hjPr.t of a t.lweis [4] ( Br11fH 11 l fHlfi ) .  ThP local izPd grnwt.h model 

purposed by Brufau ( 1 995) [4] is a d il l.,,rential equ ations system that makes in parameter the growth of 

the plaut. 

The first equation describes the soil humidity iujected on the equat.ion of the biomass growth and the 

second one describes the the water cycle that creates the soil humidity. 

The differential equatious system is : 

(S'a) 

d�lt) 
d!J(l) dt 

F( t ) .H(t) 

G(t) 

B(O) = Bo 
H(O) = Ho 

• f-1(1 ) hinn,ric:!C! rlP n c i t u  ' ' , 
• H(t)  : soil h u rn i d ity. 

• Bo ,  Ho i n i t ial cotH l i tions. 

• G(t) : source term characteri7-ing the soil humidity evolution . 

• F(t) : source term tak i ng into account all the factors i n n uenced by the localized growth of the 

biomiw3 ( utmo3phcrc, 3oi l ,  cuructcriat.ic� of the pl �nt , . . ) 

7 Modelling of the global evolution of the system " spreading

growth" 

7-a Description of the system " Spreading-Growth" 

I n  our study, we have d iv i d e d  th e dynamic of the vegetal evolut ion i n to two parts (spreading and growth) . 

In fact, before that. the biomass !\TOWS on a p;rou n d ,  the later must be already prepared to this colonization. 
1 L I ' I ' • I l I 1 1  1 ' • <' • I  • I I , 1 o l  ,.. I ' ' , 1 I J J 1  Lfli8 Wu n<: ,  w e  fHc unere:sLeu DY Lile uy uarruc aspecL OJ Lne vcgcLa1 evoiuuon, c.nere1ore we naven L c.aKea 

i n to account ne i th er the exper i m en tal data nor the real time. So, the choice of the model parameters 

allows the i l l ustra t ion of a vegelal evolution without forgett ing to take i nto account the dynamic specifities 

of the vegetation . 
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In [act ,  in the system (S,) we have two equations wh ich we h ave grouped at one al lowi ng the descrip tion 
of the localized growth b i o111ass. 
The source term F(I) has been rep l aced by another function noted F' (t) wh ere : 

F' (t) = G(t ) . F ( I J  

The function F' is choosen for t o  sat.isfy that t h e  biomass has in the end o[ i t s  growth a maximum that 

involve later and later i n  accordance with L ime.  
For describing the spreading-growth syste m ,  we have l inked the equations obtained frotn the two systems 

(51 ) and (S�) taking i n to acconnt the ini tial and boundary conditions. 

7-b The model 
The l i n k  in tervenes i n  the second member of the growth equation and it implicate that from the moment 

where the property E is di lfere11t l'rom zero on a plot o[ l an d ,  the growth equation is acti veted and pilots 
the system ie when tl1e soi l  is ready to receive the vegetation we have a localized growth of the biomass 

on the localized domain (Bru fau 1 9%).  
We conserve the domain n = [a ,  b ]  x [c, d] a n d  t h e  l.i111e horizon [ O ,  T] . { /JB(:t(I), t) + V.grad( E(.:(r.) ,  tJJ Vt = 0 

(5'1) 
dlJ(:r ( l), /) 

= Jt 
Initial condi tions : 

E(x(t J , O)  = l } 
B ( x ( t ) ,  OJ = !Jo 

E(x(t), OJ = 0 } 
H(x(t),  0) = 0 

if x(t)  E wo 

i[ x ( t ) E fl - wo 

F' ( t ) . E (x ( t ) ,  t )  

Boundary cond i ti o11s : On t h e  bou ndary o f  t h e  tlomaine fl we recall the Neumann's condition (of E) : 
[ 8E(x , y, t ) ]  = U 811 [' 

8 Numeric sirnulations 

For discretizing the domain fl ,  we consider the same scheme that in the paragraph (3) and also. for the 

numeric resolution of the spreading equation (property E). 
For computing the second equation of the system (S4) (growth equation) we have used the finite differences 

method (explicite scheme) . 

9 Presentation and analysis of the results 

Following figu res are the results of  the simulations in the spreading-growth case. Simulation results shows 

a spatial extension of the vegetation on all the domain fl with the determined conditions. Also, we remark 
that the biomass reaches a maximum of growth which is an intrinsic property of the vegetation. This 

property is considered in the function of growth F' (t). 
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9-a Conclusion 

The a im of th is study concerned t.hc properl.y /1' , is lo b r i ng to  the fore a rnrrdat.ion w i th the localized 

growth of the biomass w h irh a l lows us lo h ave a rn a thcr11a l i c model dcsrri biug I.he cornp let evolu tion of 

the vegdal. io11 1.ak i ng into accou nt the 1 1 1orc i n lluenl.i a l  pa rameters in l hcs.' l,ra nsfomrnlions : 

• Grains 1 1101. ion. 

• S p read ing propert.y. 

• Lornl izcd growth of llw liiu1w1�s 
• l ufucncc of the 111eteorologir,  hioc l i nr n t.ir. and nnt.hropir. cond itions. 

This modelizalion try t.o be as gt•ncral a.s possib le  lo al low t.J 1 e  possi b i l i ty to i n trodun' t.11e nr n x 1 1 n u m  
uumber of in ll ue111 . icl parn111cters. 
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Abstract 

MODELLING OF AN ANAEROB IC DIG ESTION 
PROCESS 

M.  Polit , M.  Estaben e t  P .  Labat 

I M P-CNRS groupe Automatique - Universite de Perpignan 
52, avenue de Vil leneuve,  66860 Perp ignan , France 

Tel : 33 4 68 66 20 68 
Fax : 33 4 68 67 2 1  66 

E-mail : po l i t @ lotus.un iv-perp. fr 

Anaerobic digestion processes can transform organic  p roducts into biogas compose' 
methane and carbon d ioxide. Nevertheless in spite of their advantages they are not very wic 
used in the industry because of their instabi l ity. In order to stabil ize th is type of processes, t 
have to be contro l led.  In a first step, we elaborate a mathematical model to s imu late 
process evolut ion . Nevertheless, the lack of knowledge concerning the bacterial activity m 
difficu l t  the model l ing and the control by classical methods. We suggest to use the fuzzy logi 
model and control the process. By its qual itative approach based on human expert ise i t  a l l1 
to take into account the imprecised knowledge on the micro-organism evolution . 

1 Introduction 

As the rules related to the envi 1 0 1 1 1 1 11,H 1tal  issues are becom ing quite str ingent, it is rT 
and more necessary to develop efficient systems able to el im inate the effluents c reated by 
human and industrial activit ies. ThP. hioloa ir.;:i l rrnr.P.SSRS rRf)rRsRnt 8 rnssih/R c;nlut ion to t 
effluents concentrated in organ ic carbon and n itrogen and in phosphorus. We used a f lu idi 
bed reactor ,  operating with an agricultural effluent which has n high Chem ical Oxygen Dem 
(COD) . 

The lack of knowledge concerning this type of processes and its uns tau le r 1a tu re led 1 
res istance to its lay-out in industrial plants. The unstable nature is due to a h igh variabi lit: 
the input load , that can imply an organic overload or a toxic ity production. In  order to assui 
stable working of the p rocess with a depollution rntP. higher than 80 percent, we need to cor 
it [ 1 j. 

The complexity of the anaerobic digestion make difficult the modell ing by class 
methods. The m odels are etablished by mass balance equi l ibr ium and are generally nonl in1  
t i le  d ifferent var iablos boing r nure ur less attached together. In  addit ion, informations on 
m ic robial activit ies a re often obtained by off- l ine measu rements executed with expan! 
sensors. 

For those reasons ,  the use of classical techn ics of cont rol does not lead to good opera 
condit ions [2]. More com plex command algorithms ,  l ike robust command [3] or adapta 
l inearizing control [ 4 ]  have been theoritical ly analyzed and experimentally val idated on r 
d!gestors, but thei r  industrial  app!icabi! ity appears to be l imited by· the need of expansive c 
often off- l ine sensors. 

In  th is  com mucation , we wi l l  present, in a fi rst part ,  a dynamic model based on m 
balance equat ions in order to obtain a simu lation tool. In a second part ,  we wil l  use fuzzy le 
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its qual itative approach to modell ing the process with the help of on-line measurable 
bles l ike for example the pH, the temperature and the gaseous and input f low rate�. th is 
nodels wi l l  be used to elaborate a fuzzy control ler .  

2 - Quantitative mode l l i n g  of the anaerobic digestion 

Anaerobic d igestion a llow to degrad organic matter into a biogas m ixtu re of methane and 
Jn d ioxide. I t  is a comp l icated stepwise process, carried out by d ifferent m ic ro-organisms.  
e are three steps in the process evolution : 1 )  hydrolys;s and acidogenesis, 2) 
)genesis ,  3) methanogenesis .  Eacl1 of ti 1ose phases involves d ifferent m icrobial fami l ies .  
The process is running into a fluidized bed described on Fig.  ( 1 ) .  I n  that type of processes, 
part icu les are expanded by a fluid flow with the biomass f ixed on them . 

Sin 

Ogas 
CH� 
C02 
H2 

Fluidized 
bed 

reactor 

f&<l�ei;s 
' l' 

T = 36.�� 

pH = 7. 0 , Input  flow rate 

Settler 

Recircu lation flow rate 

Fig. 1 : Fluidized bed anaerobic digestor 

Output 

Using De.nae's work (5), we elaborate a dynamic model for our process (6). 
1centrations in the l iquid phase of the reactor are supposed to be constant and we use the 
1od's law to describe the m ic robial k inetics. 

biomass i g rowth rate : 

( S; 
_ k J d · rx .  = µ i m,. S + Ks· ' I 

I . I 

- substrate i consumption rate: 

( s ) x i 
rs; = µ ; max S; + 'Ks; V,-
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wit11 : 

µ ;_ : m aximal g rowth rate for the biomass i ( in h ' ) . 111ax 

Ks; : saturation constant ( in g COD/I) . 

k d; : death rate of organisms (en h- ' ) .  

Y; : con version yield of biom ass into substrate(in gbiorn ass/gCOD).  

For each s ubst rate and each biom ass involved in the anaerobic d igestion , we writ1 
mass balance equation:  

- s ubstrate i :  

VT dS1 - Qin (S;n - S;) - rs; VL dt - VL 
where 

Ve · vol u m e  of the reactor l iquid part ( in  I ) .  
V r : total  volume of the reactor ( in I ) .  

- biom ass i :  

dX;  dt = rx; 

The gaseous f low rate is determ ined by: 

Ogas = OcH4 + Oco2 + QH2 with OcH4 = L a;1rs; 
A 

Oco2 = L aFrs; 
A 

QH2 = I,a�rs; 
A 

lli ' ,  tli2 t1l a,' are the stoichiometric coefficients for the chem ical reactions i n  1hich l 
methane (CH.) ,  the carbon dioxide (C02) and the hydrogen (H2) are prodL ·ted. T 
parameters and the stoichiom etric coefficient values come from Denac's work [5]. 

We get a mathe m atical non-l inear model will ! 10 state variables (5 substr< % anc 
biom asses) . The non- l inear system is solved using the step-by-step method of Euler he moc 
validity was tested by comparison with the experimental results obtained in an incrr; 1sed inf  
load exrorim ent.  

Tl 1 is m odel  Is used as a sim u lation tool  in order to test and to im prove a qua litat ive moc 
using as system states only on-l ine measured variables. 

3 - Qualitative modell ing of the process 

I nt roduced in 1 965 by L.A. Zadeh, the fuzzy logic (7] [8] by its qual itative approach bas 
on the experimental  observation allow to solve m odell ing and control problems for wh ich t 
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; ical  methods do not g ive appropriate so lut ions. The imp1·ecise knowledge on t h e  bacterial  
th and activi ty can be taken into account  with the q u al i tat ive fuzzy logic approach . 

Based on a g lobal app roach , the m odel l ing uses on- l ine or off- l ine measu red param eters, 
:i param eters g i ving informations about the process state:  

- the input  f low rate (Qin) ,  
- the temperatu 1 e  (T) , 
- the p H .  
- t h e  i n p u t  pol luted substrate concen tration S in .  

The m odel  a l low to ca lcu la te  the gaseous flow rate. I t  is bu i ld on a state m odel  structure 
d 1 ich the coefficients are vari ing with the experim ental  condit ion s . I t  is described on the Fig.  

On- l ine measurements 

pH Tem perature (T) 

• •• 

Qin Fuzzy 
Ogas model 

____ __.. 

State space 
form 

il 
S in : 

measurements 

Fig. 2 : Qualitative model 

The qual itative m odel  can be written as:  {x = A x + B u  [pH] 
with u = Qi n ,  x = and y = Ogas 

y = C x + D u  T 

-

The A m atrix is cal led the dynamic matrix,  B the com m and matr ix ,  C the state observation 
· ix and D the input observation matrix. 

Every coeff ic ient of the A,  B ,  C and D m atr ix is  determ ined from the input variable values 
g the fuzzy logic p rinciples.  Those variables characterize the system state, the dynam ic 
�ct appearing as soon as we take the evol ution of those variables into account - i . e .  their  
ancies - .  The fuzzification associates to each of those variables fuzzy subsets determin ing 
ro le  in the m odel .  

The inference ru les that it is necessary to define a l low to connect the input  var iab les to the 
ut ones,  the output  variables be ing also fuzzif iecl. The gaseous flow rate val u e  is  calcu lated 
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dur ing the defuzzification phase. Comparison between the calcu lated and measured flow 
as well as the evolution of th is difference al low to modify the model. Its improvemen 
learn ing is  doing m od ifing the l ingu istic rules and adjusting the fuzzy subsets. The pH and 
temperature measured on- l ine are used to modify the model coefficients with the chosen 
point. 

The results obtained in s im ulation are consistent with the experimental ones. 

4 - Conclusion and perspectives 

This study a l low us to obtain a fuzzy model used to simulate the working of a f lu id ized bed 
anaerobic process .  the quant itative model valided with experimental results was used to 
improve the qual itative model. The results obta ined with the fuzzy model are in good 
agreement with the experimental measurements. 

So this model can be used to define a fuzzy control of the process, this control being 
elaborated considering on-l ine and off- l ine measurements with cheap sensors. 
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VErn<:TATION S P R EA D  F]f' F 8CT S I M U LATED BY CELL U L A R. AUTOM ATA 

M ichel F O U RN I BR , Salifou SOU L E  

Lahoral.oirc l . M . l' .-C N  llS . U ro11p" A 1 1 l.omal.iq11e, U 1 1 i v<'rsit.1� d1• l'crpi�11 a 11 

'i2 ,  ave1 1 1w dr V i l l 1 • 1w1 1ve. F-GG8<l0 l ' E H. l ' I C� N A N  C E D EX 

,� n/111/ar a u / 0 11111/n. 111 1Hld is used f11 1·  lh P 1'C!Jefalio11 spread effect ,,t u dy. So it is po.•sible to (Jbl ain 

1 1 11 c int n-rslin.q l'C.rnlls a l10 1L I  t h e  spread .<Jirrd in  fimdion of different p111·amelc1·s: the initial seedlin_q, 

f lorn/ wind  a 1 1d  t h e  .•yne1",qislic ni ·ra i11jlu c11 cc. 

CELLULAR AUT O M ATA S PATIAL DYNAMIC 
C1d l 1 1 l a r  a u t.orrr n t.a a rr. d i scrcl.c d y 11 a 1 1 1 i c>il sysl.erns whose hdiavionr is  co11 1plct.ely speci fied i n  terms 

· a lo<'. n l  rebit.ion . A cd lu la r a 1 1 t.01 1 1at.on cnn he l.fw11�ht or ns a sty l i sed universe. Space is represen ted 

; a 1 J 11 i rorrn !';ri d ,  w i t. Ii earh rdl c01d ai n i 11!';  a few bit.s or data;  t ime acl va nces in d iscrete steps nnd I.he 
ws ol' t.hc " u ni vers•"' a rc ·�xp rcsst•d i n ,  say, a small  look- up table, t.h ro 1 11!;l1 w h i ch at each st.ep each 

�1 1 r.01nput.es i t.s new st.a t.c from !. l i nt <>r i t.s rlose neighbours. Tims, the systrm's laws are local and 
11 iforrn.  
1 t I)(' arid zonPs,  where there is n wr.� k soi l  slope, so1 1 1c l n rge vr.l\eta t.ion stripp•�d bands bet.wem1 
.osert  arells or impl 1wi11.rn , where the wat.er rn n-off, appea r and u p-slope move: they are parallc'l to 
ie contou r l ines (Thi ery, d 'Herbcs, Valent. i n  - 1 99&) .  
ach p lant i s supposed i n n uenred on ly by i ts n earest n ei gh bours . This nei ghbonring influence is quan
lied in a convolution matrix those t.hc c.oefTicicnt.s t.ra.nslate the competition and the sync1·gy effect. 
his behaviour remembers the cel lular automata behaviour. Since it is possible t.o consider a veget.a
on as a soil property, tlw prob lem is lo ca ract.erize this property to oi;t .imize i t.s spread on the soi l . 
J ci nski - 1 994 , El .lai - 1 994 -19%).  
'he studied domain may be schematized as an initial elementary cell (or source), w ,  with. a certain 
roperly: thi8 a r·ea is included in the tar!Jel area, 0,  on which the pruprdy m.11.� l be ,qp 1·cnd with o u t  

71lrce perforbation in feed-back. 

I RESULTS 
Following the i n i tial geometry seedl ing , the vegetation spread may he more or less qu i ckly for a 

une i nitial seeds quantity. 
'he " Brousse tigree" Thiery's model (1991)  is used, with only considered synergy effect .. The landsc<t pe 
: compound from 56xfi6 (3 136) cells, and each one is estimated to !Om x !Om _ The landscape and t.he 
Jread properties, a r1> isotropi c .  On this l andscape, 64 seeds (or young plants) are sown with different 
iitial geometries. We consider some different screen-p lays with different seedling modes. 
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TlrP 1 1 1or<' i r 1 1 port n n t  n·s 1 1 l t s a r<' :  
Mr n-r ///.f: srcdli11 ,q i"  sco l l c r ·ul, 11 1 v 1 ·e l h 1 ·  r:r11 d 11 / io11 sprrn d  sp1Td is g1 ·ul / .  
\Ve co1 1Ridr>r sor r r<'. d i fferent. R<T<'<"ll- p l ayR: 

f. l w  fH R<'<•ds a rc' arra np;"d i 1 1  Oi i<' plar<'. ir r  a sq 1 1 ar<' <JI' 8x8 ('(! l lH ,  wi t. I r  only 011e !'wed liy cc 
- t i re <H seeds a rc : r r ra1 1gP.d in  t .wo plar<'s, ir r  (.wo rpc.f ;rngks of 'lx8 cel ls ,  l.l re1 1  i r r  fou r  p l a 1  

of 'IX'1 r.d ls, then i 1 1  lwiglrt. p l a r.<'S of '.lx'l , t l rer r  sixt(•n11 ol' '.lx:.!,  dr . . .  n l wnys w i l l r  ot r<' "!<'d 
cel l .  

- - t hf:'rr each sPed i R  isolal.c•.d o n  t he soil (sc.atterc�il SP1·1l l ing) .  

Tlw ro1 1vol 1 1 t irnr  m a trix  is sy r r w l r k  ( 'I t. I r  ord<'r) n 1 1d  i l.s g<'Oll ll'try r R :  

0 0 I 0 0 
0 I I I 0 
I l * l l 

0 () 
0 0 I 0 0 

In t h is 1 11111 .ri x I.I i<' l l<�w sl ri l e  of t.he vc•gdnl ion is r.alc 1 1 la i.ecl 01 1 I I r e� * r.el l . Tl1t• <'.oeflicicnt.s arc 
pnRil i ve. \V" oh l a i n  I .he J'o l lowing a rray: 

I :i: l 1 1 "- ::.! l :d I r8 
7 8 I I 1 7 

:z�,:z �;,r -:;;;{ 
D 1 '.l 18  

-:Ta·'1 ". fr8 
l !j  2 l 

8a:8 
'1.7 

In <>aclr u p p<>r r.omp arl . 1 1 1nn t. n rc• wrol.r. l .lw p l a n t.a l. ion d i m rrrsions, and i r r  raclr  low<'r parl . l 
i teral.in11 m rmher rrer.Pssary to fi l l  r ip  a l l  I I r e' l andscape. l f  ear.Ir i i.Prat.ion rorrpsporrd f.o a f1 -
yc'ars p<!riod, (Th i l•ry JOO  l ), t.lw nccer<:mry ti 1 1 1t� t.o ocn1pal.e 11 11 tl11' liir rdR<'.a l '" ,  vary ht>l.w<'<'ll 
and 70 y•�ars w i l h  a very scal.tercd seed ling, uuti l 1 3f1 nnd :.!70 yc•arn w i t h a 8x8 par.k0d <'.•  
square. 

Tiu' lig11r<� l shows th<! spread dfect. in t.lw cmw w\rc,re t.lie i 1 1 itial :wedl inl!; i:; a 8 x 8 cdls sq11a.1 

ln I.hr' fig1 1 rP '2 l. l w  i n i t. inl s<�ndl i n �  is  sc:tl.t.orod i n  nil  tlw l n n d�r.11pe.  
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Experimen tal study uf Tuxi� poll u t a n ts seepage fro m  sewer syst e m  

Cam i l le Bouras - Ahmed Moustafa 
Tishreen University - Latakia - Syria 

Lata kia - P 0. Box 3 9 5  
Resume: 
- Serious harm to the environment can be caused by l eaking pipes in the sewerage system th( 

augh seepage of pollutanls,  especi a lly toxic pol lut ant , into the gro u nd and thus by contaminatior 
of the ground v .. ·ater. 

- The po l lu tants concentr at ion measur ement resu l t s  gives. 
- the rate of pollu tants spread depends on the type of po l lu tant , sewer p i pe . and surrou nd i ng soi l .  
- pol lu tants in gro u n d  water tend to h e  reduced i n  concentration with t ime and distance travelled. 

1 - l n t ro d nclio n :  

- Civili sation aml health are most ly recognised b y  individual's gett ing a sufficient pure water fo1 
the d ifference uses · 

- Sewage disposal by sewage system a l low the d i fTe1 ent  pol lutants to seep to the surroundi n� 
water environment of this  scv,;age system, especially, the toxic po llutants because of its dange1 
for the public heal! h 

- Toxic pol lu tan l s  m ost ly produced by the Industrial uses of water in addition to the rain wate1 
falling on the lnduslria l  courts and Cities. 

- Not to ment i on that the danger of the industrial wastes, with its d ifference in quantity anc 
q ual ity dose not only l ies in its seepage tu the surrou nd ing water environment, bul al so it effects 
dangerously on sewage system plants 

2- The used appar;i.tus and tool§ 

2- 1  Tb_�-�!�i;:_Q__�(.(_n_�ri lll�H!illJY.Q� 
- The chosen exper imental type which is a hole \Vith the d imensions 1 x l x I m, in which 1 

cyl i ndrical tank was put i ts diameter ( 0 . 60 m) and height (0.90 m) punching tell the height (0.4[ 
n1), d inn1ctcr cf punch (':' rnrn), surface r�tic Gfth� punc.h..: s  is  {�·� 1 4) . 

- Two sewer ware constructed, the firs! is composed of two horizont al pipes, and another vertica 
0 1 1 e  wi th a diameter (200 mm), the second from three horizontal pipes with d iameter ( 1 50 mm) 
and another ve1tical one with diameter (200 mm). 

- These all p ipes are made oJ' p1 ecast concrete production of (Mili house, B ranch N o. 202), the� 
have definit qu�lities . 

- about 1 5-20 seepage experiments were made on these pipes in the l aboratory, as a result, th1 
ratio of seeping water was (% 1 8  - %JO) aftr.r 24 ho1 1 rs nf n 1 1 i i ne. the pi p�s 

- Joints were made of cement rnorter as usually used in mo�t sewers. 
- the qu alities of the surround ing soil were difined as rol l owes: 

Moisture content % 3 3 ,  medial permeability (2 J x l 0-5 cm/sec) 
- Seepage experments were made on the two sewers to define the ratio of seapage, the result: 

c:;ime ;i s  fol lowes: 
- the ratio of seepage in the fir st sewer is (%22) after 24 houres and in the second (%25) 
2-2 The method and the used laborato iy tools the method used here is (atomic absortion 
spectroscopy with flame) which is used for studying the seepage of mettai i c pollutants. 
- the atomic absorption spectroscopy suits the lo�·· concentrations of the elements existing n 

unknown sample. 
- the spectroscope used here is the ( Atomic Absorption Spectorphotometers) made in (Pirker 

Eiemer Co ), it has the sensitivve ana!ize ( 1 0-9 mg/lit). 
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- the l aboratory tools used here a r e  (gaz bur ner) d i ner ent sizes of Bicher , d i fferent sizes of Flask 
and d ifferent sizes of measuring cyl i nder 

3- the  used ma terial: 
- the fo l lowing chimical  materials were used 
- N i trate salts of I ro n, rv!anganese. C opper. and Lead, and concentrated Azo t i c  acid 
- the fol lowing cal ib r at ion solut ions w i t h  the o riginal solut ion condensed : 
Pb(NOJ )2 I 000 111g/l i t  
Fe(No3 )2 500 mg/l i t  
M n(N03)2 1 00 mg/l i t  
2u(N03 )2 500 mg/l i t  

4 - Experimental W ork: 
- the resul ts  wastes which are d ischa rged i n  publ ic sewer s of Homs and Hama, as given by lhe 

vv1 1 11.ru1 11 " hich d esi1r ned the sewai.!.e t r cat i m 1. nlant  of l lorns and H anrn. i l lust rated i n  table ( 1 )  
111:1leri:1I I olnl r ox1c 1\T"Sl'lliC IJLH. 1 1 1 1  � oah11im11 l .c111I Copper Nickel 7.iuk Cl1r0111ium 

m:llcrial As B Cu Pb Cu Ni Z11 Cr Conlitining 
lrnn &. 

Allon1i1111111 
Co11ccu1rntl1•u ,_ JOO 0 . 1 2 0  5 .0  5 0  5 \I 5.0 1 0.0 5 0 1 11.!Vl it 

Table ( I ) 
- Table 2 gives t he concent r a t ion of lhe chosen Toxic mater ia ls  were taken fi om t h e  above 

i nformation, according l o  thhe exist ing laboratory and technical possib i l i t ies for measuring the 
f these materials and their  awd· 

Material Lead M a1rna11ese I ron Copper 
Concentration 4 . 5  3 .3 1 0 .0  0 . 9  

mg/lit 
T a b l e  (2)  

· the  two sewers wer e suppl ied with water containi ng the mater ia ls  ment ioned in table (2) and 
with the same concentrations 

· the p unch i ng tank was suppl ied wi th  wafer which is used in  t he l aboratories. 
· the primite or first  concentrat ions o f  t ! 1e ex periment m aterials i 1 1  the tank water were measu1  ed 

the standard curves of t h e  s tudied e lements wer e dr own i n  figures ( l ) ,(2) ,(3 ) , (  4 )  

/ ,• 
/ 

(." tm 

tlrHli �· C INI 
�IE: l!I  

these curves give the concent r at ion of materials with the I ndica tion of Absorbabi l i ty which is 
given by the Atomic Absorption spectrophotometer. 
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5- Res ults. and I>isrnsion:  
- Af\er the p_eriodical Ana lysis o f  the tank  water  we get  chirnical  resu l t s  which a r e  i l l us t r  atcd 1 1  

table d) 
Sample No. p 1 i 1 1 1 i t  I 

Sample Date 1 993 4/7 
1 3/6 -

T .P.a d Cn11cp11 trn tio11  0/0 1 I O O J ! 
' mg/lit 

Manganiz.e 0.027 0 027 
m u/l i t 

Copper 0 0 1 9  () 0 1  q 
mg/li t  

l i on 0 4 9  0 lj <) 
mg/l i t  

.\ A ·--

"": .. �/--
/ . 

. ... .. -� .. .. c· •�• 
• •, • I  

2 3 4 5 6 

1 0/7 1 7/7 2517 1 /8 8/8 

-
0 1 ! 9  () 62 <Li l  n OJ 3 (l ! } 7  

0 1 83 I 567 2 .282 I O J  7 J 025 

0 09 0 073 () 1 1 8 0 025 0 1 2 8 

s 6 
I 

5 .6 1 7 .6 6 4 1 2  2 

l a ll le  ( 1 )  

. .  

.,.. .. 
Hl_ 

;:��,--.... , .. ..... , ( ........ 
�" 1 J 1 

- Figures (5),(6) expresses the change o [ the toxic pol lutants concentr ation with the  i nd icat ion of 

time. 
- Alter the study of results and digr ams of experiments we get the fol lowing ext ractive 
- the source of the- pol lu lant  of pr imit sample r esulted fro m :  

A - the continual u s e  or wal er irr t h e  nrnch ins a n d  laborat o ry apparatus 
B- L i re  suil ch ic l r i s  su1 r uunding the tank. 

- after merely four weeks the concentrat ion of t l 1e  pu l l u tan ls i ncr eased in l an k, t h is indicates the 
transmission of sewer waler to the water of the tank 

- the concentr at ion o f  pol lu tants sti l l  increased for two weeks. 

- the Lead reached the h ighes t point of concen trat ion aller fi ve weeks, t l r er r Jul luwed the 11 on, 
C op per and Manganisc atler six weeks 

- the source of this variation i n  reaching the highest point of concentration i s :  

I - the  so il which surrounds the sewers, where t h i s  pollutants a r e  subj ected to number of 
pro cesses like (filtration, Absorption, Chemical deposit). 

2- the effect of concrete sewer walls. 

- the concentration of the pollutants dec1 eased in lhe seventh week, th is  is the resu l t  of: 
1 - discontinuity of add i ng more pol lu tants inside the sewer, conseq u ently, l h e  decreased of 

pollutants concentration, seeping out of the sewer. 
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2- the at tenuation of pol lu tants ins ide the soi l  with the pass ing of t ime u n d er t he effect of the 
mentioned above p r ocesses. 

the incr easing conce n t ra t i ons in  the s i.xt h  sarnple i s  t he resu l t  of the cr acks seen i n  one joint o f  

t he second sewer , a n d  t h is  w a s  d ur ing the  sxplanat ion of t he jo in ts. ! ...... . . F 
,. /  

. \. 

· ·� ... ;.--------------
l ln t'I 

>- Conclus ion :  

\ \ 
�. -----

I/ �  ' /) 
· r 

• •r 1'-1 

_..---> 

Si nce water has  a major factor in ind ustry,  and this is t he reason of most  indus tries being 
oncentrated near waler sources i n  add i t ion  lo t heir appr oach of t h e  cit ies,  consequen tly, many 

!anger arose as a resu l t of the seepage of pol lutants l o  t he surrounding water inv i ronrnent 
The Iron and Manganise oxides colour es water and made i t  useless for use i n  houses and 
laundries and paper imfustries 
The Copper oxided elTects harmly o n  th e water l i f, l\for ever, Lead is consederd one of the most 
toxic materia ls  to water lif and hu man l i fe 
t his motivates us to do our best to l imit  these dangers by more resear ches especiallt the  
researches relating to the pipes u sed i n  t h e  sewage and the surr ounding soi l .  

leferences: 
- D.K. Tod d :  G r ound waler Hydr o logy Second Edition NewY ork 1 980 PP 3 4 5-J 1 6  
- Howar d Humphreys and Sons :  Homs Sewage Trealrnenl Pre-investment study Part f l !  

England 1 978 PP 1 25 
- Howard Humphreys and Sons:  D amascus Sewage M aster plan studies (Control l ing factors Part 

III PP 1 67) 
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FATE OF I M AZAP Y R  IN AQUEOUS SOLUTION A N D  J N  M O ROCCAN SOILS 

M .EI Anouzi, A.Dahchour '-, M . l\1 ansour_, ,. and M . K.Elamran i+++ 

Facu lte des Sciences de Rabat B . P. 1 0 1 4  Rabat/Morocco 
' J nstitut Agronomique et Vetcrimiire Hassan I I ,  B . P . 6202 Rabat-l nst ituts/Morocco 

' ' GSF-Research Center for Environment and Health, D-85 764 Oberschleissheiw, 
Munich/Germany 

' '  ' Faculte des Sciences Arn Chok; B . P . 5 3 66 Casablanca-MaarifJ'Morocco 

A BSTRACT Photodegradation of Jmazapyr in water and its persistence in Moroccan 
soils are reported. 
Photolysis studies were carried o ut under UV and simulated sunlight conditions. The rate 
of degradation followed first order kinetics. Depending on pH, the half-lives varied under 
shnulared sunlight from 1 .2 ro 3 . 5  days, whereas they varied under UV l ight from 22.4 to 
2 7 .  7 min. Four main photoproducts were obtained. 
Persistence was studied in two soils on the basis of bioassCJy test using lentil plant as 
ind icator. ! Jalf- l ives varied between 25 and 58 days depending on the organic matter 
content of the soil. 

1 .  I n t rodnction 
I maza pyr[2-(4-iso pro py 1-4-me thy I-5-o xo-2- i m idazo Jin-2-yl)nicotinic acid] is an 

imidazolinone type of herbicide, which is being developed for use in vegetatio1 1 and forestry 
management by the Americnn Cyanamid Co. ln Morocco. it has been US(od successfully to 
control So/anwn e/eay,11ifo/i11111 CaF. , infesting Tad la area( 1 ,2,3 ) .  

Similar t o  other imidazo linone herbicides, l mazapyr can undergo microbial, chemical and 
pl1ototransfonnations. 
Photolysis of J midazolinone herbicides has been reported in aqueous media and in the 
£oil( 45/i). Under £imubted £un!ight, h'.i ! f  ! ivi:>c di:>duci:>d from lir�t order mode! r:mged from 
1 .9 to 2 . 3 ,  2. 7 and 1 . 3 days for d istilled water, pH 5 and pH 9 respectively. Photolysis led to 
fo ur main products with a substant iCJI  production of c arbon dioxide(?). ln the soil, 
photodegradation was reported for I mazaquin and the halt�life to be longer and approximates 
4 months (6).  
In the field Imazapyr degraded slowly in the upper surface (0- 1 0  cm) than in lower surface of 
the soil  (20-30 cm) (8) .  The corresponding half-lives were estimated to 49.5 and 7 . 8  months 
for the two layers respectively. Affinity to the so il was evCJluated in  terms of adsorption 
rnnstant Kd which ranged from 0.07 to 0. l 7(9). 
The aim of this work was to study the fate of lmCJzapyr in aqueous medium and in Moroccan 
soils. Persistence was studied in two soils with different organic matter content, while 
photudeg1 auatiun was evaluateu under UV :md simulated sunlight eonditio11s.  

2. Experimen tal 
2. 1 .  Persistence 

Two soils from Rabat area were used in this study. Their physico-chemical properties are 
presented in table 1 .  The so ii samples were air-dried and sieved ( <2 mm) and then distributed 
in olastic oots at the rate of 1 00 I! hv nnt. Tiu� awmtitv of t he herhicicie to richieve the remiireci JL l L.1 .' I  l - ol - - - - - - - - - - - J. 

concentration ( I , 5 and 1 0  ppm) was CJdded as emulsion of the formulated product (Arsenal; 

G 76 



25% a. i.) to the soil. FielJ capaci1 djusted to 75% with disti l led water. Four replicates 
were performed by concentralior: y so i l . 
The remaining act ivity of the herbicide was evaluated on the basis of bioassay using lentil 
growth inhibition as indicator. Six pregerminated seeds of lentil were placed by pot at I cm 
under the soil surface. The pots were placed in culture room at ambient temperature under a 
photoperiod of 1 2  hours. Nine days after planting, measurements of the length of the plant 
were performed and the percentage of inhibition was estimated versus control. 

Table 1 :  Properties of the soils used in this study 

Svils 
Red 
Orl!<mic 

Sand(%) 
68.2 
69.2 

Ctavt%) 
7.8  
2 .4 

* : Organic matter content in % 
* * :  Field capacity in % 

2.2. Photolysis 

Silt(% 
24.0 
28.4 

OM* 
0.38 
3.08 

II I 
8 . 1 5  
7 .78 

FC* *  
36 . 1 
45.0 

U V  photodegrndation was carried out using high pressure mercury lamp( Philips H P K  I 25 
W, maximum intensity at 290 run) coated with water bath in Pyrex renctor \Vith magnetic 
stirrer (250 ml, T= 20°C). Analysis were performed with a Hewlett Packard I 090L HPLC 
system equipped with diode array detector at 230 nm, loop 5 i1l and Dionex Omnipac PCX-
500 column with a mobile phase made of 75% acidified water (pH 3) and 25% acetonitrile at a 
How rate of I ml/min. 
Simulated sunlight photodegradation was carried out in a Hereaus Suntest apparatus equ ipped 
with a xenon lamp. In the wave-length range between 3 00 and 800 nm the radiation spectrum 
is very close to that of global radiation. The constant irradiance of 765 W m·2 is about double 
the radiation energy of natural sunlight. GC/MS Analysis was performed using a HP 5988A 
instrument interfaced to a HP 9825A data system. 

3. Results and discussion 
3. 1 .  Persistence 

The plot of the percentage of inhibition versus concentration of Imazapyr, expressed in 
logarithmic scale, gave good correlation ; the coefficient of correlation (r) being equal to 0.957 
and 0.920 for Organic and Red soil respectively. The residual activity est imated in this work 
was made on the basis of this correlation. 
The herbicide degraded steadily in both so ils ( Figures I and 2). The remaining activity 
varied from 25.0 to 68.7% and from 45.0 to 65 .9% for Red and Organic so ils respect ively. For 
Red soil, half- lives directly estimated fi-om data were equal to 25 days for I and 5 ppm, and 58  
days for I 0 ppm. I n  t h e  case of Organic soil, they were estimated t o  55  days for I ppm and 
more than 5 8  days for 5 and I 0 ppm. The trend of decay of J mazapyr in the two soils was 
slightly different; the herbicide being more degraded in Red soil. This could be due to the 
higher retention of lmazapyr by organic matter, and to the enhancement of hydrolysis 
consecutive to the higher pH in the Red soi l .  Such behaviour was reported for lmazapyr and 
other imidazo linone herbicides (6). 
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3 .2 .  Photodegradation 

Figure 1 :  Persistence of lmazapyr 

Organic soil 

26 38 
time in dayi; 

Figure 2: Persistence of lmazapyr 

Red soil 

26 38 
time in days 

68 

68 

1!1 1  ppm 

• & ppm 

0 1 0  ppm 

l\11 ppm 

• & ppm 

n 1o pprn 

Either under UV and art ificial sunlight exposure, Imazapyr photodegradation followed first 
o rder kinetics with significant correlation coeffici�11ls. 
Jn the case of UV irradiation, the half-lives recorded at two different pH values were 22.4 min 
for pH 7 and 27.7 min for pH 4, whereas they varied under simulated sunlight conditions from 
1 .2 to 3 . 5  days at pH 9 and pH 3 respectively. 
Although the photolysis was enhanced with UV high energy lamp, the trend was similar to the 
behaviour under simulated sunlight. 
Depending on the pl-! of the medium and on the radiation source, foui n1ain photoproducts 
(denominated I ,  2, 3 and 4) could be obtained, in accordance with results reported by 
Mallipidi et al .  (5) .  Under UV light, the metabolite 2 was common to photolysis at pH 4 and 
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pl l 7. As shown in Tables 2 and 3 ,  f 1 1 1azapyr disappeared. completely afle r 97 and 72 min at pf-I 
4 and pH 7 respect i vely. 
Mass balance co nsiderat inns of the data presented in tables 2 and 3 sho wed t hat t l te major part 
of UV photodegradat ion products has probably occurred as CO, release. i1 1 agreement with  
f\ 1all ipidi et  al .  ( .5 ) .  

Table 2 :  Percentage of lmazapy1· and photoproducts under UV radiation at pH 4 

lime(i11i11) lmaza[IJ,,. l'liofo[J1'1Jc/111:f I / 1/wtoprod11ct 2 } 1/1G!}.f!J!l'Od1tcl J 
00 1 00 00 00 00 
1 8 60 6. 1 00 00 
3 5  40 I 1 . 8 6.4 00 
5 2  24 1 5  9.4 J . 2  
65 1 7  1 5 . 7  1 I .  I 3 . 2  
8 0  9 .4 1 4. 3 1 0  2 . :l 
97 00 1 4. 3  1 0  2 . 3  

Table 3:  Percentage o f  lmazapyr and pl1otoproducts under U V  radiation a t  pH 7 

time(111i11) /111aw11yr l'/wtol1roc/11ct 2 f'lwlC1[JrOd11c1 4 
00 1 00 00 00 
1 8  59 6.6 1 8 .2 
30 3 3  6 . 7  22 . 8  
4 0  2 3  9 .2 29 
50 1 6  1 0 .4 28 
()0 1 0 .7 1 1 .6  27 
Tl 00 1 3 . 7  27 

1 t appears tlrnt photodegrndation miiy represent relevant degradation pathway for I mazapyr in 
so il  and in aquatic ecosystems. This substance transformed rapidly in aqueous solution at 
different pl-f. The photoproducts me l ikely to be present as res idues in treated crops. 
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ASSESSMENT OF THE PERFORMANCE OF A PILOT 
S CALE R . B . D  FOR WASTE WATER TREATMENT/REUSE 
IN R U RAL AREAS 

M .  Vossoughi and l. Alemzadeh 

B i ochem i c a l  and B i oenvi ronmcntal Hesearch Center , Sha r i f  Un ivers i ty 
o f  Technology , Tehran I RAN 

ABSTRACT 
Due to grow i n g  water demand and l imited water s ources , treated 
w a stewater in one of the potent i a l  water resources in a r i d  and s em i  
a r i d  regi ons . Ira n i s  o n P.  th� poor country in term o f  water 
sources , ther e f ore wastewater recl amation and reuse potent i a l  is 
very important , part i c u l a r l y  dur i ng summer months for a g r i cu ltural 
and recreat i ona l purposes . The ma i n  obj ective o f  the present 
inve s t igation were to a s s e s s  the feas i b i l ity of Rotating B i oD i s c  
( RB D )  w i t h  s econdary s ed imentation tank f o r  comp lete trea tment o f  

r a w  d a i r y  waste a n d  reuse in rur a l  areas . T h e  RBD u n i t  conta ined 
three stages of d i s c , arranged in series , with 20 d i s c s  per stage , 
t h e  d i s c  constrllcted o f  p lex i g l a s s  with B O  cm in d i a . and 4 mm 
t h i ck . 'l'he results o f  the study indi cate that the s ystem can 
s a t i s f actory hand l e  org a n i c  load up to 8 kg BOD / m3 . da y . The a verage 
BOD reduction was near 7 0 % . The BOD i n  raw waste of 2 0 0  t o  1 0 5 0  
m g / l w a s  reduced 8 5 %  by three stages and a f urther 6 0 %  by 
s e d imentat i o n  tank . The average e f f luent suspended s o l i d  was 3 5  
mg / l .  

KEYWORDS 
W a stewater treatme n t , Rotating B i o log ical D i s c , e f f luent reus e ,  
p e r f ormances a s s e s sment , rura l areas , wastewa ter r e c l amat ion . 

INTRODUCTION 
Due to grow i n g  water demand , wastewater reclamation and reuse are 
a l s o  g a i n ing importance in many arid and semi a r i d  countr i e s . The 
con cept of u s i n g  sewage e f f luent for agr icultu r a l  product ion is 
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more t h a n  2 0 0 0  y e a r s  old . The a n c i ent Greece used e f f luent most 
product i v i ty a nd succe s s f u l l y  ( Ar a r , 1 9 9 3 ) . In Europ e , U . K  w a s  the 
f i r s t  country where the land app l i c a t i o n  o f  sewage e f f luent w a s  
o f f i c i a l ly approva l ,  where a s  the f irst r ecorded use o f  t r eated 
sewage for a gr i cu l ture , in USA i t  appears to have been i n  l at e , 
1 8 9 0 , s .  

The u s e  o f  t r eated wastewater as a water resource f o r  a g r i c u l tu r a l 
i s  a r e c e n t  p r a c t i c e  i n  I RAN . Due to lack of f in a n c i a l  r e s o u r c e.s , 
it i s  u su a l l y  not poss i b l e  to bu i lt w astewater c o l l ec t i o n  treatme rrt 
and d i sp os a l  f a c i l i t i e s  as a s i ng l e  proj ect . There f o r e  i n  p a st 
number o f  f a rms i n  the prov i n ce were irr i gated i l l e g a l l y  w i th 
untreated s ewage . Recen t l y , the government proh i b i ts s t r i c t l y  the 
use of u n t r e a t ed wa stewat er , a nd water qua l i ty s t a n d a rds r egu l a t i ng 
i r r ig a t iona l wastewater r eu s e  a r e  set i n  I RAN , and wastewa ter r e u s e  
wi l l  be u n d e r  control o f  the author i t i es , a n d  i l l eg a l  a c c e s s  to t h e  
w a s t e w a t e r  source w i l l  b e  m i n i m i z ed i n  locations w h e r e  w a s tewater 
i s  demanded . A r e c ent , env i ronmenta l  protection orga n i z at i o n  o f  
I RAN , u n d e r s c o r e  t h e  impor t a n c e  o f  a comprehe n s ive p o l i c y  for 
wastewater man agement and gu i l d l in e s  for the r e u s e  o f  t r e a t e d  
s e w a g e  w a t e r  f or c r o p  product ion i n  sust a i n a b l e  a n d  e n v i r onmenta l l y 
sound m a n n e r . 

The qua l it y  of wastewater produced depend s on many f a c t or s , among 
wh i c h  the most importa nt a r e  the i n i t i a l  qua l i ty ,  the system u s ed 
for t r ea t i n g  wastewater and the e f f i c i ency of oper a t i c  a nd 
m a i n t e n a n c e  o f  the treatment p l ants . A l s o , the qua l ity o f  t r e at ed 
wastewater s h o u l d  be a d j us ted w i th the cond i t i on o f  s o i l  a n d  the 
k in d  of crops ( westcot , o . w . , and Ayer s , R . S . 1 9 8 5 ) . 

There a r e  m a ny o f  qua l i t y - r e lated character i s t i c s  of w a s t ewa ter 
w h i ch n e e d  t o  be cons idered , depen d i ng on how the w a t e r  w i l l  be 
f in a l ly u s ed . Among the v a r i ou s  cha r a cter i s t i c s  that may need to be 
c o n s i d e r e d , the f o l lowing of p a r t i c u l a r  importance ( B i s wa s ,  1 9 9 3 ; 
Who , 1 9 8 9 )  : 
1 - S o l i d s , 2 - Heavy meta l s  and other chem i ca l s , 3 - C o l o r , odor 
and f o am , 4 - B i o l og i c a l qua l ity c r iter i a ,  5 - Nutr i e n t , 6 
S a l in ity a n d  s o l i d i ty , 7 - T o x i c ity 
The v a l u e  of these parameters depend on the condi t i on of so i l  and 
i r r i g a t i o n  syst em . 

The m a i n  o b j ect i ve of t h i s  study was to eva luate th e p e r f ormance 
o f  RBD s y s tem f o r  t r e a t me nt o f  dairy w a ste , so that the e f f l u e n t  be 
u s a b l e  in r u r a l  a r ea s .  

MATERIALS AND METHODS 

The r o t a t i n g  d i s c  u n i t  conta i n ed thr ee stages of d i s c , a r r anged i n  
s e r i e s , w i th 2 0  d is c s , o f  the d i ameter o f  8 0  cm a n d  th i ck n e s s  o f  4 
mm a r e  a r r a nged at d i stance of 2 0  mm and d i rect-coup l ed to the 
cent r a l s h a f t  a s  shown in F i g . 1 .  The mater i a l  used for t h e  d i sc 
shou l d  be l ight-we ighted and corros i o n  f r e e  such as p o l y ethy l e n e  
a n d  p l a s t i c . T h e  d i stance between t h e  d i s c s  i s  about 2 cm i n  t h i s  
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c a s e  but due to the f i lm t h i ck n e s s  of a ttach i ng m i croorga n i sms , it 
s h ou l d be taken w i d er i n  the c a s e  o f  highly c o n c e n t r a t ed 
w a stewaters ( Vo s s ough i , 1 9 9 0 ) . As to the thickn e s s  of t h e  d i s c , the 
sma l l e r  the t h i ckn e s s  the more e f f e c t i ve is t h e  d i s c  because t h e  
sur f a c e  a r e a  o f  d i sc s  per un i t  vo lume ( pe r  centra l sha f t )  can be 
l a rg e r . S im i l a r l y , t h e  l arger the diameter , th e more e ffect ive i s  
the d i s c  { An t o n i e , 1 9 7 4 ) . 

i n  

Rot a t i n g  Di.sc3 
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I n  a t a n k  h a v i n g  a s em i - c ir c u l ar cros s - s e c t i o n  match i ng t h e  
d i mens i ons o f  the d i s c ,  the d i s c  i s  submerged to about 4 5 %  o f  the 
e n t i r e  s u r f a c e  in the sewage w a t e r  and rotated c l o w l y  in the f l ow
d own d i r ec t i on of the s ewage water . The maximum per i p h er a l  s p e e d  i E  
a bout 1 8  m / mi n .  
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F i gure 2 i s  a f l ow d i agram o f  t h e  treatment s ys t em . Raw w a s t e  f l owE 
t o  e x i s t i ng a e r a ted h o l d i n g  tank which were c onver ted t o  f l o\\ 
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�qua l i z at i o n  t a nks . Nutr i ent a d d i t i on and pH contr o l  w e r e  a l s o 
. n s t a l l ed a t  t h i s  p o i n t . Wastewater i s  pumped to the RBD un i t , 
_ ntermed i a t e  a nd f i n a l  c l ar i f i cat i on a r e  incorporated i n t o  t h e  s a m e  
:ankage a s  t h e  r o t a t i n g  contractor u n i t s . 

� a b l e  1 .  C h a r acter i s t ics of raw was tewater 

>arameters Average M a x i  

remp e r a t u r e  ( C ) -� J 2  
JH 6 . 8  7 . 8  
rss ( mg / l )  3 2 5  5 1 0  
300 , , 5 1 6  1 0 5 0  
:::oo , , 1 0 2 0  2 1 5 0  
rN ( a s  N )  ( mg / l ) H O  J O O 
rP ( as P )  , , 5 0  2 1 0 
:; r e a s e  a n d  o i l  , , 4 0  9 0  
·Ieavy meta l s  , , N i l Less than 0 . 0 2 
fi'eca l c o l i f or m  
:::ount / 1 0 0  m l  7 .  8 * ]  0 5  4 . 5 3 * 1 08 

rhe sewage water to be treated i s  raw d a i ry wa stewa t e r . The 
8omp os i ti o n  of t h i s  r aw waste i s  g iv e n  in Table 1 and w a s  such that 
the s o"'.liti t i on was buf fered at pH of 7 .  o .  Rou t i ne chemi c a l  a n d  
b i ochem i c a l  a n a l y s i s  were made f or b iod i s c  i n f luent a n d  e f f l u e nt 2 4  
hours c ompos i t e  samp l e s . The COD was measured da i ly o n  a T echn i c o n  
Auto Ana l y z e r . A l l  others t e s t s  w e r e  condu cted a c c or d i ng t o  
Standard Methods f or the exa m i n a t i o n  o f  water and w a s t ew a t e r  ( 1 9 8 9 , 
1 7 th e d . ) .  

RESULTS AND D I SCUS S I ON 

Re s u l t s  o f  t h e  ana l y s i s  o f  s amp l e s  co l l e cted d a i l y  o ver a p e r i od o f  
one y e a r  i n d i cated that raw waste character i s t i c s  a rev con s i st e n t  
w i th a s ew a g e  near average strength . The COD ranged f rom J O O  t o  
2 1 5 0  m g / l ,  w i th a n  average v a l u e  o f  1 0 2 0  mg / l .  Correspo n d i ng BOD• 
r a nged f r om 2 0 0  t o  1 0 5 0  mg / l  w ith an average value of 5 3 6  m g / l .  · 
P e r f o rm a n c e  c r i t e r i a  for b i o  d i s c  treatment system g en e r a l l y  have 
been based o n  r emova l e f f i c iency , i . e . percent r e du c t i o n  o f  some 
wa stewa t e r  c omponent between i n f luent and e f f l u e n t  and o n  the 
hydrau l i c  l o a d i n g  rate o f  the u n i t . 
I n  th i s  s t ud y , f o r  a l l  parameters except v o l a t i l e  and s u s p e n d e d  
s o l i d , t h e  r emova l e f f i c i ency was ca l cu l ated a s  the d i f f er e n c e  
b e t w e e n  the u n t r e a t e d  b l ended i n f luent concentrat i on s  and t h e  
c l ar i f i ed e f f l u e nt samp l e s . Data w e r e  c o l l e cted over a 1 0  months 
per i od d u r i n g  wh i ch the u n i t  was operated at v a r i o u s  l o ad i ng r a t e  
a n d  a t  v a ry i n g  wa s t ewater concentra t i o n . 
In e a c h  hydrau l i c  f low rate , a f t e r  an i n i t i a l  accumu l a t i o n  per i od , 
equ i l i br i um was estab l i s hed , a n d  at th i s  t ime deta i l ed d a t a  
co l l ect i o n  c omm e n ced . 
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F i g ure 3 s hows BOD remova l as a f u n c t i o n  of app l i ed BO� 
concentr a t i on for t h r e e  d i f f erent hydra u l i c  l oa d i n g . D a ta a t  th'  
l owest hydrau l i c  l o ad i n g show a l i near r e l a t i on sh i p  betw e e n  BOI r emova l a nd BOD app l i e d  for BOD concentr a t i o n  w e l l  beyond 1 0 0  
m g / l ,  w h i c h  i n d i c a t e s  that the proc e s s  i s  e x h ib i t i n g  f ir s t  orde 
behav i o r  w i th i n  that concen tra t i on range , because a g ive 
percentage o f  t h e  BOD i s  removed , independ ent o f  t h e  i n f l u e n t  BOI 
concentr a t i on . For the two h igher hydrau l i c l oa d i n g , a l i n e a  
r e l a t i on s h i p  e x t e n t  o v e r  a m u c h  shorter BOD concentr a t i o n  r a n g e . A 
t h e  trend l i ne f o r  t h e s e  two h i gher l o a d i n g  beg i n  to depart fro:  
l i n e a r ity , the p r o c e s s  departs from f i rst-order beha v i or . As s t i l  
h ig h e r  BOD c o n c e n t ra t i o n , the trend l i n e s  beg i n  t o  approach 
hor i z o n t a l  po s i t i o n , w h i ch l rn.ilca t e s  tha t the process ls no• 
approach i ng z e r o  order behavior . At this po i nt , further i n c r e a s e  ii  
BOD concent r a t i o n  w i l l  not resu l t  i n  add i t i o n a l  BOD r emova l 
F i g u r e  4 s h ows the perce n t a g e  of redu c t i o n a n d  the e f f l u e n ·  
concentr a t i o n  f o r  BOD and s uspended s o l i d s  as a funct i o n  o 
hydrau l i c l o a d i n g  o n  the d i sc s u r f a c e  area . BOD and s u s pende1 
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The deve l opment a n d  predominance of ammon i a  o x id i z i ng organ i sms i 1  
the proc e s s  h a s  b e e n  found t o  b e  prima r i l y  a f u n c t i o n  o f  BOI 
c o n c entrat i o n . A t  h ig h  BOD concen t r a t i o� , t h e s e  org a n i ama canno1 

6ll4 



�ompete w i t h  the more rapid l y  grow ing ca rbon oxid i z i n g  orga n isms 
�nd are d i luted out o f  the proce s s  through popu l a t i o n  dynam i c s . T o  
?roduce a f i n a l  e f f luent of 8 5 %  ammo n i a  remova l ,  however , i t  i s  
1eces sary t o  produce a n  e f f luent BOD concentrat i on n e a r  3 0  m g / l .  

\mmon i a  n i trogen remova l de f i c ienc ies under the var ious hydrau l i c 
f l ow r a t e s  a r e  shown in Figure 5 .  For the f l ow rate b e l ow 0 . 2  
� / m2 . day , ammon i a  removed at l e a s t  0 . 7 5 % . 
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Fig.5 Percenlage of ammonia.N removal as a funclion ol hydraulic loading 

The r e s u l t s  of heavy meta l s , grease and o i l  and f e c a l  c o l i f or m  
:::: ount a n a l y s i s  in t h e  f i nal e f f luent show that t h e  qua l i ty o f  
treated e f f l uent i s  accepta b l e  f o r  irrigation with compared t h e  
max imum l e ve l s  a s  recommended by other invest igators ( Camp dre s s e r  
and Mcke e , 1 9 8 0 ) . 

CONCLUS ION 
A survey of the d a i ry wastewater treatment by the Rotating B io d i s c  
system i nd i c a t ed that e f f i c ient treatment c a n  be c a r r i e d  o u t  w it h  
the l e a s t  super v i s ion a n d  techn i c a l  requirement . T h e  b i o s u r f a c e  
removes a t  l e a s t  9 0 %  BOD , 8 5 %  SS a nd NH3-N w i t h  a f l ow r a t e  o f  0 . 1 8 
m3 / m2 . da y . The r e s u l t s  a l s o  show that the va lue of convent i o n a l 
pa ramete r s  such a s  BOD , COD ,  ammon ium , suspended s o l ids , o i l  and f e c a l  
c o l i form i n  t h e  f i n a l  treated e f f lueryt a r e  we l l  b e l ow a s  t h e  
e f f l uent c a n  be used i n  irrigat i on . 
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ABSTRACT A plane-by-plane procedure which computes pollutant concentrations on a 
fine grid using the interpolated mass fluxes and turbulent viscosities produced on a 
coarse grid by a three dimensional transient code is reported. The method al lows an 
efficient use of computer memory at the expense of sl ightly increased calculation time. 
The val idation of the method has been achieved by comparison with available 
measmeme11ts in five monitoring stations situated in the Attica Peninsula, for the day 
25/5/ 1 99 1 . The results obtained are in good qualitative and mostly acceptable quantitative 
sgreernent with measu!'ements. The p_i:ocedme can be general ised to any conservation 
equation which is decoupled from the flow equations. 

I. ln trocluction 

The evermounting pressure, both at national and i nternational levels, on countries to reduce 
and control poll ution outpi1ts- from major industrial sources such as thermal power plants as wel l  
a s  from traffic- has resulted i n  a need t o  evaluate the e ffects o f  various pollutants o n  human 
health and also on the environment. In general, this evaluation is  not e;isy to cany out practically, 
especial ly in regions of compiex topography and one must luuc r ecourse 1 0  numericai modeis co 
provide the now field and subsequently the pollutant concentrations. 

The air pol lutant transport models proposed so far use a terrain following the co-ordinate 
system (Glek<is e1 nl ( 1  ), T ,11 ::incl Tmco (?.), Wil l inms d n l .  (1)). Thi �  methocl faci l it11tes the 
incorporation of bound<iry conditions but has two disadvantages: grid generation is  necessary 
before starting flow field computation, and the equations become much more complex than their 
cartesian counterparts. As a consequence, h igh computational costs and errors are unnvoidable. 
Furthermore, locHI grid refiuemen l re• ! '  1 i re� t I w ge11,,rnt ion of t WIJ (1_1r rnur") grids sepHrntely Hnd 
their matching. The matching is  an iterative process and consumes an excessive amount of 
computing time. 

The procedure herein reported uses a cartesian grid and collocated arrangement of variables . 
The ground was approxi mated using the porosity techn ique(J-iig. (2) ), which takes into account 
cel ls  composed of fluid and solid( earth) ,  This method replaces the more common but less 
accurate procedure of approximating a three dimensional boundary by a broken surface with 
segments para l lel  to the coordinate lines. The collocated storage of variables(Rhie and 
Chow(4)) was employed instead of the staggered grid arrangement used by previous models 
(re fa. ( I ,  5-7 )) hecm1se it I en els 1 o the recl11ctio11 of stornge requirements. 

TI1e deveioped meihod was validaied by simuiaiing pollutant transport over the Atiica 
Peninsula (Fig. ( I )) for which emission measurements are available.  
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2. The plane-by-plane procedure 
In previous computations by the NTUA C FO group (ref. ( 1 2)) a 36x36x29 coarse grid

covering the whole solution domain which extends up to a height of 6 km- and an inner 
refinement' mesh 35x3 5x29- covering the subdomain shown by a rectangle in Fig. (6)- were used 
to obtain the wind field over the Attica Peninsula during the day of 25/5/ 1 99 1 .  The industrial 
zone from which most of the pollutants are emitted is  loc11tccl within lhe subdomain. 111e coarse 
grid l ine spacing in the X and Y directions was uniform and eq11al to 2 km. The local refinement 
grid employs an increment of 1 km in both d irections X and Y. The minimum spacing in the Z 
direction is 20 111 (cel i3  in contact with the ground) . It grows by a factor of 1 .075 up to 400m and 
then by a factor of 1 .2 throughout the remaining distance. 

Because the concentration equation is decoupled from the remaining flow equations, one 
can compute pol lutant concentrations once the continuity, momentum and temperature equations 
have been solved simultaneously. One can thus obtain the mass fluxes across the control volume 
faces using the above coarse mesh and the procedure described in ref. ( 1 2) and subsequently 
use these fluxes to solve on a finer grid the concentration equation on its own using the plane
by-plane procedure described hereafter . TI1e fine grid is obtained by dividing the original cells 
in 2, 4, 8 . . . .  subcells according to the degree of refinement desired. The procedure permits an 
increase in accuracy at the expense of slightly increased computing time. 

2.1 Discretisation of the concentration equation in a plane 
The species concentration equat ion can be written in tensorial form as: 

a( p C) o( p C) a ( µ ac -J · --- + uj -- = ·;-� l--- - p uj c + Qs 8 t  8xj (, X j  Gr,c O X j  

where Q ,  represents the pol lutant em ission rate . 

�t1 ac 
Upon replacement of the correlation - p u ic by -- - , the equation takes the form: 

(Jc axj 
o(p q o(p C) a ( �l �L1 . ac J · .  -- + Ui -- = - (- + -) - + Qs a t  axj a x j  ac.c (Jc ax j 

( 1 )  

(2) 

Equation ( 1 )  is discretised in the plane i by integration over conlrole volumes which 
extend between planes i - 1  and i+l  as shown in Figs . (3) and (4). Discretisation is performed for 
nodes (j,k) wi th j=2 . . .. nj- l  and k=2 . . .  nk- l to obtain a set of (ttj-l )x(nk-1)  algebraic equations 
which are solved by the TOMA algorithm. The algebraic equation for node (j,k) is: 

(Ar -Sr )  Cr =AN CN +As Cs+ An Cn+ AT CT +( Sc+ AE CE + Aw Cw) (3) 

The array C and the coefficients and sources in Eq. (3) are all bidimensional. The 
arrays Cw and CE contain the concenlral ion values in the planes situated at the west (i .e. plane 
i- 1 )  and al the east( i .e . p lane i+ 1 )  of the p lane considered. The values in these plane� are taken 
at the previous iteration and are lumped with the source term as shown in the equation. The 
source term Sc contains the pol lutant emission, the old values of C ( at time t-i1t) resulting 
from the cliscretisalion of the f irst term in Eq. (2) and the values CEE ,Cww , CNN, Css ,Crm and 
C1 r '.It nodes (i+2) ,( i-2), (j+2), (j-2), (k-2) and (k+2) due to the use of the BSOU scheme.The 
source Sr conta i ns the term which results from the discretisation of the first term(the temporal 
term) in Eq. (2) .Tlte values CrE and Cww are contained in bidimensional arrays . 
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2.2 Algorithm u f  the ph111e by plane pruced u 1·e 
The equation set ( 3 )  is so lved for planes i=2 . . . .  n i- I covering the computational doma in .  The 

calculation procedure for t ime t=l010 -t t.t can be described as fol lows: 
I .  Read in i t ia l  val ues of C in planes ( i-2), ( i - 1  ), i ,  (i+ I) and (i+2) from file jileini :md the 

old values of C ( C01d ) in plane i (at the previous ti me) from file .fUeold 

2. Obtain the convective fl uxes and v iscosities at the six faces of the controle volume by 
interpolation from coarse grid results. 

3. Calculate the coeflic ients and sources in Eq.(3). Apply the porosity technique to cel l s  i n  
contact with the ground .  

t.1 l iu�nrnor!ltP hn1 11H�!.1n1 rnnrl l t i n n c  fo1· nbnP f l  k'\  l lnrlPtTPbv t h P.  1'Pc 1 1 lti n o  c P t  nf pn1 H�tintH' , ,  • • • ..., v • t' .., . L  . ..  .,... .., .... ,. . . . ..... .. . .  _, - � · ·  .. · · · · � • • '-' . .... . !'' " " " " - \J ' " " / "  .._.. • •  � - . . ...... . .. . .  • • • - ,. .., �  .. · • •• • • o ._, _.  .. ..., • ..,....._1 ... n . .. . u . , ._, ,  

5 .  Solve for new values of C (C11ew) in plane (j ,k) by using the TDMA 
6. Write C110w values in ri le ji/e11e1v 
7. Apply steps I lo 6 to planes i+ l . . . . . n i- 1  
8. Write conten ts o f  .fllene1v i n  fileini 

9. Steps 1 -8 const it ute one iteration. Perform as many i terat i on s  as needed for convergence. 

2.3 Interpolation for the facial mass fluxes and turbulent viscosities 
Figure 5 shows a controle volume (l,J , K) of the coarse mesh which has been divided into 8 

controlc vol umes to constitute the fine mesh. Let i ,j ,k  be the i ndices in the fine mesh of node (I
I,  J- 1 , K- I ), the indices of the controle volumes resulting from the division are obtained by 
adding I or 2 lo these ind ices. The facial  mass fluxes are i nterpo l ated by assuming equality of 
mass fluxes for all  fine-mesh faces situated on the same coarse-mesh face and by satisfying 
continuity for any volume made up of two or mo;-e fine-mesh controle volumes. Thus :  

cl(i+ I ,j+ l ,k+2)=CT( l ,J,K)/4.0, ce(i+2j+ l ,k+ I )�CE(I,J,K)/4.0 and 

cn( i +  1 j ·l 2 ,k 1 ]  )=CN(l ,J .K)/4.0, etc . . .  

ct(i+ I ,j+ 1 ,k-t I )=(CT( I , J ,K- 1 )-[CN( l,J,K)-CN(I,J- l ,K)+CEtl,J,K)-CE(I- l ,J,K)]/2.0)/4. 

ce(i+ I j+ l ,k+ I )=(CE(I- 1 ,J ,K)-[ CN( l,J,K)-CN(l,J-l ,K)+CT(I,J,K)-CT(l,J ,K- 1 )]/2.0)/4. 

cn(i+ l ,j+ l ,k+ I )=(CN(I,J- l , K)-[ CE(l,J,K)-CE(l- 1 ,J,K)+CT( l ,J,K)-CT(l,J,K- l )]/2 .0)/4. etc. ( 4) 

These forrnulaes can be general ised to any division numbci's nx , ny and llz . The turbulent 
viscosities at the centres of the fine gri d  controle volumes h ave been found by linear 
i nterpo lat ion . 

3. Results 
The validation was carried out using the domain shown in F ig. I ,which represents the Attica 

peninsula. It consists of mainland covered largely by mountains, sea and two islands. The iso
height contours or this domain are shown in Fig. 6 along with fi ve measuring stations . Only two 
po l lutants were considered in these calculations: S02 and CO. The results are produced with a 
72x72x58 grid obtai ned by dividing the i ncrements of the coarse grid by 2 .  Calculations were 
performed for the 24 hours of 25/5/ 1 99 1 .  The running time of each time increment is around 
30 minutes. Hourly measurements are avai l able throughout the whole day. 

The predicted concentrations in the tnorning, afternoon and evening arc represented 
respectively in Figs. (7),(8) and (9) .  In the morn ing, both CO and S02 are d ispersed over large 
areas extending  from the i ndustrial zone to the south east of the pen insula. This d ispersi on is due 
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to the land breeze generated on mountain s lopes. Concentrations are h igh due to heavy 
industrial activities and traffic during this period. In the a fternoon, the concentrations over the 
surface are very low. The pollutants are transported to the upper layers of the atmosphere thanks 
to the deflected sea breezes which move i n  a north-easterly d irection. The deflection occurs as 
they meet with the sea-breeze coming from the north. Sea breezes are born as the sea temperature 
becomes lower than the land temperature during the sunshine period. In the evening, the land 
temperature becomes lower than the sea temperature, this leads to the establ ishment of a 
downward land breeze which carries pollutants in a south easterly direction. 

F igures (I 0 a-t) compare the measured values at  five monitoring stations with the 
predicted values. A l l  the curves possess two maxima: The fi rst one occurs in the morning when 
car traffic i s  heavy and stable flow preva i l s  over the basin.  The seco11c1 peak, with a smaller 
intensity, forms i n  the evening as the atmosphere changes from a n  unstable stale to a stable one 
i n  which low velocity land breeze favors the accumu lation of pol lutants. During the period 
separating the two peaks, the atmosphere is more or less unsta ble a l lowing dispersion of 

pol lutants towards the upper layers and therefore their reduction in a l l  the measuring stations. 
The predicted values are i n  good quali tative agreement wi t h  the measurements. The 
quantitative d i sagreement must be due on one hand to the interpo l ated fluxes and viscosities 
whose errors have outweighed the accuracy gained by mesh refinement. On the other hand, 
the measurements <1re taken <1t certain observationa l  points whereas the numerical results arc 
averaged values i nside relatively large computational cells( I x i  km). The latter may be the cause 
of the considerable u nclerpredict ion o f  pol l u t<1nt concentrat i ons i n  the Patision measurement 
station which is  locntecl over one o[ the busiest streets of A thens. 

4. Conclusions 

The pl ane by p la ne procedure developed in  this work pern1i ts at least a qual itative 
assesserncnt of pol l utant transport over comp lex terrain .  II also al lows a n  optimal use of 

computer memory at the expense of sl ightly i ncreased comp ut ing l ime.  The few i ntolerable 
q uan titat ive d i fferences between predictions and measurements occur espec ia l ly  in regions 
where volume averaging reflects rea l i ty bad ly. 
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ST U D Y  OF nm CON DEN SATION ON A "  G E FCO " 

LOADING PLATFORM AT SOCHAUX 

A.Hadjadj , S. Maamir , B.Zeghmati and D.Rondot 
Laboratoire de Metrologie des Interfaces Techniques, 

LU T de Belfort-Montbeliard , Rue Engel Gros , 900 1 6  BELFORT ( FRANCE ) 

ABSTRACT : 111e authors present a theoretical and experimenta l study of the condensation on a 
loading p l:::1tforni of 11 GF.FCO '' co1npany at Sochaux . . A� con1puter prognun \Vn �  elaborated in order to 
analyze the influence of different parameters as the thermal characteristics of the local ,  the a i r  
temperature, the relative humidity, the opening o f  t h e  door i n  the building, the wind velocity and the 
solar radiation on the condensation. It has been shown that the heating of the ground can avoid the 
condensation. Our numerical results show that a sufficient contribution of heat on the ground allows to 
suppress the condensation phenomenon . 

Nomenclature 
C air mass concentration in the building ( kg water I kg moist a ir ) 
Ca a ir mass concentration in the ambient ( kg water I kg moist a i r ) 
Cp specific heat at constant pressure of the bui lding material (J/kgK ) 
C"' interior medium concentration ( kg water I kg moist air ) 
D mass diffusivity of the water vapor (1112/s) 
g : gravitational acceleration (111/s') 
H I  : coefficient of heat transfer by convection between vertical wall and ambient air due to wind 
(W/m2 K) 
H2 : coefficient of heat transfer by con vection between vertical wall and i nterior air cy.1/1112 K) 
HL2 : coefficient of heat transfer by convection between vertical wal l  and interior air cy.l/m2 K) 
I IL l ooefficie11l ufl n;al l r n 1 1sfe1 by convection between vertical wal l  and ambient air (W/rnl ) 
HM2 : coefficient of heat transfer by con vection between horizontal wall and interior a ir  cy.1/nl K) 
HM I : coefficient of heat transfer by convection between horizontal wall and exterior air (W/m2 K) 
KP : therma l conductivity of the bui lding material  (W/mK) 
K s  thermal conductivity of the ground cy.l/mK) 
KA : thennal conductivity of the air (W/m K) 
I : horizontal wall  length (m) 
h vertical wal l  height (m) 
Lv latent heat of evaporation (J /kg) 
P pressure (bar) 
q heat flux density (W/m') 
1 ,  1 1 1uislurtJ content ( drying basis ) of the a i r_ 
t time (s) 
T temperature (K) 
T, ambient temperature (K) 
Tm i 1 1 l1:1 iu1 medium temperature (K) 
T ,.,1 : temperature of the gro1md (K) 
U velocity in X direction (m/s) 
V : velocity in Y direction (mis) 
X axial coordinate (m) 
y transverse coordinate ( m) 

I) Introduction 

' JI  
p 
µ 
cr 
E 
lh 
[3(" 
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Greek symbols 

relative humidity 
density (kg/1113 ) 
dynamic viscosity (Kg/m.s) 
Stefan Boltzman constant cy.I /m2 K4) 
emissivity coefficient 

: Volumetric coefficient of thermal expansion(K1) 
Volumetric coefficient of con"e.ntratior1 e.xp�11sion 

( kg water /kg moist air r l 



Combined heat and mass transfer neighbor a wet plate, in vegetal cover and inside cavities are 
�estigated theoretically and experimentally because they are encountered in many economic applications ( 
using problem, drying, . . . . . . . . . .  ) . The control of the air in the building take a big importance especially in the 
tablishment of the conditions regulation conven ience with heating and cooling system. Since, the initial 
proach of Nusselt [ I ]  the problem of the film condensation had been studied by several authors (2, 3, 4].  
1e subsequent development of this analysis have a tendency to release the Nusselt restrictive hypothesis. 
�merical and experimental solutions for fully developed flow in air cavities have been studied extensively. 
;cording to our bibliographic knowledge, only a few studies have considered simultaneously heat and mass 
msfer by natural convection in cavities. 

The present work is a combined analytical ::nd experimental investigation into tlte thermal behavior of 
loading platform of the GEFCO company localized at Sochaux (France). Observations doing by some 
orkers of tltis society show that the condensation of the ambient air vapor circulating in the local occurred 
ter a long spell of cold weather (negative temperature) followed of warming up. The condensation take place 
first neighbor tlte opening then it propagates on the platform and on goods. However, the condensation on 

e platfomt is more important than on goods because tlte goods thermal characteristic ( Heat capacity, Heat 
mductivity ) are different from tltose of the air and the ground. 

) Analysis 
The ambient air which enters the building transport a quantity of heat which depends on its air 

>lume, its temperature and its relative humidity (fig. I ) .  This air yield some heat to tlte building air and to the 
·ound. When an abrupt warming up, the air overheat more rapidly than the ground, so the air is moving 
>wn. Hence, the condensation phenomenon result of an inversion of the temperature gradient between the 
round and the air. 

In order to fear a parameters which have an influence on the condensation, we have elaborated a 
1eoretical model which described the heat and mass transfer in the building, on the platform and in the 
1vironment. In the building the heat and mass transfer take place by natural convection. 

C•llhog 

�-1 tt1111c b ... lldL.111 .._ ... di ... �-·'Ill•• 
�� 

wrar �·) "'L ... 
J •• 

1 T..,.c,.. I 

••�m� ).] r:,,..,, 
1 ...... 1t. ... _ °''"""'t. """" ..-.i '  ,,,..,, A/ 

•lo· l>»l".1""' •:r.:=..� .. :::� ... . , ,,...,.11, ... "�'J;:" 

� � ·��:��w...m-.ni.sffi,;· . .... 

Figure 1 A Schematic scheme of heat and mass transfer in the building 

ilte governing equations in cartesian co-ordinate for laminar flow are : 

continuity 

momentum 

au av - +- �o 
ax ar 

au au au i!P µ 2 - +u - +v - = -- +- v u 
01 ox ar ax P 

av av iii' ill' µ 2 - +u - +V - = -- +- v  V -g(J . ( T -T ) +g/J (C -C ) 
a1 ax ar ar 1 a c a 
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( 1 )  

(2) 

(3)  



- energy 

- diffusion 

where : 

{IT iJT iJT K 2 - +u - -w - =-- v  T 
a1 ax ar r£ P 

oc ac ac 2 - +u - +v - =DV c 
a1 ax ar 

2 iJ 2 iJ 2 
v =-- +- 

ax 2 ar 2 

(4) 

I 
(5) 

(6) 

To complete the formulation of the problem, it remains to define the initial and boundary conditions, 
which are . 

Under initial conditions : U = V = 0 ;  T = Ta 
The boundary condition is the no-slip condition on the wall 

At X = O  Kp !!!:_ =Hl(T -T ) +oe (r
4

-r 4 ) • H t - sv0·605 

ilK a a 
{IT 4 

KP ax =H2(T -Tm ) +<Tr.(T -Tm 4 )  H2 = 1 04(V + n �) 0·605 

At X = L  
iJT 4 KP - =HL2(T -T ) +oe(T -T 4

) 
ax m m 

· [(T _ T ) 10.25 
• HL2 = 0.29 m 

h 

At Y = O  

iJT 4 KP - �HLl(T -T ) +oe(T -T 4 )  
ax a a ' HLI - 0.29 

ar ar ac -K 5 - � -K A - - pty D-
iJ Y  8 Y  iJ Y  

P.]0.25 

h 

At Y = M  
iJT 4 KP - =HM2(T -T ) +oe (T -T 4

) HM2 = 0.27 
�

1
0.2

5 

iJY m m 

iJT 4 KP - =HMl(T -T ) +ot(T -T 4
) iJY a o 

Ill) Numeri1:al Solution 

J 

p,

)0. 2 5 
• HMI = 0.27 

I 

(7) ' 

The equations (\ -6) and the associated boundary conditions (7) are discretized by the control 
volume technique and based on the "power-low" scheme of Pat.ankar [5]. The discretization procedure 

gives an algebraic equations which the coefficients were shown in table I .  Then, they are solved using a 
line by line method. The pressure and velocities are linked by the SI MPLE alg�ritlu11 [6] and t11e final 
computations were carried out for a grid containing 1 7*25 nodal points. 

Equation <I> rel> Source term S<1> 

Continuity I 0 0 
X - momentum u µ/ p {JP 

equation 
--

ilX 
Y- momentum v ,,_/ p ap - - - d (T -T ) + /J#  (C -C ) 

eauation ay T R C 111 

Energy 9 Kjr£p 0 
Concentration 9 D 0 

Tableau I : Dependent variables <1> , corresponding Diffusion coefficient and Source term. 

Iv) Experimental analyses 
To verify the theoretical analysis, experimental measurement have also been made on the 

platform of Sochaux. A series of measurements of the ground temperatures in the local have been 
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realized on morning and afternoon during one week (Fig.2) with a MPM 4000 (Multicaptor central).  
A visualization of the ground temperature field, side wall and ceiling with an Infra-red camera 
AGEMA 400 has shown a unifom1ity of temperatures on those walls but not on the comers . 

V) Results and discussion 
llrn mathematical model and the code program elaborated have been validate of a confrontation 

between the theoretical and experimental results (the ground temperatures and the meteorological data 
of Montbel iard-Sochaux station [7]) (Fig. 3) . 

The theoretical results show that the temperature and the air humidity of ambient air affect 
significantly the condensation phenomenon (Fig. 4, Fig.5). The ambient air comes in the local with a 
temperature greater than those of the p latform. This difference between the two temperature induces a 
flow of the air to the load which p roduce the condensation . So, it can be seen that the increasing of the 
ambient temperature and humidity develop an increase of heat transfer between the environment and 
inside the building. llte heat arrived inside the building by convection between outer wall and 
environment, then by convection between inner wall and inside the building. The result is an increase of 
the average temperature inside the air  of the building which became superior to the gromtd temperature. 
ll1ese conditions produce a condensation on the platfonn. We have shown that the condensation is a 
result of an abrupt contribution of heat on the grom1d which is maintain during a sufficiently long 
period at temperature relatively low. The opening of the door building (situated on east s ide) created a 
draught of temperature and humidity different of those inside the building (fig.6). This air  mass gives 
the building some quantities of calories to wam1 up. If the heat contribution is sufficient, the air 
temperature neighboring the ground advance up to the dew temperature, after the condensation starts to 
appear on the building platfom1. 

The figure 7 shows that when the ground is subject of a them1al source (Radiation, convective) 
a part of tl1is energy is absorbed and transferred in the ground by conduction. So the ground 
temperature become superior to the air temperature. Hence, the consequence is that th� maximum value 
of isothenn is  neighboring tl1e ground, therefore the condensation is omitted. 

VI) Concluding remarks 
To suppress the condensation phenomenon observed on a l oading platfonn of " GEFCO " 

Company at Sochaux, the gradient temperature must be inverted in that manner tlie ground temperature 
is neighboring or superior to the air temperature. 

Several solutions are envisaged to remedy at this phenomenon, in this way the results analysis 
previously presented induce tl1e following recommendations : 

- warming up the ground. 
- using a special ground materiel which the heat capacity and t.he thermal conductivity a re 

neighboring those of the air .  The thennal inertie oft11e two mediums should be very neighbor. 
- isolation of the bui lding wall and the ceiling in order to avoid a very important variation of the 

temperature in a different medium constituting the building. 
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Statement of the ground temperature on the platrorm (Cets1us deg res) 

days hours pos11mn 

t 2 3 4 
M�tCll I f, 1995 10'45 9.30 9,0U 9.20 9 1 0  

March 1 7 .  1 995 1 8:45 1 0, 30 1 0.eo 9,90 10.50 

Maren 20. 1 99 5  09:00 5,20 5,20 4 .90 5, 10  

March 20.  1 99 5  1 e: 1 0  8.30 7,60 e.eo 5.60 Maren 2 1 .  1 995 11 35 5,90 6,80 5 60 5,20 March 22. 1 995 1 1 :40 6,80 6,70 a.ea 7,30 March 22. 1 995 1 9: 1 5  7.90 8.00 8 40 9, 1 0  March 23, 1 995 08:00 7.50 e.co a.oa 9,00 

Maren 23 1995 17 40 13 5 13 6 l J  6 I J  8 

Fig 2 Statement of the ground temperature on the platfonn " GEFCO " at SOCHAUX 

Tm a 278.09 
T,., =28.l K 

f-en � T .. �278 K 

-1- � so '!I> \�\- -�'..�"'! 1a, __ 

�-, 

��"64J 

� en -I 

Fig. 3 Effect of the wal l  and cei l ing isolation on the isotherms. For the case of the fih.,rgh« 

T =293 K � T==268 K I !!!&��:··:.��\\\ I �  
f a  SO % 

Fig 4 EITect of the external temperature on the isothcm1s : the ll' all and the ceiling arc isolated by the PVC 
a nd the ground not isolated 



2 Ponet fermm 

T.., =180 K 

T .. =268 K 
!"' � r,• 0.016 kg 

de vap./llg as 

180·----+----

rn > "' -I 

Fig. 5 E!Tcct of the e:-.1crmil humidity on the isothenns: The " alls and the ceiling arc isolated by the PVC and 
the ground is nol isolated. 

� T.., �283 K 
Ul � T..i •l79 K 

'1 • 50 ""  

tllJJ/ 
ino -

- 7�11 � ., .. 
----... ._ 2Ba, 

rn 

� 

Fig. 6 Elf eel of the opening of one door on the isotherms: the " alls and the ceiling are isolated by the PVC and 
the ground is not isolated. 

T..,=280 K 
� Ul 3: T.,.=f (q) 

q • 200 w/m! 

'1 - 80 "" 

is • .....,_ 

------\- JQ2 -"'··�� 

m > "' -I 

Fig. 7 Isotherm C\'Olulion when the ground is subject to a uniform and constant flux density. 
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P E R FO RMANCE O F  fr VAPOUR COMPRESSION SYSTEM WITH REFRlGERANT 

CYCLO l ' RO P A N E  

A .  Machrouhi , M .  Charia e t  A .  l3ernatchou 

Laborntoirc d'Encrgie Sola ire, Fae. des Sciences, 13.P I 0 1 4. Rabat, Maroc . 

ABSTRACT 

Duri ng the last years, due lo the confirmation of the dep le tion 0f the ozone layer by CFCs am 
the subsequent restriction, each time more severe, i mposed by the Monlrca! protocol in re!atiO! 
to the use of these refrigerants, several alternative refrigerants have been evaluated 

I lydrocarbons can be good substitutes of CFCs because there thermodynamics properties an 
simi lar to those of CFCs, they also present very low values of ODP and GWP. 

The aim o f  this study is to evaluate performance of the cycloprpane in domestic refrigerati01 
systems. The analysis o f  results shows that the cyclopropane presents good peformanc• 

compared to those of f<. 1 2. So the cyclopropane can substitute KIL. in domestic refrigertior 
systems where flammability can be neglected. 

J .  I NTROUUC'f'IUN 

The CFCs were acknowledged l i ke a perfecting re frigerants, they arc no toxic  and m 
fl ammable and doesn't assign metals. However, i t  was proved in 1 974 that C.F.C.  are i mp l ied i 1  
the ozone destruction and participates i n  the greenhouse e ffect ref.( I ). This implication led I t  
M ontreal protocol of 1 987,  and Ji is amendements of where he results the elimination of C.F.C 
On this basis, several researches have been in  order to find some fluids of replacement. the use o 
hydocarbons is promising in this field because they present thermodynamic properties similar tc 
those o f C.F.C. and prc3cnts also very low values of ODP anti G WP. 

In this study, we eval uate performances of the cyclopropane as a substitute of R 1 2  i n  domestic 

refrigeration systems where flammabil ity can be neglected because the charge of refrieernnt i .· 
very weak. 
2.  S I M U LATION M ETHOD 

A vapour compression cycle is i l luslretl in  fig. ( I ), i t  includes an evaporator, a compressor, [ 
condenser and an expansion valve. 

Vanne de 
detente 

Condenseur 
Teo, Pco 

2 

Com presseur 

( Wcomp 

l . (�)J' 
5 

Fig. I : Schematic d i agram of vapour compression cycle 
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The simulation is based on mass and l1eat balance equations for each component or the syste m :  
- Condenser: 

Qco=CJ,w(hrh4) 
- Evaporator: 

Ocv= CJ ... . (h 1 -h5) 
- Expa nsion valve:  

h5=h1 
- Com pressor: 

W"'""P= lJ11 1 · (hrh 1 )  
Where : 

h is the enth l pic.  
q111 the mass flow rate. 
Q is  the heat transfer rate 
W is  the work given to the compressor . .  
Subscript 1 .2 . . . . . . ,5  i nd i cates d i !Terents points of the cycle. 

Subscript co. cv and comp denote the condenser, the evaporator and compressor, 
respectively .  
The refri gerating cocflicient of performance COI'f is  gi ven as: COPl'=Q0/Wcomp 

Thermodynamic properties of fl uid are evaluated from a method of estimation Ref. (2) wich 
requires a l i m ited number or data: there chemistry formula  and boiling temperature. Thi s  method 
is bnsed on a certain number of relations Ref. (3 ,4,5,6) a l low ing to calculate critical parameters, 
acentric factor, satureted vapour pression, speci lic volumes in l iquid and vapour phases and 
calorific capacity in the vapour phase. The equation of state used is  that of Patel-Teja.  
3.  Simulation results 

We have studied the performance of cyclopropane in comparison with R l 2 .  We have fixed a 
d ifference of temperature between the condenser and the evaporator Lff equal to 3 0°C. 

Fig. (2), gives the variation of satureted vapour pression as a function of the temperature for 
the cyclopropane and the R l 2 .  We note a similarity of the curves of pressure. Thi s  implicates the 
ability of cyclopropane to be used in a vapour compression system in replacement of R 1 2 .  

4 0  P s ( b a r) 

3 0  

2 0  

1 0 

----i--
1 5 3 0  

/,/ 
� /  

' '  " ° ' ' 0 "  ·-��-::/ 
I 

� R 1 2  

4 5  6 0  7 5  
I 

R O  
T,L.£1 

1 0 5 

Fig.  2: Variation of satureted vapour pression as a function of the temperature for 
cyclopropane and R 1 2. 
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rig.  (3), gives the evo lu t ion  of the as a function o r  !he temperature of condensation fo 
cyclopropane and R 12 .  Knowing that PFV= Oc/V cc I kj/mJ j, i l  consli lule the initial paramcler o 

choice of compressor in a vapour compression cycle, with V cc the volume to o f  entering o 

compressor. We note that the cyclopropane present values of l'FV com parable with those of R 1 2  
Therefore, for some capncities of cooling data, the ut i l izalion of cyclopropane needs a volume OJ 
the enlrance of the com pressor s imi lar to thal o f  R l 2. 

6 0 0 0  P F V 
. 1  

I 
,, i 

5 0 0 0  I 
C y c l o p r o p a n e  

4 0 0 0  
R 1 2  

I 
"-----r - - .. ---i- - ,_ _  "�"J 

3 0 0 0  

2 0 0 0  
3 0  4 0  5 0  6 0  7 0  

Fig.  3 :  Variation o f  PFV a s  a function o f  the temperature o f  condensation Teo for 
cyclopropane and R 1 2 .  

Fig. (4), compares the refrigerating COPf o f  cyclopropnnf' n n rl  th;i t of the refri gerant 
R12 as a function of the temperature of condensation Trn. We note lhC1 t the COPf of 
cyclopropant' is relatively greater than that of Rl2. 

7 . o  
C 0 Pf  

6 B 

C y c lo p r o p o n o  
6 6 

R 1 2  

6 .4  

6 2 

6 0 T c o ( " C )  
3 0  4 0  5 0  6 0  7 0  

Fi g .  4 :  Variation o f  refrigerating C O P  frigori li q ue as a function o f  tbe temperature of 

condensation Teo for cyclopropane and R 1 2 .  
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/\ n�1 lys i 1 1g  lig ( 'i). \\'h i c h  i l l usrales !he vn r in l ion  o r  p1 cssion ral io .  PJz--, 1\j l 'C\ '  with  the 
l l' l l l \Jl' l'a f u 1 e  or condcnsa l i l1 1l .  l l  i s  appil rcn l  !hat t he l 'R or cyc lop1 opanc: is c l ose lo lhal or R 1 2. 
t h i s  s i 1 11 i h1 r i ly i 1 1 1pl irn lL�S !he poss i h i l i l y  n r  subs! i lu l i 1 1g R 1 2  by cycl c 1 p 1 opa 1 1c w i l h! 1 l l [  i 1 1 1 porla11 l  
Li1'1 1 1gcs o r  the compr csspr �md system des ign .  

a p 11 

• 

A C y c l o p r o p <t ll C!  
11 1 2 

� 

T r.  (a C )  • 

3 0  "1 n  5 0  6 0  i O  
F ig. 5 :  Va1 i�1t io 1 1  o r p1 css ion rn l io,  l ' I( cl .� il lu 1 1 c t i o 1 1  c > I  the tempera t u re C l(  n 1 1 H l t• 11 .� a t i o n  Teo 

1(11· t:yc l opmp:111c and IZ 1 2 . 
4. Co1 1c lusio11 

\Ve \ Jave s l ud ied i n  th i s  paper the poss i h i l i l y  o r  rep lac i ng the  R 1 :� by a new l'l'll lPgical fl u i d  
which is t h e  cyc lopropane i n  a domesl ic  rcJ '1 igc i a l i on  syslr. 1 1 1 ,  t h i s  l l u i d  i �; 1 w  des l ruc! i 1·c o f  t h e  
07.Ll lle �1 1 1d  doesn't par l i c i  pale i n  t h e  grcc11housc effect . 
We lwve evalua ted the pcrCormanccs !1 f ! h i s  flu id  i 1 1  the 1 1 1m:h ine .  ana lys is  o l- resu l ts shuwc:d l ha l  
l hc: C)'l' loproprnie cou ld  1.>e n good subs t i tu te  o r  R 1 2 . I ndeed. i t  p1·cst· 1 1 Ls val 1 1cs u r  COl' l ' nml l ' l :v 
n:l ;1 l i vc ly  s i m i la r  1 t1 t hose o f  R l 2, I l ic 1';1 l 1 1cs o l ' p 1 cssio11  r;1t io ,  ! ' I { ,  n C ! h i s  l l u i d .are s im i lar  to 
l lwsc of IZ l 2 . t h i s  s i 1 n i l <1 r i ty i m p l i rn tcs ! l ie poss ib i l i ty 0 1· s 1 i l >s t i l 1, 1 l i ng I �  12 by cyclopropm1c 
w i t h o u t  imporl < 1 1 1 l  c lwnges o f' !he co111 prc'.iScl l' n l lll system dcsig1 1 .  !' l i e  on ly im·, 1 1 1\-cn icncc or the 
cyr lopmprn1e is t l ie  l l :1 1 1 1 1m1bi l i ty ,  t h i s  proble 111 doesn't presen t  r isk for L i le  dt> 1 1 1es l i e  m acl i irn:s frw 
ll' h i c h  t l i l· 1 1cccss<1ry q 1 1a 1 1 t i ty of  rerrigemnt i s  very weak aboul  250g H e r. ( 7 ) .  
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EXPERIMENTAL AND THEORETICAL STU D I ES OF TURBU LENT VAPOUR ANO 

LIQUID FILM C O N D ENSATION OF PURE R E F RIGERANT R 1 23.  

H . LOUAH LIA e t  P I<.  PAN DAY 

l nstitut de Genie E ne r ge tique 
2. Avenue Jean Moul in - 90 000 Belfort - France 

Abstr a c t : 
Results of numerical calculat io1 1s for the condensation of pure refr igerant R 1 23 and non

azeolropic mixtures of R 1 23 and R'1 34a flowi ng between two parallel plates are presented. An 
experimental set up for determining heat transfer coefficients for the condensation of pur e 
1 ef1 i9e1an! f\ 1 23 is described. l he expe1 i 1 1 1e11tal r esults for vertic<il plates 211 e compared with l i re 
calc1 1lated vetl lres obtai11ed by using differnnt mixing length models. It is  shown t11at Groenew<ild 
<ind f<,r r1ger model [ 1 '1]  in the vapour plicise associcited with the Von Karman model [ 1 3] in the 
l iquid pt1ase give mean Nusselt numbers close to experimental results T he mea,3ured values are 
i n  agreement with experimental correlation of Labu 1 1stov [ 1 7] 

1 .  INTRODUCTION 

The n e ed for r e rn p l a ce m e n t  of c h l o rofl u o rucarbones respon:>ib l•3 for tile dest 1 u r;t io11  of 
ozo ne i 1 1 t h e  stratospher·e has lead to co11 s ic lc� r ;:i b le resea rch effor1 on the use of n o 1 1 -

azeo tro p1c mixtu r e s  1 11 ret1 1 g e r a t 1 o n  systems. N o n -::u:eotrop1c mixtures offer 1 T 1any <idvont;:iges,  
n a mely : the red uction of \herrnodynarnic irrevers ib i l il ies in heat exchangers and a n  increase in 
the coeffic ient of  pe1 forrna nrn for m a c h ines workinQ on Lorentz cycle. 

Various experirnenta l  work 011 the conde11s::i tion of 1 1011-aze'.llropic rnixt4.1res on the extern a l  
or  in te rna l  s u rfaces o f  t u bes a re reported in t h e  litterature [ 1 -G] T h e  a i m  of these studies is to 
determ ine the influence of overa l l  mixture composit ion on the heat tr1 n sfer caracteristics and  
p r essure losses We have  developed a theoretical model for  evaluat ini:J the  heat  transfer in 
case o f  forced convect ion co nde nsation of b ina ry v<ipour mixtures [ 7 ] . I n  the present a rticle 

ncisu lts of 11 u 1 11 e 1  ical ca lcu lal iu 1 1 s fur ll 1e  cu 1 1ue1 1sal iu 1 1  uf r r 1 i x l u 1 e s  of R 1 2 3 and H 1 3'1 a rluw i 1 1 !-J  
between p a ra l le l  p la tes are p resented An exper ime n ta l  �.�\ up for t h e  measurement  of loc31 
and mean heat transfer coefficients fo1 fo rced flow vapou; con'1e 1 1sat ion i s  d escribed ThG 
measured values for the conden sation of p ure R 1 23 a re com pared with numer ical  results. 

2. PHYS ICAL MODEL AND RESULl S 

The theoretical model is d eveloppecl for the conden sation of p u re vapours a n d  b in ary 
mixtures The conservation e q u at ions for rn <i s s ,  momentu m ,  concentratil1n and energy a re 
solved for the liq u id and vapour phases. These eq u ;it ion s a re coupled at the l iq u id and vapour 
interface b y  eq ual i ty of  mass f lux.  of  interfacia l  shear st ress and of long i tud ina l  velocity. The 
cond it ion of  thermodynamic equi l ibr iu 1 1 1  at the l iqu id va po ur in terface is adopted for the 
determ inat ion of con centra t ion in both phases The calculations have been carried out with the 
l1e lp  of peng Robinson eq u at ion of state [8] . The l iqu id f i lm su rfa ce is considered smooth (no 
u1 •:::n1oc-- \ ".:ll n f'I  + h a r'" o.  ieo n n  rlrAl">lo+ n r d r<"'l i n r'.l. n'l � n +  T h o  ,.., n ..., h 1 C" i r  r a  • ..., i • ..., C" +ha i n � rt i .,  ..,nrl onfh .-, ln1 1  • • .._,. 11 .._, V /  L.<1 1 1 .,_. l l l .._, 1 '-' T V  I I '-' '-� I V l-" 1 \.- l '- ' ' l l l C-1' 1 1 1 1...- 1 1 1'  .... .i l l � I I I '"' V l l U I J � ' '"' l \..., l Q l l l .:J  LI I V  1 1 1 \,.- I L I U  t:( l l U '-' 1 1 l l l � l t-J J 
convection terms in tt1e g ou ve 1 n ing  e q u ;:i t ions The tu rbu lent  viscosity and conductivity for both 
ph ases is eva luated by us ing models based on the P ra ndll mixing length hypotesis .  
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:onden sation of f lowing vapour i s  s im i la r t o  the suction of the bou nd a ry layer at the w a l l _  

'he refo re turbulence models valid for s ing le  p h a se flow of air with suction of th e b o u n d a ry 

3yer a t  the wal l  h ave been chosen for th is  study.  Tu1 b u lence in  the l iquid phase is modeled 
vithout injection or suction. The m ethod for so lving the eq u at io n s has been g iven in detai l  in  
eferen ce [7] .  

1. 1 .  Condensation of mixtures refrigerants R 123/R134a betwf!en /Jorizont<il pla ter; {7] : 

Various studies h ave shown t h a t  the use of non-azeotropic lllixt1.1 1 e s  c<i n lead to savings i n  

mergy consumption upto 40% [9-1 0] when using cycle Lorentz In  the f ie ld of re fr ig e ra tion nncl 
1 ir  co ndition ing , R 1 2 3 and r� 1 3<'\ a  a re considered a s  subs\i t\ 1 t  1 e f1 ig f� ra nts for  H 1  I and R 1 2  
espectively. 

In  1 e fmence [7]. we show that the n umerica l  resu lts for 11 1 i x t. 1 1ws of  r-{ 1 /. 3 a r id H 1 34 a  f lowing 
Jetween hor i:rn1 1 ta l  p la tes ::incl usi l l [J the tu rbulence m o d e l  of f" le tc l ior  in  both p h:::ises g ive 
n e a 1 1  Nussell numbers which agree with expe1 i rnental va l 1 1es of  Mucl 1 i;: u k i  8 n cl I n o u e  [ 3 ]  to 
8 % .  

c 
1 1 
I ?  
I IJ 

I ["CJ 110 
'f v1 "'""'-...,.,--�--... · � �  ... 

Cv4 
!lO 
�o 

F o r  b inary mixt u res of r� 1 23 a n d  I� 1 Jtla  
1 8. V i n g  7 5 %  of n I 34a ,  f ig 1 r re ( 1 )  s h ows the 
ixial var iation of !he i n te 1  facial vapou1  
nixtu r e  te111 p e 1 a t u 1 8  (T,, ) .  and the 
;oncent rc- ll i c�ns  of P 1 34a al  I l l e  l i q u id 
1apo u r  i 11t81 face in  l iq u id (Cr.)  a n d  v B p o u r  
C�) p h a s e s  It is seen t h a t  a s  t i le  0 11 �-·__.,--- -«--·-�-.JflM-'f'}· - - � 

I' .,.-
..

... -�--·--..- 0 t A!_. 30 
;on d e 1 1 sation p roceeds ,  the co11ce11trn t i o ; 1  u 'i 
if the mos! volat i le f lu id rR 1 34 ;i )  increases 
it  the in terface A d i ffusi�e lx1 u r'1ri a r y  l a y e r  0 ·1 
n the vapou r p h a se is formed wh ich o 2 
e p 1·es en\s a resistance to heal  a n d  rn a s s  0 
ransfer and  leads t.o reduction of vapour  

;>() 
Qif2.3i1,1jI�1��J 1 0  

--··--•·�-.,.---. . . - .--� 0 
I 2 .1 

x [m) 
; a l u ra! io r r  tem peratu r e .  The lowering of the Fig. ( I) Canden,.ation of 11011-A.Ic ulmpic mix!wE' 
;aturation te 11 1 pe1 at1 H e  is a n  irnpo1 !ant 
:aracteristic o f nor i azeoptropic 1n ixtu r e s  w h ich leads 
rreve rs ib i l ity in  counter flow heat  <o.xcha11gers [ 1 O]. 

to a 1 ed u ction of t l 1 e  t l 1 errnody 1 ;;rn1ic 

Z. 2. Condensation of pure R 1 23 between vertic;i/ plates 

The inf luence of  d iffe 1 ent mixing leng th t u 1 b u l e n ce models on n 1rn1er i r;a l  res u l l s  for heat  
ra nsfer i n  condensat ion have bee1 1 tested by t i le a uU1ors  [ 1 1 ]  The resuits s h ow lhat  the h e a t  
lux  ob ta i n ed by us ing tu r bu lence m o d e l  o f  F' letcher· ( 1 0] in \lie v a p o u r  p h a s e  ;rnd th e Von 
<arrn a n  n rnrlel [ 1 3) in  the l iq u id p h a s e  show g ood a g reemfJ llt  with experimen t;i l  resu lts These 
esults have been oblained for  p u re R 1 2 3  condensin!J be tween vertic<.11 p l a tes. 

J. EXPERIMENTAL SET UP /\ND RES U U S  

Figure ( 2 )  s hows t h e  expe1  im en ta l s e t  up  for t h e  rneasure n w n l  o f  t i le m e a n  a n d  local heat 
ra 1 1s fe r  coefficie 1 1 ts for  p u re ref 1  ig era n ts and non-azeotropic rr1 ixtu r es . I t  is  corn posed o f  a 
Jai ler  ( i )  which conta i 1 1 s  the f lu id  \o be tested , an expe1 irnental  c o n d e n ser (2) ,  a n  auxi l ia ry 
:ondense 1· (3 ) .  a n d  a volumetr ic  flowrneter ( 4 ) . The er.perirnenta !  con d enser is m a d e  of two 
1e rt ica i  brasri r ! a tes of  1 m length  (L),  40 rn m width (Vv) and 6 rn rn  a p a rt E a ch p late is  cooled 
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by circulating water whose entra nce 
temperature can be controlled with the help of 
a n  autom atic temperature reg ulator. The 
cool ing water circuit is m ade of a pump (9) and 
three rotameters (5 ,  6 ,  7) for  the measurement 
of flow rates to the auxi l iary condenser and to 
each plate of the experimental condenser. 

At present tests have been made for the 
condensation of p u re refrigerant R 1 23 . For the 
experimental condenser, the cool ing water flow 
is counter current to the vapour flow. Chromel
Alumel thermocouples a re used to measure 
the temperatures. For the measurement of wall 
tem peratures the thermocouples a re brazed in  
the holes d ri l led on the cool ing su rface of the 
p lates .  The tests were conducted with the heat 
t lux between /!:18VV and 1 bbUVV . I he 
saturation temperature of the vapour 
refrigerant at the entrance is 37 .5°C . During 
the experiment,  the cool ing fluid mass flow rate 
and in let temperature are m a i ntained at 
consta nt values. Tl1e vapour Reynolds number 
( � M RD h  I � l vS )  at the in let of  experimental 

condenser is 2 .5x 1 0� .  The l iquid fi lm Reynolds 
n u mber ( � (1 ·- X v,0 )Mn D 11 / p 1 S ) varied from 

324 to 624 .  

(1 ) 

Fig. (2) Experimental set up 

MR being the total mass f lux of refrigerant R 1 2:1. D11 and S being the hydrau lic d iameter and 

1 h e  cross sect ion of  experimental  condenser respectively.  X./O is the vapour  q u ality at  the exit. �' 
is the dynamic viscosity. 

3. 1 .  Local heat transfer 

F i g u re (3) g ives the vapour 
- • • 

� 
0 tem pe rature ( T,) profile and the axial 

d istribution of temperature of the wall  
(T w) and the coolant (T 0) for each plate. 
It is seen that the tem perature 
d ifference between vapour and the wall 
increases along the length of the plate. 

A least sq u a re fit is e mployed to 
determine the equations for 
temperatu re variations of wal l ,  vapour 
and the coolant as functio n  of "x". 
These equations are then used to 
determine the axial heat flux density 
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distribution (Ox), the local heat transfer �-------------------
coefficients (hx) and vapour q u a l ity r:;;� /?I A v;�f AuAf,.#;Aft� n� #ftn•nAr�# . .  rft� 
(Xv.x). These caracteristics (Ox. hx and 

' • 1:1 ·  1 v1 �•u• � • v• u u v  . .  � v •  · �  . . .  ,,�. u •u •  �� 

Xv x) are calculated from the following equations : 
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0 O = 
Mc�(dTE.. J 

x 
2 x W dx ) 

• h x = O x / (Ts.x -- Tw.J 

• X v.x = �-�"'-� (2 w9 x / MR ) 
1 v.x -- l r.x -

-
------

( 1 )  

(2) 

(3) 

Mc being the total mass f lux of the cool ing fluid. lr .x a nd lv,x a re the l iquid and vapour loca l 

enthalpies of refrigerant R 1 23 respectively. lv , i  is the vapour enthalpy of refrigerant R 1 23 at the 
in let of condenser test. 

2 .5 ����������������� 

2 

-.-- O, [ x  1 0 �  W/m2 ] 
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Fig. (4) Axial evolutions of h., Q, and (1-Xv.x) 

( 

�-

Fig u re (4) shows the variation of local heat transfer coefficient (hx), heat flux density (Ox) 
and the condensate quality ( 1 -Xv.x) for saturated vapour of R 1 23 .  It is seen that the heat f lux 
density is practicaly constant and the local heat transfer coefficient d i m in ishes a long the length 
due to the increase of the temperature d ifferen ce between the vapour a �d the wall  (fig . (3)) . 

F igure (5) shows the variation of the vapour 
quality at the outlet of the experimental 
condenser It is seen that a n  increase of the 
d ifference between the tem perature of the wal l  
and the vapour helps condensate formation. 

The vapour q u a lity Xv.o is calculated from 
the following equ ation : 

X v.o = ���--:-_2_'!'f_C:.� I MR ) 
l v,o .. . l r.o --------

(4) 

3.2. Mean 11eat transfer 

0 

>i 
:>. "" <ii :l O" '-:l 0 a. C\l 

> 

0,8 

0,6 • 

� • 
0,4 

0,2 

0 
6 B 1 0  1 2  1 �  

Ts -Tw 
Fig. (5) Vapour quality profile (Xv,o) 

The mean heat transfer coefficients a re calculated from the following equation : 
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M C l\n = Q L  I (Ts. in - T w m ) '  avec . O L  = -..;_w� (Tc.mo - Tc.mi ) (5) 

T h e  tota l heat flux de1 1s ity (0 1. )  is evaluated from the coolant mass flux for both p la tes ( Mc : 
and the d ifference of mean temperatures at the in let (Tc.mi) and outlet (Tc.mo) of the cool ing 
flu i d .  Mixing chambers fitted with two thermocouples each are insta l led at coolant in let anc 
outlet to measure these ternperatui-es. 

Figure (6) shows tl1e variation of the mean Nusselt numbers (Num) for turbulent fiO\� 

obtained by using the G roenewald and Kroger turbulence model [ 1 4] in both phases. ThE 
resu lts for the models of G ranvi l le [ 1 5] ,  f\oyama et a! .  [ 1 6] ,  P letcher [ 1  ?]  �rnrl Von Krirmrin [1 3 
for the l iqu id phase associated with the model of Groenewa ld and Kroger for the vapou1 
phase,  are a lso shown. It is seen that the calcu lated values obtained by using the Groenewalc 
and Kroger  model in the vapour phase and the Von Karman model in the l iqu id phase arE 
close to experimental resu lts_ The measured values are in good ag reement with the empirica 
correlation proposed by Labunstov [ 1 7] for the condensation of R ·1 2 and steam.  For lami r ia1 
flow ( 1 11 = .J.. 1  = 0) ,  the calcu l<ited values <ire in <ig refO>mPnt with the eri 1 1ritinn nf F 1 1j i i  rind l JRhrir;: 

[ 1 8] for l aminar  filrn condensation on vertical plate Resu lts obtained by using the turbulencE 
rnodel of Koyama et a l .  are in agreement with those g iven by tile correlation of Chun and Kirr 
[ 1 9] for turbu lent fi lm condensation of stagnant vapour. 

4. CONCLUSION 

Lahunslov [1 ii 
Measures 

[arninar model o Moc!els of Groenewald and Kr�ger [ 14]  
in  two phdses 

lujii and Uetrnra 1 1 81 

C:h11n Pl Kim 1 1 9] 

Gr oeneweld et Kroger ( 14 ]  mo•Jel and 
model of 
t- Von Kacmacr [ 1 3] o G ranville ( 1 5] 

- koy.01110 cl col. ( 16] ;i: Plctcher ( 12] 
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Fig. (6) Comparison o f  mesured and calculated 
Nusselt number bv different turbulence models 

The resu lts of numerical ana lysis of film condensation of pure R 1 23 aml of nur1-<:1Leoplr opi1  
mixtu res of R 1 23 and R 1 34a are presented . The variation of the saturation temperature anc 
concentration along the length of the condenser for the condensation of non-azeotropi c  
mixtures of R 1 23 and R 1 34a is shown . The calcu lated values for pure R 1 2 3  a re comparec 
with experimental results for counter cu rrent flow of vapour and coolant. The influence o 
d ifferent turbulence models on condensation heat transfer in forced convection ,  is shown. The 
theoretical model using turbulence model of Groenewald and Kroge r  or of Pletcher in the 
vapour phase and the model  of Von Karman in the l iquid phase g ives satisfactory agreemen 
with experimental results. 
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l\I A  H:l l lNG OF A N A F:R O D I C  DIGESTOH A N D  D I ESEL E N G I N E- G E N F: RA l'ING l J N lT 
by 

Eng. A. M ousta fa 1 ,  Dr. S .M. El-l foggar2, Pro f.A Gad EIMawla 1 

A BST llACT, 

The :.1r(1 w:n1 ·work hus been conducted !o -�stablish a scientific rnethod for 1na!ching 
an anaerob ic fermentat 'ion digestor using animal dung, wilh a /)iesel engine 
power generating unit, in such a way to specifj1 the digestor capacity, suitable .for a 
specific energy requirements.An experimental model consisting of a11 lndirx1 type 
digPster connected to stationary , constant speed, single cylinder 3 kit' /)iesel 
engine power generating unit, was designcd, con.1·tructed , and tested in the laboratory 
lo oh/am a comprehensive understanding oj . heir perjormonce. 
n1e Diesel engine was operated with d11al fuel, ( biogas and diesel ji1el). A 

perf<mnance map was derived and developed to express the ability of the digester lo 
satisfy the dl}Jerent loading conditions of the engine al difjerenl mass ji1el 

ratios. (Mb:Afd). , Dimensional analysis was carried out to compile the geometric and 
operating 1•ariahles of the digester to establish a relation that can be used to 
demonstrate the effect of the daily loading rate n11 the biogas generulion 11si11g 
diflercnl cligl!sler capacities and different solid co11ce11tralions. , 
The pre..1·!'11t �1111�\' provides means to match geometric and dynamir· parami:rers of a 
digestor !l'ilh a specific power requirements within thf' applied range. · 

NOM ENCLA TURE 

L.R dai ly loading rate 

Mb mass of biogas 

� mass of Diesel fuel 
Mr 111:Jss of fermented m aterial 

retention time 

T. S total  sol ids 

Vb The daily b i ogas production 

Yd d i gestor capacity 

1 Ain Shams University, faculty of Engineering, Abbasia, Cairo, Egypt_ 

2 The American University In Cairo, Engineering Depanment, Cairo, Egypt 
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INTROD UCTI O N  

For many years, b iogas was considered a waste by-product of animal manure, 
sewage sludge treatment and garbage landfills, and was simply flared lo prevent 
i njury to personnel as well as the surround ing community. However. In recent years, 
B iogas has been recogn ized as an anaerobic treatment, and a valuable source for the 
thermal and electrical energy requi remen t especially for the rural communities. 

The research and development o f  modifying a Diesel engine to use started 
few years ago, but their fundamental basis, for the matching process seems to biogas 
need further investigations. 

One o f  t he first appl icat ion s  to convert Diesel engine to accommodate the 

b i ogas was sl ut.l ied by J iang , chang-gui ( 1 989). He proved that the compression of 
biogas i s  possible and the application of biogas as a fuel for dual fuel d iesel engi nes i s  
feasible and econom ic . 

Walsh and Ross ( 1 989), presented a deta i l study and extensive tests on 
util ization o f  b iogas in  d iese l engine. The resu lts showed that biogas can be safely  
empl oyed for part substitution of the scarce diesel oi l .  

lrvinder S ingh and Mittal ( 1 992), stud ied the effect of induction rate o f  biogas 
on the engine performance ind ices. The engine efficiency was improved with part 
subst i t ut ion of diesel by biogas. 

Bhattacharya and Bachchan Singh ( 1 988), studied the modification of LC.E. 
to run on b iogas d iesel fuel and the effect of changi ng the injection tim i ngs for the 
dual  fuel ope r at i on. The results showed the feasibi l i ty of modi fying an I.CE. and the 
injecl ion t i m i ng should be adva nced to 30° BTDC for efficient operat i on. 

The purpose of this work is tu obta i n  a com prehensive study of the 
performance of the anaerobic digcstor as well as a com parat ive study to the t hermal 
efficiency of the engi ne, on diesel fuel and dual fuel (biogas t pilot diesel). I n  
add it ion,  the foundation of the matching process between the engine and t h e  digester 

can be employed through d i mensional analysis and mathemat ical correlation. 
Extrapolating the results wi l l  genera l ize the m atch i ng process for any number of 
call le' s to any power demand . 

F: X P E R I M F. N TA L SET-UP 

A four st 1 oke, single cylinder, Diesel engine, type Usha, wi th a rn led power of 
5 HP at 1 500 r .p. m  was selected for 1he present study. The bore and stroke of the 
cyl inder were 80 and 1 1 0 mm r espectively. 

The engine was sui tably modified for the inducti on of biogas through a m i xer 
filled al the inlet air manifold lo provide the combustion ch:imber with a pr oper 
homogenous air-biogas mixture . 
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The amount of biogas necessary for the experimental work was generated 
from the anaerobic fermentation of cow dung fed i nto an Indian type cyl indrical 
digestor of capacity 2 65 111 3 .  

Two di fferent sets o f  experiments were carried out for diesel a n d  dual  fuel 
operation. Duri ng the dual fuel operation, the engine was i n i t ial ly started on diesel 
fuel. Biogas was then admitted gradually, while the Diesel fuel supply was 
automatical ly reduced under the action of the speed governor t i l l  the maximum diesel 
fuel ; cplacemeni atiained. Pei fo1 11 1arn:e on duai fuei operation was 1 he11 made hy 
load i n g  the engine gradually and di fferent observation were recorded. 

RESULTS AND DISCUSSIONS 
a -The J)iges lor Perfo rmance 
An experiment.al study was pcdimncd on a 2.65 m1, I ndian type d igcstor us ing 
animal dung with total sol ids of 1 7  5% as a raw material for the anaerobic 
fe1menlation process. A fresh charge of 1 250 Kgs mixed with water in I :  1 ratio is 
in i t ial ly loaded into the digcstor. 

Generation of biogas took place at the begining with a very low rate, then it 
gradually i ncreased to reach maturi ty afler a period of 40 days with a maximum 
production rate of 0.76 1113 dai ly as shown in Fig, ( I ). 
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Fig.(1 ) Volumetric analysis of biogas contents during the generation 

of b!ogas from the anerobic fermentation process 
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The digestor generates gases at a daily rate of 0.76 m3 for 50 days (retention 
time). After 50 days the production starts to decrease gradual ly. To ma inta i n  constant 
rate of  generation, a daily loading of 45 Kgs of fresh waste was fed regularly into the 
d igestor. 

Volumetric gas analysis was done regularly al the Petroleum Research 
Institute, every three days. 111e generated gases consists of two main consti tuents 
namely, CH4 and C02 with volumetric percentages of68% and 30% respectively with 
an average calorific value of22540 IU/m3 and a specific density of0.97 Kg/m3 
approximately. 

b- F.ngine Performance 
The engine was tested on Diesel and dual fuel for di ITcrent output brake powers. 
With d iesel fuel operation, the brake thermal efficiency reaches a maximum value 
of 1 8% at 1 650  waits,( about 3/4 of the ful l  load ), figure(2). Using dual  fucl,the 
engine efficiency decreases with the increase of fuel mass ratio ,(Mb/Md). At 
higher ratios,Mb/Md over 80%, the output power drops sharply. The maximum 
feasible d iesel fuel replacement attained was about 40% at which the engine 
efficiency was sl ightly reduced to 1 6% at 3/4 of the load compared to 1 8% with 
diesel only at the same load. The drop in efficiency and poor performance at higher 
biogas ratios,figure(3), arc due to the lower calorific va l ue of the biogas,between 
other factors as lower name speed. 

1 8  
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1 •  
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1 800 1000 :! 1 88 

Brake po'tl er, (\Vat1 

Fig.(2) Variation of thennal efficiency with the �ut put brake power at different 
percentages of energy contributed by biogas 
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c-Digestor And Engine Matching 

The experimental results obtained show that the utihzation ofbiogas in diesel engines 
is feasible to some extents. The results of tests carried out with various fuel mass 
ratios are compiled as shown in figure(3). 

1500 ,-------------------------------� 

lOot 

i t l�QO _,.__ MblM4 • I.I 

l 
--<- M b!lll • • O.l 
__..,·-Mb!llU - l.J 

j 1000 -I<-· MblM• • 1.5· 
-•-- Mh!M4· '· ' 
·-<- M b !M• - 0.1 

500 -A--· M b!llU • I  

-+- Mb.�U • l.J 
-o- '1 h1M4 - 1 . 5 

t-----1----+---·1----1---------l --=--.-� 
0. 1 o.l l.J 0., 0.5 0.6 0.7 a.a o., 

Vo tu mt of B k.  C••  ct:1nnamtd (m') 
fig .  (3) . Volume of b i ogas con sumption for a l i m iled out put brake 

power developed al  d i !Te1 ent m ass fu el ralios 

The gencra1ed bi ogas is  found sufficient to satisfy the engine requirement in the 
operating range to maxi m u m  power oulpul of ar ound 2500 walls. 
The duration of this  power output generation varies accord ing to lhe loading 
conditions. 
B ased upon the experimental data, and di mensional analysis, a polynomial function 
was derived. This  fu nction rel a les the daily biogas production from a given d igestor 
Vb, total solids in the charge T S, daily landing rate ,L.R.,digcstor capaci ty, Vd, mass 
of fermented nrntcr ial,Mf, and retention t i me,t. 

Vb =  f (T.S. ,  L.R. ,Vd, M f, t )  

These parnrncters can be grouped into the following dimensionless foim. 

( Vb•tJVd )  = f (( T. S./Mf ), (L.R.•tJMf)} 
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where: 

(Vb*t!Vd) 
(T.S/Mf) 
(L.R.*t/Mf) 

represents the productivity of the d igestor 
represents so l id concentrat ion in the raw material 
represents the hydraul ic retention t ime 

TI1e relation between the productiv i ty and the hydraulic 1etcntion t i mc, based on the 
experimental data, can be dcr  ived at constant sol id concentrat ion as shown in  figure 
(4),which can be fanned i n  a poly11omial function from the third order, such as : 

where: 

,. �---------- ---------------, 
--..__ 

� IJ 
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·� •a 

! 
.r 'i 
f . 
l 

... I.. I B 
llydrnTI( rt1Pl'll� lhu (l...A.. " c\Mr) 

Fig_ (.f) The dim�ionlcss rel al ion !i.hip hetwccn the pwductivity ofttte digtslcr 

and the hydraulic �lention lime Ill constant solid conccntrativn or 17 se;. 

Y = 7 0432 X + 2.976 X2 - 1 .648 X3 

Y = Vb•tJVd and X= L.R. *t/Mf 

This above equation is valid under the tested opera t i ng co11di1 ions and a loading rate 
ra nging bet ween l 5 to 55 kg/day. It is ii pparent lhc1t the eq1rnllon can be used to 
s i mulate the pcrfonnancc of geometric and dynamic similar <l igcstor. The 
pcr forrmmcc or similar <ligc�tor cnn be predicted a.� shown in lignrc.s ( 5 )  & (6) for 
wirious capncit ies nnd d ifferent solid conccnlrntiuns respectively. 
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In figurc( S l,thc da i ly average biogas genera tion of la rget s ize d i gcstor�,  namdy, 5 1113 

a nd 8 rn3 were predicted for a spec i fi c  charge having same totfll  solids con tent. 
In t he same ma nner, the a\' eragc daily bioga:. gcncrn t ion for a 2 6 5  mJ d i gcstor 
\\· HS  pr ed ic ted for d i ffe r en t qua l i ly cha rges having a total s o l i d  rat ios o f  20% and 
2 5 %  
For a speci fic energy requircmenls, a d i gcslor s i1c can be est i mated for a ce r ta i n tnlal  

sol id rat i o content i n  the fc r r ncn lcd 1 1 1alc 1 i a l .  1 1 1  a dd i t ion the nu mber of' ca l l l c  ht.:ads 

C\hilJ lJL "" ' i : y  dek1 1 1 1 i 1 1cd i"1 u 1 1 1  l i 1c <i<1 i iy i"ad i ng ra t t.: whereas one ca! l ie  head can 

producc alioul 20 kg!day or fresh manu r e, ( M.J\.Sathiamithan) 

CO N ( ' !  . l  I S I O N S  
The r esu l ts of" the e x pcr i 1 1 1enlal model showed !hat thc a, erag.e dai ly  

p 1 od uction o r biogas a l  a n  average ambient  tcmpcrnl 1 1 re o r  30"C was s1 1 f"lic i ..: n l  lo 
operate 1hc dual fue l  en g ine l"or one hnur cont inuliusly per day, \vi t h nearly 4:5% 
diesel l 'ucl  1 eplal:e1 1 1 c n l  for !he hcst c fTccl i v�� effic iency al I (i '\O walls. 

Changing the steady stale opc r a l i ng cond il ions of the dual fuel engi ne, 

req u i red d i lfo1 e n t  d i ges tor capac i t ies Th i s  was ;.ich ie,·ed by 1 1 1a tch i ng I lic 
characterist ics o f" t hc di <'sel eng i nc with the d i gcslor. The nw tching map was 
developed using d i lk rcnt hiogas capaci t ies  for t he t equi 1 cd output JHiwcr at di fTc1 c11t 
fuel mass 1 a ti o ( m1Jrn.r) J\ d igc s l o1 pcr for ruance map i\ as dcvcl t'llCd lo de 1 1 1o nstrntc 
the effect of da i ly loadi 1 1g  r ate on lhe  b i l lgas pr oducl ion us ing d i lfe r en t c a pn\' i t ies and 
d i fferent solid concent ra t ion. l'h is  wi l l  cnahlc  t i re ra r mcr to sclccl the s u i t<1blc 

digestor for the req u i red energy. 
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1 .  OVERVIEW : 

Tradi t i on a l ly open or evaporative c o o l i ng water systems 
are d e s igned for i ndus trial p l ants l o c a t e d  in temp e rate 
cl imate regions . Exp e r i ence has prov e d  that this type o f  
des ign m a y  ( some t ime s )  r e s u l t  not o n l y  i n  environmental 
p roblems but a l s o  i n  economic losses due es s e n t i al l y  to blow 
downs and make-up water . In desert areas where h i gh ambi ent 
t emperature is p r eva i l ing , water i s  general ly produced by way 
o f  d e s a l i na t i o n  uni t ,  in t h i s  case c l o s e  c i rcu i t  system can 
be j us t i f i e d  for it has the advantage of minimum water l o s s e s  
and mak e s  blowdown operation u nnecess ary . I n  t h i s  p aper the 
a l t ernative of c l o s e d  cool ing water c i r c u i t  is examined to see 
what advantages it has over the evaporative coo l i ng water 
system a t  the Rasl anu f QOmp l ex .  

2 .  EVAPORATIVE COOLING WATER SYSTEM 

In t h i s  type of sys t em ( F i g . 11 1 1 1 ) the cooled water i s  
taken from a s ump o r  basin o f  the cool ing tower and pump ed to 
the proce s s  heat exchangers . Water r e turns to the cool i ng 
wat e r  t ower and f l ows counter currently w i th cool e r  a i r  
causing evaporat i o n  o f  w a t e r  i n t o  the a i r  stream a n d  hence 
cool ing of the wate r ,  Th i s  evaporated wate r and certain amount 
of free water or � pray p a s s e s  to the atmosphere and i s  l o s l  
from t h e  system . D i s s olved s o l ids present i n  'the make-up water 
accumu l a t e  and lead to s c a l i ng of surfaces causing reduct i on 
i n  heat tran s f e r  and even l ine blockag e s  in extreme cas e s . 
Chemi c a l s  u s e d  as add i t i v e s  and l o s t  in the blowdown can have 
unde s i rable e f f e c t s  on the envi ronment and are expen sive to 
replace . Leakage of o i l / chemi cals from t h e  pro c e s s  s i de of 
heat exchanger can mean that the bl owdown will need further 
treatment b e f o r e  it is safely d i s charqe d ,  other wise it wi ll 
cause an env i ronmental problems . Hydrocarbon vapours can be 
s tripped out of t h e  cool i ng water i n  the coo l i ng tower giving 
r i s e  to toxic or f l ammabl e  gases escap e  to the atmosphere . 
Los s e s  c an be de f i ne d  and quanti f i e d  in an evaporative cool ing 
water sys tem in the f o l l owing categor i e s  

Sources o f  l o s s e s  E s timates 

- evaporative water l o s s e s . 1% / 1 0  c 
- spray o r  windage l o s s e s  0 . 1  t o  0 . 3  % 
-blowdown l o s s e s . o . s  to 1 % 
- o ther l o s s e s . Neg l i gi bl e .  

( eg .  l e aks an occas i onal drainag e )  
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3 .  CLOSED CIRCUIT COOLING SYSTEM : ( Fi g . " 2 11 ) 

Returning warm water from the p l ant i s  pumped through 
heat exchangers and coo l e d  by s econdary water stream which 
cou l d  be from such sources as river water or sea wate r  on a 
once through bas i s . The cooled water then p a s s e s  to the heat 
exchangers i n  the process p l ant to remove heat , r eturning 
again to be coo l e d . Corro s i on inhibiting chemi c a l s  and 
b i o c i d e s  can be inj ected to the system . Make-up is r e s tr i cted 
to l o s s e s  due to l e aks i n  the system and o c c a s i onal drainage 
l o s s e s  f o r  such purpos e s  as maintenance . Leakage of 
hydrocarbons or other proce s s  fluids i nto the c l o s e d  
c i rc u l a t i on system c a n  be d e a l t  w i t h  b y  tre ating a s i d e  s t r e am  
f l ow a n d  r e turning t h e  water a f t e r  treatment to t h e  system 
with l i t t l e  or no l o s s e s  o f  water . 

4 .  R a s c o  COOLING WATER SYSTEMS : 

As Rasco comp l ex produces a l l  i t s  wate r  by desal inati on , 
the h i gh c o s t  of this water as wi l l  as the great care o f  the 
envi ronment l ead to the cho i c e  of c l o s e d  ci rcu i t  water cool ing 
to remove the maj o r  p l an t  heat load . Then heat i s  removed from 
the c i rcu l at i ng fresh wat er by a once through s e a  water 
sys tem . The s e  systems are bri e f ly exp l ained below . 

4 . 1 . S e a  Water Pump ing sys tem : 

The s e a  water pump i ng fac i l i t i e s  are designed with the 
p o s s ib i l i ty for future expans i on o f  Ra s l anu f comp l ex .  Two 3 . 6  
met�r d i ameters l ines made from g l a s s  f ibre r e i n forced 
polyes t e r  f e ed the s e a  water i ntake basin , the wat er i s  
screened and f i l te red for trash and t o  remove s e a  weeds and 
fine part i c l e s . Sodium hypoch l o r i t e  generated i n  the compl ex 
hypo c h l o r i t e  p l ant by the e l e ctro l y s i s  o f  s e a  wate r  i s  
i nj e c t e d  i n t o  the incoming s e a  water to prevent o rgan i c  growth 
i n  the l i n e  and i n  heat exchangers . Inj ection is regulated to 
give l ow r e s i dual values of chlorine i n  the water which 
returned t o  the s e a  at temperature not exceeding 34 c through 
two bur i e d  2 . 1  meter d i ameter l i ne . The sys tem is des igned f o r  
a maximum s e a  wate r  temperature o f  27 c,  however at mo s t  t imes 
of the y e ar it is lower than thi s .  

4 . 2 .  C l o s e d  Coo ling Water Circuits 

Two c l os e d  cool i ng water c i rcui t s  are used at Rasco 
comp l ex .  The l arge ci rcuit s erve s  the pro c e s s  p lants n e e d s , 
and the sma l l er c i rcu i t  serves the u t i l i ty units . 

4 . 3 .  Treatment O f  The Closed Circuit Coo l ing Water 

The o ri g inal des ign spe c i f i ed the u s e  o f  z i nc chromate 
and b i o c i de to prevent corro s i o n  and keep the system free from 
bact e r i a ,  a l gae etc • •  Due to envi ronmental probl ems and 
p o s s i b l e  health probl ems z i nc chromate is t o  be replaced by 
new l ibyan chemi cal named Joe f .  
Leakage o f  hydrocarbon fluids i n to the system results f rom 
p r e s su r e  d i f ference in the heat exchangers and/ o r  other 
equipment . B ecau s e  i t  i s  not always p o s s ib l e  to maintain the 
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cool ing wat e r  p r e s sure higher than that of the process fluids , 
l e akage of hydrocarbon do occur . This problem i s  treated 
through the c oo l i n g  s i de stream oil removal as described 
b e l ow . 

5 .  COOLING WATER SIDE STREAK OIL REMOVAL : 
The s y s tem i n s t a l l ed in Rasco comp l ex takes continuously 

5 % of the coo l i ng water f l ow to remove oil and s ludge in 2 4 
hour p e r i od f o r  a l l  water c i rculating as showing in F i g . ( 3 ) . 

water under f l ow control cond i tions i s  f i r s t  fed to a 
t i t l e  p l at e  s ep arator and f l ows upwards through paral l e l  p l ate 
under l aminar con di t i ons . O i l  i s  s ep arated and rises to the 
surface o f  the sys tem and i s  skimmed off for pumping to 
s torage . S ludge ( he av i e r  than wat e r )  accumu l ate at t h e  bottom 
of t h*" t.<'\nk. th"'n p'1mpA il  t.n F1 t n nH J A . 1\ t'I A - Am11 l Ri f i  r: is t i  on 
chemi c a l s  is fed t o  the water before p a s s ing to a " d i s s o lved 
air f l oatati on sys tem" to remove fine o i l  drop l ets and f i n e ly 
divided s o l i ds . The water i s  r e turned to the system and the 
o i l  and s ludge pumped to storage . The treated water p a s s e s  to 
the f i nal surge tank before being pumped back into the coo l ing 
water c i rcu i t  und e r  l evel contro l . In t h i s  way the water has 
been c l e an e d  for reuse and the o i l  and s ludge recovered can 
be di sposed o f f  by i nc ineration . 

6 .  OPERATIONAL �XPERIENCE WITH Rasco S YSTEM : 

Two maj o r  p robl ems have been exp e r i enced at the Rasco 
comp l ex w i t h  l arge c i r cui ts 

a-the make-up rate has been h i gher than exp e c t ed . 
b- l eakage o f  hydrocarbon into the sy s t em .  

The l arge make-up rate was mainly due t o  big under ground 
l eaks from c a rbon s t e e l/wrapped l arge d i ame t e r  p i p e , there i s  
no evidence o f  l arge s c a l e  above ground l o s s e s . However , the 
make- up rate to the system is far l e q s  than wou l d  be 
experi enced w i th evaporative system . O i l  l e akage i nto the 
sys tem was d i f f i cu l t  to locate . It was n e c e s s ary t h � r e fore to 
observe v e ry s t r i c t  operating proc edures for a period when 
vent i ng pumps and other equipment not nece s s ar i l y  i n s t a l l ed 
in areas where protected e l ectrical equipment i s  prov i ded . 
Laboratory analy s i s  enab l e  us to determine that unsaturated 
hydrocarbon l e aks were emanating for the ethyl ene p l ant or 
e thylene products s torage area . Further inv e s ti gation was 
carri ed out t o  find out that l eakage was coming from 
d i s t i l l at i o n  c o l umn overhead condenser . The cool ing water i n  
t h e  d e s ign d a t a  sheet was at h i gh e r  pressure than the 
hydrocarbon s i de . The d e s i gner had neglected in the 
preparation of the data sheet that the condenser was e l evated 
.: - .... ,... ,... .... ..... _.,. ,,_ ..... ,. ., _  ..... - - �  - ·  ..... ... .... ..... , .. ,... ,.. ._ ,,. � ,... - ..... ,.. ,... 'W'o1' '!"11 ... _ _  - - ft l""l rt , 't ..,. _  'l'd' � D .&. A. &  .... .LAC" .:;, .... .L U V ll.... U ..L lll;" Q.&.LU Q \,o  .... &&C" C"--&&�&&":jl 'l:;;;; .L .... &&'I:;;;; " - - � .I.  ,t'.l. ...,. .;;o � '""'.a. - ,... _ ..., 

l ower than t h e  hydrocarbon s i de becau s e  o f  the l o s s e s  o f  
s t a t i c  head . Examination o f  t h e  exchanger reveal e d  tube l eak 
which was qu i ckly repai red . 
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7 .  CONCLUSION : 

C l o s e d  c i rcui t s  cool ing water s y s t ems c an be j us t i f i ed 
f o r  l arge s c a l e  circuits in industry whenever : 

a-there i s  s torage o f  water . 
b-produc tion o f  water is c o s t l y .  
c - the evaporative type cool ing w a t e r  system r e su l t s  i n  

e nvi ronmental probl ems . 

T h e  c l o s e d  c i rc u i t s  coo l i ng water s y s t ems preclude the u s e  o f  
bl owdown and e l imin�te water l o s s e s  by evap oration . 
Some o f  the design considerations taken i nto account are : 

- avoid underground pipes as much as p o s s ibl e . 
- ac t ivate cathodic protection sys tem e arly in the 

proj ect . 
-venting o f  hydrocarbons mu s t  be s u i t ably located and 

away from dangerous areas . 
- e l e c t r i cal equipment mu st be adequately des igned 

( exp l o s ion pro o f  type ) . 

8 .  REFERENCES 
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PHOTOVOT.TA T C S  IN AFR I CA IN Tim CONTEXT OF CI,IMATE 

CHANGE AND .ENVIROl\.'MENTAL DEGRADAT I ON F'ROM 

Na t i onal 

ELECTRICITY GENERATI ON 

O . U .  Opa raku 
Centre for Energy Re s e arch 

Unive r s i ty of Niger i a ,  

ABSTRACT 

and Deve l opment 
Nsukka 

The env i r onmen t a l  impa c t s  of c onv en t i on a l  e l e c t r i c i ty g en e r a t ins 
s ourc e s  i n  A f r i c a  are examined . The modu l a r  c h a r a c t e r i s t i c s  o J  
Pho t ovo l t a i c  p ower s o u r c e s  make t h em we l l  s u i t e d  f o r th e l ow - p owe1 
app l i c a t i o n s  wh i c h  are enough t o  r a i s e  the s t anda r d  of l iving and t c  
enhanc e  t h e  s o c i a l  and e c onom i c  d ev e l opm en t o f  t h e  rural popu l a t i or 
in A f r i c a . T h e  C02 emi s s i on b en e f i t  to b e  d e r i ved i f  Pho tovo l t a i c 1  
i s  hyb r i d i s e d w i t h  exi s t ing f o s s i l - f u e l  t e c hn o l o g i e s  i s  d e t e rminec 
t o  be a s  much a s  1 4 x l 0 9 kg . B a r r i e r s  t o  t h e  d i s s emina t i on of PV ir 
the c on t i n e n t  a r e  c o n s i d e r e d  and p o l i cy op t i o n s  whi c h  wi l l  f a c i l i t a t e  
i t s  i n t eg r a t i on i n t o  t h e  ene rgy supply mix o f  t h e  c o n t i n e n t an 
p r o p o s e d . 

1 .  INTRODUCTION 
TT ,s i n <J a <Jrnwt- 11 r ri r. P  n f  ?. . g % ,  t-.h P  ·1 g g s  p npu lci t-.. i nn o f  A f r i c n  i f  

e s t ima t e d  a t  7 0 0  m i l l i on ( r e f . J. ) . '!'h i s  r ep r e s en t s  about 1 2 %  o f  thf 
wor l d ' s  popu l a t i on . The per c ap i t a  e l e c t r i c i ty p r oduc t i on d e du c e c  
f r om ava i l ab l e  e s t i ma t e s  i o  3 3 2 . 5  kWh/yc a r ( r c f . 1 , 2 ) , o b o u t  2 °G o f  the 
per c ap i t a  p r oduc t i on i n  the Uni t e d  S t a t e s  o f  Ame r i c a . Mo s t  of thE 
rural h ou s eho l d s , wh i c h  cons t i t u t e  about 6 5 %  o f  t h e  popu l a t i o n  i r  
A f r l c a , du n u t.  hov e a c c e � .s  t u  e l e t...'. L L 1 c l Ly . 

'!'he e s t ima t e d s h a r e  o f  f o s s i l  f u e l  e l e c t r i c i ty g e n e r a t i o n  s ou r c e 1  
i n  the c o n t i n e n t  i n  1 9 9 5  i s  1 5 5 . 2 x 1 0 3 GWh o r  2 / J  o f  the t o t a :  
g e n e r a t i on , wi t h  nuc l e a r  and hydro c on t r i bu t i ng 1 / 3  o r  7 7 . 6  x 1 0  
G\'-/h ( r e f . l ,  2 ) . '!'he ma j o r g l obal env i r onmen t a l  e f f e c t  g iv i ng c a u s e  f o 1  
c onc e rn i s  t h e  i nc r e a s e  i n  t h e  c onc e n t ra t i on o f  a tm o sp h e r i c  C02 anc 
o t h e r  t r a c e  g a s e s . The r e l a t i ve o v e r r a l l  c on t r i bu t i on of thE 
e l e c t r i c i t y s e c t o r  is in the r e g i o n of 2 5 % ( r e f . 3 ) . The e f f e c t  o l  
e l e c t r i f i c a t i o n c ou l d  b e  g r e a t  p a r t i c u l a r l y  i n  the d eve l o p in� 
c oun t r i e s  w h e r e  t h e  demand for e l e c t r i c i ty i s  exp andi ng at 8% 1 
y e a r ( re f . 2 ) . Th.L s IJa.p e I  examin e 8  L h e  a v <c.L l l ab l e  e l e c! L L .l lo i L y g eu e r a t io1 
t e chno l o g i e s  i n  A f r i c a  and the i r  envi r onment a l / c l i ma t e  c h angE 
imp a c t s . It p r op o s e s  tho t A f r i c an n u. U. ons should G e e k  t o  adop 1 
r enewab l e s o l a r - e l e c t r i c ( pho tovol t a i c )  t e chno l o g i e s  f o r  e l e c t r i c i t1 
g e n e r a t i on . '!'he c o s t  e f f e c t i vene s s  o f  t h e s e  t e chno l og i e s  f o r  l ow 
powe r app l i c a t i ons f o r  wa t e r  pump ing , l i g h t ing , r e f r i g e r a t i on ,  
i r r i g a t i o n ,  c onunun i c a t i on s  a n d  sma l l  ind u s t ry e tc have b e er 
p r oven ( r e f . 4 ) . The s o c i a l , e c onom i c and p o l i t i c a l  cons t r a i n t 1  
l imi t i n g  t h e  d i s s emina t i on o f  pho t ovo l t a i c s  a r e  i d e n t i f i ed a n d  p o l i c1 
op t i on s  f o r  i t s i n t e g r a t i on i n t o  the e n e rgy supp l y  mix o f  t h E  
c o n t i n e n t  ou t l i n e d . 
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2 .  AVAILJ\.BJ,E TECHNOI,OGIES AND THEIR IMPACTS 

ab l e  1 ( r e f . l )  shows the r e s e rv e s  and r e s ourc e s  of avai l ab l e  
ornrne r c i a l  energy in A f r i c a  in the year 1 9 9 0 . 

'ab l e  1 :  R e s e rves and resources o f  Commerc i a l  Energy 

RESOURCE 

1 .  An thrac i t e  and B i tuminous C o a l s ( M . M . T ) 
2 .  Subb i tuminous and l ign i t e  c o a l s ( M . M . T ) 
3 .  C rude o i l ( M . M . T ) 
4 .  Na tura l g a s ( B . C . M ) 
5 .  Uranium" ( M . 'l' ) 
6 .  Uraniumb ( M . T ) 
7 .  Hydro e l e c tr i c i ty ( Po t en t i a l  i n  MW) 
8 .  Hydroe l e c t ri c i ty ( In s t a l l e d  c apac i ty i n  MW) 

PROVED 
RECOVERABLE 

RESERVES 

6 0 9 1 1  
1 2 6 7 
9 0 0 5  
B l 7 B  

5 4 7 0 2 0  
1 3 8 7 0 0  

l . 6x 1 0 6  
1 9 2 0 4  

. M . T  = H i l l i an me tric �onn e s ; M . T .  n Me t r i c  tonn e s ; B . C . M  - B i l l i on cubic metr e s ; 
: R e c o v e r ab l e  at l e s s  than $ 8 0  p e r  kg ; b :  R e c overab l e at l e s s  than $ 1 3 0  p e r  kg 

: outh A f r i c a  h a s  about 8 9 %  of the r e c overab l e  r e s e r v e s  o f  c o a l  whi l e  
•bout 7 5 %  o f  the c oun t r i e s  i n  the c o n t i n e n t  d o  n o t  hav e any 
.den t i f i e d  r e s e rv e s . Of the r e c overab l e  natural gas re sourc e s , 
, i bya , N i g er i a ,  A l g e r i a  and Egyp t c on t r ibu t e  c o l l e c t iv e ly about 9 0 %  
md individu a l l y  3 5 % , 2 6 % ,  2 0 % and 9 %  r e sp e c t iv e l y . About 7 5 %  o f  t h e  
� oun t r i e s  i n  the c on t inent do n o t  have n a t u r a l  g a s  r e s erves . 

? . 1 .  Fos s i l  Fuel Technologies 

E l e c t r i c i ty g e n e ra t i on by burning f o s s i l  f u e l s  p o l l u t e s  the air w i t h  
� ombu s t i o!1 byproduc t s  ( ( CO?. ) , ni t rogen o x i d e s  ( NOx) , sulphur 
lxide s ( S Ox ) , HCL , HF and a s h )  , and br ings about the thre a t  of c l ima t e  
:hange . Thi s  c r e a t e s  c onc ern about env i ronmen t a l  imp a c t s  s u c h  a s  a c i d  
�a ins , p o l l u t e d  r i ve r s , l ak e s / s e a s  and hea l th imp a c t s  s u c h  as l ung 
l i s ea s e s  and c a nc e r . Co al - f i red s t a t i on s  a r e  c u r r e n t l y  the ma i n  
iour c e  o f  emi s s ion f rom power s ta t i ons i n  A f r i c a  b e c a u s e  they make 
1p mor e  than ha l f  of the t o t a l  therma l g e n e r a t ing c apac i ty and a l s o  
l e c au s e  o f  the high sulphur content o f  c o a l . The i r  c ombus t i on 
� f f i c i enc i e s  a r e  o f ten poor ( 3 4 %  maximum) and f o r  dev e l op i ng coun t r i e s  
nay b e  b e tween 2 0 % - 2 8 %  ( re f . 5 ,  6 ) . Al s o ,  high emi s s i o n  r a t e s  o f  
)ar t i c u l a  t. e  ma t t e r ,  S Ox and NOx oc cur i n  addi t i on t o  t h e  C02 emi s s i on .  
1any env i r onmen t a l  and c o s t  advan tages a r e  der ived by u s i n g  
i onve n t i onal n a t u r a l  ga s p l an t s . Wi th no emi s s ion abateme n t  
: e chno log i e s , the s e  a r e  c apab l e  o f  o f f er ing a r e du c t i on i n  
lar t i c ul a t e s  and S o x  o f  mor e  than 9 9 . 9 % ( in r e l a t ion t o  c onven t i on a l  
ioal - f i r ed b o i l e r s ) . T h e  maj or b a r r i e r s  t o  the d e v e l opment o f  g a s 
E i red s t a t ions inc lude the s c a t t e r e d  d i s t r i bu t i on o f  the exp l o i t ab l e  
� e s e rv e s  and the high f ixed c o s t s  o f  exp l o r a t i o n ,  produ c t ion and o f  
! s t ab l i shi ng a b a s i c  p i p e l in e  n e twork . 

?. • 2 .  Cal cul a t i on o f  C02 Emi s s ion 

In the ab s en c e  of spe c i f i c  d a t a  on the e l e c tr i c i ty g enera t i on 
f rom c o a l  and na t ur a l  g a s  r e sp e c tive l y ,  the C02 emi s s ion f r om f os s i l -
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f u e l - b a s ed e l e c t r i c i t y g e n e ra t i o n  was c a l cu l a t e d  u s ing emi s s i o n  r a t  
f a c t o r s f o r  c o a l and n a t u r a l  g a s . Tab l e  2 shows the c a l cu l a t e  
f i gur e s  f o r  C 0 2  emi s s i on . T h e  c a l c u l a t i on s  a r e  b a s ed on t h  
as sump t i on tha t a n y  o f  t h e  s ou r c e s ( c o a l  o r  n a tu r a l  g a s )  w a s  u s e d  t 
g e n e r a t e  t h e en t i r e  e l e c t r i c i ty f r om a l l  the f o s s i l - f u e l  s o u r c e  
c omb i n e d ( r e f  . 1 ) . 

Tab l e  2 :  C02 Emi s s ion from Foss i l - fue l - b ased E l ec tr i c i ty gemera t.io -
-

Emi s s ion Carbon co, Per Cap i t a  C02 
Fu e l  Typ e R a t e  Emi s s ion Emmi s s ion Emi s s ion 

( KgC /KWh) ( K g )  ( Kg )  ( Kg )  
-

C o a l  0 . 0 9 0  1 4 x 1 0 9 5 1 . 3 x l 0 9 7 3  

Na t .  G a s  0 . 0 4 9  7 . 6 xl 0 9  2 7 . Bx:i. 0 9 4 0  

E s t im a t e s  are  b a s ed on 1 9 9 5  pro j ec ted genera t ion o f  1 5 5 1 7 2  GWh ( re f . 1 ) . 

2 . 3 .  Hydro and Nuc lear Technologi e s  

T h e  1 9 9 1  f i gu r e s  f o r  p r imary e l e c t r i c i ty g e n e r a t i o n  i n  A f r i c a  f r c  
hydro a n d  nuc l e a r  a r e  5 3 . 3 x l O J  GWh and 1 2 . 8 x 1 0 " GI� 
r e s p e c t i v e l y  ( r e f . l ) . The i n s ta l l e d  c ap a c i ty i s  only abou t 1 %  o f  th 
hydr o e l e c t r i c i t y  p o t e n t i a l  in the c on t i n en t ( Tab l e  1 ) . By t h e i r  v e r  
n a tu r e , hydr o e l e c t r i c  i n s t a l l a t i on s  mod i f y  t h e  f l ow o f  wa t e r  
F l ooding o f  t h e  l and may a f f e c t: who l e  c ommun i t i e s , r i v e r s i d  
i n c-" h n=� t-. r i A � : rll"'lm P � t- i r / r omm P r ,.., i rl l  hn l. 'l rl i 11 � c::! . n :=i -o-· i ']� t i o!" o f.  s.hJ_p � ,  f i �  

and p l an t  l i f e . G e o g r aphi c a l  impac t s  a r i s ing f r om e a r thquake swarm 
due to l a r g e  dams can be c on s i d e r ab l e  a f t e r  Y A � r R  o 
impoundmen t ( r e f . 7 )  . The s e  f a c t o r s  exp l a in the opp o s i t i o n  o 
�mv i r oumeu t a l i s t s  to the l a rge c: c a l c  cxp.: m o i on o f  hydr o c l e c t r i c i t  
sou r c e s , though n o  emi s s i o n  a r e  c au s e d  b y  them . 

Nuc l e a r  c ap ab i l i ty f o r  e l e c t r i c i t y g e n e r a t i on i s  only av a i l ab l  
i n  S ou th A f r i c a  wh i c h h a s  a g e n e r a t i n g  c a p a c i ty o f  1 2 . 8 x 1 (  
GWh ( 1 9 9 1 ) . The l ow t e chnol ogy a n d  f i nanc i a l  b a s e  o f  mo s t  o the 
A t r i c an coun t r i e s  wi l l  r e s t :i: a in Lhe dL!Y.u .i. 10 .i. L.i.uu u[ Lid s high - cos 
op t i on f. o r  p ow e r  g e n e r a t i on , p � r t. i cu l a r l y  i n  v i ew o f  envi r onmenta 
opp o s i t i on and pub l i c  una c c e p t ab i l i ty .  The t r a n s n a t i on a l  a t.mos 
p h e r i c , h e a l t h  and envi ronmen t a l e f f e c t s  that c ou l d  a r i s e  f r om l a r g e  
s c a l e  r ad i a t i v e  r e l e a s e s ( a s  i n  t h e  c a s e  o f  Chenoby l )  wi l l  h a v e  s ev e r  
imp a c t s  on t h e  impov e r i shed p opul a t i o n  a n d  t h e i r  a i l ing e c onomi e s . 

3 .  MITIGATION OF ENVIRONMENTAL AND CLIMATE CHANGE IMPACTS 

G l o b a l  c i r cu l a t i on mod e l s  s ugg e s t  tha t doub l ing of th 
a tmosph e r i c  C02 c on c en t r a t i on c an c a u s e  1 .  5 - 4 . s0c r l s e  .i.u the s u r f a c  
mean t emp e r a t u r e  and a l s o  r e s u l t i n  chang e s  i n  t h e  p a t t e rn o 
r a i n f a l l  d i s t r ibu t i o n  ( r e f . 3 ) . F o l l owing t h e  wo r l d  c on f e r en c e s  o 
env i ronmen t and c l ima t e  change h e l d  in T o r on t o , Norwik and B e r g en 
r e c ommenda t i on s  f o r  a 2 0 %  r e duc t i on in t h e  C02 c on t en t  in t h  
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t t.Ino sphere by the year 2 0 0 5  was made . Power p l ant s  b a s ed on t h e  
:n tegrated C o a l  G a s i f ic a t i on - Comb i n ed Cyc l e ( IGCC ) and the F u e l  C e l l  
: echno l o g i e s  a r e  capab l e  o f  d e l i v e r ing c ombus t ion e f f i c i enc i e s  f rom 
1 8 % to 4 5% ( re f  . 8 ) a�d 5 0 % ( r. e f . 9 ) r e sp e c t ively , g iving up to a f ac t o r  
) f  two reduc t i on i.n C02 emi s s i ons p e r  KWh e l e c tri c i ty . A l  though 
: onven t i on a l  coal power p l ants are l e s s  c o s t ly ,  IGCC achieves 
3 igni f i cantly l ower emi s s ions of acid rain p recursor s ( 9 8 % sulphur 
:emoval and over 9 0 %  NOx r e duc t i on ) . 

I t  is po s s i b l e  to achi eve a reduc t i on o f  9 9 % in t h e  emi s s i o n  
rates o f  t h e  p a r t i c u l a t e  ma t t e r ,  S Ox and NOx by inc orp or a t i ng emi s s ion 
3.ba t ement t e c hn o l o gi e s  such a s  e l ec tr o s t a t i c p r e c i p i tator s . 
rncopor a t i on o f  de sulphur i s a t i on and deni t r i f i c a t i on ab a t emement 
te chnolog i e s  r educ e s  emi s s i ons of p r e c ip i t a t e  ma t t e r , S Ox and NOx by 
� 9 % ,  9 0 % and 9 0 %  r e s p e c t ively ( r e f . 2 ) . The A f r i c an ec onomies wi t h  
the i r  p r e s ently l ow c ap i t a l  b a s e ( GNP p e r  capi ta o f $ 6 5 7  and - 0 . 9 % 
�rowth r a t e )  and ec onomic r e c e s s ion are no t l i k e l y  to pur sue the 
3.cqui s i t i on o f  the s e  c o s t l i e r  coa l - based sys t ems . For them ,  ga s 
o f f e r s  the p r o s p e c t o f  both cheap e r  e l ec t r i c  power gener a t ion and 
l e s s  l o c a l  p o l l u t i on . Apa r t  f rom the f ew o i l /ga s p roduc ing n a t i o n s  
in t h e  continen t , t h e  r e s t  a r e , in t h e  near future , l i ke ly to depend 
on the i r  old o r  newl y - a c qu i r e d  r e l a t ively cheap and l e s s  e f f i c i en t  
c oa l - f i red c onvent i onal b o i l er s  f o r  e l e c t r i c i ty genera t i on ,  wi th the 
a t t endant c o n s e quenc e s  on c l ima t e  change and environme n t a l  
degrada t i on . T h e  hydro and nuc l e a r  op t i on s  a r e  s t rongly t i ed t o  
envi ronmen tal , s o c i a l  and p o l i t i c a l  i n t e re s t s  and are n o t  exp e c t e d  
t o  b e  widely d i s s emina t ed . 

Pho tovo l ta i c ( s o l a r - e l e c t r i c )  renewab l e  energy sys t ems have the 
potential to mee t  the b a s i c  e l e c t r i c  energy r e qu i r ement s  o f  
deve l op ing e c onomi e s ,  p a r t i cu l a r l y  i n  the d i s p e r s e d  rur a l  a r e a s  whe r e  
e l ec t r i c i ty supply f r om c onvent i onal s ourc e s  i s  unav a i l ab l e . 
Renewab l e  energy s ourc e s , par t i cularly s o l a r  ene rgy , a r e  r e c koned to 
be the s o lu t ion to the energy prob l ems in the l e s s  deve l op e d  worl d ,  
and their incorp o r a t i on wi l l  l ead t o  a r e duc t i on i n  the current 
s evere global c l ima t e  change s ( re f . 1 0 , 1 1 ) . 

4 .  PROJECTED IMPACTS OF PHOTOVOLTAIC ELECTRICITY SUPPLY IN AFRICA 
E l ec t r i c i ty i s  ava i l ab l e  mainly in the urban areas of the 

c ont inent whi l e  i n  the rural areas , four out of f ive inhab i tant s  do 
not have a c c e s s  t o  i t .  Rur a l  t o  urban migr a t i on o f  the popu l a t i on h a s  
had s evere imp a c t  on mo s t  o f  t h e  ec onomi e s  whi c h  depend mainly on 
agr i c u l ture . The dimini shing imp a c t  o f  agricul ture - the maj or f o r e i gn 
exchange e arner a f ew decade s ago - has c omp e l l e d  var i ou s  governme n t s  
to f o rmu l a t e  devel opment p o l i c i e s  a imed a t  p r oviding t h e  nec e s s ary 
rural i n f r a s t ruc ture to s t imula t e  agr i c u l tural produc t i on . 

Pho tovo l t a i c  e l e c t r i c i ty supply i s  a viable op t i on in A f r i c a  
where abundant s o l a r  energy i s  r e c e ived throughout t h e  year . P V  
sys tems d o  n o t  gener a t e  C02 and greenho u s e  ga s e s  and the i r  modu l a r  
charac t er i i s t i c s  make them adap tab l e  t o  gradual inc r e a s e s  in powex 
demand . Henc e , the i r  di s s emina t i on f o r  l igh t i ng , wa t e r  pump i ng ,  
vacc ine r e f r i g e r a t i on , c ommun i c a t i ons , f o r  examp l e ,  i n  the rural 
areas of the cont inent wi l l  have p o s i tive i mp a c t s  on the s o c i a l  and 
ec onomic w e l l b e ing of the popul a t i on . S ome of the imp a c t s  w i l l  
inc lude a reduc t i on o f  the rura l - urban migr a t i on ,  enhancement o f  the 
agra r i an e c onom i e s  and an up l i f tment of the c ap i tal ba s e . The 
i nc l u s i on o f  the s o c i a l  ( ex t e rna l )  c o H t  e l ements such a s  global 
warm ing , acid r a i n  and heal th imp a c t s  o f  c onvent i onal e l e c t r i c i ty 
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g e n e ra t i on ,  w i l l  mo t i va t e  A f r i c an c o un t r i e s  towards the wide sp r e i  
d i s s emina t i on o f  PV s y s t ems ( r R f . 1 2 , 1 3 ) . 

P V , l i k e  any o t h e r  Rne rgy s y s t e m  i s  no t e n t i r e ly f r e e  c 
envi ronmen t a l  imp a c t s  i f  i t s  c omp l e t e  l i f e - c yc l e  i s  ana ly s e c  
Howev e r , c omp a r e d  t o  c onvent i ona l ene rgy s y s t ems i t s maj 
env i ronmen t a l  imp a c t s  do not o c cur at the o p e r a t i on s t age wher e  I 
is a lmo s t en t i r e l y b en i gn , but a r e  c a u s e d  dur ing p roduc t i on ar 
d i s p o s a l  s t ag e s . C 0 2  em i s s i on s can be c on t r o l l e d  and r edu c ed 
i n t e rna t i on a l  s a f e ty l imi t s ( n e g l i gi b e  c omp a r e d  wi t h  emi s s i on s f r c  
c o a l - f i r e d  p l an t s ) by u s ing e s t ab l i shed t e chn o l ogi e s ( r e f . 1 4 , 1 5 ) . 

4 . 1 .  B ene f i ts from hybridi s a tion of PV with f o s s i l  fuel T echno logi e  

T h e  C 0 2  emi s s i on b ene f i t s  to b e  d e r i v e d  f r om hybr i d i s ing c o a l  a n  
n a t u r a l  g a s  w i t h  p h o t ovo l t a i c s  a t  h i g h  i n s o l a t i on l eve l s  wer 
c a l c u l a t e d  u s i n g  s t i p u l a t e d  emi s s i o n  f a c t o r s  nt di f f e r e n t  p l an 
e f f i c i enc i e s  ( r e f . 6 )  • The c a l c u l a t ed v a l u e s  a r e  s hown in 'l'ab l e  3 
About 1 4  x 1 0 9  kg r e du c t i on in co, emi s s i on i s  a c h i e v e d  when a c o a  
p l an t  op e r a t e d  a t  3 3 %  e f f i c i ency i s  hyb ri d i s en w i  1-.h P V ,  whi l a  a 5 
1 0 '  kg r e du c t i on i s  a c h i ev e d  f o r  a n a tu r a l  g a s  s y s t em op e r a t i ng a 
5 5 %  e f f i c i enc y . 

Tab l e  3 :  C02 F.mi 1:rn i on Bene f i t  Through Hybridi sation 

P OWER P LANT PLANT C02 EMI S S ION AFR I CA : 1 9 9 5  
T Y P E  E F F I C I ENCY ( 9<> )  FACTO R ( kg C / kWh) ( x 1 0 9  kg) 

BAS I C  
C o a l  3 3  0 . 2 8 4  4 4  
C o a l  s o  0 . 1 9 0  ?. CJ . 4 
Na t u r a l G a s  5 5  0 . 1 0 4  1 6 . 1  

--

HYBRID 
c o a l  + !J V  3 3  0 . 1 9 9  2 9 . 8  
C o a l + PV 5 0  0 . 1 3 3  2 0 . 6  
Na t .  G a s  + P V  5 5  0 . 0 7 3  1 1 . 3 

----- === 

5 .  DISSEMINAT I ON OF PV SYSTEMS IN AFRICA- PROSPECTS AND CONSTRAINT: 

T h e  s o c i a l  envi r onment in the A f r i c an sub r e g ion i s  c h a ra c t e r i s e < 
l arg e ly b y a p o o r  r u r a l  popu l a t i on whi c h  i s  s t r i v i ng to ob t a i 1  
f o od , wa t e r ,  c l o th i ng and s he l t e r  in o r d e r  t o  r em a i n  o n  the b r ink o :  
human surviva l . F o r  t h em , t h e  mo s t  u r g e n t  p r ob l em i s  no t o f  a n  energ) 
H a t u r e . S o l a r  home sys t em� wh i c h  c o s t  about $ 5 0 0  e a c h  is n o l  
a f f ordab l e  by a l a rge ma j o r i t y o f  the rural dwe l l er s  e v e n  thougl 
the s e  s y s t ems a r e  c o s t - e f f e c t iv e  over the i r l i f e  c yc l e . Governmen l 
and i n t e rna t i on a l  a c t i on j s  n e c e s s a ry to in i t i a t e , f o r  examp l e ,  
r evolving l o an s cheme w i t h  ] ow i n t er e s t paymen t s  i n  order le 
s t imu l a t e  t h e  a c qu i s i t i on of S o l a r. Horne Sys t ems . P r e s en t l y , mo s t  
gov e rnmen t s  l a c k  the p o l i t i c a l  w i l l  t o  i n i t i a t e  PV p r ogramme s .  F o 1  
them , e n c o u r a g i n g  P V  d i s s emina t i on a n d  the d e c en t r a l i s a t i on o f  thE 
e l e c t r i c i ty d i s t r ib u t i on n e twork w i l l  amount t o  a l o s s  of p o l i t i c a l  
c on t r o l  i n  t h e  e l e c t r i c i ty sub s e c t o r . The r e  i s  t h e r e f o r e  government 
i n t e r e s t  l a rg e l y  in the expans i on of the c en t r a l i s e d e l F> r t :r- i c i t:, 
d i s t r i b u t i on n e two rk b a s e d ma i n l y  on t h e  c onv en t i on a l  f o s s i l  f u e l  an� 
hydro sourc e s . O t h e r  f a c t o r s  de t e r ing the d i s s em i n a t i on of PV s y s t emE 
i n c l ud e : ( a )  The p s y c h o l ogi c a l  i n e r t i a  to adop t a n ew t e chno l ogy , ( b )  
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c ar c i ty o f  t rained manpowe r ,  p a r t i c u l a r ly 
warene s s  o f  i t s p o t e nt i a l s  and p r o s p e c ts , 
c t iv i ty and f inanc ing o p t i ons and ( e )  l a c k  
n many na t i ons . 

. 1 .  Policy Ini ti a t iv e s  

t ec hn i c a l , ( c )  l a c k  o f  
( d )  l a c k  o f  c omme r c i a l  
o f  p o l i t i c a l  s tab i l i ty 

G iven tha t mo s t  A f r i c an c oun t r i e s  have a l ready a c c ep t e d ,  in 
1rinc i p l e ,  the need to r e duc e C02 emi s s i ons b e l ow p r e s en t  l eve l s ,  
: t ab l e  ene rgy p o l i c i e s t o  promo t e  a c c e l a r a t e d  deve l opment o f  
•nv i ronme n t a l  t e c hno l o g i e s  - p a r t: i c u l ar l y  a n,,w i n i t i a t ive t o  m i t i g a t e  
rlobal c l ima t e  c hang e s  - mus t  r e c ogn i s e  P V  a s  a ma j or and natural 
�omp l emen t . In vi ew o f  th e i r  p e c u l i a r  e c onom i c  c i r cums tanc e s , i t  i s  
_mportant tha t A f r i c an n a t i ons individu a l ly and c o l l e c t iv e l y  ena c t  
l o l i c i e s  t h a t  wi l l  encourage the d i s s emin a t i on o f  c o s t - e f f e c t iv e  
iys t ems f o r  rur a l  l igh t ing , wa t e r  pump ing , h e a l t h  c a r e , 
: ommun i c a t i on ,  e du c a t i on e t c . B o l d  in i t i a t iv e s  a r e  r equi r e d  in the 
' inanc ing o f  PV demon s t ra t i on p r o j e c t s ,  suppo r t  of R&D , r e du c t i on o f  
_mp o r t  du t i e s  on PV c omponents and sys t ems , a t t r a c t i o n  o f  PV indus t ry 
_nves tmen t s  l o c a l ly and the c r e a t i on o f  condu c ive p o l i t i c a l  c l ima t e s  
ind at trac t ive e c onomi c i n c e n t ives f o r  inves tmen t .  

I t  i s  to the Organ i s a t i on for A f r i c an Uni ty ( O . A . U ) tha t one 
i hould l o o k  f i r s t  for a c t i on t o  a r t i cu l a t e  t h e s e  p o l i cy i n i t i a t i v e s  
ind encourage memb e r  s t a t e s  t o  me t i cu l o u s ly pursue them . 

1 . 2 .  Prosp e c t s  o f  Pho tovo l ta i c s  

A s  r e s e a r c h  in P V  t ec hn o logy con t inu e s  t o  advan c e ,  i t  i s  exp e c t e d  
�hat the p r e s ent h i g h  c o s t  o f  P V  modu l e s  wi l l  b e  b r ought down to make 
the d i s s emina t i on of the t e c hn o l ogy e a s i e r ( re f . 1 6 ) . In the non- o i l  
Jroduc ing na t i on s  o f  A f ri c a ,  the high c o s t  o f  o i l / ga s  shoul d  prov i d e  
;mough mo t iva t i on t o  c o n s i d e r  pho tovo l ta i c s . T h e  r i s ing c o s t  o f  
�x t ending e l e c t r i c i ty g r i d  t ransmi s s i on l in e s  t o  rural a r e a s  and o f  
J rocur ing s p a r e  p a r t s  and f u e l  f o r  d i e s e l  g e n e r a t ing s e t s  mak e s  PV 

,n a t t r a c t ive op t i on f o r  dec e n t r a l i s ed e l e c t r i c i ty generat ion . The 
,bove c l ima t i c , e c onomi c and s o c i a l / dev e l opment i s su e s  make the 
prosp e c t s  o f  PV d i s s emina t i on very b r ight . Wi th s ome s en s i t i s a t i on 
of the na t i onal gov e rnment s ,  adequ a t e  f inanc ing f rom l o c a l  and 
interna t i on a l  sourc e s ,  manpower d ev e l opmen t ,  inc r e a s e  in c omme r c i a l  
ac t ivi ty , P V  t ec hn o l ogy w i l l  take u p  a r e a s onab l e  share o f  the 
e l ec tr i c  energy supply mix o f  the cont inent in t h e  n e a r  futur e . 

CONCLUSION 
The avai l ab l e  r e s ou r c e s  o f  c onven t i on a l  e l ec t r i c i ty generat ing 

sourc es i n  A f r i c a  have b e en r epor t e d  and the i r  imp a c t s  evalua t e d . 
The re a r e  emi s s i on ab a t ement t e chno l og i e s  f o r  m i t i g a t ing t h e  
environment a l  imp a c t s  o f  f o s s i l - f ue l - ba s e d  e l e c t r i c i ty g enera t i on . 
But the p o o r  f inanc i a l  b a ' e  o f  the A f r i c an e c onomi e s  and the h i gh 
c o s t  of the new t echno l og i e s  a r e  bound t o  d i s c ourage the i r  
a c qui s i t i on . 

Pho tovo l t a i c  e l ec t r i c i ty gen e r a t i on i s  an e conomi c a l ly v i ab l e  
a l terna t ive f o r  me e t ing the r e qu i r emen t s  i n  t h e  highly popu l a t e d  
rural a r e a s  o f  A f r i c a  whe r e  qu i t e  sma l l l eve l s  o f  power c an have 
la rge e f f e c t  on l oc a l  s t andards of l iving . Al though thi s t e chnol ogy 
is no t c o s t - e f f e c t i ve i n  the h i gh range of power demand r equi r eme n t s  
i n  urban a r e a s , a c on s i d e ra t i on o f  t h e  indi r ec t ( s o c i a l )  c o s t  o f  the 
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c onven t i onal s ourc e s  pu t s  PV a t  an advan taqe . The C02 emi s s i< 
ben e f i t  der i v e tl by h ybr i d i s ing f o s s i l - f ue l - b a s e d  sys t ems wi th PV : 
in the order o f  1 4  x 1 0 ' . The e c onomi c , s oc i a l  and p o l i t i c a l  b a r r i e 1  
t o  the d i s s emina t i on o f  the t ec hn o logy no twi th s tanding , brigl 
p r o s p e c t s  ex i s t  i f  b o l d  ini t i a t iv e s  can be taken by the government 
w i thin the c o n t inen t . 
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·\BSTRACT 

E LECTRICITY G E N E RATI O N  OPTI O N S  

A N D  STR ATEG I E S  FOR E G Y PT 

S . M . Rashad M.A.ls m a i l  

A t o m ic E n e rgy Auth ority 

1 0 1  Kasr El E i n i  St,  Cairo, Egypt 

The p<iper deal ' s  with Egypt ' s  appn:-ach for sus\ai 1 rnhle energy development sett i ng for the long
term environmen t:i l ly  accept;ible energy strategy. The a i 1 11 of the study is to develop a plan with the 
lowest total present wo1 th of  annual i nvestment requ ireme nts taking into consideration the environmental 
impact of the base case compared w ith other alternative plan. Electrical energy i n  Egypt is mainly 
generated by both hydro-power and thermal power stations. The total hydro-power represents about 22% 
of the total instal led capacity and the rest are fossil fuel power p l ants. Heavy fuel o i l  and natural gas 
(NG) are the m ost important fue l  contribution lo electricity generation. Most of the existing steam power 
p l ants are dual fuel fired using either mazout heavy fuel o i l  and/or NG as main fuel The study in this 
paper was performed using both Electric Generation Expansion Analysis System (EGEAS) and 
DECPAC software packages. Comparative assessment of the technical features, economic, and 
environmental impacts of d i fferent energy chains and technologies for electric ity generation for the 
existing system and that expected to become available during the next two to three decades was 
performed. 
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I .  lNT ROIHJCI ION 

!"h i s  paper  dcJls  '' i th Lgypt " s  app 1 m1ch for sus la inablc r11e rgy development  sc tt i r rg for t i re  long  
l erm e m  i ron 1 1 1enl :1 l ly acceptahle encrg) st r <1 lcgy wi l l r  the  fo l low i ng pr ior i t ies ( I ) : 

l\ l a:-: i rn i 1. i n g  u l i l izM i<'ll of rron-rnmhust ihlc resou r ces. r.g. h) drll-pll\\ er including min i - h; d 1 0, as we l l  a; 
� 1 1y h) dr0 pumping storage: Effic i c r r l  use o r  rcsl> u r ces on the productiD11 s ide as wel l  as nn conversion. 

lransp< • r la l ion  and 1 1 1 i l i 1 J l io11  side for nil forms o f  energ,·; tv1 i n im izing losses nt all stages of cnerg) 
p r oduct ion,  co1 n c 1 s ion. lransm iss inn a n d  d i sl1 i but i <1n ;  Maxi rn iz ing  u t i l iz� l ion of natural gas :is 
prelc rnhle fue l  lu the c 11v iron 111c11 t ta � i ng nwc ro-ccor rom ical  cons i d c r a l ions in  e ffect:  Acqui r e m ost 
e ffi c ient and e n v i ronmental ly accepted tcc lmn lopies frn hnrh 1 lw Pnr·rgy prrH.i 1,11· t inn �nd ew! 1.1s� 
equ ipment  s ides . and Regional energy r l < rnn in g would crea te opp(lftun i lies for Egypt ar rd its ncighlw11rs. 
and enhance ac ross border cooperat ion.  e �·  nat li rn l  gns suprl ics in rart i;i l 1 eturn of power exchange 
th  ro1rgh c lcc lr ica I net work inte r co11 1 1ec l ions. 

Lkctr ic i ty  was i n troduced in Eg) pt s ince m ore than one hund1�d yenrs ;igo. Throughout the 
years ( I  960- 1 99�)  i· lrcl rir. pnwrr sy,trm h:1s hl'.'"11 '."Xpanded trem endously. The electric energy 
prod 11ct i011 has i nc reased from 1 .9 TWh i n  1 960 tu 5 1  Twlr i n  1 995 with nn annual growih ra te of I 0.9%, 
over the same per iod the peak load has increased from 3 72 to 7960 M W  with an aver age annua l growth 
rate  of 9.6%. llowcvcr the correspond ing average a nnua l growth rates dur ing the last <lernde was only 

ahout 5 . 8  % , and 5 . 1  % .  ll1e inst:il led capacity ha� i r 1creased from 797 M W  in  1 960 to ahont 1 2900 in 
1 99 5 .  This i s  the  sumrnalion of the rnled ex is t i n g  capaci ty of ( l 49) units composed of (69) stem un i ts, 
( 5 0) gas turb ines, 5 modules or comb i ned cycle uni ts and (25) hydroelectric u n its.  Regard ing the 
e lectric ity consumpt ion by sector over the last two decades. the share of i ndus try consum rtinn at the 

d i fferen t v o l l a ges p lays a <i<1 m i 1 1ant  role. Next (0 th i s  was the !cs idential and commercia l  uses. During 
\ Ire fisc;il  year 1 995. about 4 6  % l •f thc total  gener a l inn was for the industry and 3 6  % for ti re rcs irlent ia l 
and lol<1 I  Ll' i l \ IHCr ( ial u''" (2),(3). 
2. P i i i  LOSOl' l l Y  OF OPERATION OF THE l l N J FIED POWER SYSTEl\I (UPS) OF EGYPT 

The Egypt ian E l ectr ic ity A ut ht•r i ty r;perntes ihc UPS w i t h  the ph i losophy to ensure a secure 
c 1 1 �;., 1 )  .. "..'f c-kc:!�i': � : :�;g:.• '.'.· i!!! b��;:":�� ��:�d : t�r � t  ;;� ;;: i ti1Uil1 .:c;,t, t1�i l i 1 i1j.� ;d i lh� i1Vn i lct� : ....: !i) J 1 0 -C- 1 1c 1 �D 1 r 1  

accor dance w i th irr ir,al ion 1 equire11rents wh ich reach the ir  m inimum value in December and January 
11 h i l c  the e lectric load is maxi m u m ,  so a l l  effor ts  � r e  dtv ukcl lu l r av�  Lire 1 1 1usl a ; ai labi l i ly for thermal 
u r r i t s  � 1 1c c i a l l y  in this rer iod . At the present t i m e  the 5''Ste rn insta l led capacity is in  excess of the 
· k r 11 :1 1 1d .  I lyd1 n e lectr ic  �c11ernt io11 is opti m i zed to prov i de base l oad and peaking capacity. The 
:I \ a i la l 1 lc  gcncr;i t i on, wnsisting of steam and combined cycle in coordination with the hydroelectric 

c:ip� c i ty, is capable of  meet ing the early morning load. D 1 1 ring l he peak ing period between 6 to 1 1  PM, 
11 he11 the load reaches i ts  m a x im u m value, gas turbines i 1 1  add i t ion to the hydro electric power plants and 
s ll:a r 1 1  power plants meet the pe;ik load. l11c voltngc p r o fi le;, arc rcgn l atcd by the generating u n i ts, the 
t lucc synchronous cnndcnsers localed on Cniro 'iOO s1 1hstat in11 �nd seven shunt reactors connected to the 

500 kv n e twork . To kc�p the frequency \\ i t h i n  perm i ss i ble  range i 1 1  case of sudden defic it in genera l ion, 
autom:lt ic  frequency load shedd i n g  i s  used with seven step�. 

l lcayy fuel oil and natural gas (NG) are the most i mpor1anl  fuels  contributior1 to electricity 
ge11e 1 at ion. The total fuel consumption in 1 995 has reached 9200 M rOE, rn azout represented 3 5  % o f  
t h e  total  fuel used and the share o f  natural g a s  was 65 %. Con vert ing several open-cycle gas turbine 
generat ing plants to combined cycle (C. C), increasing use im proved com bust i on technolog ies. 

reha b i l i t ating old existing power plants. constructing modern lar ge capacity un ites, as well a i ntroducing 

new C.C power piams, a i i  these factors have resuited in reJ11ct1on ol the specific f'ue l  consum pt ion o r  the 
U PS from about 330 gm/k\\ h generated in 1 983 to abou t 223 gm/k\, h in  1 995 and thus lead i ng to a 
considerable i m provement in the overa l l  effic iency rrom ahoul 26 % to about 36 % for the same years 

(3), (4). 
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3. TIJF: C O l\l l'l /TIN G  TOULS 

3 .  l [(; f:AS Dcsc. - iption 
To fac i l i l a le  i ts  use.  EGfc/\S hns been i m plc111c 1 1 tcd as a five scpmate, hut related con1rJ 1 1 ter 

progrnms. the tyre of analys is  to be per formed deter m i ne l\ h i c h  of the rrograms must  he executed.  

Each program pcrfor m s  one or more wel l -c.k llned fu nct ions 011  lhe has is  of user-supplied oplions and 
:.lata.  Each pr ogram possesses consic lernble r eporting cJpah i l i t i e s  for d isplaying input pnr a 111etcrs. 
diagnost ic m essages, in termediate analys i s values, and fi n a l  results. The user i s  given considc1 a b l e  
flexib i l i ty i n  I.he  selection of reports t o  be generated a n d  the amoun t o f  deta i l  to be i ncluded. 

3.2 D ECPAC 

The D ECPAC pacbg.c is a sol'l\\ a r "'  t.lcvelppc:d w i t h i n  the D EC A D ES project. DEC!'AC i s  a 
user fr iendly computer to; for accessing displaying and hand l i ng the i n fo r mation stored in the  

DECADES database, and us ing these data  for  e lectric ity generat ion chain and system analys i s .  
DECPAC integra tes energy/electricity system modules based upo11 the least .. cost/economic opt imization 

approach adopted in  the plann ing tools developed by IAEA e.g. WASP and EN PEP, and an 

em ironm enta l ana lysis module wh ich calculates em issions and residuals from electri c ity generation 
chain and system. 

The m a i n  databases develoµed in  the DECADES tool are Reference Techno logy Database 
(RTDB) and Country Spec ific Database (CSDB). The RTDl3 conta i ns generic data on technical ,  
econom ic, and emi ssion factors of d ifferen t energy chains .  The CSDR developed by users to store 
specific d ata on electric ity generation technologies in operation and p l anned to be implemented. ·1 he 
DEC/\ DES data bases are implemen ted using for W indows vers ion 5 relational data base m anagement  
system. S i nce D ECA DES tool  run under W i ndows operating system, thus i t  has a Graphical User 
I nterface ( G U I )  standards. Thus, the interaction with D ECADES to create CSDB is more easi ly  and 
friendly. 

4. PO\VEH SYSTEM P LANNING 

The basic object ive of an e lectric power generation expansion plan is lo provide sufficient power 

to m eet the d('n1and ta k ing into accou11t the c..l i fferent aspects re lat�d to the gene rating system reserve 
requ i rements and econom ics . The a11 1ount of reserve is pri lll ari ly a function of the numbers, size and 
re l iab i l i ty of the instal led generat ing u nits and schedu led m a i n tenance requ irements and genera l ly 
specified for a ce1 tnin LOLP. Computer progrmns arc used to compute the outage probabilities and the 
reserve requ irements for the UPS by us ing Monte Car lo tec h n ique (5 ) . l he results give a requ irements 
of reserve capacity level of  1 7 .25 % wh ich is  corresponding to a loss of  load probabil ity level (LOLP) of 
one day every three years . ;\ conservat ive value of 1 5  % is  used as a m inim 11111 accertable reserYe 
capacity for the system . 

Jn E gypt. Electricity Generation Expans ion Ana lys is System (EGEAS) is used to determ i ne the  
most econo m i c  generat ion expansion. · 1  he work done in  th is paper  was performed using the 
International Ato m i c  Energy tool DECPAC. 

4.1 Committed Ca pacity Expansion Plan 

The UPS comm i tted generat ion expansion plan consists of add ing 2850 M W  capacity during the 
per iod 1 996/2002, 1 50 MW of the capac ity addit ion are added to convert the exist ing combustion turbine 
un its in two s ites to operate w i th combined cycle m ode. The re ma i nder of the addition capacity are 
steam dual  fi r i ng u n its using either natu 1 a l  gas or heavy o i l  or both as fue l .  The choice of d iscount factor 
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" a 11 1 a t te 1  of the cou11 t 1 y  or 1 h e  u t i l ity rcsp,11;s ih lc  for rn J � i n g  irn estrncn1 .  The eng ineering eco11omi  
n 1 1a l) s i s  in  t h i s  study w a s  based on rea l  dol lars and I 0% d iscoun t  r a t e  fo r  presen t  worth purposes wa 
, 1 ,; s 1 1 1 1 1t:u . 

4.2 The Leas! Cost Genera l ion Ex1rnns ion  P l a n  

Table I defines the  type of u n it s  tlrnt w i l l b e  used  t o  expand the  generat ion system during th 
study period ( 1 996-2020) The data rcq u i r  ed to define a particular cand idate are indentical  to those use• 
in the exist ing uni1s l he thermal un its arc presented as one block with average heat rale equals to th 
base heal rate.  Pum storage is expected to be in operation starting from year 2005.  According to the sit 
constra ins  for the pump storage, the maximum al lowale capacity is l im ited to 1 800 M W. Due ti 
uni::ena i nty of ga.� supply, it is decided that L'lc install�d capacity of combined cycle units does nu 
exceed 20 % yearly of the total instal led capacity. The result of the DEC PAC output plan for the yea 
2020 arc g iven in table 2. 

Table 1 

l 1 1pul  O: i la for Expa11 .� io 1 1  l ' l a 1 1  

l'l:1 1 1 t  typc G.T c.c.• Gas/Oi l  Gas/Oil Con I Pump• 
llc111 l t H )  J!KJ '.l!Kl (illO 6UU Storng1 

)()() � 
l n�tal lecl C11wcity (MW) I 11 0  JIK) 3tKl 6!KJ 600 60ll 

- ---

Esrn latior r  (except rucl)% (J (I ( J () () () 
-

Discount  rate % Ill 1 1 1 1 0  I ll I ll I ll 

Eco110111ic l i re t irnc (Yenrs) 20 25 35 35 35 6ll , _ 
Cnpita l  cost ($/kW) 4 1 K I  ()I K l  .1811 7 20 1 500 500 
fix eel 11pcrnling cost (.t/K W/Yenr) IO..'i 11 1  I} II 1 5 4 
Varrnble operating cost ($/M Wh) l lA tU 0.2 0.2 3 O.ll l 

F11 l l  luad henl rnle (Utu/KWh) I 05lKI (i,';IM I  8600 821KJ 9800 . 

hirccLI ou1.:1ge {%) I n  ii (j G 6 I 
Mnintcnoi1ce outoge (IJay�JYcar) 1 5  2 1  28 28 28 1 5  

Fuel cost ($/Ml31U) 2 .4 2.4 2.4 2 .4 1 . 8.'.i -

Fuel esc�dat ion (%) ( )  0 ()  0 () 0 

"' Max imum Number ur 1'1 1 1 1 1p Strn age = G units 

H l 1 1�lallcJ C:ipaci ly  or c.c. = 20% 11f l hc Toi al ln .�la l led 
4_3 Allernative Plan 

EGEAS was used to verify lhr. rernlts obtained using DECPAC for the base case, Also, ii was 
used in the cakulatiuns fur the alternative generation expansion plan using fifth different types of 
candidates. Besides, the gas turbine I 00 M W, C.C.300, Gas/Oil 600, Coal and Nuclear 600 MWs are 
used as expansion candidates. Proven recoverable reserves of coal are 35 mi l lion tones with additional 
probable reserves of 1 8 .5 mil l ion tones. The only developed coal deposit wi l l  commence production 
soon. However, the coal is of low qual ity and will require m ixing with im ported coal. Other deposit are 
uneconomical to exploit at the present t ime. Vir tually a l l  coal used i11 Egypt is imported and most is 
being consumed by industry. As coal fired power plants are introduced, dramatic increase in coal 
imports are expected. 
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Year Concst 

2020 1 4 2637 

20 1 9 1 24029 

201 � I 1 76 1 89 

20 1 7  72558 
20 1 6  I 74343 

20 1 5 Q t 373 

20 1 4 1 07 1 30 

20 1 3  8292 1 • 

20 1 2  1 0320 1 

I 2 0 1 1 7570 1 

' 20 1 0  I 1 0368 

2(\()9 94745 

'.!008 1 3 3546 

2007 1 50709 
I 2006 5 3 863 

2005 1 9 1 575 

2004 1 30349 
�()03 2 1 5076 

! 2002 0 
200 1 200949 
2000 1 20560 

1 999 0 
1 998 0 

1 997 0 
1 996 (l 
1 995 () 
1 994 0 
1 993 () 
l \19� Cl 

Tabel 2 
Expansion Plan Optimum Solution Using DECPAC - Egypt B ase Case 

1 992-2020 
I Salva! Opcost Enscst Total OBJ. FUN. (CUMM.l LOLP % G 1 00  C300 

. 1 2 8908 1 60 1 65 I 5 2  1 73945 1 1 1 7453 1 .085 1 0  3 3  

1 0 1 534 1 66629 86 1 89 2 1 0  I 1 000586 .075 7 3 3  I 1 3048 1 1 73537 1 20 2 1 9365 1 08 1 1 376 .07 l 7 3 2  I 47446 1 78-393 1 7 8 203683 1059201 l .075 7 3 1  

I 44035 1 85697 ' 1 3 3 l 2 1 6 1 37 1 0388328 .088 5 30 

4753 l I 1 93239 80 I 237 1 6 1  1 0 1 72 1 9 1  .07 1 4 29 

48985 200633 94 258872 9935030 .08 1 4 25 

34 1 85 208084 7 6  256896 9676 1 5 8  .086 1 3  2 1  
42208 2 1 5 849 4 9  276890 94 1 9 262 .08 t 3 1 8  

23302 226493 90 27898 1  9 1 42372 .09 1 I 3 I 1 8 

3 1 3 94 235067 I 4 5  3 1 4086 8863 39 1 .060 1 2  1 6  

2500 1 24299 1 7 5  3 1 28 1  l 8549305 I .080 2 1 3  

29038 260593 90 I 365 1 9 1 I 823M95 .068 l 1 2  

32223 269028 92 387607 787 1 304 .067 l 1 9 

8729 288907 1 40 334 1 82 I 7483697 .07 5 l 7 

4 1  \ 9 8  3 0 1 954 1 68 452498 7 1 495 1 6  I .o23 I 6 

1 5 1 57 356250 245 4 7 1 688 66970 I 8 .076 l 6 
20748 373278 266 567873 6225330 .065 I 4 
0 38046 1 426 380887 5657457 .090 I I 
23557 3998 1 5  I 240 5?7446 5276570 .032 1 I I 
4 503 4 1 5 8 8 1  4 1 8  5 32357 4699 1 24 .072 I I 

l 0 436828 474 4 37302 4 \ 66767 .072 l o  l o  
0 459789 240 460028 37 29465 .029 0 0 

0 485479 225 485704 3269437 .023 0 0 
0 507843 1 33 507976 2783733 .008 0 0 

0 5 3 1 944 28 5 3 1 972 2275757 .00 1  1 0  0 
0 555445 I 2 1  I 555656 1 743785 .009 0 0 
0 585 326 7 3  585 399 I 1 8 8 1 30 .00 1 0 0 
0 602728 2 60273 1 I 60213 1 .000 0 0 

Costs in K$, Gloo Gas Turbine 1 00 MW, C 300 C.C. 300 MW 0 600 Steam Boiler 600 MW, Pump Storage 300 MW 
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ll c lcascs fr om both 11 1 1clea1 a m! co:rl ti r ed rc1\\ er p " 1 1 1 l'i a r e  subject ln s l 1 ic l  con l ro l s  by 
p r C l c e s s i 1 1 g  of" c fl luents  and b) moni to r i ng  bdurc d i scl iaq2c ·1 he I A Ft\ in  CCH>pcrat io r 1  \\ i t h  l l ic /\ r a b  
l�q1 u h l i c  o f F!2' 11t 1 1c r f(1rrned a ca s e  st udy on l h e  kasi b i l i t;. o f sn 1 a l l and r n ccl i u rn n u c l e a r  po\\ Cr p lants in  

l'g ' J l l  ( (i ) _  Cust  csl i rnatcs and econom i c  e v a l u a l i u n  for the 1 c fcrcr rcc n uc lear pcm er plants were m ade i r r  

c ,1 r isu1 n t ' a luc Jamrary 1 989 rrwney and co rn  pa red on cons istent  basis '' ith a coal p l an t  wi th  nue gas 
d c s r r lph . /\ re ference coal  price U S  $4 5/tone \Vi  th I% a r ea l  esca l at ion was used. !30th nm ! pr ice and 
n u c le ;i r  rue l  cusls  1 c f!cct c u 1 rcnt  and r r o j ccted nrai ket  c o n d i t ions .  

rile e\ a l u a l i o n  ind icated l l rnt  o\'e r n ight const r u c t i o n  costs o f a  l 11 in  u 1 1 i t  (2x(i00 M W(e)) nuclear 
p l ant \\ i l l  ran ge fr on 1  about U S $ 1 5 5 0  lO U S $ 2600/KW(c)), which  is ,  as expected, h igher than lhe U S $ 
L l � 0 1 K  W(e)) est imated for t w i n  unit  con I p lm1t of the same size. 

·r h c  lcvcl izcd generation costs over a 30 yenr ecnno rn ic  l i fe t i m e  were est i rnalcd lo range from 
US $ 46 tu 65 r n i l l s/K Wll fo1 n uclc,1 1 ,  b r ndeling tlrnt the co<d plant ,  which was es t imated to be US 52 
rn i l !s/KWh 
From the levc l ized gc11e r a ! ion cos! po i n t l' f view a lone, r 1 1 rc /e;1r pllwer phmts o f  t h i s  r ange are pr ojected 
to be con1 pdi l i 1- c  in w i t h  coal  fired plants of the same size i lnder  .:ond i t ions preva i l i n g  in Egypt. 

5. E N \ ' IR O N l\.1 ENTA L CALCl ! L ATIONS 

I n  the energy sector effrn ts h a s  been carefu l ly d i rec ted l <.> incorpornte environment prolectio11 
i ssncs w i th i n  the overa l l  p lann ing of l h c  energy sec tnr as apprnpr iate to i l s  rn l ional  corn m ilte rn e n t  mid i t s  
tccl 1 1 10-econom i c  cons i dernt ions both cncrg) e rtlciency i rnp 1ovc111e11t and deve l op m e nt of renewable 
energy use are key e lcmrnt s in  the adopted mc�sures for env ironmental  p1 otect ion and Green House Gas 
' ( i J IG'" abatement .  the total em i ss ion  frorn rnmmcr ;-i:i! energy in  Egypt in  1 994 is  esti mated to be aboul 
8 .0 m i l l ion tons o f  Co2, 1 4 6 .0 and 366.0 t housand tons o f  So, :rnd No, r e spective ly, in  addition to 1 9 . 7  

t h o u s a mf tons of partic u lates. E n v i rn11rncnta l ly, a l l  t h e  energy effic iency improvements and 
d emonstrat ion ,  as w e l l  as the dcwlor1 rn c n l  o f rcnc:w'.b lc �ncrgy w i l l  res u l t  in  reduced em i ss i ons to the  
a l rnospherc either d i rectly at the country. 

The c o n l i r 1 u n u s  subs t i tu t ion nl I LFJJ by N.G in the  c i gh t ic<: �s wel l  as the supply s ide e fficiency 
i rn prnvemenls  has res1 1 l l e d  i r r  a co11s i ckn1b le  reduct inn o f  gas e' l 1 i �: s i '1 1 1 s  11(1111 the rw wcr ri la i i ls  o f  the 
l !PS F igs l .7.3 i l lus l r a les crn i s s i o n s  into air due l o  <he· Fgypti:111 l l PS l\1r the h;ise  and nl tc 1 11a l ive  
"lT n n r i c )<.;; 

6. C U N Cl .l!Sl ON S 

Th i s  paper ove1view t h e  Egypt ia n progrnn r s  i n  t h e  area c.f clc --;.· i c i lv p l n 1 1 1 1 i 1 1 >! setti n g  priorit ies 
for the i rn p rovcrnenl o f lhc environment  E fforts are concen trated on i rn pi tw i ng foe! - cJnsumption oftk 
c x i <;t i n g  pcnver p l a n t s  and t h e  use o f  e ffic ient therm a l  units by i n trod u c i r 1 g  \ :; 1 gcr <: izr: un its, maxim ize 
u t i l izat ion o f  com b ined cyc le po\\"cr p lants and convert open cycle combust i o n  turbines  to  C.C. mode; 
c o n t i n uous reh a b i l i tat ion of older pO\\ Cr p la r i ls, and i n l c r r 'i i fying load management meastn es to improve 
load foctnr and measures for irn r r ov i ng po11< cr factor and loss reduction. 

I he sl r r dy 11 ;is performed using both Electric Gencrnlion Expans ion A n a l y s i s  System "EG EAS" 
n n d  the  ! A l·:/\  soft\\ a rc package "DITPAC". The p lan n ing period was selected from 1 992-2020. the 
a p p l ic a t i o n  of L JEC l'/\C has rrc1vecl !hat the nwdcl  can sen � as <i va luable p lann ing tool for the Egyrtian 
! J n i fied l'cl\\ cr  S\'stem . 

J{ Eff: R EN C� F. S  

1\b;l/n ti!  r-- 1 .  Pol icy 1\specls c1f i . l c ct r i c i l\ a n d  t h e  Fm i ro n rn e r r t  i n  Eg; pt, Proc. of lhe Sen i o r Exrert 
::; � 1 1 1 pos i u m  nn e l e c t r i c ity ami F 1 1 \' i rn r 1 11 1enL i l c l s i n k i ,  F i n l and.  1 9 ') I 
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MEASUREMENT O F  TH ERM A L PHOl'ERTI ES OF PROTECTI V E  C LOTHES B Y  
HOLOG RA P H I C  I N TERFEROM ETRY 

B. C L A U D ET'',  C. CAR LI ER*,  K. l30U K1U\Nl* .  S_ B f�NET! and P. Sl JZJ\ N N E*'� 

*Gro u pe Phys ique des Matfri a u x  - fVlC trnlogiL\ I M P-CN P.S 
U n i versi te de Pcrp i gna 1 1 ,  52 a v. ck: V i l il'. 1 1cuvc,  66860 PU� PLGNAN CFDFX (FR ANCE) 

" � CEB/IJPN/Cen ll c d'Essais d 'Udc i l l o , H.P. 6,  M 1 25  H lNT R( ) M E l  I ( F R A NCE) 

A BSTRA CT 

This pa per deals  wi th  a [ast and l'asy� i u - usc method,  h�1scd o n  ho lographic 

i n terferometry, to meas u r e  hc<J L trans l-er cuel"/i c icnts bclwccn the su r l-ace or p1 o tcc t ivc. rah1 ic:; 
a n d  surrounding ai1·. We presen t the way in !l' i li.· 1 ogra 111s arc p 1 occssc d . t he cxpe1·imL'l l lal  SL' l l l Jl 

and Sol l ie  resul ts we have obtained.  

INTROIJ UCTION 

The st udy o f  t he behav iour oi prntcc t i vL: matc1 ials sulrn 1 i t 1cd tu 1 hc 1 1 11 �1 1 .<i l l < lcks 1·cq u i 1 cs 

the k n o wledge of t he t i me dependen t I L' l l l J1C!'�i lU J"C ric!d in t he 11e ighl10u rll < lml o r  t he hca l l'd 
surl·acc. Th a nks Lo holographic interferomet ry, w..: o b ta i n  i 1 1 tc; l"c! ogra 1 11s  c o n t a i n i n g  al l  thL'. 
i n l"u rnrn ti o n s  needed lo 1 ehui ld the l cmpcralu rc d is tribu t i o n .  l l  is a non d ist urb i ng o p t it:al 
lllel hud,  a l lo w i ng lo  J"o l ioW the rcaJ- i i l lll' l'.VO J u t ion o i" t he. whoh; t hermal phCllOITlCIJ<\ i l l  the air 
sur rn u n d i n g  t hL: stud ied l"ah1 ic 011 a :, inµ IL'. i 1 1 tnlcro g rn 1 1 1  Oll i- Jail has : 1 l rc<1 d y  des igned a 
co mpac t  h o l u g r: iphie in tcrlcromc. lcr lo 111casu 1 L'. such 1 c 111ric1·a 1 u 1 c  l ie. Ids and dcYclo pl:d a 

n u rncrical pn1cessi 11g  lo analyse ihc  i n tc1 rc r ug1 ams [ 1 ,2 1 .  
T o  ha ve a bc:llcr knowledge o r  t he fll'.I rr inrn1nc'CS 1 1 r  i licsc 1 1 1a tc 1·ia ls .  i i  i s  : i lso very 

i n teres t i n g  lo know their  t he.nnal p roper t ies. It i.': in p:ir1 icu l :1 1· i 1 1 1po1'La 1 1 l  l L l  n 1l': 1su 1·c acc u 1 a l L: l _•1 

L i l,: t i me evo l u t ion o r  t he heal Lranslcr codlic icnl  between t l 1c rahric sur l"an: and 1 he 
su:  n1 u 11 d i ng air. I n  t h i s  paper, we p1 esL' n l  t lw t:x pni mrntal  sel 1 1 p  as w d l  as the method 
aJ Jo w i n g  [O CXlJ 'aC l the  transfer COL'fficiC I T l  rl'\ l l ll i n l L'.JfrrOJl lelr ic data. 

I .  l lO LO G R A PI I I C  INTERFEROMETHY I N  T R A N S l'A HENT M E DI A  

1 lo lngra phy a l lows Lo record a 11 1p l i t u dc and phase o r  a pla ne wave and t o  1 c .<;t u r c. a 
l i nea l' copy by use or a rc l"c.: 1 cncc wave to L'.nc()(k i L . Thanks to l i ( l log1 a p h ic i 11 tu lcrnrnc t ry, t i ll' 
111od i licalions on ihc refrac tive i ndex d istrihu l io 1 1 in a trnnsparc:nt med i u m  can he C\'al i 1 a tcd j _\ ] .  
To ac h ieve t h is ,  i l  sunlccs to r ecord the object wave w h ich uusscs the 1 nul iu 1 1 1  i 1 1  a rclcrl'l lce 

stale c harac tcri:1.ed by a u n i J"c1 rn1 value o f' the r..:l"rac Live i 1 1dc.x 1 10  : 1 1  a k i 1ow11  lcm pL: 1·atu 1 c  T0. 

The h o lographic p b tc is exposed :1 l t i me t0 w i t h  bo t h  Lh i .<> o h jccl wa\'c )� ,,. a 1 1d  a rclc rc ncc 

wave L: , .  A fter in si111 dc vclo p 1 11c nl , thl: ho lographic p la te, i l lu 1n i nalL: d only  h_v the 1 c l"L- rrncc 

wave :L, , w i l l  ret u rn  i hc wave 1:,, . memo rizin g  the rdcrcnce s ta le or Lhe med i u m  at t i 11 1e 1 1 1 .  I r  

t he medi um i s  d ist urbed a t  t i me l ,  h y  a n  i nc ident heat llux fo r  e xample,  i ts re rr:Kl ive index 
hct:omL'S n, (x,y,z) .  The plane w a ves 2: , ,, and Z:,  c u rren t ly crnssing t he rncd i u rn  �l l L'. c o here n t  

rn u tual ly  and L hc1·c l(1 1 c  i 1 1 lc 1 rc:1 c i 1 1  t l 1c p lane D I" t h e  i 1 1 1cr k 1 ogr :1 1n .  The o p t ica l pa l h lenp l ! i  

varia 1 i o 11s 1\L a 1·e s h o w n  hy hrigl 1 1  ; 1 ml d :1 1  k !"1 i 1 1 gcs con csponding to n 1 a x i 1 n u n 1 and 111 i 1 1 i 111 u 1 1 1  

7:11 



i l l u m inat ion rcspcc l ivdy. The a11alysis 1 1 1' t hL: inlcr l'crencc pattern a l lows lo measu re the phase 
varia t ions or the w n vc L,, across 1 hc med i u m .  and rhcn Lo c;ilcu lalc t he o p t ical p<1 Lh  len g t h  l o  

ohl ain t h e  changes o r  t he 1 cl'1 act i ve index. ! 'he rd1 ac l i vc index o r  a med i u m .  deprnd i n g  o n  i t s  
physical prnpc1 t ics. parti c u l a1 l y  i t s  tcmpc1 a ttm', a l l ows to  rncasurc tcmpcralt1 1 c  d istri l iut ion.  

I I .  DETERl\.11 N t\ TI O N  OF TllE l lEi\ T TRANSFER COEFF I C I E NT 

1 1 . 1 .  M a lhcmalical formuhe 

We l lSC an i n t crfero grnm w i l h  a lin i l G  1'1 ing<' grat i ll)! pc q!L'. l ld icular I ll lhc  ra hric s11 r1':1U'.. 

Tr a the1 rnal flux bi ts  t he s: 1 1 1 1plc ,  t he tcmpna l u 1 L'. inu cascs. co nvc1: 1 it1n <lppca1 s and leads to a 
dcro rm at ion of t l JC  fr ingl'S i n  the l lC igh hlHll hood (ll ' l hl' fa bric 

The n p l ica l p:i t l i  b1gth d i !Tcn'lll'l� in  the s t u d y  ricld is due ' ' l l  t he 0 11('. hal)d lo  l bl' lin i tc 
fringe grati nµ (1\ L1 ) n n d  1111 the other hand to the thermal phcnumcnum (i\L1). 

·) 
Let i tx: 1 l ic  spacinl.' or  l lw. rrinp.c· 1.' r:! l i ! lj!. : 1 l1 rn g  :n i�  Ox which 1.\rigin is l aken O il fringe 

n umber p (Cf. fig u 1 e  I ) . 

t.\L1 = (r + -� ) -1 
_, 

The thermal  c l  Ii.Tl is d ue ln I l ic p 1 c.�encL'. ol <1 µrndicnt a long a xi.� Oy . 

AL2 - c[ n (T( y) ) -- 1 1"" ]  

( I ) 

(2) 

where n(T(y)) et 1 1� arc the Il'.rraL·t ivc imkx I L��:J'LT: ively nl  the mcn�;u1 l' po int 1 1 1H.l n r  t he 
ambirnt air, c is the length ol l he �l 1 1dicd zone. 

F1 i r i gl: 

order 

)' 

.• o)?� p filfj]J �Al- x W'4W W'� a �#4� 
( p- 1 ) p (p l l )  (p-+ 2 )  

Figure I - Fringe g m ting 

befor1' pn 1ttr/J(1fion. 

y 

;,<;�;;.:-µ-·.• ., l:.di·'i 1'o//;f}0 1�&J:s> r<effz () �;:·::£),:_,.. • Tl.� ''(' • -::-� 

---•--- m=O 

m� J 
:-cs;- 111':::2 

• x 

Fringe 

01 dc1 
( p- 1 )  p ( J l l· l ) t p l ?. ) 

Fig11re 2 - F1 i11ge grating 

ofter pnt111 ho1iun. 

So Lht: lotal op ti ca l pa lh  knglh  d i llcr('llL·c is g i ven hy · 
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L\L = (p + -�- ) A. 1 c[ n(T(y) ) - n� J (.\ )  

U t iglll  rt i ngl's i n  ri gmc 2 Ul'l' given hy : i\L2 '" 11 1A ( 4 )  

The re la t io n hc l wL'l'll rcl-1 ;1c t i vc indl'X, p1 css u 1 c  and lt'- lllJlL' J al urL' i s  easi ly k n o w n  w hL' ll 
Lile lhL'rrnal  phcnomc1w L<1kc p lace in d 1 y air 1 4 1  The G lads t o m· - D a lc law a nd t he equat iu 11 u l· 
S( alC rnr a n  i dea l gas IL·ad l o : 

Ptvl n -- I = Kr = K R°I-:- ( .'i ) 

w here K is the Gladslonc cnn.� tan l .  f) l hc density o r  air, P the prcss u 1 c, M the m o l ar m;1ss o f  
air, R t h e  u n i versal g a s  const;1 1 1 t a n d  T the tc 1nrc 1 ature. 

The l'a hric .<;a 1 11p les a 1 c  hrnlcd hy a rn d ia Lor put abn u l  10 cm ahn\'C t he ir  s u r l acc. ThL� 
convec t i ve ll ux tiL' 1 1s i l y  c 1 uss i 1 1g l iw fahriL' i.� giVL'.11 hy Nc.wton's law : 

Lrrn 11v = h ( T - - · 1�� ) ( (1 )  

T.. i s  the a 1 11 h i c n t  lL'rn pc 1 a t u 1 c. 

Near l hc rah1 ic , a 1 J 1 i 1 1  l aye1 of ai l  is not concerned hy t hL'- n111vccLio11. I il'al is 
t 1 a11s 1 1 1 i t tL'd only hy conclucl i 1 1 1 1 .  The UHH l uct ivc f l ux dcnsiLy is g i ven hy Fmn ier's law : 

0 J ' 
k -'Pcn11d "" - 0v 

k. comluc l i v i tv of a i r. is COlll j l l l lt�d thanks to I lle i'o l lmv ing flll l l l l l ia : 

k = L�95 1 0 - ' T 1 <> - 11"8 'j:�j:---
Eq uati1 1g rnnduc t i vc and convec t ive I l u xes l l ll Lhc rahric su rfa<.:c leads Lo : .s-rl ( · . . - T ) k -�- = h  T s  "' 

by y=O 

- k  8Tj Stl the Lrnnskr coc l  f i c iL·nt i s  •!ivcn h)' : h = - ------- s:·· t T T u S - � y y=O 

( 7 ) 

(8) 

( l)) 

( I ll) 

-----t 
The bright 1'1 inge o r  01 dcr p that  we have previously chosen as axis Oy veri fies ti. = pie 

i n  each poi nt .  So we can w ri te equation (1) <JS : 
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x 
0 = -:- A. + t: J 1 1  

I 

Com pu t i ng the differential of this equation leads Lo : 

dTI dy y=O 
A ·r:� 

i e T� n� - 1 dy l 

dx y=O 
dy l is the slope of Lhe studied fri n ge i n  y=O. 
dx y=O 

From equation ( 1 1 ) we get : 

x /\  _ -( )J\ -- i c (n " -- n ) 
, -

·
- '=7; . .1 60 .  

A 

d y l F i gu re. :ci shows t h a t  -1- - ( );\ L x y � O  
o n  

The ll ansfer coclTicicnl i s  t hen given hy : 

Ts 
h = k l:'--

OB "" 

}' 

-- 111�0 

.. ' � -·--i=--,._ x 

p 

FiJ;ltrl' 3 - Gmphic detnwination of the heat trwnfer nw(flcient 

( 1 1 ) 

( 1 2) 

( 1 3) 

( 1 4) 

So the sl udy o f  inlcrfer o grams allows lo measure quickly aml easily the heal transfer 
coefticienl. 

1 1 .2. Experi mental setup 

Figure 4 shows lhe cxpc1 imc. 1 1 Lal set up USL'.d Lo o btain t hese in lcrfcrograms. The opt ical 
arrangement is  a classical o ne. l l  is possible l o  makL'. mcasu rL'lllL' l l lS  i 1 1  a cylindr ical volume l hc 

dimensions of which arc 1 60 n1 1n i n  diameter and 500 1111n long.  
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The p la ne or lhc i 1 1 tcrl\: 1  ugr: 1 1 1 1  is filmed hy a CCD camera. Then a real t ime video 

d ig i t izer board M a t rn x  Pip 1 02"1 n d igil izcs t he pictLl l L�:; oht : 1 i 1 1cd.  So we haVL� the l ight  

in tc.nsi ty on each poi n l  ol  L i le i 1 1 tcrfe1 ogram . 

I )1.�rl;i) 
111111 

� -.....::_, 

0 0 
[.����;-�� l:J- {' 

-I'" 
1 '  

0 Ki�;--='"'�k?-��·��0C � 
� -10 

C.:0111rurcr with 
digil i7.<'r l'oard 

@ 

...._ 

© ............. - ::;> 

© 0 © 

I .  He-Ne Laser - 2. Flcam-spliltcr - 3. M i rror - 4. /\.llcnualing block - 5 .  Spal ia l  rille1 -

6. Lens - 7. Study zone - 8. Fabric sam p le - 9. Radialor - JO. Hologrnphic plate.  

Fi�11re 4 - Sche111atic diagr11111 of !he i11te1fem111e1er. 

011 figure 5 WC present an example or interlcrogram wit h finite rringc grating. Far fro m 

the cxl crnal and internal surfaces of l he fahric wc sec lhat lhc fringes stay parallel. They an� not 

distu 1 hcd. So we h ave a l  our di sposal a reference zone to measure am hicn l tcmpcralure T�. 

Figure 5 - Example of i111erferogmm. 
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1 1 .3. Experimental results 

The ai ray hc1 caflcr presents lhc results ohlaincd liJ r  d i !Tcrcnt fal11 ics we have lCSll�d. 

The samples arc pnl at li 1 st vc1 i ical l y ,  then horizontally. 

Vc1 lical configmalion I lorimnlal rnnfigmaLiPn 

Tsff� h (\V . 1 1 1 "2. K  1 ) TsfL h (W.ni"2. K  1 ) -
f<abric A 1 .02 7 .26 1 .03 1 .8  

Pahric B l .O l 5 . 6 1  1 .05 I 3.42 

�abric C l .! 12 5.07 l .05 J .87 

Fab1ic D 1 .02 4 .6 1 1 .048 3 . 87 

l'ahric E 1 .03 5 .69 1 .045 3 .86 .-----· -
Fabric F l .IB 4.68 l .055 3 .39 

Fahric G l . 02 4.63 1 .052 :us 
rabric 1 1  J .UL :l.92 l .052 : u r n  -
fabric I 1 .03 4 .(i5 1 .052 .U\8 

CONCLUSION 

The met hod presented here i.� perl"ccl ly adapted lo the measurement of heat transfer 
cocflicient.'>. For t he t ime being, d eterm ination o f  t he s lope �y , is perfo rmed 1rnrnual ly so it dx  y=O 
would he a good improvcmcnl lo  compulc i t  direct ly through ! he c n 1 1 1 1J 1 1 tc1 . It co11 lli 1 cs 1 1 l t  in  a 
gain of lime and accuracy. S uch a 1 o u ti 11c is 011 i ts way ol J L' a l i 1al ion.  
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i 1 1 lcrkrn11 1e 11y" .  S .  Hrunel, C. Dclscny,  S.  Cha1 ar, S .  Bene! .  Nevue Ui111;mlc de 
Them1iq11r'. N" 342 31.i. I 1>90. 
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FET devices for environmental contaminanls monit.oring 

L.Campanella, C. Colapicchioni, M .P. Sammartino, M .  Tomassetti 
Dipartimento di Chimica, Universila di Roma, " La Sapie1m 1 "  

P.Z7.a A .  Moro 5, OO L 85 R O M E ,  ITALY 

mmary - We recently developed several suitable ISFET (ion seleclive field effect transistor) 
vices for detecting different compounds of environmental interest (i .e. nitrate, anionic and cationic 
1·factants). Measurements were performed in feedbac k  mcxle by recording the gate output voltage 

riation of the I SFET related to the analyte concentration in solution. After a full electrochemical 
aracterisation, the new ISFETs were applied to the analysis of authentic aqueous mau·ices of 

vironmen tal interest (river, lake, sea waters and so on).  

�ywords: ISFETs, environmental rnauices, an alysis. 

troducl i on 
FETs ( Ion S elective Field Effect Transistor) devices represent a relatively new kind of sensor 
1aracterized by a high degree of miniaturization, fast response, high sensitivity, low detection limit 
1d the possi bility to fabricate mul ti -probe sensors [ 1 ,2] .  These devices are suitable for the 

onitori n g  of compounds of great interest in the environmental field. The sensitivity of ISFETs to 
I was first reported by Ilergveld [3].  Since then, important studies on differen t ISFETs have been 
:1formcd by Janata [4,5] .  In previous papers [6,7 1 we reported the preparation of ISFETs for H+ 
1d N I I4+ analysis, and ENFETs (enzymatic- field effect transis tor) for urea and cTeatinine analysis, 
1sed on utease or creatinine deimina�e em.ymalic membrane, respectively, coupled to an ion
·lective polymeric one, containing (or not) also a cond ucti ng polymer snch as polyphenylacetylcne 
'PA) eloped with iodine.  The encouragi ng results obtained in these studies suggested to us the 
.1Ssibility of using l S FET sensors to analyse other cornpou 11ds, pRrticularly those of environmental 

1 terest. 
1 this paper we describe the fabrica t ion of some new ISFETs based on polymeric membranes that 

·e recently developed, respectively: for ni u·ate amtlysi�. using tc.trad.odecylammonium nitrnte 
!'DAN) as ion exchanger; for an ionic surfactant analysis, using bcm:yldimcnll1ylcetylmnmonium 
liolate (BDMCACh) or fl ioctyl·dodccylammonium cholate (l'ODACh) as exchlmgcr; for cationic 
Jrfactant analysis, usin g do<lecyltrimethylammonium reineckate (DDTM AR) as exchanger and for 

Jtegral toxicity test ba�i ng on the conplement with a FET of immobilised Saccharomyces cerevisiae 
dis (8- 1 3). 111e possibil i ty of using pH variations, due to yeast respirl1tion, for toxicity 
ieasuremeuts was inves tigat!"d by immobil izi ng S accharomyces cerevisiae cel ls on a classical glass 
lectrode; then a true "biofct" was constructed by immobilizing yeast cel ls  on a solid state dcvilce, 
·ased on a sil ica chip (FET). This biofet was used to detcnni ne several typical toxic agents: meta.1 
)ns, cationic and anionic su rfactants; an application to a water basin of environmental interest i s  also 

eported . Two different kinds of chips were used to develop these devices, one (HEDCO FET) 

upplied by USA and the other ( A . S .  FET) supplied by China In all cases the base polymer was 
1olyvinychloride and sebacute or dibntyphthalate were added as pl asticizer. In the case of ni trate 
;ET also a membrane w ith copolymer added was tested. The analytical results were genemlly 
atisfactory, especially taking into account that  it is often possible t.o use the sensor directly dipped in 

he environmental malr ix .  
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Results mi d discmsion 
In Tab. l comparison of the main characterisation data of the ISFETs for the analysis of anion 
surfactants using TODACh exchanger and (A.S.) - FET or BDMCACh exchanger and (HEDCO) 
IBT , respectively, is shown. 

Table I - Response of ISFET for anionic surfactants analysis, to different surfactants: (a) using (TODAC 
as exchanger, (b) using (BDMCACh) as exchanger at the optimum pH and temperature values (i.e. pH= 
T=25 °C). Values are the mean of al least three calihrntimt�. 

Anionic surfactant Do<lecylhydrogen s1tlfa1c Dodecylbcnzcne Tcirnpropylben-7"''e Cho late 
sulfonntc �ulfo11nt� 

Linearity range (a) 5.0· 10 ,,_ 8.3· 104 (a) 5.0·106 3.7oJO I (a) 5 (). 1 (11' -8.3· IO:;i (a) J .0·10-'4 -1 .3· 10"1 
(mol/I) (b) 5.0·10·7- 3.7·10-3 (b) 5.0·! 0·7 -4 .0· 104 (b) 4.0 1'1 6 -1 .7· 1 0-2 (b) 2.s. 1 0-5 -9.2- 10·3 
Slope (6mV/6logc) (a) 6R.8 (±0 . 1 )  (a) 78.6 (±4.0) (a) 75.5 (.±1 .4) (a) 47.2 (±0. 1) 
(c"'TiloVI) (b) 69.9 (±0.8) (b) 82.5 (±2.0) (b) 66. 1  (±OA) (b) 38.0 (±0.1)  
Cuudauon (•J 0.YYY'J (a) 0.9940 (•) 0.9958 (•) 0.9997 
coefficient (b) 0.9957 (b) 0.9960 (b) 0.9993 (h) 0.9950 
Response time (s) (a) $ 25  (a) 5 30 (a) 5 30 (•) $ 30 

�b) �30 �l ,:;;30 �bl �30 (b)__ __ __QQ:lQ..___ 
In ta.hie 2 and 3 the characterisation of the HEDCO ISFET for nitrate w ith a membnme made < 
PVC polymer, and PVC plus PVC-PVA-PV Ac copolymer, respectively are shown. In each tabla 
response time, linearity range, minimum detection limit, repeatability, accuracy of the measurement 
reprod ucibility of the slopes and correlation coefficients of the cal ibration graphs in the linearit 
range reported. 

Table 2 - Sensor charnctcrirntion of the HEDCO !SfET in standard solution of sodium nitrate (membrane t 
PVC pnl ymP.r) 

Response time (s) 
Slope (&nV/.<'.logc)(=mol/I) 
Linearity nmgc (mol/I) 
Minimum de.1rr1ion limit (mol/I) 
Repeatability of measurements in tl1e linearity rnnge (as pooled standard dcvialinn) (%) 
Lifetime �onth<) 

.'.:: 25 
5 1 .Q !+ O 'i\ 
(2.5- 10-5 - ::. .6  1 0-2) 
I .0· 1 0'� 
2.7 
., 2 

Reproducibility of the slopes and correlation coefficient values of three calibration graphs in the /i11eari1 

concentration-range 

Calibrnlion n° 

I 
2 
3 

Mean 
RSU 'fo 

Slope (6m V /l'llogc )  

52.0 
5 t . 3 
52.3 
5 1 .8 
1.0 

Correlation coofncicnl 
0.9975 
0.9987 
0.9986 

Table 3 - Sensor characterization of the HEDCO ISFET in standard solution of sodium nitrntc (membrane b: 
PVC polymer plus PVC-PVa-PYAc copolymer) 

Response time (s) 
Slope (t.mV/t.logc)(c=mol/I) 
Lhicwity UJlKC (rnulfi) 
Minin1 1un detection limil (mol/I) 
Repentabi l i ty of mcasUJcmcnts in Lhc linearity r nngc (a< pooled standard deviation) (%) 
Lifetime (months) 

11,1, 

5 25 
50.5 C.t 0.8) 
( 1 .4 104 • 3.6· J O ') 
6.2 1 0-5 
1 .7 

3 



"oducibility of the slopes and correlation coeOicient values of three calibration graphs in the linearity 

:en/ration-range 

Calib1ation n° Slnpc (i\mV/i\loi:c } Correlation cocITicicnt 
1 
2 
3 

Mcari 
RSD % 

table 4 and 5 the respectively 
fficient values, Kij (i.e. l11ose that 
·ear in the Nikol'skii equat ion, of 1 h e  
s t  common anionic in1erferents, 
ai ned by the mixed solution method 
- 1 5 J, with respect to the nitrate as 
nary ion, are reported for these 
sors. 

Jle 6 shows the complete 

tracterization of the Academia Sinica 

:ET for nitrate analysis and table 7 the 
H ive selectivity coefficient values. 
the table 8 response of the two kinds 
nitrate ISFET (i. e. t l ie BEDCO ISFET 

l the Academia S inica ISFET ) arc 
nparcd with that or the classical nitrate 

:� employing the same selective 
:mbrane. 

49.6 0.9935 
50.5 0.9931 
5 1 .3 0.9947 
50.5 
1 .7 

. ; �  
I ''1"1 
I ,lr/ \ I  I 

. ' .  
. � . 

..... . . 

} . ,.,, , ., 
I .•1:ul I I 
. .. ,.) J ; J '.i  2 1  I � 

Inge: (r. ' 1rirdi! ) 

Figura 1 - Rcpcatabilily of tJ1ree calibration graphs for 
nitrate analysis obtained by lhe HEDCO lSFET wiLh a 
membrane made of PVC pol ymer. 

ble 4 - Potcntiometric selectivity coefficients of the nitrate HEDCO-ISFET (membrane by PVC polymer). 

lnlerferenl Ion UJ Background level of Polen!Jomelric selectivity 
lnterfercnt Ion (Jnol[IJ mefficlent a (1\11! 

Cl- l . 0 ·  1 0·2 l .2· l O·a 

Br- 1 . 0. 1 0-2 6.9· 1 0'2 

r i . 0. 1 0-2 3.8 b 
H2P04 2. s. 1 0·2 2.6· 1 0'3 

ll40�- 1 . 0. 1 0-2 5.7· 1 0'4 

so�- 1 . 0. 1 0-2 1 . 4· l 0-4 

HCO) 1 .0. 1 0-2 5.0· 1 0'4 

Acetate 1 . 0. 10-2 6.9·  1 0-3 

Phlhalale 1 .0 . 1 0-2 4.5 b N02 1 .0. 10-2 2. 0. 1 0-2 

ow 5.0. 1 0-3 l . 5· 1 0·2 

[a data obtained by the "mixed solutions" method. 

b dak'I obu1incd by the "scparale solu>.:ons" method. 
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Table 5 - Potentiomclric selectivi ty coeflicienl� of the nitrate JJEDCO-JSFET (membrane by PVC poly1rn 
plus PVC-PY A-PY Ac copolymer, T = 25 °C). 

lnlerfcrent ton Ul Background level of 
____________ lnterfercnl lon (molfll 

Cl 

Dr

r· 

fl2P<\j 
1340�-· 
so�-
11co3 

Acelnl.e 
Pli \halale 

OU-

1 . 0. 1 0·:.t 
i . 0. 1 0·2 
1 . 0. 1 0-2 
2 . 5. 1 0·2 
1 . 0. 10-2 
1 .0· lO 2 

i . 0. 1 0 2 
1 . 0- 1 0 2 
i . 0. 10-2 
5. 0. 1 0-3 

u daw uuiaincti by Lile "1nixC{J SOil-lllOllS .. mciJiod. 
b tlala obtainctl by the "separate solutions" rnc.thod. 

PolenUornetric selectivity 
_ __ -...::.t.'<>::..;C:.;;ffi=<:l<: nl n 11.:..:{zilJ'-) __ _ 

i . 2 . 1 0-::i 
l . 5·  1 0 - 1  

3.6 b 
5.6· 1 0·3 
2. 1 . 10-3 
2. 1 . 1 0-3 
1 . 9· r n-3 
1 .9- 10"2 

4 . 8  b 
3 . s . 10-2 

Table 6 - Sensor characterization of the Academia Sinic� ISH::r in standard solution of sodium nitr. 
(mcmbrnnc by PVC) 

Response lime (s) !> 25 
Slope (L!.mV/61ogc) (C"mo!il) 53.7 (± 1 .5) 
Linearity range (mo\/1) (5.0· t o·5 - 1 ..5· 10·2) 

Minimum dctcclion limil (mo1/I) l.[) - J0-5 
Rcpcatnbilily of mcnsurcmcnts in the linearily rnnge. (as ��JOled standard dcvinticm (%) J.2 
Lifctirn�. months 2 

Reproducibi/i�y of the slopes and correlation coefficient 1111/ues of three calibration graphs in the linear 
concc111ratio11-ra11ge 

c�libnilion n° 

2 
3 

Mc:m 
RSD % 

Slope (i\.mV/i\.logc )  
��' 1 
55.3 
52A 
53 7 
7.. 1 

Correlation f."(l<:fflc.._ie"'"'lc..I __ _ 

0.9'.i9l. 
0.99R3 
0.9997 

Table 7 - Potenliornctric selectivity coefficients of the nit: ate Academia Sinica-ISFET (membrane by PV 
polymer, T = 25 °C). 

lnlerfcrcnt Ion Ul U;,Lkwou11d lc\Pel of 
l11\crfc1 en! Ion (mol£ ll 

c1- i . o. 1 0·2 
Br- 1 . 0. 1 0-2 
I l . 0- 1 0·2 

l l 2P04 5.0. 1 0 ·2 

so�- l .0- 10· 1 

I ICO] i .0. 1 0· 1 
Ace late l .0· 1 0"2 

PhUialate 1 . 0. 1 0-2 
N02 l . 0 · 1 0  2 
ow s.0. 1 0-3 

a clnta obtaiued by Lhe "mixC{! solutions" method. 

b data obtained by the "scparale solnlions" method. 
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Polentlometrle scledl\!lly 
coelllclcuL n (l<Jtl 

5.0· 1 0  ti 
8.0· J 0-2 

10 b 
1 .0· I O-s 
l .0· 1 0·5 
1 . 0- 1 0"4 
3 . 0· 1 0·3 

1 1  b 
l . 0· 1 0·3 

0. 1 



;ble 8 - Comparimn of analytical c�ata �mong classical nitrate !SE, nitrate JIEDCO ISFET and Academia 

iica !Sr-ET (T == 25 °C) 
Ni1rntc !SE 1 1[1..l)CO lSFET 

nc:arity rnnge (c=moVl) 5.0· IO S - 1 .5· .io-2 mo 2.5· 1 U s - 3.6· 1 0 2mo 
Acmk·mi1 Sinica TSFET 
5.0· l OS - l.5· 10·2 mo 

ope (6mV/i\logc) (eocmoVl) 

inim11m <lele<.:lion limit (c.-:mol/l) 
'8ponsc time (s) 

:!pcatability of mea.surerncurs in lhf': 
iearity range (as pooled sland:ird 
'viationlJ.'.!'tl 

55.5 (± O. J )  
5.0 1 0-5 

:S 60 
2.0 

5 1 .9 lt 0.5) 
l .0 · 1 0'5 

.s 2'1 
2.7 

53.7 (± 1 .4) 
1 .0· 1 0-5 

:S 25 
3.2 

table 9 the analyses of the nitrate conte nt in some environ l 'l lcntal samples (l ake and river water and 
·lid extracts) found using the Academia Sinica ISFET are reported. 

1ble 9 - A.J1;1lysis of nitrntc content in c11vironmc111al samples and rccovc1 y data by standa1d addilion method 
ing both ISFET at•d cl a.�sit:al !SE, respectively a (T "' 25 °C). 
>ample Ii Fotuul vrtluc {ppm) 

(RSD in parentheses 

__ _®L__ 
I II 

St;uHlard 
nilrntc added 

(ppm) 

Total value 
(ppm) 

Tl 
7.15 (7 .. 1 )  7.63 (2. 1 )  4.20 1 1 .6 1 1 .8 

7. 1 .08 (J. 9) 1 .05 (5. 1 )  0.50 1 . 5 8  l . �5 
3 19.6 ( I A) 1 8  8 ( 1 .9) 1 0.0 7.9.6 28 .8 
4 46.0 ( 1 .4) 48. 1 (1 3) 23.0 69.0 7 1 . 1  
5 29.7 (2.6) 30.9 (4. 12 15.0 44.7 45.9 

Data obtained: (I) using n itrate lSf'ET; II using classical nilralc !SE 

Total f.,urnl v"l11c (ppm) 
(RSO in porcnlhescs 

� 

1 1 .9 (2.4) 
1 66 (4.2) 
30.2 (2. 1 )  
7 1 . 1  (3.7) 
4'\. 0 il.:.U 

II  
J J . 8  (1 .2) 
1 .6 1  (6. 1 )  
28 .8  (0.9) 
61).3 (J.2) 
45.9 p. ll 

Recovery (%) 

1 03 
J 05 
102 
1 03 

98A 

l l  
l fH) 
1 01 
100 
97.5 
1 00 

s,11nplc I ,  waler fwm Tcvcrc rivrr; Sample 2, waler from G iul iancl lo \ak� (Cnri, L 1); Sample 3, waler c:�t.rnct o[ 

wheat fie!(\ soil in Ginl iancllu (Cori, LT); Sample 4, wntcr cx1mct of grusslnml soil in Vaticano; Sample .'i, waler 
cx tJact ol garden soil in "La Snpicnz:i" lJnivcrsity of Rome. 

i tab ! Oa and lOb the ana lyt ical ch<mtcte.rization 0f tbe recen t cationic ISFET using DlH?v1AR a� 
x.changer and its sensitivily to seveml different cnti or:ic smfactClnts are shown. In table l l some 

1xic calibrated curves data are repcir1,�c1 in the case of biofet. Final l y  in table 12 typical examples of 
pplications to aqueous solutions of environmental interest,  i.e. lake, river and sea water, <ll'e briefly 

,1mmarized. 
:ioFET response depends mainly on the p [ {  variation due to the developmen t of C02 produced 

uring metabolism and is apparently not affected by any changes in the activity of other species 
resent in the solution. It would ncit have been legitime to assume this in the absence of any 
xperimental verification. Concerning this sensor it can be concl uded the FET selective to J I+ ion, is 
o less sui table than the previously described biosensors using different transducers (02 electrode, 
:02 electrode, pH glass electrode) in the detem1ination of typical substances, such as metal ions and 
ationic and anionic surfactants. 
\JI data reported shows how these sensors display fast response, good sensitivity and satisfactory 
inearity range; also the values of the selectivity coefficients [6] reported in pervious p apers [ 17-20 1  
re good and general l y lower than those found in t h e  corresponding ISEs. 

l trong interference has been observed for phthalate and hyclroxyl ions in the case of ISFET for 

11ionic surfactants analysis[ l7-20], for phthalate, iodite, mid hydroxyl ions in the case of the ISFET 
or ni trate analysis [ 1 8].  and for the hydroxonuim ion in the case of JSFET responsive lo cationic 
.urfactants [ 1 9].  
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Table lOa - ISFET for cationic surfactant analysis charactc1izaLion, (using DDTMAR as exchanger), i 
standard dodecyllrirneU1yl-ammonium bromide (DDTMABr) solution, in distilled water, al the optimum pl 

and temperuture valuess [ 1 0, 1 5). Val ues arc 1!1e mean of al least three calihrations. 

Cationic slL.-factanl dctcnnincd DDTMADr 
Working lcmpcmtllrc  (''Cl 25 
Wm king pH 6.0 
Re .. <pon.,c lime (<) 30 
Linearity range (11101!1) 5.0 10-6 - 9.6·10·3 
F.quation of Ll1e regrr.."icm f ine (y=mV, x=mol/I) 
Cui 1 dai iu1 1  l 1..11..·.ffi1..: i 1.:nl .0.l 

y�-56.6(±1.6)loi:• + 973 .0(±1 1. I )  
-0._998·1 

Table !Ob - Comparison of sensitivity (as slope value of the calibl'ation graph) of t.he same cationic JSFET t 
each one of fou r different cationic su rfactm11 .  Expciimental conditions: KC! = 0.01 molJI; pH = 6; T = 25 °c 
l 10 ,  1 5] .  Values arc the mean of al least three calibr ations. 

Catio11ic surfac.;lant dclermined 
Be.nzyldirne1.hylamn1oni11m chloride 
Dodecyllrimetlcylnmmcmictm brrnnidc 
Hcxadecylpy1 idinitui1 h[l)mirJe 
Rcnzalknnium chloride 

Slope (&nV/6logc) (=mol/l) 
-58.9 (±1 . 1 )  
-56.8 (±0.7) 
-49.4 (±0.9) ·57 2� 

Table 1 1  - Data referred to the calibration curve obtained using the FET device as indicator electrode. 

Toxic Slope (a.uJ(mmol/l)) Linearity mngc SD % Limit of detection 
(mmol/l) (mmol/l) 

Bcnrnlkoniwn chloride 2.96 0,02 - 0.20 3.i O.o2 
Sodimn <lodecylsulrate 0 46[) 0 10 - 0 )0 4 0  0.0) 
HgCl2 5,14 O.D2 - 0 . 15 3.8 0.02 
Cd.QiQ.ili 2.45 0,01 - 0.20 5.8 0.01 

Table 12 - Anionic surfactant, cationic surfactant, or nitrate analysis and recovery data (by the standar 
addition meU1od) of envirorunental water samples using the three rcsDCctivelv studied ISFETs and operating i 
the standard conditions optimized for the different studied sensors [8- 1 1 ] ,  

Real sample f'ow1d value Slaudiud iucalytc Tutal value Tull!) fuuud value Rt:covt:ry % 
(}tmol/I) added (µmol/1) (µmol/l) 

_@g)%) {1�5) (µmul/l) {RSD%) {u,<::> 
River water 93 ( 1 .7) 376a 469 468 (1 .7) 99.8 
Lake water 2.8 (3,7) 29.8" 32.6 33.J (4.2) 101 .5 
Rjver water od 23.ob 23.0 21.0 (2.8) 91.3 
Lake water od 23.ob 23.0 23.0 (4.8) 100.0 
Sr.H WHlt:J od 23.0b 23.0 22.0 (2.3) 9�.7 
River waler 87.6 (2.1) 49.4c 1 37 140 (2.4) 102.2 
Lake water 12.7 (3.9) 5.9c 1 8.6 J 95 (4.2) 104.8 

The results of some detenninations on authentic environmental matrixes supports the claim that thes 
sensors can be applied to anionic and cationic surfactant analysis also when directly dipped into th 
real matrixes, such as lake and sea waters, rather than into distilled water or aqueous KCI solutior 

Of course, the latter results is extremely important in the case of the application of these sensors "i 
situ". 
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I N TEGHATED PLANT FO R 

MSW I N CI N tm.ATI O N  A N D  \.\''ASTE WAT E R  TREATMENT 

W ITl l E LECTR I C  EN ERGY P IW D U CTION 

U .  M o l ina r i - S. Pieroni 
l J n ivcrs i t <i <le!:!_ l i  S t ud i di Roma ' la  Sapicnz.:1 · - Dipartimento di M ecca11ica ed Aeronautica 

Via Eu<lossiana J 8 - 00 1 84 ·· Ro Illa , Ita ly 

>1 1e  of the more pressing problem' /i1cing i11d11s1ia/ized co1111 rrin dffil•e f/"0111 the eli111i11ation of 
1 1omw1 1s quantities of rcfi 1ses. In this problem, Italy is q11ire behind compared to other couno·in : 
1 fact. the Municipal Solid Waste (MS/I)  e/imi11111io11 is substantiol/r based 011 the land(i//s. Tlw 
'i(Ji1sio11 o( the rhemwdes/1 11oio11 pmce.S.\'. 1 1 ·ith m1 cnergr reco1 •err looking ar the production ti{ 
lccrric e1wrgr. 1 17"/I most Iii; ell '  he( 0111c 1111 inel 'ilrtble choice in rlw near fi1t11ff as a ci1 ·iliz111ion 
oul: i11 fi!Cf. 1 ·11l11ablc land orens for landfill.\ are do 1 \ 7 /gmded and tlwi1 ornilabilin· in 111on r .1ites 
; gmd1w// 1 · drcrpm·fng; he.1 idr>s. MSW eli11 1inntion b 1 ·  111('(1/ IS (f /andji//s caus e s  1 1 ·r.li-k110H11 re1y 
erious proble111 1for huth the en1 ·iro1111 1ent11I pol/11tion ond the health ofpop11falio11. 
,, this 1 \ YJrk l/11 illtl'f!./"!l/('r{ C01J1bi1wd plant is prn11osed. consisti11g o( (/ MSll '-i11ci11t:'r11lor a11d or a 
. '(lsfe ml/el ' treal111e11t ( / l '/ f 'T) rJ/mrl. linkrd together in order lo we in place the p1·e1·io1 1 1 l_1 ·  treo/ed 
l11dges.fro111 the /V I I  T p lanl. a� 1 1 ·e// a.1 thr bioga< co111ingfi·o111 its dir;e5 ter, t11· m1 integrntion n(l'1c 
�OF /or elt:etric e11e1gr pmd11clin11. 

- I N TIW I H J CTION 

1 1  l t H l y  l hc problem o f  t he el irnina l i o u  o f  t he la r�!e a1 1 1ou1 1 t s  n f  M S W  - a product io n valuable in  ::: 21 1 
nil ium t/d - is TlO\·Vadays p1 act ica l l y  solved hy 111ea11s o r  laml!ills 0 1 1 ly,  since just t he I ()% is  
lest i na ted to l lie1 n1odcs t 1 ucl io 1 1 ;  i t  is  clear tha t  lhe la 1 1d l ' ll l  1 1 1e t lwcl for rvJ S W  d i sposa l can no longer 
Je u sed beu1 use o f  t he cP1 1t ino1 1s  s l 1 1  i11 � a ge l' f a v a i l able nreas as well as uf the l l ieir dc1w 1 1!:!_rndiog a ml 
Jernuse n f \ 1 1 !"  very ser iou� c langer s l o  t he health o f  pll j'Ulnt ion as V>Tll  as lo e1 1vi ro1 1 1 11ent [ll1l lu t iu 11 . 

l l e1 1re t h e  di ffusion o f  the  t hermodestruclion process w il l  most l i kely become a11 i 1 1cvitahk 
:ho ice in the near Jl1t urr as a civ ilizat ion  goal .  a nd in th is c ase the 111 i l i1.a t i o n  o f  the comhus t i u n hea t 
elease in a stea m pln 1 1 1 1 o  prnduce elec1 1 ic ene1 gy ea11 be a lsu an ect \ 1 1u11 1ica l im es trncnt Lkpending 
HJ the plant d i mt't1sio11s :ind 011  MSW co111pl1si1 ion. 

I n  th is  ;iim t h e  author s propose an inlegrn l ed combined plant .  fi !:!_. l .  consist ing of a t'> IS \V

ncinerator and of a waste water t 1  eat mcnt ( W \VT) plant, l ink ed 1ogether i 1 1  L' i"Cler lo  use i11 place the 
1revio usly t reated s l udges 11\i l ll the W WT plant, as well as the hi1 1gas co rning 11-0111 its digester, as  a l l  
ntegrntion o f  t h e  R DF. \\·ith heal uti lization in a s t e a m  plant f01 dect1 ic cnerj!y production. 

·1 his  in st al l at ion can co1 1 lempora 1 y  el i l l l inate an amount o f  I ( )() ' J :'ll lid MSW and t reat  an 
tmount of waste wa ter for a district o f  1 ( 1 ( ), 1 ) 1 1( )  inhabi t ant s .  ln !he end tl 1e  MSW srn! to the laml lil l  
pt eviously 1 ecyckd ) wil l  be the  l a 1 gc-sized u11es. a ggre!:!_a1es, and ashes 1'1 1 1 1 1 1  the furnnce, which a 1 e 

tlso recyclable materia l .  
· 1 h e  !:!_oals t o  be ach ieved mainly pay attc 1 1 1  i n n  t o  environment and em n o  my; brieny they "' e :  

Reduction o f t  h e  a nw unt o r  refuse sent l o  l :1 1 1 d li l ls .  

Reduction o f  rtdlut ion, 

E1 1crgy savi11!:!_ by ut  i l i1a t io 1 1  or va l u a b le 1 ccoven.:d f'1 1e l .  

Cuntribut ion t o  a ret l1I n or i11 vc.stmen t by selling t he stll plus u r pniduced energy o ver I l ic plant · s 
SC ls-rnns ll 111 rt io 1 1 .  
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2 - THE PLANT DESCRil' l ION 
T h e  p l a n t  cssent i r tlly co1 1sist s o t  four  scc t iow; . J ig . 2 :  
• S LC'J I ON l - I n c i n e ra t o r  

• S ECTION 2 - Waste Water  Trea t ment  Pla nt ( WWT) 
• S ECTI ON :I - S tea m plant  
• SEC rl O N  4 - EfTiuents t rea t m e n t  plan!  

Sect ion I - Sectiu n I i s  ;1 tyvica l c l imi1 1 <1 l ion l i n e  co ns i st ing o r  <1 w;1ste storage pit  (kept at prcssu1 
lower t h a n  a m hienl pressure to avoid bad smells) .  a st a t ion lor the t r cM ment of MSW go ing lo th 
fl!l l lace. and a fu 1 nace ( cu mbus1 io11  and pust-comb11stion chambers) . The maximum capacity o r  t h  
sec t i on is  I 'iO i / d  constitu ted b y  90 lid M S W, _\ ( )  t/cl W W T  s luclt(es , 1 5  t/d grate screeni ng residual 
;md 2 0 1 /d a s  uvercli n 1cnsio11 ra l e .  

/\li er scp:1 1 at  i\1n Ii o m  t he n ggregMes (glass, fer rous materin I .  etc.) and trituration by rotar 
c\1 um screen, the MSW nowrnte is  div ided into two different streams : 
• the fo .'1 str eam (res i dua ls of fruit, vegetable, etc . .  ) , the so-called organic fraction, having Im 
L. 1 1  V. (- 4.IHJ ( )  ld/kg) ancl h igh moisture content ;  

• i l ie 't::cu1 1d  u 1 1 t:: ( pape1 , pla!:>LiL, le,\ l ik>. t:lL.) 1 1 <1v  i 1 1g \ 1 igli L.H.V.( � 1 2 ,000 kJ/kg) and low muistur 
cu 1 1 tent . 

The l a t t er - which is sirnilm· in energetic va lue and compo sit ion  to the IZ DF2 (/\STM t a b le) 
is  senl to the forn:1cc,  whi le  the for mer is sent to sec t ion 2.  

J n  t he end. i h e  rurnace burns a mixture o f  RDF2 a nd WWT sludges having 40 " (1() '� 
mois t u 1 c  co n t ent , t o gether with the biogas produced by the anaerob ic d igestion - cmi la in ing 65-7 
' �o metlw ne. wit h a L. 1 1 . V .  o f  26 MJ/nm' - previously washed to el iminate water and sulphu 
COl 11[1C \ U l ldS 

l " h c  1[1 1 1 r n cc i s  a 1 u l l cr pate type ( Dnssdclorf syslem), <rnd i t is o pt imized for a mixe 
combustion u r  rc1[1 sc-sludgcs, because o r  i t s  easy use, good e niciency, high reliabil ity, and IO\ 
o vct  heacl s .  The good co mb1 1 s1 iu 1 1  e f'fic iency is due, as known .  to th e h igh turbulence in th 
cu 111l1 1 1 s t ion < ind posl-combusl ion clrn rnhe1 s obla i l led by their part ic ula r design and by a system c 
t hree c o : nlmst ion air streams in p<i r a l lc l - flow w i l h  t he combustible. 

Tl1e fl1rnace cnp;1c i ty is 7 ,q t/h. 

Sect ion 2 - For t he W W T  an act i va ted sl udges treatment p1 ocess has been chosen, because o f  bot 
t h e  1 cl a l ivcly high capaci t y a 1 1d l hc 1 eq ui1ccl e fllciency . This p l ant has th1 ee parallel lines. each 011  

rea liz ing the fo llnwing processes: 
• Ci1 ate  scrce11 1 1 1g 

• h1 ual izn t io 1 1  a 1 1cl ho rnogrniz<1 l i o 1 1  
• Dco i l i ng 

• �;cl  t l i 1 11� 

• Anaerobic d i gest iun.  
The fo l l ow ing 1 ecluct ion enicicncies a r e  1 cq u i1 cd: 

/\nmwnia S Y� ;, 
• Total phusphu 1 us 74% 
• BOIJ and CUU 90% 
• So l id particles in suspension XO% 
The grate screening 1 esiduals. whose feat ures are sim i la t t o  thuse of M S W . and the d igest er sl udgt 
(a Iler pressing) are sent to Lhe fu1 nace The clari fied e nluen t is d ischarged into a basin (river , lake). 

Section 3 - In lhe plant an a mrn 1 nt of heat power o f 2 :\ 255 kW is a\'ailable coming from th 
combust ion of R DF ( 1 (1 2 � 0  k W ). g1 a tc sneening s o l id ( 1 453  kW), water treatment residual solic 
(4CJ50 kW) and bio gas (X6X kW) With :1 1 1  assun 1ccl uvern l l  e lliciency 0.2'.i an eleclt ic power 'i8 I 
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:W can be obt ained I n  fa c t .  the clcct 1 ic energy product ion amounts  tu - 1 30 .000 k Wl 1/d. 

1 7.()(H l , 40. (Hltl fo r i n t egr a ted p lant 's  need s. the re111a ining part bei n g  sold to E . N . E. L.  acco r d ing to 
he i t a l ia11 l <iw.  

Tile heat 1 ecln ery plant  rnns is ts  o r  a s t eam plant  operat ing 0 1 1  a supel1eat-conde11s ing 
\ank ine cycle 

The steam gcnetator produces - I i<  t!h o f' steam at 45 bar a nd 550 °C, and for thi� rating a 
v;1 t er t ube t ype has been pr eferred because of less mai ntenance pr o blems and higher 1 el iahil ity.  The 
;te;11n t urbine is  a th 1 ee s tage act ion t ur bine ( Cur t iss) which dr ives :r s ix-po l e  :1 l t ernato r. 

;;ecl ion 4 -The last  section is the e llluc11 1 s ·  t r eat ment rla nt  acc1ml ing t u  the e11viromc11tal stand:ird. 
t consist rs o f  <1 cyclone system. a dry system and a b<1ghousc fi l ter 

· 1  h e  cyc lones rell lo\'e part ic les of lnrger d ia met er ( -20 p 1 11 ) .  In  the d1 y prn cess . t i le  acids ill 
�ases are neu tral ized by soda or powdered l ime. with erriciencies or 115•;;, fo1 halugeu ilcids. )()'�,;. for 

)Oz. and by sodium bicarbonate whe11 higher e1Ticie11cies ;ire req ui 1  ed . .  
I h e  bag lrnuse fi l ler  l rns  been prefe1 recl t o  t h e  elcclrostat ic- li lter fo 1  t he rernot iou o r  smal ler  part icles 

( )  2 c-2pm diameter) because o f  lower cost. rncteri s  prn ibus (<· rfi,· it•1 1cy 0 1' 99 %1 ) .  
\cg a t cl ing NO, a n d  sodiu m  acids. t h e  gas rccirculatio11  i s  carried out .  helped b y  the i1�ject iu 1 1  o f  
11nrnonia or calcium bicarbonate. 

3 - MAIN PLANT COM PON E N TS Dl i\ rnN S I O N S  

i n  t h e  fo llowing t h e  bas ic di 1nensio1 1s  o f  the  main p lant rn mpnnrnts as resul t ing  fro m t h e  calc u l a t io n s  

ire repo rted. 

Sec t i o n  I - i\ IST I '  mte 1 20 t/d 

• Waste 1·tnmge pit 
volume ( Vr.=l'*N*cs/p ) 

v!SW deJ ts i ty  a fkr p1 essi 1 rg (p)  
;torage ca paci t v  ( as d;rys N) 
Jverclimcnsiouing cuctn c i e u t  ( cs) 

:lime11sions (paral le lep)1Jeclic shape) 

• ji1rntl('C' 
:apacit  y ( max) 
�·ombu st ihi le 
�verage L f l .V.  
ro ller l l\ 1 11lbe1 

Jimensions 

opern t 1 1 1g  te11 1rl'rn ture 
air excess 
biogas hu1 ne1 s 

co n1bustiu1 1  a i r  temper a t u re 
l'esidence time ( I ( ) ( ) ( )  ''C ) 
gfls speed ;it the 0 1 1 t l ct 
1 efi <1ctory \\ al l th iek11ess 
heal rclc<1se rnte ( q v )  

7'l.l 

1 2'.'i l l  rn' 
:n o kg!m ' , ' 

1 5  
I 7 '  1 2 . 5  ' (1 

lJ tun/h 
RDF 2 - sl 11clges - biogas 
I l l.000 k.likg 
7 (d� l .5 . 1 1 5  rn )  
d ia1 1 1cter 1 .5 1 11 

9 '.i l l  ; I I l l ( ) ' ( ' 

I () () I�· ;·, 
2 
I :iO � 200 "C 
4 s 
I l l ' I 'i rn/s 
4 5 1 1  l l l llr 

I 30 k Vl''inr' 



J[1rnace volume ( V=- p ,  H/qv) 
sto ker mechanical load ( Cm) 
stoker su rface ( P/C,, , )  

20.� m' ((i x ) :<7)  
) ( )( ) kR/m1h 
2 1  1 1 1 ' .. 

Setlion 2 - 1 1 ' / f T  111P111 1  flo 1m11e Q-�i'i .00() rn'/d. mean lJOLJ F(i/11c 2JO 1 1 1g/I 
• µri111w:i- .1e11 /ing bm in (cirnilrll' b11 1 i1 1 J  

ho ld-up t ime ( T )  
v o l ume ( Vs·�-T ·  d)) 
su rface ( S s ·" Q.Ts ) 
s 1 1 r li1c1• hvdr;i 1 1 lic load ( C'.;·-«)!Ss ) 

• biolog ical uridalio11 
vo lu1 11c 
bio nrnss conce11 Lrntio1 1  
• Sccondarr s e t  fling b11si11 (circ11/m b1/\i11) 

hold-up t ime ( r" ) 
Vll l t 1 111c ( Vs··�r' 'vQ) 
s urfoce ( Ss··-=()/Cd 
surface h ydrnulic load (C\· �Q/Ss ) 

sol id fl ux 

d ischarge cne11icienl 
rlect ric energy cunsu 1nptio11  
Section 3 - Steam plu111 ( I' .�5 � I  X k W )  

2 h  
2 .  <J I !1 1 t 1 '  
X J O  m� 
I .X  111/h 

2 .7lJt J  m '  
3 . 5  kgim' 

3 h 

4.I U rn ' 
1 2 1 5 m2 

l .2 m/h 
3 kg/n/h 
O.XS  
1 2 , 3 00 kWh/cl 

• 7io'/Jinc - 011<.:C t he Cll i h :i lpy dnip ,\ I J  I Jus  been obt a ined f"l"Olll the cycle cnlcuJations. bolh th 

<1V<'r:1.P.<' dimnrt er  and t he blade IC'llf2 l h  l(lr t he first pa 1 t i a l admission t mbine s i nge a s  well ns for th 
l wl1 fii l lu\\' ing stages ;i 1 e  \.' cl1Ticc1 o u l ,  i .e . : 
ru lor speed 
I t h st<ige ro1.r.1r d i a 1 11etr:r 

mea n lll< 1de len gt h 

2t h a nd .' t h  s t a ge rn t o r  d i a meter 
mrn 11 blade length 
• air L't1111/e11ser 

6.000 rev/ I ' 
d -=  I 4 111 
h �-:: l l .0 .15  Ill 

d ,,::: 1 . 2 Ill 
1J :c_ ( J . { )2  Ill 

·1 he heat l 1 ans fer sur f�1ce is can ied oul b.v t ile h ea t t ra n s fer equation. i e Q0 = l J*S*LiVITD, whc1 
Q" is the heat puwer to remove frorn the steam cycle. lJ is  the ove1 all heal l l a11sler cuellicien 
LM rT_) is the lo ga1 i Lhmir mea11 te11 1perat u1 e difference. Being ()" ,� I 7 ,440 kW. if  lJ�c)() W/m1 K nn 
LMTl)-�20 "C a re assunied, S'" l 7.44 1 l  11/ is obta incll. 

Assuming nn a i r  temperature i nc1 easc nf 2 1 1  ''C, the air 1·0 Ju111e flow rate 6/;0 - nr'/s 1 esul1  
which needs, i i  a n  a ir  speed u l  I '.'>  mis is assigned and chollsing n lube d iamC'lcr 5 0  111111, n number ( 

t ubes nmou11t i 1 1g  to 22.XSO . Final ly. a t ube length of - 5 111 is deten nincd. 

section 4 - E1hm1.1 1 ga.1flo1 1 rn1e :� �.00! 1 N m  '/h , ga.1 1c1111H:m111re 20t l , 2 � 0  l ' .  

• Crdo11e1· 
diamet er. k'1 1g th  
gns speed ( v )  
dilatat ion c11eflicie11 t ( r..J 
s1 1 1 farc (S 0� C.<)il') 
1 1 1 1 1 1 1her 

• Bog hn1 1 1 p  
pa1 t icle load a l  inlet I 011t let 
adso rbing s 1 1 r liice ( s c l)/(\) 
b:.ig 1 1u1 11bcr 

7r;;, 

( )5 111, le 2 1 11 
I l l  m's 
1 .7 
1 .7') n 1' 

l) 

in I out 1 5  I ·'5 1 1 1giNm' 

422 I l l '� 

1 50 



g dimensions 

µ ho use dimrn sirn1s 

g dura t ion 

. PLANT cos rs ( 11ti llio11 $) 

d"OJ 1 1 1 .  I t ' .� 111. 

l) . '.'i  v. (" 'i ' '.  7.'i I l l  

.?. ; 2 . 5  vem .'i 

t he following the 1 es\llts o r a  global economical ana lysis arc  reported . 

- Capital costs 
;ii  works ( land excluded) 
ichinery 
ta!  

- Operating costs ( a n n u a l )  
·preciotion allowances ( 20  y)  
er est 

·rsonnel cost 
�inte1rn nce 
agentsiwoter 
msports 
ta! 

- CONCLl JD I N G  COM IV.IENTS 

lndnerntor 
·' · 1 2  
5 . XO 
x 92 

I ncinerator 
0.4()  
l l . lJ'.'  
O J X  
0 .  7 1  

W\VT pla n t  total  
(l,25 9 � 7  
'.i . I H J  1 2 . I X  

1 1 .25 21J. 1 7  

WWT p l a n t  to tlll 
( ) . \ 1 1 0 . 7 1 )  
1 1  4(1 1 .4 1 

IU I ( ) . (1t) 

0 .4 .2 l .  I J 
O . l t l 
1 1  • ." J  
4. ) (l 

c011lusion. we wa11t  to emphasize the i mpor t ance or the M S W incit 1rra t in 1 1  for l la ly as the only 
· lut ion in the near lliture, considering its economical and environmenta l  advant ages. 
ie economica l advantages are mainly due tu energy rel.:ovcry owi11g to sale or self-production as 
ell as  to the money snved by municipalities for the tr nnspo11 to lm1dfil l ,  whereas the enviromnentol 
ies largely come from the reduction of tile amounts send to lm1dtil1, as wel l <1s fi·om the recycling 
·ocess and from the emission of clean gaseou s  effluents .  
esides. our work wants point out the technical and economical advm1tages carried out by the 
a l ization o f  an integrated pl ant \Vhich combines a thermodestruction plant a1 1cl a waste water 
entment pl11nt. with an appreci11ble reduction of environ11 1enl po llut ion . 
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"Emissions_J'radi1 1g : Util i ty for ljnv i ronmenl'!L!:rotcgion" 

AB STRACT 

fl.falik A min Aslam 
ENERGY I EN V l lWNM ENT EX l'ERT 

lsla111auad, PAKISTA N  

The paper endeavors to explore ideas for t h e  appl ication of "Emi ssions Tradi ng". for p u r p oses o f  
envi r on111enta l  r<,-gulat ion in developi 11g countries, pa r ticul m ly l ooking a t  P;1ki s ta 1 1 .  a n d  strives lo set n 
co11ccptua l  stage for rnising questions for futu r e  ernp i r i rn l  r esea r ch 
To study the concept of " E m issions Trnding" r equi r es both the k11owledge and experience of the past ancl 
an adventurous and inr iovati vc sp i ri t  to explore the futur e Thi s  journey is inil i a ted, by fir st i 11t roclucing the 
co11cept in co11text wit.Ii the wide choice of " Pol i cy l r 1stn11nents" ava i l a b l e  for the regulat ion of the 

e11vi ror 1me11t and t hen tracing the evolut i01rn 1 y  developrnent of this concept as  well as descri bing the 
versati l ity of i t s  appl i cat ions at both the domestic and the gl obal l evel s 
A coriceptual  exam i n at i on of the i nstrume11t i s  carried out by developi 1 1g an ev;i luation cr itena and 
applying it to the experiences in USA ("Credit" as well as "Al lowance" tracli1 1g") ;rnd C h i l e  ( " Par t i cu l ale 
Co111per 1sation Scheme"), to draw out some useful lessons .  
"\l1is i s  fol lowed, by a 1 1  investigat ion of the uti l i ty o f  t h e  concept fo1 Pakistan,  by descr i bing Pakista n ' s  
prese11t a n d  expected future power generation p rcfile  (emphasis on t h e  thermal s i de), o r rt l in ing the 
associated issues.  Based on t h i s  <rnd the l essons derived in  the p revi ous sections the potent i a l  ut. i l isatio11  of 
"emiss io11s t 1 a d i ng·· in Pa ki stm1 is <ina lyscd, e11ding with Sl'ille r ecommendations for i t 's  use. pa1 ticular ly  in 
meeting the, r ecentl y  establ i shed, Nat ior r n l  Envi 1 011111cntal Qual ity Stm1dards, for the thcrnrnl power 
gcner ation indust ry. 

CONC EPT �� EVO UITION 

POLICY INSTRUMENTS FOR E N V IR ONMENTAL CONTROL 
The va rious rnec\1a 1 1 i sn1s u t i l i sed for e11vi ronmental conl ! o l  erideavour to place a scarcity val ue on 
envir onmental resou r ces either th r ough rest1 i ct i 1 1g the "Quantity" or by cont10/ling the " Price" with the 
aim of inter n a l i sing the external costs of pol lution and, the1 eby, making the poll uters bear the cost T:.ib le- I 
p 1 ovides a convenient t<1xo1 10111y for understanding the concept of "Emissions Tradi ng", by giving an 
overview of the 1 ange ol pol i cy i 11struments uti l i sed for pol lut ion c011trol, moving between "Comrnand & 
Control" and "Economic lnstnunents" on one scale and between quantity and p ricing based i nstrr rmcnts on 
the other, 

_!)pl! UJ /1 1st111111e11/ 
ECONOM I C  OR fvlAR KET BASED 

COMMAN D  & CONTROL (CAC) 

QUANTITY PRICING 
Tradable Per mits Charges(taxes)/S 

ubsidics 

• Standards 

• Enforcement Mechanisms 

• Licensing 

Ta/Jle- 1  : C/assificatio11 of Major Em,iro11111e111al Co11tml !11St1 1r111e111s 

Command & Cont r ol (C AC) or di rect 1 egulatory cont r ol mechani sms a i m  lo "insure" aga inst the 
p robabi l i ty of highly d a m aging events by control l ing the pol lutant quantity rather than lhe p ri ces, th rough 
standards, whereas Econom i c  or market based i 11stru1nents (El/M B ! )  rely on pol l ut ion taxes or tractable 
permits as a l everage t o  1 11oti vate pol l ut ior i  sou1 ccs to seek ways to l imit  µoll ution 
1\ cornp<i r at i ve descr iption of the a bove stated instruments is p 1 ovided i11 Tablc-2 below, bringing for t h  the 
rneri ts of the "tradablc per mits"  approach to  pol l ution control which combines the "i11swa1 1ce" benefi ts of 
standards (C AC) with the " incenli ve"' effects of taxes and p rovides a s trong i mpetus for least-cost 
cor1 1pl iar1Ce througl1 p r ovi s ion of enhanced flexib i l ity, choice and the oµtion of t ratfab i l ity 
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ilrstr11111c11/ 
�··-----S t :rnU � nls 

·-----·- ..-----Tax�s/Cha1 ·�rs 

Adv:mrngc� -------· 1 nsurance benefits 

EfTcctive ror s i mple p1ohibit io11 

OisaU\'j�.£��·----------
Nt111 cost-effect i ve 
No ··one size fits air· solut ion 
C�use b1 akc Oil i 1 1 110\'a t i o11 un lcss 

1 cviscd 
l 1 1e('p 1 i t ahle solut ions i r  lax 

_ -------- __ • -· �1forr.£!1�� ----· 1 
[ 1 1 vi ro 1 1 1 11211l  Qu;;i l i ty ;it Jetist cosl 
So1 1 1 cc of 1 eve 11ue 
l ncc1 1 1 ivc for i 11 nm-;1t io 11 

F i x ing opt irnum level very d i ITTc1 1 l t  

\lei)' hig,h levels ror bchaviournl 
ch�rnt�es 
Pol it ical acceptance low 
Avenues ro1 1 n isusc ·---·· 1� ---- -------- --� ---- --- ·--- ----Subsidies 

Trndahk Pr·rmhs 

P10111ote environ 1 1 1e 111:il 1�oal s  
E ffectiw i f cont 1ol le�.1!:1��-c
Riit io 1 1  ;J fi\�J �. 1 1 pply 

Co111hinc "incen t ive" & 
"i nsu 1 a 1 1cc" benefits 
F lexibi l i ty, choice and t r actabi l i t y  

Phnse-out ig1101ed p1 aclirally 

_ ._:, _ _r_o_l i_1 i_c_al_1_n_is_u_s_e _______ _ 

l i it>h u ;rnsaction costs 
l n i t i;il allornl ion can be 
Cll llliJCJ'SOlllC 
A<1sel i 11c e111 issions d:11<1 rcfiabi l i ly 

t__._ leads lo least cost crnnpliancc I --· · - -

Table -2 : Co!llporati i ·e A1111�)'sis 

EVOLUTJON OF EMI S S I ONS TRA DING 
·nie conccµt lakes its roots i n  the U S  where, beginni 1 1g i n  1 9 7 5 ,  the high comp l i ance costs associ a ted with 
the i nflexibl e alld t 1 aditional "Command & Contro l "  apprnach to control l ing a ir pol lut ion led the EPA 
(Envi 1 01 1 111ental  P1 otection Agency) to begin exper i menting with a t r ndable perm i t approach. termed 
"Em iss ions Trading/Credit Trading. Under this program, any source could choose to reduce e1 1 1 i ss1011s lo a 
g1eater extent than that re<J11 i 1 ed by the emission stallda rd and, subsequentl y, cap i tal ise the e.x cess cont1 ol 
as an "Emission Reduct i rn i  Credit", which was desc1 i bed as the currency of emi ss ion t r nrline. Mnl f�Wf'I', 
these ERC ' s  were 111ade transferable ;ind, as long as they did  1 1ul i 1 1t e1fere with the attainment of desi 1 ed 
e11vi ronmen 1 a l  goa ls ,  they cou ld be used to offset another pol lution con t 1 ol ob l iga t i on either w i thin the 
same fi 1 111 ( i nternal trading) or between d iffer ent fi rms (external t 1ading) thus a l low1 1 1g fi r ms the fl ex ib i l i ty  
to choose the cheapest means of satisfying the regu latory requiremellts 
The concept was i l l i t i a l ly int 1 oduced through the p t ocess of "netting" of emissions in 1 97<1 , which 
a utho 1·i scd i 1 1 tcrnal tr;icling to :i l low mndifyin,I'; rn  '-''P�ndi.ng sm11T"� to P<c1pc fn,m tire need tc meet the 
requi rements of the. rnther stringent, "New Source Review Process ' " . Where;is th i s  w:is consi dered more 
ur ;1 1 cgula to 1 y rel ief than regulatory reform, tire "Offset Pol icy" in 1 9'16, wluclr 3I Jowed for l ocation in  
"Non Attai nme11t A1  c;is2" through internal/externa l  t rading wa s seen as a n i a_ior p r ;ictica l  devel opment of 
the concept This was fol l owed by the Uubble polit:y i 1 1  1 979 and lhe Banking concept in I ()80 both of 
which extended furthe1 flex i bi l i ty for creating, ce1tifying and ut i l i sing the ERC's  and developed a strong 
industri a l  constituency for emissions t l' ad ing. 

Some Current Experience;, 

Following the path, broken by the "Credit Trading" program , the concept has been app l i ed to several a 1 eas 
of environ menta l pol i cy, pr oving the versatility of its app l icat ion. Both the "Lead Tt ad i ng" p rog1·a111  
( I  982-87)alld the "Program for Trading of Ozone Dep leting Chcrn i ca ls"( 1 98 8 )  in  the USA, emanated 
fr nm the "credit trading" concept and provided flexibi lity and incellti ves to the 1 egul atcd firms and resulted 
in reductions in the cost of compliance (Hahn, I CJ95). 
TI1e "S01 Allowance Trading Program", in i t iated in 1 990 for addressi ng acid 1 ain  p roblems i n the US.  is  
regarded as a turning point in the development of the concept and pr ovided a 1 efimxl trading model a i med 
to pr ovide greater flex ib i l ity, cla rity, transparency and cost-sa vings wh i le 1 11ect i11g p i e-specified 
envi r onmental goa ls Under this. transferable a l lowances to emit SO, for � spPcific <'8lrn1rbr yr�1· ;1 1 e  

1 The U S  EPA's <idminist rntive process o f  review <llld app1 ova l o f  permit co1 1d i t io11s for new sources 
' An area with air <Jllal i ty worse than ambient standard. 
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! located to the elect 1 1 c  ut1 J 1 l 1 es.  wllo a re tl1e11 given tile t1ex1 tJ 1 1 1 cy  lO trnoe any n1 1tm 1 1 sco r n 1 owa11ct:� 1 1 1  "" 
11cieavou1 to lower thei r cost of co111pl im 1ce 
"his approach culminated from the Congressional bel i ef tlrnt. through th is  insl1 11111ent. ;icici min  rcdnct.ion 
oals coulci be achi eved at a much lower cost lo the economy than olhe1wi se ·111e al lowances would go 
1here they could be used best. minimising Llie overnl\ cost of control in the p 1 ocess. while l he legi sl;1t ively 
iandated total emi ssions ta rget wonld be held constant. 
1 1  addi!ion to the wide-scaled appl ication of the instrument in the U S A, it has a lso been uti l i sed in some 
,ther countries. For instanct\ a l imited form of the concept has been used in Gennany, wher eby, new 
'!ants seeking to locate in areas where a l lowable ambient condi t ions have been exceeded a re reciui red to 
1btain emi ssion offsets fr om the re11ovntions or r enewal of old p lants ·n1i s  p rogram ca r r i es a unique 
:haracte1 i st ic of a l lowing reduction of other pol lutants, as offsets, as  long as  they a re shown to have a 
:0111p01 rnble effect on the envi ronment. 
·lowever . the only docu111cnted experie1 1cc of the u�e of t1 ading systems :is a pol lution control instrument, 
1t a significant scale. in developi 1 1g countries is the "Pa1 ticulate Matter Compensation Scheme" in Chi le, 
a rgcted for the a i r  pol l ut ion p roblems in the city of Santiago and i ts  c:nvi rons. Industrial emission sources 
if PM- l 0 1  have been addressed by a dc:cree·'. which p rovi de the pol icy fran1ework for a t radable pol lution 
·ights approach as  it combines a 1 1  emission stm1dard1 with a trading system, to be phased in by 1 997 
Jnder the program a phased compliance was a l lowed for  existing sources whi le  new sources were requi red 
o compensate a l l  tliei r emissions before the deadline of Jan'97. 
9efore proceed ing to describe the progression of the concept at the global level througl1 "AlJ", a b1 i ef 
�valuation is provided with some useful lessons, focussing on the US and Chi le experiences. 

EVALUATION & LESSONS 

EVALUATION OF U SA & CHILE EXPERIENCES 

The evaluation criteria enl i sted below, were used to con1pare the perfomiance of the experience in USA 
with "Credit Trading"" and the "Allowance Trading" program for S02 reductions with the Chile-PM 
Compensation scheme and the 1 esults summa1iscd in the table-4 below (Aslam, 1 996): 

Ei.1a/11atio11 US-Cred it  Trading US-Allowance Trading 
Criteria 

Cost Savings $5bn-$ l 2bn s ince -A l lowance costs much 
1975 but less than less l imn expected 
expectallons -$300 m i n  from one 

transaction 
Regula/my ( 'osls $ 1 0mln Mo1 e than $50 m i n  

since 1 989 

T•lexibilily Constrained E nhanced 

f'articipation -VOC Maximum -lower than expected 
-I nternal trading -internal trades 

(Precautionarv approach) 
l'rugram Slarl-up -Simple and Quick -Complex and time 

-Phased voluntary consuming 
bui ld-up possible -Need for complete 

i ndustrv consensus 
( "omp/ia11ce E n hanced by lower - Ensured by project 

costs design 
-Spot checks/high 
pena l ties 

1 ldmi11islralive -H i!!.h transaction ·Stds.dircctlv l i nked to 

---- ---- ----
' Particnlnte r>.faller ( less than 1 0  m icrons in diameter) 1 No.04/ 1 992 issued bv the Ministry of Henllh, Chile 
' Max . allowable con�entration of P.M set at 1 I 2 1ng/m3 N 
'' Generally te1 nicd as "emissions trading·· 
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Chile-PM Compensation 

-Cost savings less due to 
nature of market ( m1111ber 
of small sources and 
internal l r nding orosoects). 
-Approx.$ I min 
-Benefit: cost ratio of 2 4 
-Maximum (no zonal 
restrictions) 
-Very less 
-Only internal 

-Quick, with strong 
Government & Industry 
support 

-Deadlines not met 
-Lack of compensation 
credits 

-Bureaucratic difficulties 
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J�>p.:_1:ty 1_�g,l�l_s __ _ 

-Neu\ 1 :11 
-1\·loral oppos i li o 11 
by �:-nv. g1oups 
- Fear of "ph;rnto111 
t 1 adcs" 

I l lcent iviscd 

-E11v q 1 1;1 l i ty  
1 eachcd ;1t I owes I 
cost 
- No p<1ss th rough of 
cost savJ n�s 
-P1og1 ess ivc 

ncccptancc I h 1 01 1,L',h 
"co11st1 uct ivc 
� i_i2 iguj_ti_:_ __ _ S; rn1e a' f'J\C 
rcg,i me 

---------
-S11bsta11tia/ 
inl/HOl'enient cJl'er 
CA C approach 
-E111'ironnrentnl 
qtwlity atfllined at 
/011·er cos/ 

-Fell short of 

�--------,t_'!:'pec/atio11s 

- l mvr.1 t r; 111'ar 1 io 1 1  r.osls -"Ccm t 1 ol vs F;w i l i l;itc" 

�auction i 1 1foi_ ___ -Ruic chang��g._ ____ _ -S;ifcgur nds but l t  in  -Goals nol specified 
-"Hot spot" problem p1 ope1 ly 
;illcviatecl by small  - Fm1l ty b:1se l i nes on "'fu l l  
i:fo1 r i liu 1 io11;1l i 1 1 1 1iact load" 
- l\lo1 e a l low;inccs bought -Too much s i 1 1 1p l ic i ly  ro1 
tlwn 1 cqu i 1 ed �p_ccd £!:_p.!._�g,1 a11 1 
-l'ompc1it io 1 1  ror Nol applic:1b\c 
rompl i :rncc opl io11s (cg 
sti ul>ber cosls_l 
-E11v go<il achieved al 
I O\\:er rosls 
�Some st�tes rrq 1 1  i r cd 
"p:l's 1 1 1 1 011,1',h . . or cost 
s_nv1 1 1r,� __ -----

· Tang.iblc de111onst1 at ion 
.. ( '01 1st i t11cncy c1 1 la 1 ,l',cd 
( S 1 1pcrru 1 1d l  

-Potcnl ia l ly  l i i [\h hea l t h  
benefi t s  hut  not  at wi ned so 
r.1 1 

-Revel sal occu 1 red 
-Enthns iasl ic sta1 l lc:1d to 
alarmi 1 1g, situ:it io11 

- S e l f  mo11i t o r i 1 1l� p1 oviso 1 -Self mo-;; itori 1 1g, :1bused i 1 1  
-Ra11do111 spol ehec-k i 11,11, absence or spot chcckin1� 

-S11cc<?'t'.\' stnrl' 
-l1111 •10 1·ed 1111011 CA C & 
11rel'ious progranr 
-011tperfo1 111ed 

expeclfltioll.\fm cos/ find 
co111p/ia11ce 

1'ab/e .. 4 

a11d pe11� 1 iy cnforccmenl 

-l'exl book errnrs in 
11rojecl de.•ig11 
-Ejfecli1•e11e.ss curtailed hy 
desire for simplicity & 
speed 
-Frmnell'ork established 
for inrpnn·ed perfor n1r111C<' 

SOM I �  LFSSONS FROM Tl  rn FXPE R I FNCES t:VALUATFD 
A nu111\Jcr of useful l essons, parti cul a i ly  per t inent to i t ' s  future u l t l i ty. can be d 1 awn out ot the evolution. 
dcvel opn1lW .  i 111p le1 1 1e11tation ;1 1 1d p rcccrl i11g eval uMion of us ing the concept in US A & Chi le  

Cost Effect i ve Envi 1 01 1 1 11e11t;il Co11trol The co11ccpt has shown co11s idc 1ab le  success in achieving cost 
s<i vin£_s. ow1 n C l\( '  app roach, by p1 ov1ding inct cascd tlcx1bi1 1ty ::ind choice fot enhanced co111pl innce 
whi l e  mn11 1t<i i 1 1 ing dcsi t c'<I cnvi ro1111H.:ntal qunl i ty  as well as 111eetin,g specifi ed cnvi 1 orn11e11tal co11t 1 ol 
t n 1 gcts 

2 Degrg�_\l( g_iccess _ tl_c,;p�1 1gcpt .Qn .. yarit:J\I? ffi.�iQr_s · The cleg1 ec of success achieved by !h is  p rogra m has 
been s trongly infl uenced by tlw following focto1 s · 

The effi ci l'llcy and cost-cffcct i ve1 1ess of t 1 :id::i\Jle pcnni ls  a 1·c based on a ssurnptio11s of p1 o{i1 
111axi111isi11g 11ol/11tus, who t educe pollution bccnu�c there is money to be nrndc 
The p resence of di(fere111 nbn1eme11r co.1· 1.1· ae1 oss sou rces is a 1 1  essle.n t ia l  i mpetus for trnding 
\ost effecti veness of the concept is increased by grenrer parlicipalio11 n11d la 1ge1 m1111bc1· of 
trades 
Trading works best with p roblems tl rnt 1 11n11ifrst themselve.s ove1 a large geogmphicnl nrea with a 
large pop11latio11 of agents, as shown by the " A l l own1 1cP. T 1 n rl i 1 1e Pmernm" with a l a 1ge1 
coverage (whole of US)  

• T11e concept has worked pa 1 t icu l a t ly  wel l for trading invol ving 1111ifonn�1· mixed pol/111m1/s nnd 
for 11011-1111ifr.m11fJ• mixed polh1tm1ts im ·olving contigr1m1s discharge points An examJ.lle of the 
former a re VOC 's ,  which �ccountcd for the 1 1 1a jo 1  ity of trades 1 1 11dcr the "C 1ed i t  Trading 
Progrn 111", as the tr:ides did not i nvolvo cli spc. rs ion modcl l ing ::incl so wc1 c cheaper to consummate 
and a lso a l l evi ated concerns about formati on of "hot spots" 
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. �\�. . . . . . , - . ... reduce t rn 1 1sact io 1 1  costs mid the1 chy i 11c1 l'a s i 11g t l ie ch:1 1 1ccs of' l 1 a d i 1 1g and cosl savings 
Qa rily __ of probl<;111 �11d_11o_l icy _sta\l i l 1 ty · ·111c co11ccpt has p 1 ovcd to be 1110 1 e  effecti vely i 1 1 1p lc111c11tcd. 
whe11 clea r ly clcfinl'd a11Cl d i 1 ected towa1 cls specific e11vi 1 011 111cntal goals  e g Aci d ra i 11 reduction 1n  the 
" A l lowance T 1 arl111g P1 og1 a 111" Thi s  d a 1  i l y  of pu1 pose p1 oviclcs c1 e<k11ce and i 11 teg1 i ty to the p rog1 a 1 11 
and e1 1hances ils acceptab i l i ty a 111011g the varions i nterest woups wher eas unp1 ecliciab lc  ot e1 u 1t ic  
pol icies can erode the  bas is  of the p 1 og1 a 1n .  as  sho1,�1 in  Chi le. whe1 e f1 equc1 1t rule changes c:1 1 1 Sc=d 
sc1 i o11s Ctcdi b i l i ty  concerns , 
P�fjt}j_ti_O!l Qf p r ope1 ly i:iglit� : 011e of t h l' foi:tors att 1 i butcd to the success of the " A l l owance T1 adi 11g 
Prog1 a 1 11" was that the unce1 t ai 1 1t ics i 1 1hc 1 (' J] t  in the p t Cl'ious p t og1 a 1 11 were 1 erluccd c g  by providing 
banked al l owances 7 and 1 ecognis ing that <issuri 1 1g fu t ure e"ist rncc of <i l l owa1 1ce was a nrnjor facto1 in 
determining its dol lar  value ll1us. whc1 c;is. the clear defin ition of p 1 ope1ty 1 ights t cmains a basis for 
enhancing t 1 a ding c 1 edibi l ity, i t  has to be weighed up aga i nst the 1 i sk  of making mi stakes d1 1 ri 1 1g in i t ia l  
expe1 i c11ces anr l  e; 11 ly design t efi 1 1c111ent This t i sk f.1cto1 was :1ccounlPd fo1 i 1 1  the cat l y  US experience. 
at  the cost of 11011- optimal  t 1 a cl ing, howel'er it •..vas rwci lookccl i 1 1  C l 1 i l e, which 1 1ow faces potenti al 
environmental detc1 iorat ion ba sed upon c l ea rly defined but inarlcq11atcly 111easun:x1 emi ss ion a l l owances 
It should be kept in mind, though,  that desig11ing the p 1  og1 :rn 1 wi th the a bove considcrntions c;1 1 1  be 
tri cky but it could be critical ly importa l lt to either keep some avenues of clrnnge open e g opt ion of 

review after 1 0  years with a 5 year advance notice, or else lo kc;>t'p the scope of t 1 :1d ing sma l l  i 1 1 i ti a l l y  
e.g through a p i l ot/demonstration progra111 . 

, �_big with sg_�t i_;iLi_sg1e�jlllQ_C<!.ati.v_() : l n  cases whe1 c emiss io 1 1 s  lol·ation ma t tc 1 s , for i 11strn1cc when the 
occurrence of "hot spots" i s  a potential  problem. the design of the p rogr nm 11ceds to be altcrl'd (cg 
With diffe1ent offset i at ios or by rcstricti ve/co11ditional t 1 ad ing) to e1 1s 1 1 1 e that tradi11g does not 1 esull  i n  
1 1 1aking a b a d  s i tuation worse. I n  t h i s  rega t d, t h e  design of the "co111pc1 1sat io1 1  scl1c11w" i n  C h i l e  aga i 1 1  
p rovides a glaring example o f  how avoidi11g this i ssue can l eacl  to potc1 1 t 1a l  e11vi 1 on111ental 
detet i oration 

, _Evol_!,!_\j_Ql}__of t raqj_n_g_ _ _JJLQgrn_l_lJ __ desigil ·n1e ge11e1 a l  evo l ut i on of the lfos ign of e11 1 i ssi o 1 1s trading 
programs in the USA lws been from "credit" towards " a l lowance" tradi 11g which, though seemingly 
quite s i 111 i la r, have got some subtle but signifi cant cli ffet C'11c:cs · 

• A l lowance tradi11g ca rry the potential for providi11g g1 cate1 cost savi1 1gs but requi 1 e  a co111p lcx and t i me 
consuming procedure for i dentification, inventory and in i t i a l  ;i l l ocati 01 1  of a l l  p;11  t icipanls before 
i 111ple111entatirn1. 

• C redit trading, on the other hand, r equi t es genet a l  agree111ent 011 a set of p roceclt u cs <lnd can be enacted 
without includi11g all regulated orga l li sations 

• Credit trading does not requ1 1 e  c1cat ioll a11d a l l ocation of "cut 1 ency of t rade" and so i s  qui ckc 1 and 
simpler to set up . 

• Cost of establishing Al lowance t1 <lcling i s  higJ1er and must be paid even if no trades a1 e consu111111ated 
Moreover, the major p01t i o11 of thi s  cost rs p:iid by regu lators. whereas, in "Credit trading" this is paid 
by participants . 

• C redit trad ing progra111s a l l ow for refinement and p 1 ogressive bui ld-up in a diverse environment, 
where.o1s. Allowance t i  ading p rog1 ams have very l i m ited flexib i l ity for inco1µorating change. 

CON CEPT AT THE G LOBAL LEVEL 
TI1e concept h a s  been el evn ted to a global cl i 11 1e11sion with future prospects of i t ' s  uti l i satio11 to add1 ess 
concerns about " C l i 11 1ate Change"", through the clevelopment of a "Tradable Ca rbon Emiss ions 
Entitlement" scheme , ·n1e i dea emanates from the 1 992 " Framework Convention on C l i mate Change" 
which presented the concept of "Joint Implementation", genera l ly  refoi ring to those actions which 
countries 3oi11tly develop to m i t igate "Green house gases" and permits a cow1try with lower abatement 
costs to over control emissions or c 1 eate greater carbon absorption capacity and potent ia l ly trade them 
with a co1u1tl)' h aving higher marginal emission abatement costs. 

l l  was stated that EPA can not exti nguish  any a l lowances, 011ce issued. and also that any changes in National 
En vi ronn1c11wt Qual ity Standards would  not afTect the pt eva i l i ng status of a l l owance. 
' Chm1g,e i n  c l imate 1 esu l l i ng i n  global wa1 111i ng,. due to u 11 1 est 1 icted increases i n  Green Hm1se Gases 

7G l 



• • • •  ,. . • � • • •• • • • - ••••- •- • - • _. .,.. _,, - \' •·•••• .. - • • 1 -� .. • > • •· • • -... ._ ... t•• •-Y• • O U·- -· . ...... ! ........ U ... • IY I O  l' ' ""J�'J • • l \ t l  l l l l•l 

ur the p a 1 l ies lo Lhe c011ve11lio11 subject to cer tain conditions such as prior approval of Governments, 11011-
crerli t i ng of these endeavours towa1 ds national con1111i tments, additionality and rll(1ui rements for 
mensurabi l i tv. ·1 1 1e  concept is quite identical to those 1 1nclerlyi 11g the "emissions credit t rading" p rograms in 

the USA and " A I J "  is. thus, viewed as a p 1 el ucle to the mult il ateral trading of emission ri)!,hts. Just ns the 
"OrTset ;rnd Bubble" pol i cies in the US led to a ful l  fl edged emissions trading progr am, which l nte1 fur ther 
r efined into the "a l lowance t rading" sche111e, JI is expected to 111eta 11101phose into a tradable pern1its 

progr n 1 1 1  owi 1 1g to ce1 ta in distinct advantages such as the u11 iforr11ity of C02, the global nature of the 
p r  oble111  and the potmt i ;i l l y  vH rying global ab:iternent costs 

UT I LITY OF " Em issions Trading" FOR PAKISTAN 
111e e11e1 gy sector (power generation) i n  Pakistan, which h a d  bee1 1 previously dominated by a monopoly 
uti l ity relying mainly on hydel generation ('1 5% ). is present l v  undergoing a massi ve restructuring with 
p r i vat isat ion of exist ing the1 mal faci l i t ies as well as i 1 1ducl iu1 1  01 1 1 1 1dependent power p roducers ( I PP's)  

TI1 i s has co-incidcd with a shift i n  gener ation p 1 011 le fro111 hvdcl (estinwted to fall  to 26'% )  towards 
thennal ( 111ai11ly based 011 furnace oi l )  all!I has necessitated thr ncwl fo1 ti3hte1 envi ronmental control 

In th is  rcgn1 d  Pakista1 1  has reccnt ly establ ished, mid is in the p rocess of i 111ple111e11ti 11g, "National 
E1m 1 on111e11 ta l  Qu;1 l i ty Standa r ds (NEQ's)" fot the power ind11strv. Whereas. this particular  CAC 
;1pproach rol l uw; d "j.J\'.I ru1 1 11a11Le lmseJ �[;11 1da1tl" apf.11 Uad1 i t  dues J IOt lake into :lCCOllllt the difference in 
a batement costs across the sour ces/plants  and, according to pure economic c1 i teria , would certainly fo l l  
short of p r oviding indusl1  y the least cost 111easure o f  meeting the NEQ's The imposition o f  an effluent tax 
on the pol lut ion woul d cari y the, earlier st;iterl , p rohlems of dete1111ini11g the p 1 ecise tax l evel and political 
accept a bi l i ty . A tax levied at  too high a rate would seriously curtail economic growth whereas tax al too 
l ow a t ale wou l d  fa i l  to meet the environmental object i vrs . Moreover, the imposition of an i ndustry wise 
pol l ut ion tax w011 ld be ;in extremely difficult p i l l  to swallow for any polit ica l  government 

Research has shown the concept of "Emissions Tradi! lg" to provide an idea! middle ground, which c.m1 

both p r ovide the "incenti vizing" benefits of taxes as well as p rovid i ng the "insurnnce" herrnfils of 
s landnrrls \vh i lc al lowing the industry enhanced flexi bi l ity, choice :md cusl savings in complyi ng with 
sta led st�ndn1  ds ·n1e adaptation of a t rading p rogran1 for 11 1ccting N EQ's could provide the fol low ing 
benefi ts for the industry in Pakistan : 

Al lows maximum flexibi l ity in meeting stated targets to industry (eg retrofitti ng, fuel switching, 
l".ffi r.ienr.y imp rnvPmmt� or h1 1yi11� pPrmi t') 
Exper i ence proves that compli:ince can be reached at l east-cost to the industry as firms with lowe1 
abatement costs can over-comply to attnin "emission reduction credits" which can then be sold off to 
fi rms with higher a batement costs. 
Can a l l ow for l oc.:iting plants in ,  otherwise, non-atta inment a reas with the development of an "Offoct 
scl1eme" eg Ka rachi a rea is already severel y  stressed as far as  S02 l evels a 1 c  concerned and with 
fu riher mushrooming of p rivate power p l ants could soon reach critical loads. In  such a scena 1 i o, 
fwther economic development in the highly advantageous port area could be sei iously constrained. 
The offset scheme could p rovi de for a possible solution in �1 1c.h c:�se by a l l owing fot futu 1 e  sil i 1 1g or 
p l ants in the area, only if they can total ly offset their emissions before locating in the airshed. Also, 
going a step further, an envi ronmental imp1 ovement in the a 1 ea could be rea l i sed by fixing the "Offset 
ratio > \ ,  thus i mplying in a reduct ion of total ai rshed emissions every time a new p lant l ocates in Uie 
area For the i ndustry. a l l owing such a flexi bi l ity would p rovide the choice of weighing Uie ben<::fits of 
plant nea r Karachi and paying for the extra credits, versus l ocati11g at a site away from the port city. 

• Would a l low non-complying p l ants maximum choice and flexibi l i ty  of cornpl iance 
• Would i ncentivize the new plants to over-comply if they can attain and then trade "emission reductio11 

cr edits" 
• " Bubble" schemes or Hirsheds could be defined around the co11ce11trated induslri::tl growth areas. 

a l lowing for co111plete flexibi l ity of t 1 ad i 11g within the zones, whi l e  1-cgul �ti11g the total a i r shed 
em1 ss1ons . 
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Vh i le  al l  tJ1e above t1 a i ls of a t1 al1111g scln'me coulLl wo1 k ro IJnng oow11 l ilt� costs u r  c01 1 1p 1 1<1 1 1 ct.: '""' 
1ereby lead t o  a posi t ion of increased compl i ance. i t  is extremely i 111po1tant to  l ea 1 11 fi o111 the l 1 ad i 11g 

cl1emcs, a 11n lysed p r eviously. to e1 1su 1 e  p rope1 design  of the i 1 1slrn111cnl t a k ing 1 11to account the. ea r l ier 

tatecl. requi1 ements a11d concerns such ;is :  

Propei ly add ress i 1 1g the "hot spot"' p l'OblE·n1s 

Strict e11forceme11t with heavy pc11<1 l l ies 
Ens u 1 i11g the rel i ab i l i ty of basel ine and ongoing 111onilori11g data 

Clear definit ion of p r ope1ty 1 ight.s 
Ad11 1 i 11ist1 ati ve s upp ort mid p 1 1 ce 1 evelation 111cclrnnisms to reduce t rans;1clion costs 

\Jevertheless. there is a need for rese;irching 011 the practi cal ut i l i sa t i on and des ig 11i 1 1g of a possible 
'Emissions Trading" pr  ogr nm,  to benefit from the establ i shed advantages of achieving stated strn1da 1ds  at 
cast cost to the i ndusl 1 y 

CONCLUDING REMARKS 
1 1 1  conclud i 1 1g, i t  cm1 b e  stated that the concep t of " Emissions Tradi 1 rg" has worked, w i t h  a va1)i11g degr ee 
of success, in a lot of different ci 1 cumstal lces and si tuati ons to ach ieve cost-effccti ve enviror 1 111cntal  
control . 1 l  i s  an inst ni111cnt thnt could he designed for effective envi ronmental control in thermal gcner nti on 
sector and, in p a r t i cular,  ca 1 1  ies i 11 1 111ense potential for ut i l i sati on by Pakist.:1 11 at the domes1ic level. while 
meet ing the st<itcd N EQ ' s  at the lowest cost lo the industry 
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SE ll\' I C �� E N T E I U' R I S l�S FO R U ECJ�NTHA LIZl':D L I S E  O F  lmN KWA B U.: 

li: N 1m G 1 11:s I N  R U R A L  A lmAS OF A FH l l'A 

Otfricd lschebeck 

Bavarian ( ' enter for Appl ied Ener gy Research (ZAE B ayern ) , 

Drnrn1gksl ra ssc 1 1 , 80807 Munich,  G E R M A N Y  

A hsl r:id DccC'11 l t alized syslen1s for t h e  u t i l izat ion o f  renewable cnc1 gics in  ru ral a reas 
o r  A fr i ca can become essential for econom i c development , i 11 1pnwc111c11 t  nf '  hygienic 
cond i t i(HlS,  and for sa lCguard of for ests a nd wale1 resou1 ces . Syslc 1ns  !'o r dri n k i ng 
walet supply, l ighting by PY-systems and solar cook i ng are sui table for c1 cat i 11g s 1mlil ' ;: t ;  • 

se1·vice ente1 -prises. The systc 1 1 1s  contain, in gcner al .  some components or ad vanced ' 

technology, requi r i ng prod uct ion in i ndustr ial i 7.cd countries. as well as co11 1pone11Ls 
wh ich can be produced locally Assen1blv. co111111ercial iza t io11 ,  maintenancl:. repHir  and 
1 ecycl i ng a re ent i r ely pussib lc in  Afr i ca Linking econom ic dynamics and new technical 
developments  a new posit ive outlook emerges for econo1 1 1 ic  development  and t he 
p1 o tect ion of the natura l  environment in nr rn l  regions of Africa. 

I .  S t rategies fo1· initiating economif and tec h n ical  developmcnj in rn r:il an::is of Afrirn 
Three decades aller ind ependence of African S t a tes, policiL:s for dc:velop1nenl give w11y t o  

po l icies for crisis management. Has economic a n d  ind u stria l develop111e 1 1 t  i n  Africa beco1 11e a 
hopeless case? S hould i ndust r ia l ized cou nt ries ra t her rest1 ict i n terven tio n  t o  humani ta r ian  help 
in  case of fami nes_ epidem ics and civil  wa rs? 

But, rat her than fa l l i ng in l ine  with such pessimistic views on economic and polit i cal 
development nnd with repo1 ts on the degradat ion of the natur a l  environment i n  nr rn l  rcgi(>ns o r  
Africa, w e  should set o u t  l o  fi nd a more positive out look fo1 economic a n d  t echnical  
development of n11  al  All i ca. taking into co11sidc1 ation pos i t ive experiences of the past a11d 
lea rn ing the lessons from negat i ve expe1 ienccs 

Pasl stra t egics for development have not cr eated sel f sup port ing economic cycles o r  
product ion and use o f  tech ni ca l devices within rural a reas of' A fr i ca_ The task which remains 
posed since i ndependence is  sti l l not sol ved _ Agenda 21 of the 1 992 Earth Summit  i n  Rio 
provides po l i t i ca l guidel ines for this  task:  Economic and i nd�1stri a l  development  shou ld be 
promoted together wi th the protec t i on of the natural environment. both local and global, and 

t ogether with fai r  North-South trade The downward spiral  by t he t riad of lack o r  capital  ror 
development ,  lack of sullicient emp l oyment _ and degradat ion of natural  n�sources. lead i ng to 

gr owing dissat isfaction and want of large part s of the populat ion should become opposed by a 
triad of c1 ea t i ng en1ployment by local production of values, i n i t iat ing economic cycl es wi t h  sale 
or 1 ent of th i s  pt oductinn. t her eby sat is1ying b11sic needs o f t  he populat ion 
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I n  view or \ hcse g11 idel i 11cs, we ca11 fornnilale principle!; and goal �  of n new approach \ ll 

d cvelnp111ent of t echnology and econn111y i n  n1 1  al areas nr Afr ica : 
* Systc111s for use in rurnl a reas Illus! be technical ly matu re. robus t .  casv t u  hand le. 1 0  

mainta in  a nd tn repair They l l lUSI  li t i n t o  t h e  r hy1h111 and basic lrn b i t s  o r  1 he d a ! ! y  l i fi:· 
of the la 1ge pop u l a t ion. 

* Assembly, cn1 1 1 111ercial izat io1 1 .  maint ena nce, repair and recycl ing should he in A fricnn 
hands Part i a l  i ndust r i a l  pr oduct ion i n  A ll ica is desi 1 able Al l  prnllts 11 0111 t he 
economic cycle should remain w i t hi n  t he regional economy. 

* The technical devices should be d esigned fo1 l a rge di lllisiDtl a mong fo1 11 i l i es lll 

commu ni t ies The p roduct ion and the economic cycle shonl <l be cco11t1 1n ica l ly  sel l' 
suppor t i ng and cr eate a l arge employment.  This 1 equires systc11 1  p r i ces to be 
alfordable 10 t he large popul a t inn or l o  co111 1 1 1u1ial  budgets 

The use of systems based 011  rene\vablc energies plays a n  essent ia l  role i n  t h i s  concept .  
Recent il lld st i l l  01 1gni n1•, l t•.ch nical  P"'!.'.l f" ;� 11 1 a k l"s  t lv:se �y�\1:1ns more reli<1blc and less cost ly 
B y  their inborn cha1 act er as d cce11 t 1  n l iz.ed systen1s they Ii i well t o  t ht� devel op1 1 1c 1 1 t  of ru1 al  
1 egions ;\ pr ogrn n 1  I i.Jr use nf decen t r n l i zcd renewable energies i n  r ural a1  eas o f  Ali ica shou l d  
f\1rns on b<1sic needs for l igh t i ng ri r  lwuses, cn1.1k i 1 1g ene1 gy for households  or i nst i t u t ions <ts 
schools and hospitals, and dean waler ti.1r drinking ;ind med ical use 

l lowevcr, past experiences w i t h  p rograms ru1 i 1 1 1roduclion of 1 e11cwablc energy systems i n  
Africa oHen were not posi t ive These experiences should b e  t horoughly evaluated and n n  
essent i a l  t ask for the coitct•pt inn n t '  a prog r n111  rn:· a n  ccono11 1 ical ly successfu l  i ntroduct io 1 1  (lf 
rencwahl e  energy systems in  Afrirn wil l  be to design such s l rnt cgies a n d  goals,  which can 
trigger a 1 1d  sn ppnrl a dyna11 1 ic  economic evol u t ion and which can avoid a rcpet i t io 1 1  o r  fo i lu 1  c s  
or stagnation of pre\· iuus  p 1  ngrnms Previous  p rograms, for example by t he Deutsche 
Gesel lschaft flir Tech11 ische 7.11 san1 1 1 1e11arbeit (G l 'Z)  have been l ecl1 1 1 ical ly succcsstlil w i t h  
S o l m  I l n me Systems IC.11 l ig h t i ng, cu111111u nal  pun 1ping of dr ink ing wa t er 1 1 11dcr ccr1 a i n  
cond i t ions. ;ind bat t e r y  charging s ta t ions H owever, GTZ a O er 20 year s of experience i n  t h i s  
! ! c ! d  i n  n pprcn� i1nntc!y I � o  pl 'ujcct�-; i n  Oh.'i rc t l i (t l i  .1 0  L.uliJ 1 t 1 ic:: ..... ;,:-, �1 ; 1 1 °� 1 1 u 1 1gl_) l. � l l l l t:l l H .:d n·; l l 1  
questions such as: 

To what  extent can the renewable energy systems be considered as se lf  s tarters, and 
Whal lllrlll o r Sll jlJ101 1 dP l hey l <' l j l l i l'!' in  1 1 1 dcr  IO be d i sse111 i 11a\ed i n  accordance W i t h  
market p 1  i ncip les'I 

·- Which si r a t egic app1 oach o lk1 s the hes! prospecL or success in 1 1 1 icrn- and nrncr n
economic 1c r 1 1 1s'I 

Which i nhc1 ent clrn1 nctcri �Hic�  of renewable cncrp,y sys l 1• 11 1s  h indr1  co111mc.·rc i <i l i 
za1 iun 1 1 ndc1 the  csist i11µ. ll a 111cwc.1rk of economic policies and n uH ket cnndil io11s "( I )  

Rur a l  service rn l c1 p1  ises for d i s t 1  ibu t io1 1  or 1 cncwable energy syste 1 1 1s  tor l ight i ng. 
co11serva 1 io11  or llrcwoml and cha1  con l.  a 11CI rur p 1 ovidi 11g cl e:rn wat e r  a p pear t o  be able tn 
achic\'c the desired ecnnnmic nnd t echnica l development i n  the r u 1  a l  regions of A ll ica The 
c 1 calio11  or !;Heh l�nlerp r i scs is  subject c.1r a thr ee st ep prngrnm carried 1 1u t  by the Fv<t 1 1gel i c.al 
l. u 1 hc1 a n  Cl1 1 1 1 ches in l lav� 1 i a  a 1 1 c l  in ·1 anz:1 1 1 i a ,  rnoperat ing wi th  the A ssociat ion for Cran s 
l'rn11 1o t ion i n  East A fi ica. l l c1 1H>ve1 and t he 1 3 avar ian Center for A pplied E11ergy Resear ch :  
I l " hc fi rst st ep, ca1 1 ied 0 1 1 1  c l u 1  ing 1 99'.i a 1 1d  I <)96, co11sisled in assessing economic concepts 

and t h l' l ec:h n ical basis  fo1 smal l  ene1 gy sc1 vice c11t e1 11 1 i ses i 1 1 1 u ra l a1 eas of A fi·ira . 
2 The second step. which is p1 csc1 1 t ly  l i catcd, sels u p  sevc1 a l  p i l o t  proj ects i n  d i f le1 ent  par t s  

u r  l" al lla 1 1 ia  Two uf t hese c1 1 t \: 1 p 1 i.>es w i l l  i n 1 1 oducc solm l :1 1 1 terns i n  1 1 1 ra l  en1 1 1 1m1 1 1 i t ics, a 

H1H 



third Cocuses on clissc111 i 1 1a1 inn of sola 1  cooke1 s i 1 1  an ;u-id region or centr al Tanzania. t\ 
l( irlh pi lot  enlct p r isc will p 1 ovide clean water In  a hosp i t a l  by pumpi ng, heat ing and 
cl i s in lecl ion The sa le  u r  clea11 d 1  i nk i 11g wat er i 11 b u l l i es i s  envisaged. 
The th i 1  d step i n t ends to d issem i n a t e  t h e  co11cept ur self-sust a in ing rural energy se1 vice 
c1 1 t erp1 iscs. eve11tua l ly contr i but ing lo  a network of product inn, use, mai ntena nce, repai r 
and 1 ecsL: l ing or renewable  ener gy syslc111s i 1 1  Ta nzan ia and elsewhere in /\ i'rica. 

t. l•: rn n o m i r  s t ra t egies a n d  c.conomic  inccnC iv{'s from ecology 

rite a i 1 1 1  or a .�prcad u r  cntc1 11 1  ises f()r I cncwa ble energy systems i l l  Africa requires 
cco1H1 1 1 1 ic  st1 a t egics. Ecu1 1n1 1 1 ic  cycles. l i nked wi th  c 1  eal iu1 1  or e1nploy111c1 1 l ,  should come i 1 1 Lo 
1pe1 at io 11 But u p  Lo 1 1ow, \l i l ly few p r ogrnms for d i ssemi 1 1a l i(1n or renewab le e11crgy 
cch11olngy i 11 1\ fric;i wc1 e smlai 1 1ed beyo1 1d l he pc1 iod whe11 t hey wet c pushed li·on1 outside. ;\ 
iosi t i vc exa mp l e i s  the sale of a l 1ou t  "i O, iHJO Sola 1  I lo me S ysteu1s s ince 1 990 in Kenya 0 11 a 
iurcly cnmme1 c ia l  basis. wil h lll l l  l i 1 1 a nci;i l  or fiscal s 1 1 p 1H11 l li·om t he guvc1 1 1 1nc11t or a do1101  

1gency (2)  The 111a i 1 1  p 1 oblen1s fo1  economic success or renewable energy systems arc the low 
11 1L I  in cgu la 1  i 1 1co111es i n  rurnl J\f i ica t llir cxn n1pk only ) %  o l' Tanzanians a r c employed wi t h 
1 1 egu l a 1  sn la 1 y),  t he l o w  saving 1 at e, and the high in i t ia l  costs of 1 encw11b le  ene 1 gy systems. 

1\11y eco 1 1om i c co1 1ccpl should prov ide mot i vat i on f'or enlrcprent?urs pr omising t hem so1 1 1e  

1rnl i t  and cha l l e11ge the ir  co11 1pctc11ce i n  busi ness. ;\ revolving llmd with low in t erest r n t e  for 
1cqu i 1 i ng t he sysle 1 1 1s  hy t he service enterprise wil l  in most cases be 1 1ecess11 1 y  Rcpay1 1 1e1 1 t  to 
he 1-e1·u lv i 11g l i l l ld wi l l  p1 ovide t he s l a 1  l -u p rnpital  for ll1rt hcr enter prises. 

Ffliricnt i 11 l 1  nduct i\ln of renewable e11ergy systems wi l l  depe11d 011 loca l ly  ava i l a l i lc  
l i s t riliu t ion sci  1 · i ces Fo 1  example .  a sr:rvicc ' l ight a 1 1 d  1n1wc1- ' .  based 0 1 1  phnln\'\i l la i<.: 
� lcct 1 ici 1 v .  can be d i s t 1 ih1 1 l c-d t h 1 01 1gh rent. R enting has t he advant ;ige i ha t  ever vhodv ran u s e  
;n la 1 l ight because t i le rent ing costs wil l  no! exceed t he 1 u n1 1 i 1 1g co.� I � ; ur a rossil  li ; cd l igh t i 1 1g 
;ystc111 lo  be 1 ep laced For C':-<alllple, a pcl 1 u le1 1 11 1  lan t ern consumes 011  ::1verngc .\ l i t c 1 , . .  r 
ict r ole 1 1 111 per 1 11P 1 1 lh , which cost � l ioul  l ! S $  2 T h e  n1n11 t hly 1 epay1r n.· 1 1 1  ra t e  ro1 a solar  l a n l c 1  n 
:hould l he1 e - li:1 1 e 1 10 1  ex.cccd t h is  all loun l . Tu pcrmi t an cvcnt 1 1 a l  p 1 1 1 chase or a rl'ncwable 
�nc1 gy syste111  hv the custo1 1 1er. a snw l l  c1 edi t  scheme s lH 1u l c l  be developed. 

1'.nergy ser vice ent erp1 iscs in nira l 1 egio1 1s or /\ C1 ica for 1 encwabic cne1 gy '.>vs tc 1 1 1s  \\ i l l  lw 
�co1101 1 1 ical ly su ppnrt<.:d by i 11c1 ca si ng c1 1virn nmcnl<1 I  pressu1 es. [ )d\11 est a l  ion leads l o  1 a p i d l \' 
1 1creasi11g prices for llr ewood and clrn r  coal Defo1 estat ion in ;\ frica is ;1 1 1 1 a 1 1 i f'es l a t ion DI "  <t 
:01 1 1 plcx synch ome, r equ i r i ng comd i 1 rn t  eel efforts by science, t echnolugy, ( \ ires I r :v, cduc<1 t i nn. 
1d 1 1 1 i 1 1 i s t  mt ion  11 11d pol i t i cs Element s  ll f' a coordi r rn led sl rall'.1,ty a 1  e:  clisse1 1 1 i 1 1at in1 1  of l i 1 l·I saving 
:ooki ng stoves. use uf biogas, widespread solar cooking and p l an tat ions ror li rewot'd 

Water, b asica lly a re11ewable 1 csnurce, w i l l  become increasi 1 1g l _v scan:e in most cou11 t 1  ir:s o r  
\t'i ica T h e  ava i l a b i l i t y  of wa t er per pe1 son w i l l  d ra 1 1 r n l ical ly d ec l i ne. fo i l ing below t he l i l l l i l s  l\1 1  
1erso 1 1a l  use ( cl i i n k i ng, cunki 1 1g. washing) in some cm1 1 1 trics 1\ .� wat er hccomes i 1 1c1  casi ngly 
:ca rec. demand rnr waler lrent 1 11e11t  wi l l  i nc1 ease and i ts cco1 101 1 1 ic  i m p a c l  w i l l  1 ise 

Counlr\' 1 990 2025 
/l l gcria 7811  .mo 

Morocco l 21lll 700 
T1 1nis ia  )]I )  .1 20 
��Cll� :1 (100 2110 

Somalia 1 -tllll <•2CI 
Ta111.:l l lia 2ll!J(I 920 

Avai labi l i ty  or water (cubic meters per person :rnd year) in t in; fvl a.�l 1 1 ch and Fas tc1 1 1  1\ 1'1 ica ( .l )  
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]. Tt•rh 1wlogy for rn rn l  �\T\ ier r 1 1 l 1.·1·p1'i.�es 
R 1 1 1  al  SCI vice ClllCI 1 1 1  i scs flll' I Clll ing. l cr1s i 1 1g 01  sc l l i 1 1g S\'S[ClllS ll l "  I (_, IH: W <lh lc  e1 1er,H i t' S  C<l l l  

deal  wi l h  l ' V  syst e 1 1 1s 1( 1 1  l igh l i 1 1µ ,  snlm cuoke1 s ( hox c< 1uke1 s. J t;.i kcl l l l "  c<HJ K l'J S a11d nll lccl 1 1 1· 

c\ltikcrs ) .  hioga:; u 1 1 i l s. sysl c 1 1 1 s  f in  t1 c<1 l 1 1 1e11 l  u l" 1\· a l c 1 . w i 1 1 d  puwc1  ;1 1 1d s1 1 1a\ I  h\·d 1 U ! 'll'-\CI' 

pla 1 1 1 s  

J .  I Photovol t a ic l i gh t i n g  

l ' ho l ovul ta ic  l igh 1 i 1 1g h :i s  t ech n ica l l v  1 11a 1 u red l'or 1w n a hil: ln 1 1 1 c 1 1 1s.  whi1: l 1  <; \ H H i ! d  repl:icc 
pct 1 o l cu 11 1  lant erns.  and fi:lr S o l a r  [ [ 0111c SyslCl l lS, w hich  J l l O\· i d c  b c l \l;tTn ·lfJ ;md 21 11 1  \\';l l l  nr 
elt'L'.i 1 i L. p t 1 1ve1  \u a 1 u1  al huusehold . (·1 ) l .ocal clcci 1 ic  g; ids h<1sed 011 pl iotovo \ t ;; i ,· po11 c1 
gcnern l i \111 have bce11 i nstal led i 1 1 Senega l ,  bul t h ey t 1 1 rned oul  l u  be fa 1  I on costly and l hc i 1  
economic ad111 inist ral ion  is dill icu l l  l o  manage with in  a 1 1  Ail ican rum\  co 1 1 1 1m1n i ty  ( 'i _) 

.i\ hout ten d i lfercnl t y pes n \' por t able sol a r  lanter ns  exisl  un the wo1 \ d  1 1 1a r k el ( Ci) The 
SOU JX l a n t ern p r odu ced by Ludwig \Wlkmv Syste1 1 1 tc-chnik (imbf  f .  0 1 1 oh1  u 1 1 11/l\•lunich i -;  uf '  
th is  type ( 7) S ince I fJ92,  about 20 w orks Imps f()r t he assc111bly , ,f  SOI . \  I X \ a 1 1 tc1 ns have been 
i nsta l led in  deve l op i 1 1g Clll l l l t 1 ics, ext end i ng n·om Llra r:i l  lo Pa pu a New G u i nea \'vl o'I nr t hese 
workshops are l oc� led i n  Afr irn a ssoci ated In missinn centers. i'v101 e t ha n  6000 l a n t e r n s  h ave 
been produced Fu1 lher reduction o f  cusls rnn be cxpeclL'd fr n 1 n the 11se of a t h i n  fi l m  modu l e  
and I I  o m  a l a rger sca le  o r  prnrluct  i o n  

Sola 1  l- 10 1 11e Systems a 1 e  sold i n  l <1 rge 1 1umbe1 s. 1\hou l 1 00.000 sysl e11 1s have b e e n  so ld  i n  
l'.aslem and Sout hern ,i\ li ica. Enl i 1 c  1 c 1 11ote v i l lages i n  Arge1 1 l i 11 a  i! IH I  M exico h a ve b e e n  li1 l ed 
w i t h  such Sy'stems. Tec h n ica l , f11 1< 1 11L'ial and soc ia l expe1 iences from l hl'Se 1 ur a l  elecl 1 i l i ra l ion  
p1  o j c c l s  a 1  c well  cloc1 1 1 1 1en l ed ( 8 )  

3.2 �olm· ronkl'rs a 1 1 d  hiogas p l a n  I. �  
l-:c1ch or [ \ il'  t h ree i' I  inci p<i i l ines o r  so la r COPkers \ ) ()XCS, I e l \ ec l or. a n d  coJ ICC IO I' U ll 'h'r'. 

l 1 < 1s l1u l l i  � JHxi l iL  adv<1 1 1 l < 1gi:s a i 1d di:llc i i.: r 1c.i L·.s a:; I L'g<1 l l l.'  dlicic 1 1 1_y _  l i ; 1 1 1 d l i 1 1g <1 1 1 d  c1 1 , l s. ( <J f  ( ) 11 
l he basis of j1 1 CSL'nt ex per i ences a 1 1d  st a l e of l cc i 1 1 1n\ngy, none o f' []H'Se l hl Cl' l in es S i l t >U \d  be 
delin i tc ly  prcle1  reel S n l a r  cook ing is  s t i l l  mlvancing t echnica l ly . " Fm e:-.:<1 1 1 1 p l c  i 1 1  rcrcnt vea 1 s. 
1 e l lcc lm cuub'1 s ha1·e been i 1 1 1 1 1 1 oved i 1 1 1 hc l(l l \ mv i ng di 1 cc l H l l l S  
• l l igh per fi 1 1 mance . l iu L  1 cs i �: l a n l  a n d  1 a t her low c o s l  1 c lkc t i ng : ; l ll'et•; were i 1 1 1 ro d 1 1ccd u �: 1 1 1g  

nia tc 1  ia ls  Ii 0111 elcc.tr ic l amp consl  1 u .. t ion 
• \ " he co11st 1'L1 c l i o n  of t h e  w ppo1 l sl 1 u ct u rL· hns  ! it ·c 1 1  s i 1 1 1p l i tied . 
• ThC' l'ocal  po i n t or l hc 1 c lkc l u 1  l r ns  lwe1 1  c· 1 1 l :u gcd [ t l  a wider f(i ca l ;n·l'<l ach ic1 i 1 1�� :1 l l ) (l l C 

even hea l i ng ol" l h e  11 t 1 I  a n d  pllS ing l c's da nge1 s 1(1 1  eve·� and skin t lw1 1 a 1rn1 1 t 1 1-1- li ical  p o i 1 1 1  
• T h e  f'ol':1I a 1 ea h a s  been placed wi t l i i 1 1  l h c-� 1 c flcctn 1  ' s  v ol 1 1 11 1c envelope ( " d eep fiicw;' ) l \ 1 1  

f [ 1 1 1 l 1e r 1 educ I i t 1 11 llf' d a ngers I t '  eyes a n d  sk in  a n d  Ii.ii pro l ee. I  i o n  ti ! '  I h e  pul  fi' trn1 wind 
• The ptl t  1 e ma i ns in  a llx ccl pos i t i p 1 1  wl ic 1 1  the  1 l· fk-cl tll i s  l 1 1 1 11eu a 1 o u 1 1 d  the  lm1  i w n t a l axis .  

which i s  needed fo1 1 1 ack ing, thus l)1e i l i l :i t i 1 1g ha1 1d l i 1 1g and i 1 1 1p 1 01 i 1 1g  s a l dv 

* Box cnnkcrs p 1 n du ced i n  A fi·ican \vu1·k s l 1ops cosl hel ivern l_ I S .'j;  20 a 1 1 d  1_ 1 :-; s  <; 1 1 , dcpc1 1 d i 1 1 g  
u n  t l 1e d es i gn and t i l e  p 1 i ccs o f  l o rn l l y  av<1 i l ahle 1 1 1 :i l c 1 i ;i \ s  R c llerl r. > 1  cooker s. a s  li. 1 1  C.\ a 1 1 1pk 
S K 1 2. cus l  ;1 \ mu l l l S 'j;  I l l( )  i l ' p 1 oduu·d in  1\ l i i c<1 C 'l l \ kclt 1 1  t ·.u r . 1� c 1 s cosl  l ict wccn I J �;.'j; (101.1 a 1 1d  
US$ I .'i i.JO. These cooke1 s < 1 1 < '  p1  csc 1 1 l l y  on ly  :; i 1 i l  cd l( i r  i 1 1s1 i 1 1 1 t i ons as sclwl1 1s  0 1  lwspi l  a ls  
:f: * A. • ' • , 1 '  , I , I • I ,� r� I 1 1 I I • I I\ Cl l l l lpa! <! l l \• C l l'-., l S  UI l l ll' I C<: ! l ! l l l"<ll pc1 J IJ l' lllCln c.c U I  s•,Hal  l"Ull K C I  s l l <I S  [lt'.l.: 1 1  l:t l l l U l l C l t' l l  I l l  
I <J':J:j <1 (  t h e  Plata f(mna :-:u l ;u- A l 1 1 1e 1  ia ,  S p<1 i 11 ( I  t i )  
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• The fi cq 1 1 c11cv 0 1 ·  1 1 <1cki 1 1g has been r ed uced nnd l l 1c correcl posit io ning or t he 1 dlecl 1 1 1  i s  
foc i l i t a 1 cd 
Several 1ypcs or (' ! J l lccl l l l "  C( lokcr  s wi th  he<1 I  I ese1voir  have been devclupcd in r eren1 yea r s  

O ne "such sysl cn1.  devel oped a l  i\ achcn. Gernrnny, u ses a tla l  p l a l e  col lec l 1 1 1  a 1 1d  s1i 1 1 1 e  

vegetable oi l  as heal e<1 1 1 i e 1  1 l e a t  c a n  be stored by stones. T h i s  model h a s  been l csled sinn· 
1 992 in Ch i le .  Cnh1 1 1 1h i� .  I ndia mid l'vl a l i  and is produced in Kernla, I nd i a  since I 1)'!'1 
Product ion in M a l i  i s  p 1  cpa1 ed 

B iogas p lants  hnvc heen developed in Afi ica. for exa1 1 1p lc in Tanzania.  o n  l he basis of 
Chi nese designs li on1  t he c1 1c l  or t he ' 70s. /\bout 1 200 biogas u n i t s  arc ins la l led in 'L1 1 1zania . I n  
ru r al regions u r  ;\ Ii ica .  biogas can replace a l 1 1 1osl  I 00 ''. ·(, o f  ot her ener gy sour ces l ll t he 
households and Lwl ween 40 '% and 70 '!.lo of ot her energy sources to i nsti tut ions. The deficit i s  
d u e  lo t h e  l a c k  o f  :;u llicie1 1 l  digester feedstock . [ lowever. t he present level o r  u s e  o f  bi (igas i n  
rural Africa l a c k s  fo r behind the  i ni t ia l  goals or nat ional  progra1 1 1s. 

3.3 'Va l er t rea l m l'll t :  p u m ping, hea l i ng, disti l lal ion,  d is i 11frr1 io11 
Waler trea t 1 1 1c 1 1 l  by 1 enewahlc energies is a l:omplex fleld .  Some pr ocesscs s t i l l  r eq u i re 

engineering and 1 csca1 c l 1. Wind pnwe1 , pholovnl la ic  elcct 1 ic power and solar  t her n rn l  hca1 ing 
hy col lcclr1 1 s or co11cenl rat or s can be 1 1 sc:d f'or 

* P u 1 11p ing by wind r ot ors. plmtovo l l a ic  m s 1 1 l a 1  1 l 1c 1 1na l  power. 
* I lea l i 1 1g h)' sol;i r  thcrnrnl cll l lectn1  s. 
* Desa l ina t io 1 1  (i f' sea 1va ler  and o l ' b1 nckish wale1 . 
* Dis i 1 1 1'ec l i o n  by L I V  i r radiat ion, ! J V-peroxide l rea l 1He 1 1 I  and a nodic oxidat ion. 

Pumping by wind power and a piston pump is an old and rel iable lecl 1 1 1 iquc,  1111hich l rns 
l"a l len  in  d i suse by t he ava i lab i l i ty  or d i esel gener a t ors. The recent develop111enl o r  highly 
eflicient wind r nlors should lend l o  a r ecr1 1 1s ideral io11 of this t echnique 

P V  pumping o f' d 1 in k i 11g waler  llir pcople nnd ! heir  l i vestock in n ir a l  areas is  t echnica l l y  and 
econu1nica l ly feasible for hyd ra u l i c  pow er in  lhe rn ngc id '  S (.)() . .  J UOU 1 1 1 1 \.Vnr k loads rn ngc 
bet 11·ccn t hose a hand opcrn l ed pump and a s n rn l l  d iesel pu11 1 p. Typically. un a sunny d <1y .  n l 'V 
µcncr a l ot ur I (1 k W  l':lll  pt1 1 1 1p 1 1) 1 1 1 '  n r  w a l er f'i rn n  a dcplh u r  J O  I l l  which i s  su llicicnl  ltll 
how;ch() ld p1 1 r p11scs or a 1 i l l age of a l m 1 1 l  I :Z l iO i 1 i i 1ahi 1 a 1 1 l s  I ' \' pu 11 1pi 11g svstcms hii\'C a l  m i ned 
;1 1 1  ava i l a b i l i t y  up to 99° ;, 

Sol ;1 1· 1 l 1e1 1 11al p u mps. d r i ven by a sohr  co l lect M ur a ('.01 1ce1 1 t 1 a lor. a 1 e  a l l racl i v c  II.i i me i n  
dcvcl l lp i 1 1�! cou n l 1 ies. as  p1 ud1 1 r: l i rn1 .  main t enance a n d  repai r  ( 1 1· a l 1 11 11sl e1·cry par l o f  t hese 
s1·:; 1 c11 1s i s  pnss i l 1 k  wi 1 l i i 1 1  devel o p i ng cou 1 1 1 1 i es. ( 1 1 ) 

\.\'n l CI '  lwal i n�! by s1 1 l ; i r  l he1 1 1 1 a l  col lccl u r s is a 1H· ! I k nown l ech11nk1gy i 1 1  Ali·ici. F llicicm:v 
a 1 1 1 l  t hc r cl ia b i l i lv of " ;ula r  1va le 1  heal ers l rn vc been impr n1 ed i n  1 cccnl yc;1 1 s. T cs l i 1 1g u n i t s  l1<1 1 r_, 
been es t abl ished at  /\ Ii i ca 1 1 1 1 1 1 i vcrsi t i cs and local workshops have been equ i p ped for asse111blv 

Sc1'C1 ;i i p•  uccsscs l(ir sol a r  desa l i 1 r n l i o 1 1  have been prn[Hiscd ba sed 011  d i st i l l a t i o n  m (in 
scp;·1 1 a l  ion  by 1 1 1c1 1 1b 1  a 1 1l:s Scpa1 a t io 1 1  by n1c1nb1  an cs i 1 1c l 1 1dcs 1 cvc1 se os1 11osi s, clec t roc l ia lysi s. 
1 1 1 i c 1  o-. 1 i l t 1  a- and 1 1 a n u- l i l 1 1  a l  irn1. I l o weve1', a s1 1cressfi i l  use by a scr vice enterprise i n  r u r a l 
A li icn dc 1 1 1a 1 1d'  t h e  scll'c t iu 1 1  of t echnologies 1.vhid1 <11 c ve1·y r el i able ;1 1 1d easy I ll mai 11 la i 1 1  
l ksa l i 1 1 <1 l i t l l l  c a l l  be 1 1 1 o s l  �; i 1 1 1p ly achieved by a sola r  s t i l l ,  which provides da i lv  a b o u l  _'l l i l crs o r  
dis t i l l a l e  1\'< 1 t e 1  [JC'I squ a re n1cte1  o r  gl<1ss  s1 1 rll1ce. Solar  s t i l l s r cqu i 1 e  la r ge surfaces and need 
clca 1 1 i 1 1g n 1 1 d  1 1 1a i 1 1 te 1rn11ce, which. l aken l ogelhe1', 111ay be the r ea sun ll ir  t he d i suse or 1 1 1anv 
i n s l ;i l lcd sol a r  s t i l l s  r..fore sophist ica l ed so lar  1 hc1 1 1 1a l  d i s l i l la t io 1 1  un i ts  provide ahuul J) l i ters 
u i' d i st i l l a l <' per sq1 1 a 1 c l l ll' te1 o l' cnl lec lor su1 f'ace 1 1 1  s 1 1ch a system, l hc col leclor field hea l s  t he 
bt i n c  up t u  8.'i0C, whil' h is t hen e1'apnr ated ( ) f l  the surlace or t issues p l ;1 cecl in a large box. The 
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c1 np1 1 1 n t i 1 1 1 1  l i •: a l  is 1 cL·• 1 1 •: 1 cd ! ( 1 1  p1 t'hea 1 i 11g the h1 i 1 1c  l ' rnl o 1 l 1 pc;; 1 1 1  / /\ I :  l .\ <l)'\'1'11 a n� i 1 1 
npc r :l l i \ > rl "n t hc ( a 1 1 a r v  l s! a 1 1 c l s  ( hwrt c 1 c1 1 1 1 1 r ;1 )  ., i 1 1ff l ' J' l ,1 ( I �' )  I he d i s t i l l a l c  rnn he used l(1 r  
d 1  i 1 1 k  i l l i"- c ; 1 1  [1 ;1 [ [ C l  i es_ i l l  r \ 1  ( l L'l l l l 1 1 1  <_'_ I : 1 i s i 1 1,u. ' 1 1' ld1.  <l l ld  pulc11 I  i a l h' II ll' 1 1 1cd ic<l l  pu rposes 

1\ 1 1 1 < 1bil< "  c fo i 11 Ji_• 1 · l  1 1 1 1 1  !'VS l L' ! l 1  hn�:ecl r l l l  i 1 1 ar l i a l  i 1 1 1 1  1>. ii Ii l I\" l i �d > I  iws hccn d n  clupccl al t h e  
l n s l i t u t c  f'o 1 So\ : 1 1  Fnc l .l!.I' l' ec l 1 1 1 c dng\' a l  Ka ssl'l. ( ie 1 1rn1 1 1 1  I t s  l 1 \" l i .l!. ' 1 1  i s  gener a t ed h v  use " '  
a 3 0( 1  \\'d l l p l io i ()\'\ l \ t ;1 i \' 8 1 1'11 \ \ I I  1 1 1 ' of' •.', ;J i (' I ( 'i l l l  h e  d i s i 1 1 kcl cc\  !H:I d;i\' j 1 1 Ul' i d i 1 1µ_ c \ea 1 1  11'<1 \ l'I' 
f [ 1 1· m1� : i l s  anti 1(11 d 1 i 1 1 k i 1 I �! fo1 a l J t i l l l  l t l ( i ( )  pc1 srnis ( 1 -1 )  l ' V  p1 1 11·c1 cd S_\ , [ 1.' l l lS  J\1 1· r.l i s in 1Cc t i 1 1 1 1  or 
11 a l 1.' 1 h1· a 1 1od i l '  o;; i t l :1 1 io 1 1  h a 1·\· l icc1 1  t l c•1 c l 1 1 1 wd hy s\'vc1 a l  n1 111:1� 1 1 i :."; ( l · I )  

4 .  l'rnhkm� o l' i m pk m <·1 1 f a t i o 1 1  o f  sys1 1'1 1 1S  1 1 1 1 ! 1 < ., ·  loc: i l  rn11 d i t ious 
Bevo 11d educa t i on 1 1 :1 i 1 1 i nµ. and a d 1- i cl', I l ic  1 11 1p lc 1 1 1e 11 l a l i t > 1 1  n l  lcchn i · · u l  dc1 icL"' 1 t.'q 1 1 i 1 cs 

i n 1 1:· 1 1 1 1cd i a 1 <.• �1 1 udu r <·s l i 1 1  lurnl pwd1 1 <: l i r 1 1 1  a 1 1d  drv<' l < 1pn 1cn l . 1 1 1 <1 i 1 1 l c 1i a 1 wc. 1 cp:i i 1  : ind -;part.' 
p;1 1 ts ,  rcc:v c l i 11g. :is 11 c l l  l i 1 r  a d 11 1 i 1 1 i s l r ;1 1 i 1 1 1 1 .  li 1 1<1 1 1 l' ia l  n11 1 1 rul  ;1 1 1 d  eva l irn l i l l 1 1  ( 1 f p 1 llg1 a 1 1 1 :; 

'1. l Lorn! prnd11r tio11 :1 1 1d a�st•11 1hl�· 
/\1 1 uf i L' l l  d d 1<1 l 1'd q t l l'o, l i 1 1 1 1  i s , , ,  11- l ni l  l�\ IC l l L  � l l l : 1 1  '" .'> I L'n ls  ( ' ; 1 1 1  < I I  o, l iu u l d  l i t: p 1 ud 1 1 1,;1:d 1\ i l l 1 i r 1  

1 1 1 1 a l  /\ fi ica  1 ' 1 uduL· t i u 1 1  wl 1 1ch r rq 1 1 i 1 cs cu11 1 plcx ;1 1 1d e.-.; pcnsivc 11 1ac h i 11c t ools ,  as 1 s  the 
i 1 1 1 cg1 at i P 1 1  d' sula 1  ce l l s  i n l o  a 1 1 1od1 1 \c. 11- i l l  i n  ge11c1 a l  \1 1 1 ly  he possi b le  i 1 1  1 1 1cl 1 opu l i 1 ; 1 1 1  <11 •.>as 
t )11 t he t > l l il'I l 1<1 1 1 C ! ,  ; is �;L' \ l 1b lv  or 'i\'S t l'l11S is  poss ib le C\'Cll in I C l l l l l le  a 1 c : 1.s ,  j ' l l l V idcd l l 1a l  t \ rl' 
svslr.'m has hcc11 CSJH-''·' i : i l l:i• d esigned <1 1 1d ;1 pprop1 ia lc  1.1 1 1rksl1llps a 1 1:· �;ct u p. i 1 1c lud i 1 1,e t 1 a i 11 i 1 1 [!. 
o i ' pe1 s 1H l l l L' I  T i l t.• \ \ l l 1 k sl i11ps b u i l t  w i t l i i 1 1 1 l 1c  J ' l l lg1 a 1 1 1  o r  sou i \  phol l'\'O l t :i i c: l n n t l' l l lS ( \ I  w i t h  
I he S K  1 2  sulrn 1 cllect rn cookc1 p1  o g 1  a 1 1 1  p1  ( \ \· id c 1 11\1clcls  fo1 o l he1  t vpcs o r  svsle11 1 s  

* I hci 1 design is spcL: i liL:a l \ y  a i 1 1 1cd !i n u se in 1 L1 1 a l  m ea s  or ! 1 upica l  1 1 1  suh - l : 1 1 p i (_:al 
devclopi 1 1!'., Cl\1_ 1 1 1 1 1  ics. 

* l l igh t ec h ·  n111 1pn11e1 1 l s  a 1 c  used \\ he1 1  1 1ceessa 1 y, ' lo w  t ech ' s t 1 1w 1 1 1 1 \·s a 1 e  u sed 
\\ he1 1cvc1 puss ih le /\.sse11 1hly and 1 1 1 :1 i 1 1 1 cnance or sys l e 1 1 1s  is puss i l i l c· i 1 1  ;\ l i ie <l 

� \Vor bliops f i i 1  n sse11 1 \ i l�-. sale.  1 1 1 ;1 i 1 1 1 cw111L:e_ 1 epa i 1  and l ('c.vcl i 1 1,u. (1 1 ·  s\·;· t c 1 1 1 .•: a r L' sci 
u p  i 1 1 1 u r al a 1 cas o r  ;\ fr iul . 

l 'o11 1pariso11 of phot ovolt a i c  l a 1 1 1 e1 11 .-; a l l ll of' so l <1 1  cook er s shows. 1 l l 1  t h e  o l l H: r  ha 1 1d .  I h a t  
t h e  dcg1 cc •. > !' use n l' i 11 1 p l l r l ed h i g h  l cc l 1 1 1o logy 1w1ter i a l s  c a n  widelv d i l fr r  

f 1 1  p l 1 t 1 l 1 l 1 1 i l l < 1 i (' l il l l l l.' 1 1 1 .S, l 1 igi i - kch l l l a l < ' l i i i l. o; 1 1 1 '1 h: l� l l J '  ii.1 1 l l l r l l l' 1 1 1 < 1 1 1  �( )  u ;, 1 1 J' l h t: < ' ( \ S I S t i l l' 
p l i u l m  < i l t a i c  1 1H 1du lc .  recha rgr<1 h l c  hal l el' ies, l lw t l u o rcsce11t l amp.  and elect runic par ts  
1 ' 1 esc n t lv.  a l l  p<H ts ( \ r  t hese lamps me foh1 i ca tcd i n  F:u n1pc.: (11 t\s i a  and a l1 a 11sfr1· of '  
j l l  oduct iol l  nr ('01 1 1 pP 1 1Cnts  ( ! l  ;\ fj i c.:a does nol appear feasible 

Fn1  r l' ih:-c t u 1 cooh:e1 s. l lw 0 1 1 ly  cu11 1pn11en ts  Pl '  ad vanced tech nology ill c t l ic 1 ellccti 1 1g 
a l u n 1 i 1 n r 1 1 1  sheets which a 1  e conted by a g<1 l va1 1 ic  process This p 1  ucess i s  u11ly made i 1 1  
1 1 1 r l u ., 1 1 1 ;1 ! 1 1 nl L:11 1 1 1 1 t 1 ies B u i  1 ml l e t ha 1 1  ha l f' of t i le cust s  u l' 1 e fleL:lrn cm>ke1 s a 1 i s1:· ll o 1 1 1  t h e  
supprn I sl 1 1 1 r.: 1 t 1 1  e which  c·a 1 1  h e  p r o d u ced c 1 1 l i rcly i n  1 u 1  a l  a r ea s  ur developing cm1 1 1 t r ics  from 
l uca l ly  avai lahk rna l e l' i a l •; i\ se! o l' appwp1 i a tc  l onh is necessary J[1r ben d i ng, wel d i ng nr 
d 1 i l l i 1 1g 1 1 1 e 1 a l  lnu �; 1 1 1' 1 l w �upp u 1 l �;1 1 uc1 u r c  

.'i l l l : 1 1  box crn 1 kers 1 1ced a n  J hsu1 h i 11g met a l  sheet of a lu 1 1 1 i 11u 1 1 1 .  wh ich i s  obt a i n ed fr ee o f' 
cust as a \vasle 1 m1 l l'1 i a l  fro1 1 1  p 1  i 11 l i 11g nl l ic•:s No o l h e1 material li·o111  modern l cd1 1 1u logy 1s 
used ! 'he c 1 1 l i 1 c  p1 o d 1 1 c l iu 1 1  ca n he done i n  d eveloping cou nt r ies. 

4 . 2  l\ l a i 1 1 t c1 1 ; inn a 11 1 l  n•rydi1 1 g 

' I  h;;,,· l t'l i i l  ' dct'Ci i l i tl l i n:d Ci ifr g\· .�\� .::; tc i i i  :-\h1J i i ld i iul be i ii i � i i i idr;:rslo1..h.f ilS ' fi�ee \ d' 
nrni 1 1 l c 1 1a 1 1L'C Expc1 ie 1 1n' i nd i ca l t'S t hat  1 1 1a i 1 1 lc 1 1<111L'c of renewable ener gy devices can be 
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1ssu rcd i 1 1  ,\ I i  i rn 1 1  Cllt1 1 1 1 1 ics. but i t s  p l' l' !H'.I c:-:crn t i rn 1  dcpc1 1ds on u1 ga1 1 izat io1 1a l  i 1 1 ll <1 s t r uct1 1 re 

rnd ll 1 1 1d i 1 1g. As 1 cpnr1 s show. pholov,1 l t ;1 i c  So l <1 r I l umc S) s terns \·v i t  hu1 1 t  p 1  ope1· mai 1 1 l c 1 rn l lL�e 
"· i l l  hr c: 1k cl 1 nv 1 1 .  1 a l hc1  S\ll\llCr t l r n 1 1  later ( 1 5 ) \loh1 tc 1  i icalc1 s arc a 11 10 1 1g the 1 11osl  s i 1 1 1p le so lar  
'iVSl cms. l iut  70 " .. ; ,  o l" l l H�  i nstal led so ln r  w a l r l  hcat l' I S i l l  t he I C,1!.i lJ llS o r  ;\ ruslw � ll(I Dar cs 
'i;i l :Hl l l l ,  Ta1 l7.<1 1 l ia  a1 c Ol l i  or \VOi k  ( 1 (1 )  On t he \ l l l ic1 hand,  scve1 al l 'C\'(: I SC l lSJl lOSis plants <l l C  
J l l  l lpC! l y  I l l l l  alld 1 1 1a i 1 1 1 a i ncd i n  I ClllPt cly ll)Ca ted Ta1m1 1 1 i a n  l in <;pi l :i l s  l"ll l I he p i  nducl  ion o r  
i 1 di 1 s i lJ l 1  snl 1 1 t iu1 1s ril('se plants  1 cq 1 1 i 1 c  li·equcnl  a n d  rnrcl\ i l  at(iustmcn l ,  a n d  cu 1 1 s l a 1 1 t  s1 1 1 vcy o f' 
t l ie qual i t \' \ l f '  w<1 t c1 

l � t'C\ <'. l i 1 1ll nnis t  hecon1c (I l l  essen t i al parl o f' c1-c r y  p 1 ng1 ;i 1 1 1  f ( ! I  l l'lll'W al i lc  c1 n:1 gic.s. i 1 1  
pa 1 1 i c u la r (\ 1 1  hal l c 1 ics  a 1 H I  l'icr l nl l l ic  par  l s  ol' phl l t Dvul ta ic systems.  O l d  bat t er ies shoul c l  l w  

c-;c l 1a 1 1gcd hy l l C\\' i • <i l l cries stq1po1 1 cr.l by a n  i 1 1cc 1 1 l i \ ' l� scl 1c 11 1c [\. lure t l rn 1 1 <)( 1 ". O u l' t hc 1 18 1 l s  ol "  
ka ,  I hat  t c r i cs c a 1 1  l ie  1 cuscd i n  cc l l l  1 a l i 1.cd i 1 1d u�l 1 i a r  u n i t s  

5.  1 1 1 1<-gra f i o n  ol' n·ncwa hl(' cncrgy sys ( (' 1Us i n l o  l h c  s o c i a l  l i fe of rural pop11 laf io11s 

r lie i n t  cg1 al  i 1 1 11 ( 1 r new l cc l 1 1 1 i c al devi ces inl  u l i Je  s0cia l  I i  re or '1 cultu1  c is  SO\llC( i nws only 
1 e.u,a1 dcd as  a sl 1 u�!gk ;1gai 11st the sluhho1 1 1 adher ence Lu old hab i ts. igno1 a11ce or ou tr igh t 
supl· r s t 1 l i u 1 1  E1 cr 1  W l1rsc, p1 oblen1s  wit h i 1 1 tcgr a l io 1 1  a 1 i.c evo ked whc11  the pn>pust'cl t cc l i 1 1o l ogy 
is s i 1 n p l v  no\ nrn t me ur i r rndeq 1 1 a f ( '. !Ju l  bey,111d all socio-cu l i u 1 a l  co11s idc r n l io 1 1s, t he 
in teg r a t i c 1n , ir 1 rncwnhlc  energy syst ems i 1 1 1  o t he 1\ fricar 1  Sllc ia l  Ii le depends rn1 ;1 1 1 swcr s t o  
t l 1 1 cL� llH l l t' 1 1 1u rnl;:i 1 1c q1 1cs l i 1 i 1 1s  

* Are t hese svste1 1 1 s  r rsdi r l  i n  t i re dai lv  l ife 11.1  lilrgc p;u t s  u r 1 hc pllp11 la t io 1 1'J 

� t\ 1 c  t l i L� p r ices w i t h i n t h e  cco1m 1n i r: reach or t hose who wish to 1 1 ,,e t he .o.;yst c 1 1 1s'' 

* Docs a sp 1 cad nt " t hcsc systc 1 1 1s  lead l n  lhc creat ion o f p r otitilhle enterprisL·s i n  A fr ica 
and l o  c111plL1y1 1 1cnt a l  la1 gc 1 1 1 1 1 1 1ber s'! 

T he t n sk uf i 1 1 l eg1 at ion,  w l i ic l i  is pr  cscnt 1vi l h  cver ,v 1 1ewtechlll ,logy. is par  l ic1 r l�1 rly 
cunspirnous w i t h solnr CDu " i ng )\le-;( t u  l h l' gmr l  ur c 1 1 1 b i 1 1g deforest a t ion,  snl ; 1 1  Clll) k i ng 
i 1 1 te 1 1ci s lo slrcngl !Jcn t he p a rt of' WO! l l t'll in i\ r1 i ea11  soc iety by 1 cl ievi1 1g t helll fr( 1 \ 1 l  t he 
economic bur de11 nf' cxpc11s ivc li 1 e  wood , which is i ncreasingly d i nkul t  tn p 1 l1c 1 1 1 c  I n  nd d i t i u n . 
solar cook ing ho lds the prom ise l o  he cconomical lv rewa r d i ng a O cr a few 1110 1 1 t hs. as costs !(H 
tire wood 111ake up fro111 I U % t o  50 "O o r  ;i r u ra l  ;\frica 1 1  IH 1 1 1schold budget But atle1 two 
decades wi t h ex periences in s tdar  cooking, a sobc 1 general slnt e111c1 1 l  011 its prese1 1 l  st a t u s can 

be rmidc While solar n1oking works technical ly, prnjecls fo1 i ts  pr ocl 1 1ction in  A ll ica and 
in troduct ion  i n  A 1i·ica 1 1  households arc u11 ly susta i ned as lung a s  t hey arc pushed !i·om rn 1 t side. 

l nt r nduct io 1 1  of so lar cooking should f'orns on regions a n d  circumstances where lire 1vo1.id 
has heco111e 1 a r e  a nd/or expensiv e  ·1 he p1 (1b (e111s or acceptance wi l l  p 1 obab ly be least there 

!\crugcc camps are a 1 1  exrnnplc 1\ l'u ldab le  r.uoker, ' Cook i t ' .  was u sed i n  1 995 w i t h  remark
able Sl lCCL'SS i ll Kcn\'il n r c l\ 1g<:'.C ,·amps. ( 1 7 ) Wurm'\)  shou ld be t augh t lhnl new ro rests wi l l  have 

a cha1 1cc t c 1  gr\1w lHl l \' w he11  solar Cllllk i n!! bc:cu11 1cs <1 wide spr cad habit The cl isscmi 11al ion uf 
solar conkei s :rnd Lhc g1 01vi ng ut" l\1cl wond p l a n l at inns a rc. t heretC.i r e, not opposi t e but paral lel 
s t rn t c/:(ics. S ula1 cooker s sho1 1 l c l he d isse 1 1 1 i 1 1 a l cd ll1gct hc 1· wi t h  i 1 11 proved ClH > k i ug st oves and 
/\fl ican wo111en shl1uld decide h�· t hc11 1sel ves which r.nokcr wil l  su i t  them best  The use l lf'  gns 
conkers in  i\fric;i shows t hat  wo111c11 do ace.cpl a 1 1cw t echrwlut�Y fo1 c.uok i 1 1g I lmvever. solar  

cook ing rresents n s t i l l  higher s tep:  cooking hahi l s  a nd 1 eci pes wil l  so111chow be modi lic d. 
Thercl'i.1rc, simply sel l ing Sl)l <1 1' cookers f'n1 1 1 1  a workshop wi l l  no l ass1 1 1 c t he i r  use Solar  

cm1k ing 1 11us l  be t r a i ned. ; 1dv iscd. : 1 1 1d ,  t u  su111e extent ,  p 1 opaga tcd by "s! l�: ia l  111arkct i 11g" . 1\ 
cumpar al i ve field l est ! I !' snl <1 1  coukc1 s. which i s  p r esen t l y  conducl cd i n  Srn 1 1 h  /\ !'1 ica, shou l d  
g i v e  li r r thcr  i 1 1s igh1  i n  l he pl l lc 1 1 t ia l  i \ 1 r  use a n d  !�1r cvc11 t 1 i a l  l cch1 1 ica l  a d a p t <1 l iPns  ( I  :-i ,t 
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LOW P R I CES OF EN ERG'; A N D  CONSTRA INTS TO RESEA RCH , OEVELOPl\ IENT 

AND COi\11\ l ERClA L l 'RO !\ IO TI ON O F  INNOVATI VE EN E R G Y  S Y S TEl\'IS. 
;\ CASE STU D Y : Tl l E  l lE,\ T P l l'E l l EA T  EXCl lMKam .. 

G. i\fol i nari - /\ J .  Trn jani  

Unin:r.� i ti'l lkgl i  S 11 1di d i  J�o11 1a ' l a  S;1pk·nza' - Di partimcnlo cl i IVkcc; in ica cd /\ero 1 1 a u 1 ica 

V i a  Eudnssi ana I R  - 00 I R·1 - Rnlll a , I t a l y  

/ 1 1  1/n p!'c \"1'1 1 /  .1u·11111 i u  o f  !0 11 ' priced Ji1ssil fi1el.1· ( lJrcn r IHll'r l.'il i s  1 1 1 J 1/('I' 2 0  US$), Iii . r t  is 
Sll/1/JO.W'd 1n re1111 1 i11 n•11sn110/1/_1• s1ali/1> i 1 1  the slwr t- 111erli11111 /it'rioil, re.1 1 1 1 1rces /or R & [) 0111/ 
cm11111crcio/ 11rn1 110fio11 of i1111m·11 1i l·e e11erg1• syste111.1· arc 1111t!111dJ/c1/lv red11c1'd, a/so 11ith 
xn1·en//llt'l/f i11/1'/'l'l'/lfiolls. /11 I/ii.I" si/11alio11, 'i1 1 1 101 •atii•e ' ft't:hnn/ngil'S f'l'l/11/ill - u/1011g/J l \ '1'/1-
/i/'O\'l'll · 1111d1'l'Sl<1/1•d 1'1'.V/ii'Cf 10 1/w 'c/ossica/ ' 1'ech11olngies, 1 t·cl/ d<' l ·do111'!l mu/ opri111iz.ed .fi>r 
loll' !'llf'IJO' pricr•.1'. 'N11w' 1ed111oloi:ii<'s 11re 1lre11 COl(fin!'d i11 11 ic/1e 01111/i((lfio11s 1rlrel "f' sn111e of 
tl1 1•ir cl111mc111r.\', rllfll ci.fit'11 do no/ e 1·c11 1ok1• i11 11r·co11111 1/icir hl'lfl'r 'nif'l'gl' 11e1fom1a11u· ', 1·1•.\'11// 

com1wri1ive Hith 1he 'o/rl' 01ws. \Vr herr• disrns.1' a11 exe11 111lary u1.w· s1111/v, 1he flea/ Pipe Heal 

Exchrmga, f/iat a/1011glr well k11ow11 .fro111 111ore th1111 a century .1·1il/ /111s 11111 the cm11111erc·ial 
success its clwmc10-istir-.1· a11d per(m 111ana.1· slro11/d <'X/l<'C/. 

I - Pre111ises. 
Wc a r c I ml ay i 1 1  a scenario or lo w pr ices ni' mer gy i'r1 1 1 1 1 foss i l  fuel.-;. B 1 cnt h:tr rdl i.-; priced 

under 20 US$ and is prcd ic led lo rc1 1 1ai 1 1  stablL� i11 l hL� sl10r l - rncdiu1 1 1  pcri1ld.  \Ve d o n - 1  t hink t hat 
in t h i.'i si tuat ion an investor, in a free trade rnviro11me11 t ,  w i l l  spend resources lo c hange t he 
current mix o r  energy so urce.'i or tn mod ify a well estab lished model C J r  energy product ion. 
A lt mrgh lhc power p lants we al l  k now w1: 1 e  slight ly and slowly imp 1 o ved in t heir pL•rliirn1ance 

thro u g h  t he years, wc .,t i l l  work 0111 almost t he same hasical schemes we had years ago .The statc

o r- t he-arl energy lccl 11 1o logy is s ti l l basical ly l inked Lo a low l'!lcrgy prices scenario. and new 

technologies . a lt\lugh well- proven and conHm'rli<1 l ly avai lahk. arc out of  t he 11 1a i11st1l�arn rnarkcl 

lol !nwing l l 1l:ir highl'r inst a l lat ion n>sts and too hrng payback pt�riods. J n  this ci 1 cumstanccs_ new 
energy l cc l lno logit·s an; today 11 1osl ly Sl'L' l l  in n iche a ppl icat io ns. hut  very o lkn 1101 for l hcir hcst 

'energy c l lkicnc y '  hut ror rc;1sons i nd ipt'IH!cnt l'nrn1 th is aspec t .  
Let us t h ink .  l o r cxa 1 1 1 p lc . abo u t  t he N l rvl ll Y (Nol  I n  My B;1ckYard) and  NI MTOO ( Not 

In  My Term or Onicc) sy11dnllllL'..'> . To bui ld  a new powl'r pla n t  is  tmb1y a very h i t!h po l i t ica l risk 

I HeL 1 1  even wi th  t he hest tcdmica l .  soc ia l and ccologicul JH>st u l a l cs. E\'l'n tl1c i nnocent and 
incon uptt:d wind I arms. ep it o mes o l  al l  lhars grcL�ll and clean.  have l icn:c and reso lute 

opposi l.nrs, racing serious ri.�ks to bird.>. noise. landscape I Ref. 2/ and mnn:. EnL·rgy companies 

arc st i l l  holding thc ! inc · l i terally - 011 aged power plants. to  111an 1 ;1 in  the s i t ing and licensing 

posi t ions conqlll:red in  the past , not lo secu re power but rnr us ing in pcrspccl ivc these posi 1 in 11s 
lo bui ld 1 1cw plants or Lo re t rofit  or rcpmvcr the old p lants L11c111sclvcs. 
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We w i l l  now d iscw;s a ms< ' ,'i llHly. 01 1  : 1  wl'l 1-k1 1m1'11 : 1 1 1d l\'l' l l  pn1 1'C l 1  i 1 1 1H i va t ivc. c1wrgy 
tcchnll logy,  that i l l  a scen a rio 0 1· 1ow energy prices is dosed i 11 1 1 ic l ic appl icat i r 1 1 1s :  L ile !fr.al Pipe 
Heal Exclw1 1ger (I l P l l X ) . 

2 -The l leat P i p(' ( I l l' )  and the l lcal l'i pt• l l eal Exl'lrn 11ger ( l l l ' l l X ) . 

Amon gst l lw c11e1 gy \'ITL·ct i l'l'. a 1 1d i 1 11Hivative \t'cilllnlogics developed i n  l. lwse dc.e<1rlcs , WL� 
must g i l'C pro111 incnl  p l ;1cc t o  1 he lt'.c hniqucs n i" heal transrcr e11 ha11cc111e 1 1 l .  which can secme very 
h igh CIK'.rgy s a vings.  J<.ed uci 1 1g .  ro r cxan 1ple , t ill' sir.l'. ur a he a l  cxc l i :rnger iJor a spccillcd Ilea\ 
l \ u x), u pgrad ing its pnl(1 rn1 : 1 ncL'. or reduc ing t he opcra l i H'. lt�mpe rn t u rc d i 1Tc1 c.ncc between 
t: x l nmil 1l(1ws d1x•s ' 1 1 !  mc11n o nly energy .�a vings h1 1 i  - l'�lw.c i i i l ly  in t h is l o w  price t:l lL' r gy sn�nario 
- L'c 1 1 11 0 1 1 1y  in  val u a ble n w t eria ls, s 1 1 1a l lc 1· and clll'a pcr cquipmcnl ,  more atltkd v:i l uc ror I lic 
rn111 ractn 1 ,  less en1·i rn 11mcn t :il i 1 1 1pacl .  less shipping,  h:rml l ing and asscmlily rnsls. lvl a11y 
adva nced ht: :ll. tra1 1�kr t'nh:1 1 1L't' l l 1L'n t  1 1 1ct lmd::; i ind lci.: hno log ics a rc. a v:1 i lahk I !�er. 1 / .  and a 1 110 1 1g 
which l l Ps sl i 1 1w :•. very i 1 1\ct\'s l ing co11 1hi 1rn t iP t 1  n r  St' n 1 p l icily, h igh in 1 11 i va 1 ivc grade, 
JWrfon11ancc. CCl•IHll l t i c i l y ,  l'l' l i ; l 1 1 i \ i ty :l l ld l'<I�)' l ccl1 1 tohigica\ <ll'Ct�sihi l i l v. 

T i re I l l '  IS :J \l'L' l l- known and \\'l' l l - p1 tl l t,'. [ 1  doss or devices I H e rs . .:1 •. 'i j .  l'l l l lSist ing ol  
scaled. c varna ted c;1 vi t ics l i l k·.d wil li a s 1 1 1a l l  quant i ly  or  worki 1 1g rtuid I ha\ t:vaJHli'a\c� rni 111 o ne 
encl al L ile a p p l iL· ; 1 l i( 1 1 l uf il l \  t�:< ll'l'll: J I lwal I Jux ; 1nd 1.·01 1dC11S:tlCS \\ll t ill" ul lll'J" l'i id . µiving h;id\ lhe 
he; 1 t  received. To n's t 1 i rc the p1 1 1CL'Ss. t i le rnndL'llSL'.tl Wtl l'k ing l l 1 1 id must he rc\ rn ned to t he 
cvaprn alm wil l !  1 hc help nr : 1  rorcc l ie Id .  I l l 's can hi.: cl :1.,sillt:d i 1 1  t he ir si 1 1 1 pksl conl'iguralirnts 
f't1 l l ow i 1 1g the gc nt:s is o l  I l ic J'orccs :1ct i 1 1g 10 1·e t u m  t he co1Hlc11s:1 1 '" lo 1 1 1 1�. ''va porator. ll·losl 
interest is centred un gr1.1v i ty. c a p i l la ry and n'1 1 t r i luga lly- driw11 Hi's. i . l ' . rc:;pcct ivc l y  the so-called 
1 wu-ph <1Sl' Lhl'l llli)S)'J lho n .  l hl' cap i l lary J II' and t l ic rn l a t ing I iP J'l'1 1 l r l: 1.:omplex schemes were 
alsP st 1 1d it'd and l l�cl 1 11 ically tkn 1 1 1 1 1.• ; t 1 u ted 1 1 �, ing. for na1np ll:, 1 1s 1 1 1 ( 1 t ic and c k· L·. tro11 1 : 1gnl'l il: 
f<H"l.:cs. This variety of pnssihlc a 1H I  mh11s 1 ly  ru 11ctio11 : 1 l  co11 1lg1 1rnt irn1s is t hl' ' migina l s i n '  Lhal 
e xcludes l'.YCll fur lhl' h<1sical Cll l l figurn t ions hcrl' ( \ lll l lL'd - I lle JlO.�Sih i l i ty or de.li11 i 1 1g an 
u n i l'ernal, �;di' rn 1 1tai 1wd 11ia l l1c 1 1 w t ic ;l l  1rn1tlcl rur this c la,�s of dcvin.·s .  1 l l's arc c x t rer1 1l' i y  si 1 11p le. 
tin 1 10\ have J l l l 1 v i 11 J!. parts  inside, arc noiseless. highly rcliahk' and sl 1 1 rdy, do not rcq u in' c 1wrµy 
! i l l  lhl� ir o pc1  at  inn.  a l lo w i n g ,  w i t h  a l i l l lt.'  c 1 1g i 1 1ccrin1• < " lU1 1 1 1 1n11- .<•: 1 1 s'.' . ! hc'ir w:t\ in  ext r\: i lKly 
d i lli c 1 1 l l  cnviri rnnwn t s. I J I ' are characteri1.cd by wry h igh (eq 1 1 i v: 1 1c 1 1 t )  t hcr111al nrnd uctancc in  
c1 1 1nparisi 1 1 11 w i t h  so l id  1 1 1a 1 1 •r i :l ls .  nearly isol hcrmal operat i 1 1 1 1 .  l i te capab i l i ty  t u  ru 1 1cl iu11 as active 
thcr11 1al  d iPdcs or s w itches. a l l 1 1w i 1 1g  them lo ac tive t hermal !\(•]ti rn n t rn l. On t he. o t her hand, the 

sharp bui lding St'll1[l l i 1 · i 1 y and C'CO!Hl l l l ic i ly o f' l fll'SC devices al lows t he eng i l ll'.l' I ill teSl l'.Xll'llSivc.ly 
many prul. ( 1 \yflL'S <kri vall·d from a s i 1 11p l i l icd calc u lal io1 1  record, cre a t i ng a l iroad pcrf"o r11 1a11ce 
charting for the c l iosrn co1 1 ligural io11 ,  for a wide a11 1p l i lude or external parameters. The 
tempera t u re lields wilhin the I IP devices can il lll�ralc ranl!e from �1 ho u l  1lK ( l iq1 1 i c l  fk) In 7000K 

and more ( liq u id 1 1 1l'la ls like 1\g nr I lg a11d c1�r ; 1 1 1 1 ic-carho11 e11vL' i l l Jll'S) ,  lhcir length  from some. 
111i l l i 111cters to some tc11s ol 1 1 1ctns . Cn11 l ignrat i 11n  o f" I IP is l 1 1c 11 s t 1· ic t ly  l ; 1L-ed lo the. spccilic 

appl il' a lion.  
Hi's a rl� k1 1 1 1wn i n  t l ll'ir l i:tsiL:al  n1 1 1 l igu 1 a t i1 1 11s {lwo . .  pliase \ lwr 111osypho11) frn111 tlJC. pasl  

L'Cn t u ry. ()uu t i ng t ill' UK Patent  2 2 ,272 l ibl i n  I 892 from t i le huilcr hu i ldtT I .1 1 <J l 1 1w l'L:rkins, 
H l-'s '111r1y /Je 11sed ji11· a �'ori1'ty of 1111r1111se.1· m1 11111g 1Fhic/1 ore 111e11tio11cd the l1cati11g r1f 
greenho11s1·s. moms, vehicfes. d1yinx-clo.H't.r. ond the like, tire w1irmi118 of the currents of 
voli1111es of air or 1rn/1'1' or other liquids co11tai11erl in 11i11es, tonks, colu11111s, such as 11 'cller 
cmncs (to prc1'1'11t .fre1·;i1 1g) and the m1m1i11g or lrcr11ing 1!f i11f/0111111a!Jle .rnbstrmces . '  No thing 
ll·s� lh:rn thL' app lic:it ions .,,.L. see iuJay in  C \'L'. J y rci'c1c11cc i isL:  w e  Ji lcd more L i la 1 1  four hwufJ"l'd 
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separate applications of I l Ps i n  t he. most 1 1 1 1 th ink;1hlc arc;1s. fnim cryoslabi l izal inn o r  soils l o  
roast-beef cooking.  from n11cll' a r  fusion lo toys, rro111 hea l  rccnvcry to thermnacrndynam ics. 

Today , the areas or com111e 1Tial  sta11dout o r  H P  devices arc i n  the field o r  heal recovery 
from llue gases, special ly in the H Y  AC lick!, and in electrical and elec tron ic systems thermal field 
contro l, w i t h  ex11anding in terest in cryost ahi l ization ( the most extensive single l l P  applicat ion 
ever was the c ryostahi lizal inn o r  the pillars of the /\lycskapipe, i n  the Sevent ies) and in  evacuated 

solar therm al  col lec tors. 
I n  the ga.�- l o-gas I I PI I X .  I IP evaporat ion SL'.CL inns are i n1 1 1 1ersccl in the exhaust ho t-gas 

duel and comlc1 1scrs arc located i 1 1sidc the cool-gas duct; in a gas-lo-gas air pre.healer for a 
mcd i u m-si1.ed steam gencrnlm we can sec st�veral t ho usand single M Ps. ;\ scaled part i t i o n  
prevents drastically every cross-cont ami nation he.tween Lhe nows, a n d  are excellent solut ions i n  
circu lating lluidi1.l:d bed ho i lcrs. where 11ear-1.cro leakage between t he !luxes i s  rnrnpulsory, and 
in l'llal-li rcd boilers w here el i 1 1 1 i 1 1a t io 1 1  or cross-co nta111 i 11al in 1 1  rrom ashes is h ighly appreciated . 
Recent laws and standards 0 11 air pollut ion i 11 1 posc also a review in ! Ill: use of regenera t ive air 

prehc:J lers, c reat in g  m ore al lcntion 01 1  1-1 1'1 IX. Gas- l iquid o r  liqu id-l iquid HPHX and HP 

recovery boilers were huill .  loo. This system is characlcrizcd hy an e x t remely high modu lari ty, 
since each HP is complcLl:ly i 11dcpL'.lldc 1 1 1  rrnm each other. co11sc n t i 11g t he widc�t range or sizes, 
f'rnm small suhwiml n w  sized l ! Y J\C units to iml us t 1  ial boiler or ru macc air prchcatcrs. 1 1 1  I.he last 
case. the HP! I X  is chc;1per and more cost- c r lL'C l i vt: than tuhula1  I l l' n 1 l al i 1 1g c.xclrnngc rs. as 

demonstrated from t he Eight ies I Rd'i. <>.7 1  i n  111any lield cxpe riL•nce.> i 1 1  plants Jucal.ed in the L.JS.  
Japan and Eurnpe,  huth ; is subst i tu tes to rut;iry 1 t•.gd1cra t ive air prelicatc l'.' and as s u p p k•. 1 1 1cnt ary 
units to exist ing ro 1 a 1 y  l l l  get nrnre o u t let gas ten1peralun· lowering.  and even fro m the l a te 
Sixties i n  hydrocarhnn prnccssinl:! pl<1 1 1 ls. [lccausc or i ts m o d ulari t y, i t  can he sh ipped 
economiL·al ly !'m m the factory i n  a 1 1u 1 1 1hn llf small modules, nol requ iring cusll1 1 1i i 1.cd 
t raspor l a t i n n  u nits.  anJ can he asscmhled with very rew pro blems o nce al  the plant, cul ling 
draniat ical ly the related costs. Consisting or single, sc;1led, indipcndenl u nits (a failure or o ne or 
11101 e l ! l's d o n ' t  stop the plant as can hap1w11 w i t h  a coupled coi l ) .  the l l l' l lX is extremely 
reliable and l'an he u ti lized i n  pla 1 1 1s  operat ing in d ifficul L  envirnnnwnts with l i t t le servic i ng. 
I Hds.R,9, 1 0 1  

Rcl ro li t t ing aml 1 c powcring or aged power plants, with so n ic a t ten t i o n  l o  t he o nes o r  low 
power (i .e. 011 the 30 l'v1 W,.,..r11 ;",,1 class) is a pract ice progressively tak ing step in  many co untries, 
to face i 1 1 1pro ved ck.ell ical p 1 >WL'.r rcq uesl witho u t  creating new ph111L  sites. /\ged plants arc oncn 
mantained only to hold the  l ine 011  s i t ing and licensing. avoiding with their transformatinn al l  the  
operations n111m·cll'd wi th  a new .p lant erect ion,  a l lough their poor economical and technical 
pcrrorrnanct:. Por these applicat ions H P l !Xs as air prchc.aters meet a niche for ils u ti l ization. even 
in a depressed oil market quotation. l ! Pl ! X  arc generally more rnrnpacl than o ther heal 

exchangers (about a fourth or a same class tubular, hut still higger t l ia n  regenera tive);  high global 
heal transfe r  coeJlicients a l lows I I P !  ! X s  to work al  lower gas velocit ies, reducing pressure drops. 
noise and power absorption from rans. ro ul ing and corrosion resul t  more manageable, hecuuse 

the l l P H X  is a st�1t ical exchanger w i t h  single H Ps working nearly-isot hermal. and spacing 
between r o ws is rcla tevely h igher l h<lll in ot her heal exchangers. Recent s t u die.� o pen i n terest ing 
perspect ives for the 1 egulal io n  capabilit ies o f  I I PHX; adopting Yal'iahle Conductance HI'  or 
Ther111al S wi tc h  t:on figurat ions, an I IP!  IX pc1for111ance can be w idely adapted lo variable load, 
modify i n g  i ts therm al characteristics or exclud i n g  at a l l  a part or the I I P  rows. 

Altough l h e  I I P  do not inlluencc directly on the mosl  imporlanl cause or excrgy 
destruction and loss. i.e. t he boundary layer, the engineer can opti 111 ize almnsl i ml ipendentcly the 
thermophysical charactc.rislics or each side or the heal exchanger it st'.Ir, w i th t henuotcc hnical 
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n p l imu m gh·ing l it : 1 11.'. l i l s  a l.�o on t lw r:xc r gcl ic global pc 1frn m:1 1 1cc. Tak ing i 1 1  acco unl  lhl� IK'arly·  

isolhennal !l('haviuur nr lite I I I '  tlc:vic1:�. and as.�uming l i te excrgy Jcsl l'\\clion prnporl ion al \ o  lhc 

1c 1 1 1pc1 a t u rc d i l li.' rcnr.:L' lll' l \\U'll  l he L' Xlcrnal l l uxcs, rel°t'tTing lo lhc compar ison or con1endi 1 1g 

l ype.s n f  hea l l'xcha ngers. we can say lhal  rcgl'.lll' ralive types haw no cnnlcsl aga i m•l  I l l ' f l X�, a.� 
do tubular heal e xchangers wltik plate. heal l'.XChnngcrs show a l i l l lc tcmpera \ ure drop. hul  ! he ir  
fou l i n g  prnhlt·n 1.�  multi make t lw grade lo I J l ' l  lXs. 

J - Ernnor11irs of 1 l cal .l<.i:rn\'cry 
As known.  lhL' c l lil' il:ncy ol  a s ll'alll gL�nr:ralor can he wri l lcn a.<>: 

L ,1 <l + n  + <1 p JY '' rt ps 
1 1 , = 1 - ---· = 1 -- -----l .  l; 1 1 .  l: 1 1 .  l' I C 1 

I I )  

where Cle and l l ; a re. t hL� fuel  hou rly ccrns1 1 1 1 1p 1 io11 and the lower lwal in)! value and L:q" is I lle sum 
o r  the  vario 11s e1 1C ' 1  � y  losses, respcclil'l'ly J lw i 1 1 1 1wrf('cl cn1 1 1h1 1 .�1 i 1 1 1 1 . i 1 1 1perkcl insulation a n d  li.>r 
sensible heat. 

Usual l y  q,,, > qp,.+ qi ', ' 1 1 101  L� evi dL' l l t  rur J i ll ie sle:un gr·uern tms . . 
\Ve ilH l'l� i n  l' ilcc l :  

�!'.:_�:IJ:'. �" 0.'.� ;l + (I ;, = ;( 
q ,,, 

(2) 

where ( ! \\Vt�r value or x rekrs to smal l  slcarn ge11c1 a lo rs  (which show higher g:is ou t let 
l.l' l l l fll'ril l mc) :rnd f ill'. h i p. lw.r to I ll!.' 1 <1 1  gl.' 1 1 m�s. 

Th us the Fq. ( I  l lwcomes: 

( 1  + x)'l_i:_ 11 · = I - --l,-l� I..• 
'c I 

Bl'ing sensi ble hl'a l loss expressed hy Lhc ron11 1 1 l <1 :  

q ,., = c_;,. \ 1 + c C ·,., }<\, (T,,. - 'I', ) 

(3) 

(4) 

in which G.,,· is t he theoretical comhusl ion air  l kg/k g l ,  e is the excess air ligure, Tcu is  the oullcl 

gas Lcmperalurc. Tc is i hc oulsiue tcmpcrnl urc and Crg iL the mean value or the spec inc heal in Lhe 

Tgu +T, range. Eq . (3 ) putt ing x '= I I X  becomes: 

Tl c: = 1 -�x ' [ l + e  G�, frs (T�11 -T, )  
' . 

and hy d i ffcrcnl i a 1 i o1 1  with respect lo lhe oullcl lemperalurc: 

TlfJ 

(5) 



I l [ 
. '. ]" ..'..._'.!_\.'._ '°' · - - --·- ;( 1 + <: l• , , . I '.' 1-1 · 1 1 , l .� \I 

(6) 

Eq.  (6) gives l he gai n i n  SIL'<llll genL·rat or m·erall el'licicnL')' as a runct ion or  t he gas 
c111 peralure rcduCLion a t  the ou l le l . 

On the other hand , l'rom lhe c 1 1(' I gy overal l llal;111ce or lhe steam generator: 

11c,G ) I ;  = G ,.1�h (7 ) 

>y d i fferc11 1ialion wilh const ant rat ing cond it ion lhe f'o\lowing relation can he ca 1 ricd oul :  

tml U1en 

d l/( ;C\ + l /ndG0 = 0 

d lfo = _ d(l c 
lfo Ge 

( 8) 

(9) 

Combining Eq .s (6) anc.I (9) we ohtain the expression or the relative fuel saving Jue lo the 

�ain i n  eflicicncy as an effect or T8., reduct ion:  

de, , = -- x  I + e c  • •  , f'Ps �" · I · [ , · }.;- dT G ,  l] c f l ;  ( 1 0) 

Look ing at the whole range or steam ral in g, the only apprc<.:iahle di lTercnce helwcen a 
large steam generator and a sm a l l one in case or a given fuel can he seen in the llr. values; 
referring l o  rucl  oil as examp le, with H; =:40000 I kJ/kgJ, assuming llc ;  == 0.80 and 0.9� ror the 
smal lest and largest ratings respectively, and ncgle<.:ling lhc vacialinn of c11� due lo t he (lillle) 

di llcrcnl le m pera lu re range, Eq. ( 10) hy in tegration gives: 

i'IG 
--

' 
= (O.OOQ(;7 + (\00070) AT • ., G ,  � ( l 1 )  

This means a fuel  saving o f  0.67+0.70 '7o for each JO"C of decrease of T�11• For steam 
ratings of IOOO l/h (Gc=65 l/h) and 10 l/h (Gc=ll.7 tlh) rucl savings of 0.455 tlh a nd l l.0047 Uh 

can he achieved. resrcctivcly. It means a saving in energy consumption of 5055 kW and 52 kW. 
respectively. 

This fuel .�aving rnrresponds to three oil barrclls approximalcly in t he lirst case and lo 
0.(132 o il harrclls i n  the second one, i.e. 54 US$/h and 0,57 US$/h rcspcclively, al mid-April 1997 

o i l prices. 
Since lhe current cosl of an HPHX can he evaluated in -45 US$ per thermal kW 

recovered, the lolal invcslnK'nl cost amounts to 227,475 US$ in the lirsl case and 2,340 US$ i n  
l h e  second one. I t  appears that lhc only capital cosl could h e  pail! i n  one year approximately, in 
hoth cases. 

779 



4 - Jteffffl'llfCS 

( I )  lnhahc.r . I L  - I/mi: 10 S/,n· t/ie Nit11/Jy Dmgo11 - X V I  l t 1krsodct�· Energy Co1wersion 
Engi neering Confer·e1 1ce . l3ostu11 1 99 1  . IV V( d . , IW ·IX/5.1 
(2) Wchh, J. - Con W1' team ffJ f ,111'<' 1'11' Wi11rl ? - N ew Srir n l ist . n'' 1 9:14 .  vuL I 'I .\ I 6 Ju ly  
1 994 . pp.  1 2 - 1 4  
(3) Reay, D . A .  - Her// 'J'ran �f('r f:11/it111f'e1111'11/ · 11 Rl'vil' l t '  1f Tec/111 il111c and 711eir Pr>.>si/.1/e Nole 
fJll Energy E.'((icirncy in 1'11' UK - I I  eat Rcrm·ery Sysl cms & C H P  - vol .  X I ,  1 99 I .  pp. I -40 

(4) M o l i n a ri . G. and Trojani . A..l . - l1 1dagi11e 7'er1110/htit!odi11r1111ic11 .ml Tu/Jo di Ca/nrc Rownre 
XL Co11grcsso N al.ionai<' clclla Assod;u:ionc ' h•r111okcnira l ta l iana . Tt icslc . I 9X5 

(5) Paghri . A - Heat l' ipe Sciem'l' mul Technology - Tay lor & F1 ancis , Lundu11 1 995 

(6) f�ra n k l in,H . N .  and Tal mud.F.M. - Eco1111111ics 1�( llea1 l'ip1• Air l'rdwrtr1'rfor Primm·y A ir 
Systems - Joi n t  Power Generat ion Conference , St .  Lnuis . 1 98 I 
(7 ) M isner. T.L. and Frnnk l i n .l l .N.  - Coal Fired O;Ji'r111i11f! Ex111•rioc11ce Wirh a Jfrm Pi/W Air 

PreheMer - A 111crica11 Power Co111'rrr1wr , < 'h iC 'ap. 1 1 .  l 1>l:U 
( 8 )  S m ock.I� . - /11'11/ l'i11<' F'i11d.1 1\ ir l'1 e/11.'11 1  A ['plica1io11s in l'01ra l'/111 1 1s - Power Engineering 
- t\1 arc h  1 988  , pp. > 10 ,, I 

(9) Fran k l i n . N. R. - IJ11 iltli11g <t lJ1•1tl'f' lfror l'i1w - M l'c:hauicnl Engineering - A ugust I 9<J() 
pp.52 -54 

( I O) Col l i ns.S . .. Wha1 10 Look j(1r in lfc111 /'ipl's, Gos-111 Gas I-frat Exchangas - 1'01n�r . May 
1 992 . pp I l l2· I 0(1 

/llO 



K i t  d e s i g n i n g  a n d  ass e m b l i n g  o f  sola r ene rgy pla n ts 

by p e o p le " i t h  d i ffe ren t a b i l i t i es 

l'vl 13ozze l l i , :\ 1\ l i c a r rgcl i ,  R R a n d i ,  L Fanti l l i . 

U n i '  c r s i lv or R o r n c  ' ' I .a S a p i e n za" 

c 1 n r s  - I n 1eru n i 1  crs i t y  ll ese<i r c h  C e n t r e  Oil Deve lop i ng Cou n t r  i cs 

1 , LLTEC - I n dependent  L i fe Tec h n o logies 

IS ES- 11al ia  - l 1 1 tcrnational Sol a r  Energy Soc i c l y - l t a l i a n  branch 

I n t ro d u c t i o n  

I ta ly  i s  among t h ose cou n l r i es which  i n  the  p a s t  yea r s  h a v e  r ecogni zed t h e  i m po r t a n ce 
of new a n d  r en cw<ib l e  energy sou rces, and have i n vested financ i a l  and s c ien t i fi c r e:;uu r·ccs 
to i m p r ove and p r o m o l e  the  ut i l iza l ion of eco log i ca l l y " c l ean" en ergy system s 

l_'., ·cn if so11 1c  pos i l i ve resu l t�; h ave been a c h i eved, m uch s l i l l  r e11 1 a i 11 s lo be ch, r 1 e  to r ea c h  
t h e  i m por t a n t  goa l of a fu l l  expl o i tat ion of l h e  e n t i r e  po len t i a l  of n ew a n d  r en e wa b l e  

energy sou r ces w h i c h  i s  part i cu l a r l y  1 e l e1 a n t  i n  o u r  Cou n t r y  a s  wel l  as i n  1 1 1 ; 1 1 1y 
Developing Co u n l r i es (DCs). 

This  work concern t h e  design and cons lnrct ion  of a solar  1 h er11 1a l  p l a n !  p rodu c i ng hot 

1�ater for domestic use. A l though pl ants o f  the same k i nd arc wel l  k nown, this one h a s  
been concei ved keep i ng i n  m i nd t h e  s p e c i a l  reaturc that  i t  h ad lo be assem b l ed b y  p eop l e 
with  mental  a nd/or m o lor  d i s ab i l i t ies . I t  was successfu l l y  carried ou t in Rome, I ta l y 1 11 

1 996. 

The a p µ l i c a l i o n  of a s i m i lar  m ethodology i n  o u r  own country as we l l  as i n  DCs, cou l d  
l ead to the pl'od uct ion and com m erci a l i za t i o n  o f  a "solar pla n t  assem bly k i t '" tlrn t cou l d  
r ep r esent  an o pportuni ty  for t h e  d isab led t o  b e  em p lo yed i n  new l y  cre,\led m icro 

en le r prises so t h a t  t h ey can pe r ce i ve them s e l ves as an acl ive  part or sociely i nstead of 
be ing 111 ;1 i n t a i ned o n  welfar e , B y  doing so, two i m po r ta n l objecl i vcs wi l l  be a � h i eved t ti 
ncale n e w  jobs for the d is a b l ed a n d sprea c.l i ng t h i s  ener gy s a\' i ng, c fl i c i c n t  a 1 1 d  
e n v i ronmen t a l l y  c l pn technology 

Ncl•ds 

The p l a n t  was d es i g 1 1 cd to m eel  t h e  needs fo r ho t water of an a l r eacy ex i s 1 i n g  

"ass is tance h o m e'" T h e  nu m be r o r  1 es i de1 1 ts  i n  the  home i s  var i a b l e, w i t h  an a \'C l ilge 

nurnher of 1 8  peop l e ( a d u l l s  a n d  ch i l d r en)  The greatest n eec.I for hot water is wncenl r atcd 

i n  the rnorn i ng J(_1r showers a 11 d d i sh -was h i ng and aga i n  a fter  l u n c h  and in  l h c  late 

a fternoon. This l ypc o r  u t i l i zation is part i cu l a r l y  sui 1ed !01 a solar 1he1 mat  plant because 

lhe g r eat es t  n eed oJ '  lwl waler i s  co r1cen 1 r a ted in t hose hol l l s  o f  the day in w h i c h  lhe sun ' s  

� " · 



rad ia l i l • n  is < 1 1  i l s  h i ghest  l e i  el Ti l l· d a i l v  1 eq 1 1 i 1 t.' 1 1 1 c nt :; fo1 hot  water was es t i m at ed n l  8 .'i O  
l i ters 

l'lant Design 

T h e cn1 1st 1 1 1 c l i \ e a 11 d n pr ra l inn a l s i 1 1 1 p l i r l l y u l' a so l a r p l a n t pe1 n1 i l s  i fs const 1 ue 1 ion by  
h a n d i u ;1J'l s m c1 1 .  11 i l houl enga g i ng so p h i s l i c a t..: d  an d expens i1·e e q u 1 p 1 1 1en l  a n d  m achi 1 1e  

illl l l S  

T h e p l a n t  d e s i g n  has heen l'l11lt  l' i \' (:d 1 1 1  l l l l'L'l l h e  n ece!:s i l y  of us ing a · · t1u - i t-ym1 1  se lf '  
m eth 1 1d  l i l< it \1 0\ J l d  JlCr' l l l l (  the  f1 1 1 i  l l l i l i z:al lOn of t h e  n�s 1 d 1 1 n l  :ib i l i l i es uf the  d i sabled 

ope 1 a trn s 11 lw \•. m i l d  be ca r 1 y 1 ng Ll l l l  l h e  p l a n ! 
Fur lhe  sa 11 1e cnncepl of "dL>- i t -yllu i sel l .. a lso t h e con d i t ions " easy to be found" and  

' l. l l l l l l l l t'I C i a i l v  a 1 a i l a l i ie" \\"l' l l'  i 1 1 1 pl !S l'd ro1 i l l l' l l l a l l' l l <l l S  1 1, 1  l i e  l l i i i i ;r.l'd 

T he p l i1 11 1  was ass e 111 b kd i n  a 1 11 c c h a n i ca l  wmk slwp hy per son ; w i t h  a menta l  a11d/rn 

l1Hl l ! l 1  d i s ab i l i 1 y . 1 1 1Hb the g u i d a 1 1 c e  of i 11 st 1 u c1ors experienced in d ea l ing 11 i 1 h  cl i sa b l ed 

pen1 1 1 ,_� 

Tht� 11 01 k slwp d i d  no l ha1·c soph i s 1 i ,· a 1 c d  cq1 1 i pm c n 1  n 1  pc 1sn 1 1nc l  spec i a l i zccl i n  t h e  
b u i l d i 1 1 ,u or su l a 1  p lan t s  T h e y  had n ever b11 i l 1  a so l a r  p l :1 1 1 1  s i nce then For t h i s  r('ason. 
pa r1 i c 1 1 l :1 1  a t ten t ion  11·a� given in 1hc d C's ign i ng p h :1sc  I L >  i id' 1 J ' I  al l  t he  bu i l d i ng a 1 1 d  
<1SSe1 1 1 b J i 11g Jll UL:edUJ CS to l i t e  a b i l i t i es o r  i ll <? d isabled 1 \ h \J l\ Oll l d  i JL'  i n s t a l l i ng th e p J a n l 

( w i t h  the h e l p  of t h e  i n s l 1 uc1msl 1 11 t h i s  sense i t  is app1np 1 i 11 1 c  to t a l k  ah(>UI " "do- i t 
vou r sc l l" '  method t l 1 1 01 1gh 1 1 1 i l i 1a t iu 1 1 o f  . .  ' poPI l cc h 1w logy" 
The tuo ls  a n d  the  m a c h i nes neL·cssar y rm cons 1 ni nion had 10 he the  one� usua l l y  c 1 1 1 p k1ycd 
i n  I l ic  \I  01  ks lwp 

In order l o  enab l e- d i sa h kd pc1 so11s tn ; ; <· l l l a l l y  ; 1sse 111 b l c  t h e  p l an t .  parl i c u l a r  a t tent io n  
w a s  gi 1·c11 to  

a )  i h c  d i 11 1e 11s in n �; n f caL h pa 1 1 :  
Ii ) I l ic  111 a l c 1 1a ls u t 1 l 1 zed ( 1 1n11 - lo:\ 1 c ) .  
c )  spec ia l  k i l s  fi.>1 bo l ts a n d  d i es :  

d )  t ea c h i n g  1noven1 en!s  \\ h i e ! !  can i i n p ! l�\ e CPn: d i n � ! io i � ,  
e) avoidance of m ech a n i ca l opera l ions w h i c h  11 o u l d  p 1 esc1 1 1  1 i sks  fo 1  t hr opcra t o 1 s .  

s u c h  a s  elect r i ca l  we l d i ng ancl t h e  u 1 i l iza1 in1 1 of plH tab lc 111 i l l i ng c u t t ers a11d d 1 i l l s  

At i h c  same t i m e t h e  d o u b l e  ohjec l i vc ( 1 cc h 11 i ca l a n d  f'u 1 1c t ion a l )  o f '  t h e  p l an t  11 as  kep t  i n  
m i nd 

a )  carry nut < 1  d 1 1 rn b l e  a 1 1d dli c i e1 1 1  p lan t  h�l\ · i ng c h aracl l' r i s t i cs com pa rab le  to a s i m i lar  
com merc i a l  p roduct,  

b)  max im ize the co n t r i b u t ion  11 1 .ide by t h e  d i sab led operators th 1 ough a bu i l d i ng ancl 

asse11 1h ly process wh ich wou ld  gi v e  a d i dac t i c  \'a h 1 c  IP Occupat io n a l  Therapy,  a n d  cou l d  

be eas i l y  1 cproduced i n  o t h e r  wo1 kshops. 

I n  a n y  c a s e .  t h e  c h o i ces m ade, 11 c1 e a i m ed al good qua l i tv p 1 od u c t i o n. 

I n  considci a t i o n  of 11 h a l  h as been described : ihol'e, the fo l lowing deci s ions  were taken 

a) Acquis i t ion or s teel p l a l es a l i  cady benl fil l  ! h L� box because o r  t h e  hick or  a proper ben d i ng 
m ach ine  



I I  \\ as  p1 cfrrab l c  lo i n c r ease the n u m b er or b o l l  j u n c t i o ns for j o i n i n g  t h e  su pprn l i n g  

s tru cture e l e m e 1 1 ls, a ra 111 i l i a r  opc1 at ion for t h e  ope1 ato1 s, a n d  d ecr ease a s  m u c h  a s  poss i b l e 
the num ber nf \\ c l  d i ngs, t h e  las !  be ing an oper nt ion tha t  cou l d  be h a rd l y  done by t h e  

d i sabled,  a n d  a dangerous one;  

b) respect fo r t h L: e n v i ro n ment  a n d  in  pa 1 t i c u l a 1  rm t h e  hea l t h  o f  the npe 1 ato 1 s i m posed t h e  

ut i l iza t ion o f  non - t o ;.; i c  produc ts fo1 t h e  varn i s h i n g  pwcess o r  t h e  su pp(11 t i ng s t ructu r e, 

c) the t ra nsparent  cm·er i n  110/1nrrho11u1e \\'Ou l d  g i \ e t h e  poss i b i l i t y  to the ope1 a tn 1 s to carry 
out t h e  fi n a l  assem b l y  w i t ho1 1 t  the r isks t h a t  glass pr esen t s  

1'/ie rntl'hi111: ele1111!11/ ( l - Fii:. !) : 

is fo1 m ed by 1 2  I Ct.: l a 1 1gu l a t t u b es of ga l \ ;1 1 1 i zed s lee J  c l osed at t h e  ex t re m i t i es bv bnt tn m s  
o f  the same m ater i a l ,  \\' e lded a n d  p r (l\' i ded \\' i t h  t h r eaded holes for t h e  i ns t a l l a t i o n  
con nectors lo t h e  p i p e l i n e  The tubes a1  e connected bet\\'een themse l \'es ;i nd to t h e  

col lectors w i t h  po lyeth y l ene tubes and  t a pc1 t'cl p i p e  connect ions T h e  tota l  catc h i ng su rface 
is about 1 2  6 sq 1 1a 1  e rnete1  s 
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l s  formed by po lyu r e t h n n e  p l n tes and h as t h e  bas ic  fu n c t io n  fol good p l a n t  eJil c icncy or 
i nsu la t ion  fr o 1 1 1  the o u t s i d e  e11\' i rn 11 1 11 c11 1  and lo p1 cvc1 1 l  u 1 1 cl cs i 1 ed heat  esrn pes 

The S il l l le  m a teri a l  w i t h lh l' S i1 1 1 1C  fu nc t ion goes a l l  a1 uund t h e  per i m ete r  or the "box" 

·1 0 'l  



The top su rface or t h e  po l yur ethane p la te is covered, before i ns ta l l i ng the tubes, w i t h  a 
li l m  of a l u m i n i u m for domest ic  use The purpose of th i s  li l 111 is to i ncrease t he effi c i ency 
nr t h e  sy.-;tcn1 . re fl ect i ng t h <' s n l a r  rnd iat ion w i t h i n  the box and an1 i d i n g  the heat ing of the 

u nder ly i ng po l yu 1 eth ane 

Trt11ispare111 .1·fmt11111 1�( po�1·carh111111f £' (3-FiJ:. I): 
! l as the fu nct ion of protec t i n g  the ca tc h i ng elements from atmos pher ic agents and o f  
con t 1 i bu t i ng t o  t h e i r  h ea t i n g  by dcte1 111 i n i 11g a "green house effect" i ns i d e  t h e  box. 

The r cason for u s i n g  pol yca rbonate i nstead of g l ass is because the need to be not  
break ab l e, i n 01 der t o  be not dangerous handled by menta l  d i sabled I ts transparency 
coeflicient  is  almost the same of glass and the optic<1I properties are guaranteed to last for 
ien yeaj  s ai  leasl. 

l'repai11ted pli11.1phati:;.1•tl .�fed .1·/ieet hox (4-FiJ:. /) : 

G i ves s he l ter to t h e  whole pane l protect i ng it from atmospheric agents and preven t i ng 
heal escapes towa 1 ds t h e  environment .  A l l  the j u n .: t io1 1s  of th is  e l em en t a rc scaled w i th 
s i l i cone pas te 

S11pp11rti11g .1·trnct1/l'e 

The panel ,  com p l e ted with  a l l  i t s  e lements .  is su pprn ted by a structu re. m ade b y  " I "  

rnrn ers of sweet s t ee l ; 1pprup1 i a le ly  cu l a n d  scrc1ved toge\ h cr 

A.\'SF:MJJJ. 1' & JJUJl.l>Jl\'(; PllAS/:'S 

- C11fli11;: '!(the f1111J.:1'/'IJll.\' 

The constru c t i o n  b egan with the 1.'• H r i ng cf i he  longerons that  represent part o f  the 
su pport i ng s t ructure 
U 1 1der  the gu i d a nce of t h e  i 1 1 s tru c t u 1 s ,  the d isabled c.iperato r s  pe1 so 11a l ly ma11euvered the 

cropper. I n  th is  ph ase t h ey look tu 1 11s i n  maneuvering the machine  tool  w i t h  i n terest and 
�nl i :; f'act ion 

- /)rilli111: 11f' t/11' fonJ:t'l'flm mu/ 111ilfi111: 11( th< '  l111fn· 
This wor k i s  no r m a l l y  carr ied ou t b y  t h e  u�e uf 11 cu l u 1 1 1 n d1 i l l  w h i c h ,  bei ng a d esk 
i ns tn11nen t, i s  not  d a ngerous . 1 la\' i n g  pos i t ioned t h e  p i crc with  t h e  he l p or t h e  i ns t ructors , 

the operat ions were per sona l l y exec1r tcd by the d is ab l ed operatLirs 

Scrc11• tlirc111/i111-: '!( tli l' t11/111 /11r1 

The operat ion is in no ll'ay dange 1 ous In  s p i t e  of t h e  fact  that  t h e  s m a l l  m anu a l t h 1 ead i ng 
m ach i ne requ i red cons iderab l e  a b i l i ty ,  i t  was le<1 1 n ed by t h e  d i sab led operato1 s  wi th  the 

gu ida ni.:c of t h e  i 1 1 s t 1 uctors The t h rt-a r l i n !_'.  o f  t he hydr a u l i c  tub<:s i nstead, dur ing the  

fo l lowing phase o f  i ns t a l la t ion  o f  the p a n els,  was car r i ed ou t by th e operators us i ng a 

stan d i n g  th read i ng m ac h i ne,  w h i c h  was m uch eas ier to operate 

- C11tti11K '!( the p1111el.1· '!I i11.m/111i11g 1111/leri11/ (poly11ret/11111e) 

The operator s d i d  not fo u n d  g 1 e<1 l d i fficu l ty i n  s h a p i ng the pa 1 1c ls  i n  the req u i r ed 
d i m t:ns ions  w i t h  t h e  h e l p o f a s i m p l e  r as p i n g  li l c  a1 1d  a k n i l'e 
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- Fi1111/ 11.1".1"e111bli11g r!f" tire ele111e11f.\' 1111d 1•11r11i.�lri11g 

I n  th is  task the  operators founu no u i ffi cu l ty at a l l ,  and the  benefi t to t h e i r  own personal i ty 
in terms of ab i l i ty, com m u n i cat ion an co-r n d i n at ion we1 e cert i fied b y  their  docto r s  and 
rehab i l i ta t ion t h erapists 

lf'elding f!( rlre .mpporfi11g .\"frucfure 

The fram e  rests on t h e  floor w i th four ( t ri angu lar)  supports t hat giYe t h e  structure a n  

i n c l i rrn t ion correspo n d i ng approx i m ately lo the  l o c a l  la t i tude E a c h  t r i angle  is  made of the  
un ion o f  three par ts of l ongeron. For s i m p l ic i ty  and rap id i ty  of constrn c t i o n  welded 
ju nct ions were u sed . This operat ion was e n t i r ely execu ted by the  i nst r u ctors, for the  r eason 
m en t ioned above. 

G 1 eat  sat isfact ion was expe1 i en ced by the  d i sabled operators upon com p l et i o n  of t h i s  
project  w h i c h  t h e y ,  t hemselves had carried out 

Supporting Structure 

The support i n g  s t rn cture of the s o l ar col l ecto 1 s  rea l i zed with  m i l d  steel cut to a " L" form 
50 mm x 50 111 1 11 , was des igned w i th r e l'ercnce to the construction tec h n i ques sel ected for 
the d isab l e d  opera tors 

The work i ngs u t i l i zed du1 ing the construct ion of the suppo1 t i ng structure o f  the box and 
of the pi pes for the  connect ing system between the  panels  and the user c i rc u i t ,  where 
chosen from the most sare o n es. 

The equ i p m e n t  and the m a c h i nes present in the  workshop w here fu l l y  u t i l i zed w i thout 

pur chas ing n ew o nes. 

Few m ac h i n es that  wher e actua l l y  Used a1 c l i sted below 

a )  a cropper for meta ls ;  

b )  sens i t ive col u m n  dr i l l i ng m ac h i ne; 

c) porta b l e  d ri l l i n g  m ac h i n e  (operated by the i nstructors). 

Part i c u l a r  ri tte 1 1 t io 1 1  was pa id  to avoid the u t i l izat ion ur elcct r  ica l  1 1011 desk m a c h i nes that 

cou l d  be source o r  danger for the operato r s  

I n  the  s a m e  w a y  other oper ators lea r ned to u s e  th r ead i ng d i e  and they h a d  t h e  
poss i b i l i ty t o  i ncrease t h e i r  m a n u a l  ab i l i ty, u t i l iz i ng, for th is  act i v i ty mon key wrench,  

b l ades for  c u t t i ng the polyu rethane, b rush ror pa i n t i ng t h e  structure. 

The operat i o n s  o r  prepa ring the  bolts  and \Vash ers, t h e i r  i ns t a l l a t i o n  and scr ewi ng, 

represent i m porta n t  exer c i ses or eye-lr nncl coord i nat ion for the d isabled.  

Great  attention h as also b een paid in  t h e  sen s i t i zat ion of operators and instn1 ctors to the 
constant  respect or the  norms for the acc i dents p r event ion ( fo r  exam p l e :  ut i l i zat ion of 

gloves and eye gl asses for wor k i ng use). 

Considering t h e  appren t i c es h i p  !'unc t ion  t hat  th is  wor k i ng m ethodo logy had,  the  t i m i ng 
of workings and of the t1 a i n ing lessons was progra m m ed to be done in seri es i n  order to 
gi ve, to a l l  the d is a b l ed operators. the  opport u n i ty to ass ist  and p ar t i c i pate to every_ ev ent 
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The su pport i ng su u ct u r e  pf the  so l a r  co l l ec tor has  a r eL· t :rngu l a r· for m \I i t h  o r 1c  s i d e  or 
(, 1 1 1  ( ho s e )  and the nthcr  o f  I 1 1 1 , a 1 1d is  ll x e d  t 1 1 1  fi n r r· t r i a ngu l a r  supporl s ,  t h a t  ha\  e 
suppr_1 1 t i n g  f1 1 n c l i l ln  a 1 1 d  pc1 1 1 1 i l  l < i  pos i t i 1 J 1 1  t lw su r fa u· of t h e  rn l l cc lor  lcm ards t h e  s u n  a l  
t l 1 c  chnsen i n c l i n at i o n  t d '  ·t; •• 

Once p r oc u 1 ed a l l  t h e  11 1 a le r i ; i l :: e n d  s c !  u p l h t: r 1 1 ;1c l1 1 1 1 c  l l lo ls ,  ! h e  cunst ru c l ion of t h e  
s t r u c l u r c  begi n s  11 i 1 h ! h e  mark i ng o t' t h e  s c c t i n 1 1 s  !'o r cul l i n g  dcw. 1 1  t h t' p a rt s  acco r d i ng l o  
t h e  d es i gn 

I n  t h i s  !ask t h e  d i s a b led l' J H: r a lo r s fa 1 1 1 i l 1 a r  1 zcd ll' i l h  us i n g  t l1r_: 1 r :1 c i 1 1 g  po i n t  a n d  the 
S!J U il l  e 

I he 1 1 1 C 1\' i m c n 1 a 1 i , 1 1 1  of t h e  p a r  ls i> e:-:ecu led b y  bnt h t h e  d i sab l e d  < > per;1to 1 s and by the 
i 11 s t 1 u rt rn :; 1•. e : 1 1 i n u  p ro t cc 1 i 1 'l.' g lm·cs 

Dur i n �. 1 J 1 e  d 1  i l l i 1 1 g  "P•: < : < l. i 1 1 1 1 -; 1 1 1"  i n o; l 1 l l <" l " 1  m 1 " 1  fn l lm1 h n r h  ! lw n 1 1er;1 Jor  1 ' 1 : 1 1  uses t h e  
d 1 i l l  a n d  t i l t� l1 JW1 <1 l l l 1  1 ' 1 ; 1 !  r en 1 1 1 1 ·t·s t h e  c h i p:; a n d  h r b r i fi c a t es l l H '  parts J'o1 t h e  co1 1 l 1 ll l  of t h e  
heat l ' l l ldl l c:cr!  by rr l l t i < ' l l  

l h e  1( > 1 1 0 11 i ng :; p,T i <1 I  l a \ . l c  ( t alik 1 1  ' I )  1 1  ;1s s t u d i ed a n d  used  l o  chnosc, t he m a t e r· i a ls ,  
t l 1 ,� p :i : t s ,  the  u l cn s i ls ,  ;1 1 1d  c1 e1 y 1 h i 1 1 g  Iha !  11 ;1s 1 wcdcd l't i r  the  co1 1 ect  a 1 1d  s a fe c .\ e c u t i n n  o f  
t h e  p r  t1_j ct· t  

Co11 r l m i o 11s  

The f"i r s t 1 1 1casu 1 c 1 1 1 t· 1 1 1 s  oi' t h e  1 1 1 a i 1 1 p h \· s r r:i l  p:1 1 a 1 1 1 L� l e r s  \\"e took ·· 0 1 1  lht� ll c l d "  p 1 t1' cd t ll il t  
t h e  ctTi c i t·rH:y o l' a s o l : 1 1  t h L' 1 111 a l  p l a n t  b r r r l t  1 he 11 ,1y 11 e d i d  i s  co1 1 1 pa1 ;1h k ll' i t h  t l r a l  C1f 
s i 111 i l ;1 1  c0 1 1 1 1 1 1 c 1 c i a l l v  :1 1 <r i l ab l e  p r t iduL' I S .  l1 1 1 I  1 1 1u 1 e 1 c1 1 1 a 1 k ;i h l y  11 c cou l d  asce1 t a i 1 1 hu11 t h e  
it pp J i C il f i c1 1 1  u i '  i l  l l l� IV  a c t  i i  i t y  p r c:;t: l lktl  I l l  t i re d i , ,1b ktl t'I J ' t' l ' i l (\1 r S  Stl f ( l  l l l i l l ; c  t l i C l l l  f 'ee J  
acq u a i 1 1 t t:d  :1 11 d p1 ot ago 1 1 i .o; t s .  h : 1s  r a isc·d 1 1 1  1he 1 1 1  g 1 e: 1 1  i 1 1 1c1 est :\ I I  t h is c a used :1 s u 1 pr i s 1 1 1g 
i n c r ease 0 1' : 1 t t e 1 1 l i t 1 1 1  i n  t he e.\t'c u 1 iu 11 u C 1 1 1 : 1 1 1ua l  op1:1 a l i t1 1 1 s  o f g1 ca t c 1  d 1 l igcnrc 

\V i t h  t i n:  lll'CeSS: t l  \ '  i1 S '> i S l <1 1 1 U.' , i t  W < I S  poss i J i k  l tl  l l' : 1L" h  '> O n 1 C  of lhc  OJlt' i il ( U I S  <;() ll JL' 
com p l e.\ opc1 a l i o 1 1 .'> '> t l <� l r  as l i l t '  l l S t' r d  u l l t 1 1 1 1 1 1  1.h i l l  ;1 1 1d o l' t i r e  rn 1 t i n g  1 1 1 :1 c l r 1 n c , cx p l a i 1 1 i 1 1g 
i n  r !Pl a i l  w h i , · I ,  "J1 l ' r: .1 t " "" ' "  ,_. ,. , . ,  1 1 1 1_• : ind i 1 1 " 1 1 : 1 1  n r r l 1 • 1  

S u c h  c\ 1w1 icnre cuu l d  h t' r Tpeal i:d i n  a l ; 1 1 .1• c1  o;t :r l c  a n d  : t  1 1 1 i c 1 tl · C 1 1 l erp1 i se  o f' t l r i s  !.- i nd 

l ie  set 1 1 p  1 1 1  utSl' it J 1 ; i d  lo l i e  dom� i n  a d L· 1 · l' l " p 1 1 1.u cou 1 1 l 1 y ,  t i re  " du - i l - � 1 J l1 1 ,el r· · apJH t iac l r  
n l l mv� rh"  J1 l ;1 1 1 1 · ., d c·, i 1 ·.n  I n ' "� adap 1 1·d t n  I l i c  i l lc: : r l 1 ea l i t 1· h y  1 1 � i n g  l < w a l l \' a \'; 1 i L1 h lc l t l l\ 
t os t  1 n a t c 1  i a l :; 

A l l  t l r i s  1\ i l l  lead lo t h e  c:r ,·;1 l i tH1 ol '  I l l' ""  j l >hs  ;1 1 i r.l i 1 1 cu 1 1 1e  i n  l ire wu1 I d ' s  1 cg iu 1 1 s  " 1 1  bnth 
s m a l l  a n d  l a 1 ge st·a l c  I ec l r 1 1n lug1 i'u1 the  u t i l i za t i t 1 1 1  o r  r enewab l e  cnc1gy sou1 cc:; a l t huugl r  
conven ient  p1 01· i d cs 1 1w< 1: 1\·0 1 k 1ha 1 1  t i re  r.:u1l\ 'en t i 1 1 1r n l  and (:c; n t r a l i zcd c1 1 1cs For 1 h i s  r easu1 1  
i t  cou l d  l rc lp  t o  s1 i l n� 1 1 1 n b l e n 1 s  o r  1 1 11c 1 1 1 pk1y 1 1 1c 1 1 t  a n d  1 c- i nse1 t i o 11 or peop l e  11 h i t  d i ffe1 c11 t  
ab i l i ty ,  and u t l l l' 1  d r u p  out  peo p l e  
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ADVANCED RECEIVER FOR DIRECT SO LAR S T EA M  PRODUCTION I N  

PARABOLIC TRO U G H  SOLAH POWER PLANTS (ARDISS P ROJECT) - MAIN 

RESU LTS. 

Alfio G a lata 
Fabrizio Sperduto 

Conplwebus s. c r.I. - Zona lnduslriale. Passo Mattina 95030 Catania Fax. +39 95 29 1246 

ABSTRACT 
ARDiSS project financed by EU within l / 1e frame of Joule II programme has developed an 
Advanced Receiver for  DISS (D irect Solar Steam) production in parabolic trough solar power 
plants. DISS system implementation, probably, is the most promis ing technology to promote 
and to speed up the commercialisation of the S EG S  (Solar Eiectric Generation System) 
plants. 
The project was carried out by: C I EMAT-Spain (co-ordinator); CONPHOEBUS- ltaly; INETl
Portugal ;  ZSW-Stuttgort . 
Within th i s  project, the partners analysed Hie technical options of the DISS proce s s  and 
developed a receiver prototype accomplishing the requirements of the DISS process 
To fulfil the above aims, some relevant power plant's cornpommts, deve loped in the last 
years, have been integrated i n  the Second Stage Concentrator (SSC) receiver. 
Main tasks performed have been: 

• Design,  construction and test i1 1g of the Second Stage Concentrator Receiver; 
• Theoretica l and experim ental studies on Direct Stearn Generation;  
• SEGS plants Simulations to al low an assessment or the solar driver r  e lectrici ty pr oduction 

systems applyinq t i le DISS concept; 
• DSG-SEGS benefits versus al ready cons o l idated Oil-SEGS power plant.  
H1is paper wi l l  show results and new SSC's performances. F urther unexpected 
impr ovements have been achieved on mass flow ranqe in the DSG process ,  demonstrnt ino 
large potential of a pplication to solar fields for electricity production with parabolic troughs. 

I .  Solar field de scriptio n 

The most important element of a SEGS (Solar Electric Generation Sys tem) power pl;:int 
based o n  parabolic troug�1s is the Sol::ir Field (SF). It can be ideally divided in sub fields in 
which several parabolic lrouglls are arranged and l inked using standard typologies or 
distribution pipes and con nections (mainly: serial ,  parallel, direct and indirect return). 
Parabolic troughs are assembled using two elements: parabolic mirrors (the concentrator) 
and absorbers. Fi=ir.h SF'c; sub field is built up of sevorol concentratorn l inP.8 named solar field 
rows. Since parabolic troughs rotates above one axis, the most common S F's orientation is 
given by: Sou th-North or East-West rotation axis.  Depending on the type of fluid flowing 
trough the a bsorber, SEGS plants are classified as: Oil system and Water-Steam or DSG 
(Direct Steam Ger1era tion) systems. While Oil systems plants are alr eady in serv ice (south of 
California, USA), up to now no DSG-SEGS power plants have been built. 

2. DSG vs. oil systems 

Oil systems SEGS are built  of two separate therm a l circuits . I l1e first one uses oil  a s  HTF 
( H eat Trnnsfer Fluicl } ,  the second one water/steam . 
By mean or a series of heal exchange rs (preheating .  boiling a n d  superl1ealing exchangers) , 
ci l  transfe rs thermal  power to the water which operates the Rankine thermal cycle. Generally, 
to overcame low solar beam radiation conditions on SF, all  oil SEGS are equipped with a 
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backup system, (natural gas or fossil oil fired) to guarantee electric production whatever 
weather conditions occur. 
DSG systems use only one HTF circuit and implement Rankine cycle directly within the SF .  
Since no heat exchanger exists, generally fixed plant cost decreases and global SEGS plant 
efficiency increases. To get steam directly from the SF,  is not a straightforward task, and 
many thermal parameters must be taken into account to avoid bad water flowing conditions 
inside the SF .  Bad flowing conditions generally occur within that absorber's section in which 
boiling occurs, and to achieve high convective heat transfer coefficient the annular flow must 
be guarantee. 
Thanks to a wide experimental phase, ZSW (D) was able to define the minimum mass flow 
density [kg/(sm2)] values which must be guarantee to avoid bad flowing condition as bubbles 
or  stratified flow. Improvements to absorber design has been carried on by lneti (P) and 
Ciemat (E)  which introduced also a study on the SSC (Second Stage Concentrator). 

3, Absorber improvements: SSC concentrator 

Vuh (cm) 

·I 

·• 

., 

S."iC lt"':ti,nfnc ACEZO Clol-Jl:l I!-\ dcitR1.trt1 .. o-r1,oo: (I Trnnr.rlo-86.0� 

.2 ·• 0 X•1h (nM) 

SSC DESIGN 

Absorber has been improved and 
implemented in the SSC receiver. The final  
design version is shown in  the figure above. 
SSC receiver is a mean to increase 
concentration ratio avoiding large decrease 
in the collector optical efficiency. It consists 
of a shaped mirror inserted in a glass jacket 
that redirect solar radiation sent by the 
primary reflector (primary concentrator) to a 
smaller absorber. The studies on SSC can 
be summarize in the following steps: 

Optical behaviour: Shaping and fixation of 
the mirror to be inserted in a long glass 
tube; mirror durability, as its working 
temperature can be over 200°C, and 
reflectivity; absorber and glass coatings ;  

• Thermal behaviour: Heat  losses, stresses 
in the glass jacket; 

• Behaviour in the sun:  Non homogeneous 
il lumination, collector movement, 
mounting and fixation in the collector. 

4. Ardiss solar field ancl Power block design 

In addition to DSG and SSC studies, the a im of  the Ardiss project was to design a SEGS 
plant implementing both DSG and SSC techniques. To predict long term electricity 
production it was necessary to define a special solar field named "Ardiss solar field" coupled 
to the Power Block (PB). Bolh Ardiss SF and PB needed to be sized. ZSW defined the 
Ardiss SF and PB sizes referring to a 300/ 1 60 [MWt] as the maximum and minimum power 
yielded to the fluid (water/steam). The SF layout is sl1own in the figure below. 
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ARDISS SOLAR FIELD TYPE 

To avoid bad flowing conditions, the Ardiss SF must operate at the minimum mass flow rate 
of ri1 min = 0 .166 [kg/s/row], or, since the internal diameter of the absorber is given by cj>;=34. 1 
[mm], at the minimum mass flow density ril den-min =0. 166/(7tcp;2/4) � 1 82 [kg/sm2] .  
When lou luw solar beam radiation occurs and  the ri1 don is less than ri1 den-min· the SF cannot 
operate and must be considered under stancl-by conditions .  At nominal working condition, 
that is at 300 [MWi], design mass flow is given by: ri1 des = 0.662 [kg/s/row] so maximum mass 
flow is about four times the minimum one. Will i i 1 1 L i le mass flow ranges, it was also 
recognised the necessity to operate the SF at different levels of inleUoutlet boundary 
conditions. 
Taking Into accoum different 1eve1s ot solar thermal loads on the SF, it is possible to define 
the partial load (PL) variable and !hP. mrre!';ponding boundary conditions of the SF a!: 
specified in the table below. 

elecWe load (Rank. net) (%] 100 09 79 68 57 46 36 26 1 6 lhermaJ load %] 1 00 90 80 70 60 50 40 30 2C 
solar field: heat to fluid [MWth] 300 2 70 240 2 1 0  1 80 1 50 1 20 90 60 
hp-steam temperature 1·c1 450 443 435 425 4 1 2  400 390 373 35C 
hp-steam pressure [bar] 1 00 90 BO 70 60 50 45 '1 5 '15 h1J-i;l�<1rn now rate [kglsJ 1 4 4. !l 128 7 1 1 2 9 97 4 82. 4 67.5 53 .4 40. 3 27 1 
reheat temperature [°C] 350 340 327 3 1 3  296 275 267 276 27€ 
reheat pressure !bar] 1 3. 0 1 1 .7 1 0.4 9. 2 7 9  6.6 5 3  3 .9 2 .E condenser pressure bar] 0. 08 0 08 0.06 0,08 0 08 0.08 0 08 0, 08 o.oe 
oullot steam qu;ility (-] 0 90 0. 90 0. 90 0 00 0 90 0.90 0. 91 0. 93 0.9E 
reedwaler temperature ["CJ 268 262 2G5 247 238 227 2 1 9  2 1 2  20<1 � pr�ss u re barl 1 00 91 R/. 73 63 54 50 5 1  5 
electric output gross (MWe] 1 1 9.3 105.9 92. 7 79,5 66.5 53.8 4 1 ,5 29.6 1 8  .. 

electric output net (MWe) 1 1 3.6 1 0 1 . 6  89.4 77. 1 64. 7  52.6 40 .7 29 0 1 7.! 
efficiency, gross [%] 39.73 39.23 38. 60 37 86 36 94 35. 88 34,62 32. 88 30.45 ernciencv. Rankine net 11%1 37.86 37.62 37.23 36. 70 35.96 35.07 33.94 32.27 29.9[ 

SOLAR F!ELD AND PO\''JER BLOCK OPEP� TING CONDITIONS 

As one can see, when solar field operates under PL conditions, ( 90%,80%, . . .  20%) 
water/steam pressure decreases accordingly. Such kind of process has been named "sliding 
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pressure". Table above has been built running power plant standard simulation code 
referring to the layout shown below and changing thermal load coming from solar field.  
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When intermediate PL values occur, needed variables values ( i .e .  mass flow) are calculated 
by linear interpolation using the above table. 
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s. DSG simulation software 

In the frame of Ardiss Project, Conphoebus developed a simulation code to compute long 
term electricity production. I t  runs in Windows operating system and has been developed in 
C t+ and Fortran 77 programming language. 
Using this code the user is asked to clesign the SF layout. Such a task is not a simple 
procedure and general ly requires some trials before the best SF  layout is selected. When 
DSG technique is taken into account. some software tools need to be used (FLOWPAT, 
POWEROUT, DEL TAP .. etc.) .  
To design the  Ardiss SF type layout lhe following procedure was adopted. 

I Nom�1al Field po;; c:'MW.)j 
- l't0C1'S5 .Conce1;l (C'll;;.·lh��!Jh, rec. i;QulmlQri, lnj�ctfon) -f 
-. Part load flnl'll!G (e.11, 1 � 111., _,. �5%l, . - 'co11centralor liipartllre, langlh. SS(;, till) l-·M1;i1;;-1�;1 ·�;-;a Muxiit.;;,:; Ma-;�. i:1 .. w�.;;-;;m;;- 1  . (P1011111111: PLO\>\'PA1) . '" ... I . ... . 
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SF: PROCEDURE OF DESIGN 

This procedure is essentially 
based on evaluation of pressure 
drop evaluation and control lability 
of DSG process. 
When !:ii- t1as been sized,  tt ts 
possible to run simulation 
program whose software 
structure is shown below. 
Simulation time step can be 
selected ranging between 1::::3600 
[s], sun tracking type can be 
choose between two options: 
E-W and S· N,  meteo file (beam 
rndiritinn rind Rir IP.m[IP.rnturn) 
can be selech.�d as well. 
Software is bui lt up of many 
simulation modules. 
In the following figure a scheme 
of simulation code is shown. As 
nnP r. ri n  sP.e each module 
receives, as input, power from the 
µ1 1:1v iuus 1 1 1udul8 at 1J calculates 
power for the next one. 

lnr.111 power from solar radiation =-=> 

(i) 
SOLAR FIEL D I  = = >  Output p0we1 lo the absmber 

CONCEMTR/\ fOR <:lJ 
.__��-M_U�U"-'-'UL���� 

Input power horn solar collector ==-> 
'!> 

SOI AR F l rc L D  

ABSORBER 
MODULE 

==> Oulput power lo lhe working fluid 
(ll (nel power lo the fluid) 



Input power from from fluid ==> R FILED � IV' Cl<UP 

(this module scl1edule on user request) STEM , 
Input power from wor king nuid ==> 

Cl> 

Input power from working fluid �::::::
© 

lnpul po'.'ler from PB ==> 
� 

SOLAR F I ELD 

PIPE LOSSES 

MODULE 

POWER BLOCK 

TURBINE 

MODULE 

SOLAR FIELD 

PARASITIC 

MODULE 

==::::::> Calculntion of additional powe1 to fluid nfll 
l!l' power to fluid lo guarantee minimum 

required part load 

==> Oulpul power to lhe working fluid 
© (nel) 

==> Net electric oulptrt 

(lJ 

==> Output electric power (net) Mw, 

(]) 

Energy and Power dala from modules I OUTPUT DATA I ==> Store data on ha1d disk 

ME.AN MONTHLY DATA @ 
CZ> I REPORT MODULE 

Energy and Power dala from modules ! EXCEL OUTPUT DA rA I ==> Store data on hard disk in ASCII rile formal 

T IME STEP BY TIME 

<lJ I STEP OUTPUT DATA 

MODULE 

SIMULATION SOFTWARE SCHEME 

Up to now, as already shown, the program deals with a 300/"1 60 [MWt] PB. Anyway, i t  is 
possible to change it (with a very little programming effort) and than to run simula tion of 
smaller/larger  PB or with d i fferent t11errnal characteristics ( i .e. different SF boundary 
conditions) . 
At each simulation time step boundary conditions of the SF and the electric output power 
depends on PL, on the other hand, at each simulation time step PL is unknown . To define PL  
values (ranging as shown within 20%.,1 00%) the software provides an iterative procedure 
which stops when "Calculated power to fluid" (by the software) equates "Heat to fluid" {see 
table "SOLAR FIELD AND POWER BLOCK OPERA TING CONDITIONS") . 
Since the above iterative procedure repeats on each simulation time step (1 , 2  . .  3600 (s] over 
one year for example) high execution t ime may be expected for a year simulation (execution 
time depends also on site latitude, beam radiation values, minimum mass flow rate flowing 
inside one rows, part load range etc.) .  

Ii. Simulation results 

What follows refers to two simulation examples. They refer to an Ardiss SF type (as shown 
above) and to 300,,,1 60 [MW,] PB . Other useful information are: 

• Absorber diameters: d0/di = 48.3/34 . 1  mm. 

For the calculation the following assumptions were made: 

• design point: normal direct beam irradiance of 10 = 800 W/m2 on lhe aperture 
field inlet conditions: p = 1 1 9  bar, T = 250"C 
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steam conditions at the turbine: p = 1 00 bar, T = 450°C 
design mass flow ril = 0.662 kg/s/row 

• horizontal collectors in the solar field 
• minimum mass flow ril min = 0. 1 66 kg/s/row 
• inner d iameter of all pipes outside the solar field d; = 0.255 m 
• the friction coefficients for the pipes were determined from measurements by ZSW: 

� = 0.09 1 6 · Re-0 1 174  

• for the friction multiplier for  the two-phase flow a new correlation was derived from the 
measurements by ZSW: 

R = 2051.3 · p - 1 177 . 

Boundary conditions of the SF are shown below. 

Absorber boundary conditions 
450 
400 
350 

E 300 

-�/ •oo 
80 � e 

90 

Solar field boundary 
conditions corresponding 
to different part load. 
These conditions are 
applied every day along 
the overall s imulation 
period. PL can vary 
continuously in the range 

� 
0. � 250 � L: - - . l : J L - / .... 

200 
150 50 

100 1---��t-��+-��..-��..---..---4-��..-�___, 4n 
20 30 �o 50 60 70 80 90 100 

Part Load [%] 
I � AR· n1rtT�n1r !'"! � AB: lnJ!. T•mP

:
rcJ -AB Out eroco. (� I 

20% - 1 00% and, 
accordingly to this 
variation ,  input and output 
temperatures and fluid 
pressure vary as well. The 
following graphs show 
relations between PL, net 
eled1 iL: PB uutµut e111t! 
total mass flow entering 

the turbine. 

POWER 10 f\.UID, MASS Fi OW .a.NO PAA T LOAD CONDITION 
c.-.TAHIA SITE (U1ly, y .. 1r1y •lm11hlio11I 

I I 12{•-··«·I,. l �· I  

,. 100 ISO MAH'1.0'N[11.,•) "' 

" � 
� "' 

I _,,,_ ........ \l:Wjlll! --tf"P•I"""� 

f'O\'ajll 'JO IL\1'0. "AH f"LOWNK> r-Ml LOA&) c_oubfftOH 
AAli.NOllLLO MUEl.VA &ITE (l!:p•in, �.wiy 1ln11Jl1l:iltn) 

•,---,,.----.- - -..-- . '" 
·· ·--

,. "" llA9'ROW[lllf•I 

.., 
" 

,., 
C�--S.��-���r1Es1 _ --=--�--=-�����-1��1 __ ] 

NET ELECTRIC OUTPUT POWER: 
SITE CATANIA ( ITALY) AND ARENOSILLO/HUELVA (SPAIN) 

Comparing these two simulations concerning "Power to fluid, Total Mass Flow and Part Load" 
one have. 

Italy: total t ime step of 3600 (s] 
Italy: useful simulation t ime step (steam production) 
Italy: total simulation time step in which steam dumping occurs 

796 

= 5 1 1 8  
=2248/5 1 1 8  = 43.92% 

= 498/2248 = 22. 1 5% 



Spain:  lolal lime step of 3600 [s] 

Spain: useful simulation lime step (slearn production) 

Spain: total simulat ion lime ste 1) in whict1 steam <hrq1pi11g occurs 

�����--������-�- , 
= 5 1 28 

= 2255/5 1 28 =43.97% 

= 20812255 = 9.22% 

As one can see, for Catania and Arenosillo/Huelva sites, about 44% of time simulation steps 
have been discarded because of no good flowing conditions (too low mass density) ,  on the 
other hand, Catania st1ows too many "steam dumping conditions" while Arenosillo/Huelva 
shows reasonable values. We can conclude that SEGS power plant for Catania is oversized 
and reduction to rows length of SF must be considered. 

PUMPING CONSUMPTION FOR T11E S�ME SEGS PLIVIT 1rl lWO 
DIFFER.ENT SITES (llaly and S�ln) 

100000 � 15MOOO 
500000 

i 400000 
f Jooooo 
c � 200000 

100000 

� � I � i � 
[Month) 

:.L---+--t--1 1(1000rlfl 
15000(10 � 

1! 
1oonooo j' 
500000 

1 j 8 i � 

In the g raph on the left electric 
energy consumption is  shown 
due to water/steam pumping 
within t11e SF. 
Simulation code is able to show 
monthly data on a very large 
set  of  calculated data .  The 
following three figures show 
some examples. 
They refers to the power plant 
efficiency and net electric 
output power. 

[_ ::;..:·r;s·e;;;�jMJ] (rl)-- . -��-.��i�Wj��H�S)_ ·- -=��� �!_"-:J�_:!_!C!�}_ . .  _ ���-��· ��1�_[1_ JMJl 1f:Sl. 
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PUMPING: ELECTRIC ENERGY CONSUMPTION 
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•.oo .. -. ... _ ........... ____ .. 'lll_, .._-.. 

""" 

Q) '£ (1 � ;::;:: 
�' 

.. . 

�' r} : o u lpu l  n e l  PCiWEI� 
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7. CONCLUSION 

- m:;,tin <lr111<1 r n  1 �  .. tf<I lilt  - 111\rl 
- �tirld•mrue fow\K llll - �;•I 

OUTPUT SOFTWARE EXAMPLES 

DSG and SSC technique demonstrated to be competitive compared to the already assessed 
oil SEGS power plant (higher power plant efficiency and lower parasitic losses). While DSG
SEGS require less equipment implementation it must be pointed out that DSG control 
requires great effor1 in process control and some other investigations need to be made in this 
direction before DSG process could substitute oi l  SEGS power plant. 
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Abstract 

ALTERNATIVE ENERGY SOURCES 

Authors : Fouad . M .  Shalgham, Khalifa . M . El-Taiaf 

RAS LANUF OIL & GAS COMP ANY 

B.P 2323 TRIPOLI 

GREAT SOCIALIST PEOPLE LIBYAN ARAB .JAMAJl l R I A  

Even though planning for energy sources has been a controversial  issue for the 
developing countries ; i t  is a vital issue for the Arab World. Whi l e  the U n i ted States of 
America lay down policies to conserve its oil & gas reserves and deplete Arab oi l at a 
controlled price, Arab countries continue to depend on oil & gas revenues without 
clear policies for alternatives energy sources. A review of state of the art and the 
prospective alternative energy sources are developed in this paper wi th  an emphasis of 
the most promising ones for the Arab countries. 

1.  What are alternative energy sources? 

"Al ternative" energy sources arc those that arc of l i t t le used today .They are not 

necessarily "new " energy sources. Many, in fact have been used for thousands of 

years. Some alternative sources have long- term e11v i ronmc1 1tal benefits or other 
advantages over the sources in current use so-called "co11vc11 t io 11al"  sources. 

2. Wood, animal dung etc. 

Wood has been a traditional fuel throughout huma1 1  history . England \Vas deforested 
at the beginning of the Industrial revolution : al l  the migh ty o;ik rorcst s  d isappeared . 

Europe has virtual ly no area of original fo rest l c rt. The nnly one is an ancient hunting 
area for the aristocracy in western Poland, \\o'hich now shelters the few remaining 
representatives of once-common European animals 

I ndia was highly forested; now the forests a rc a lmost tot<1 l ly gPnc. Cooking is now 
done with small pieces of timber and in some area . dried cow--d ung is the main fuel . 

I n  many dese1i countries around the Sahal'<J, dried camel dung is the o n ly fue l .  

It is manifestly  evident tlrnt there i s  no scope in t h e  1\rnb world fo r  the 1 1se of Wood. 

3. Hydroelectricity 

This is a good source of energy , but for the effects o f  the dnm. 

There is l i ttle further scope for hydroelectricity in the Arah coun tries. Ri vers for 
damming are scarce and power resources for power genera lion req u i re conlinuous 
flow of water that falls from h i gh a l t itude. 

In the worl d, dams have been poli tically contentious si nce rivers o l'tcn pass through 
many countries. A massive dam was to have been bui l t  in  l lungary despite the 

ecological destruction which it would have caused downslrcain in 1 lungar y and 
Slovakia. Silt in dams is  usually much greater than adm itted.  It i s  essential to p1 cscrvc 

the soil surrounding dams in a stable condition, prc[crably by r etai n i ng natu1 al forest. 
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In l�gypt, l he Aswan H i gh Dam l ias caused major problems. 13ui l l  on the N i le to 
con l 1 0 I  i l s  lloods and use the water for i rrigation. The prohlem is that the N i le del ta 

lws re li ed for m i l lennia on the s i l t  carried down during lloods for i ts extraordinary 
fert i l i ty . M uch of si l t  is now being deposited i n  the Aswan I !ugh dam !  I n  additi on, the 
water table in the region around the dam has risen ,allowing water snails to become 
more abundant ;these snai ls  are the  ca rri ers lor shistosorn iasis, a parasite which bores 
i nto t he i nternal organs of h umans, causi n g  debi l i tat ion and cleatli. 

4. G cothcrmai hl'llt  cnngy 
This  is a another good energy source , hut very l i m i ted in the areas where it can 

round . Gcol hcrn 1al  yet l ms hccn used for thn1 1sa11d or years for cooking and bathi ng. 
Gcur hcrmal m eas ,volcanoes n nd earthquakes occur logether i n  areas where there is 
ncl i v i l y  in the crust ,usually \\ here rn11t ine11 tn l  platcs bull agai nst each t>thcr. 

In g��nthcnmi l  power planl,  ei ther stenm is  tapped frolll holes dri l led in the ground or 
pressuri zed \Valer i s  sent dmv11 p i pes t o  be healed and returned to the surface where it 
is  a l lowed lo bui l . The stca111 is  used to drive turbines. 

Worldwi de, more than 5600 Mw of geolhcrnrn l  power plants have been i nstalled .El 
Sal vador gels 40'V., or i ts energy from geothernrnl  plants. N icaragua 28% and Kenya 

1 1  %. Japan l ies on plate margi n and has many hot springs. 
I n  the Maghrcb region ,thermal stRt ions constitute the major use of geothermal 

energy where bathi ng has been the majo; uti l i zation. The possi bi l i t ies of using this 
geothermal sources for power generation exist for the high heat content of lhe sources 
and the high water source temperature ( I  50"C). 

5. Winds : Wind l'owcr en erg}' 
Wind power has long h i s tory of use . 

Windm i l l s  have m uch scope in nrens with frequent high-speed winds. The technology 
is  far hdtcr than it wns. Bl ades 1 m1y mtalc in eiihc1 the vei ticai or hor i zonlal plane, or 
com prise fl vert ica l  cni kscrew wit hout hln<les. The Dutch are actively developing 
small  wind m i l ls l(ir use i n  remote localio11s nnd have a small but expanding export 
ind ustry in them. Denmark has  more than 3000 wind turbines in 1 99 l which supplied 
1 . 5% of its Lota] e lectricity ,with plans to increase supply to I 0% by the year 2000. 
Large areas o f  Scotland arc suitable for wind power generation and demonstration 
plants have been established. In the US huge windmills have been bui l t  such as in 
Tcxns which is I 0 slorir.s hip,h Tlw h igher gcnw1t inc co.�t o f winci power i� off.�ct hy 
saving from not upgrad ing the power d istribution grid. 

The arab world present good charaeterictics for develop i ng wind power. To be 
feasible it is admi tted that an average velocity of 8 mi les/h is  a mini mum 
require111e1 1l .  1 1 1  N o 1 th a r1 ica, the avet age wind velocity varies around 1 0  miles/h with 
low of 7 milcs/h i n  1\ lgerill and a high of l l .6 milcs/h in Libya mcasu1ctl iu coastal 
areas . 

Wind energy can resolve basic energy needs in remote location in near desertic areas 
where wind velocity is h igh . 
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6. Tides 

/\t a few p l aces on emth's surfm:c .t ides may exceed 3 m e.g. the r i ver Rance i n  

Brittany France where a t ida l  energy p l ant h a s  been operat i ng f o r  many years. /\. 
barrage across the Seven Estuary. i n  England bas been suggested, but the B ri t ish 

government is not i n terested . Some remote areas in Northern Austra l i a  have large L i da I 
d i fferences and would b(: suitable for t i dal energy generat ion. 

The idea for ex t ract i ng energy from tides i s  s imp le : let water into an estuary through 

a series · o f  turbines as the t ide rises; ns  the t ide drops ,lel the waler out through the 
same turbines. Electric i ty  is generated by the rotat ion o r  the turbines O i l  both the 

i nllow and outflow. 

7.Waves 

I ngen u ous device exist for e i ther Il n tten ing waves nnd extracti ng their energy, nr 

using the u pward and downward movemen t of wa ler i n  a submerged chamber to push 

air through a turbine. The main problems are the high carital cost, the low energy 

yield,  and the storm damage. The techno l ogy is deve l oping and becom ing more 
robust. Potential ly,  wave power is a useful source in many areas. 

8. Solar energy 
The average i nsolation received by the Arab world is est i mated at abou t 520 

Cal/m2.day or about 250 W/m
2

. The 1\ rab countries recei ve aboul  3 0  x 1 0 1 5  K wh o f  

solar energy that is  I 0 0  Q (Q=2.93 x 1 0 1 4 K wh) o f  n o n  deplctable energy. I t  i s  wor th 

to compare it to the estimated value o f  the petroleum reserves disctivered and non 
d iscovered which do nol exceed 1 5 .2 Q. 

8. 1 Solar energy : p:1ssive healing 

I n  many areas o f  the world.  more than hal f o r  the energy consumed is used for 
heating bu i l d in gs . B u i l d i ngs with good i nsulation and passi ve absorpt ion of hea l i n  
w i n ler(bu l not i n  summer) could greatly reduce energy demand. 

l l  is very waste fu l ,  from a thermody namic v iewpoi n t to use e lectric ity or high

qual  i ty forms or energy for such men ial Lask as heal i ng someth i ng u lcw degrees. 

In m ost Arab countries space cooling is the 1m�j or consu 1ner o l  energy during the 
summer season . Saudi /\rabia, among other A rnb countries .has the most ambi t io us 

pwgrarn in thi s area. 

8.2 Solar energy : prnee.ss heating 

Uomcstie heating 

lleating or waler l'or domestic use is a lnrge consulller of energy . I t  i s  
thermodynami cal l y  wasteful : much more usc l'ul th ings c o u l d  h e  done with the energy 

tlrnn converting it d i rec tly to heat through a resistance . 
/\ solar hot-water healer is so metimes economical l y  viable.  Amortized over i ts 

l i fot ime (say 20 yr.), or a solar water heater (j ust) recovers i ts capital cost. This means 

that is  worthwhile to install one in a new building. The economics arc not yet 
favorable for i nsta l l i ng solar healers i n  ex i st ing bu i ld i ngs, due to the additional cost o r  

replumbing.  
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The effi c iency of solar heaters can be improved by : 
• i ncorporating reflectors i nto the design to col lect and focus the radiation from 

a l arger area on the absorbi ng surfoces and 
• coating the absorbing surfaces w i th specia l materials which reduce reflection 

( l i ke the coatings on camera lenses). 

Industrial heating 
S ol ar greenhouses may i ncrease the pro duction o r  vegetables  lo three to five times 

compared lo the open air agriculture.Lower waler requirements of "plastic 
agri cul ture" per unit area has conducted lo the concept of  i ntegrated systems 
combi n i ng both d i st i l lation and temperature con tro l by solar energy techn iq ues. 
A nother appl ication concerns so i l  steri l i zation i .e .  k i l l ing harmful  fungi lo seedin g . 
I n tegrated solar greenhouses arc mostly i mp l emen ted i n  Jordan, UAE, Kuwai t, 

Lebanon, I raq, and Babrn i n .  However, the prot.:css Jl('Cds grcnt i mproveme nt as to i ts 
systematization and the protect i on o r  the prnduets fr om d us t and i nseets. 
Solar process heat ing i s  a l rendy used for drying frui ts, meats prawns, m inerals ores . 
H esenrch i n t h i s  fl reil i s  carried 0111 i n  /\ l p.eri : i .  l�gypl, I r aq . . Jordan, Lebanon, L i bya. 
anu Sudan.  

8.3 Solar thermal clcctricily 
The techno l ogy i s  based on spec ia l  ant i - 1 cflcct ion coati ngs which ensure e ffic ient 

absorp t i on o f  l ight. as wel l  as i n /'rarcd rnd i <i t ion .  The dev ice com prise long parabo l i c  

rn l l cct or w h i c h  co 1npr ise a d u u b l c  g lass tuhc , l i ke a IPng thermollask. with coat ing 
llll l hc \ >U l s idc  o r  the i ns ide tube . 

T he lat est tech ni q ue consi sts o r p i pl's w i th \Valer c i rcu lat ing i ns iue the i nner tube tu 
obtain stc<1111 to dr i \- e  a turbi 1 1 c. O p l i 1 n i stic claims or 4 ccnts/K.wh lo produce 
c l cclr ic i ty . I t  is esti mated that goo d ishes o ver an area lll' I km2 co u l d produce enuugh 
dcclri c i i y  ror a ci ty of 200 ()()() peop le ,  

8 . 4  " G rt't'n" sol� r  energy 
I h c 1 c a1 c \ ar ious pm;�; i h i l i L i l:S ro1 w:i n g  ph1 1 lo�;yn lhc l ic  organ i �:ms lo  1 1 w ke l iqu id  

fue l s .  E i t h e r  a spec i a l  crnp can  he  g niwn. such n s  sugar cane (-->sugar---->akuhol) 
(--->algae(--"oi l  )nr rape(··-�·rnpcseed-- ->n i l  ).or agr icu l tural w astes , such a s  corn h i sks 

or sugar cane was1cs. can be llSl�d to produce suga1  and I hen a l col il1l . 
Sonic  p la 1 1k1 l 1 1 1 i 1� u lg;n; p1 ud1 1cc u i l  i l l l l l Lil'I  lu l lual J l l'.Cll l l 1i..: �i ll l ruci..: ;1 1 1d us <I , , i· ruud 

storage .They c:1 11 he d i s t i l l ed lo  oh l : 1 i 1 1 <1 1 1  n i l  r csc 1 1 1 h l i ne crndc pclro lrn111 . 

Ci cisuhol i s  ! h e  1H1111c gi 1·rn 10 n 1 i x t u 1·es or gaso l ine  mid alcoho l  which an: used as 
l i q u id r1 1c ls .  The l i S ;\ ,  wh ich s 1 1 h:, i d i 1.cs ['.<lSOhnl  p1 nd1w1 i n 11 , i :; rcpor1rd I n  1 1 se more 
pelro\cUl1l i l l  p1·oduc i 1 1g  the a l coho l  ro r f!<IS l lh l l l  tli;i n i i  saves. 

In I 99() ,Hrnzi l W<lS p 1' 1 1d uc ing 2S m i l l ion tons o r  sug<ll Crom LI m i l l i on I l cctai cs 
( 8 'Yci)nf its cu l t i vated l ::md lo pro v i de 1 2  m i l l i o n l i ters o C cthano l .  Four m i l l i o n  car s run 
nn ethanol and another m i l l ion run 11n a mixture 20'/;, cth:mol  80% pe t ro l . I n  e ffects , 

r i c h  u rban B 1 az i l ians c l ear the <i nwzo11 fo r est In plant  sugar cane lo make alcohol for 
lhcir c�u-:.: ! The f� i r  i n  B rn:-t i l i n n  c i t ies is re l ati ve ly c !cnn due to the use o f  ethanol. 'I he 
probl em mosl recent ly has becn t ha l  t he govern ment ( !:1st w i t h  1 umnvay i n llati o n )  h:1s 

l r i ed lo rcd 1 1ce lhc  suhsidv lo 1;1rmcrs rm c l h ami l  prod uct ion  and the Janners have 



preferred to sell the sugar for use in food. The government is planning to import cheap 
methanol (from natural gas) but this has caused environmental protests about the 

safety of methanol .  

8.5 Photovoltaic cells 

Early photovoltaic cells were very expensive since they were made by growing l arge 
crystals of highly purified si l icon and culling th in s l ices l"rom them. The cost of 
photovoltaic cel ls  has p l umme ted due to the development of "amorphous sil icon 
technology" . Whole surfaces can now be coated wi th si l icon by drawing them slowly 
a bath of molten s i l icon. The si l icon is the form of vast numbers of 
11 1 in ute(amorphous) crystals. The efficiency of amorphous si l icon cells is not much 
less than crystal l ine cells. 

Photovoltaic cel ls  are an obvious technology to develop, due to the high l ight 
i ntensity over most the country. Photovoltaic cells are already economic in remote 
locations . The devices may be expensive, but no power lines are required and no 
costly diesel motor (to maintain) is required. 

It is also possible to use photovoltaic electricity to e lectrolyze water and transport 
the hydrogen gas by pipe. Systems are being investigated in which hydrogen i s  
produc.ed directly in photovoltaic cells. 

The cost of solar electricity has fallen during the past 20 years from $30 per ki lowatt 
hour to just 30 cents. A company i n  Southern Cal ifornia generates 354 mw with solar 
col l ectors at 22% efficiency for reported cost of 8 cents per for a reported cost of 8 
cents per Kwh. By comparison, conventional production costs about 6 cents per Kwh. 

The efficiency l i mi t  for solar cells is probably about 30%, but they be made as thin 
1 0  um without signi ficant loss of efficiency for a reported reducing the cost of 
production. The two factors limiting the use of photovoltaic cel l s  are cost and the 
stability of the substrate. The prospects for continuing decl ine in  cost look 
certain.Compared to nuclear fusion or even safe nuclear lission, the technology seems 
easy. 

Cells based on sil icon are about 30 times cheaper than those based on gal lium 
arsenide. Although tbe l atter are 25% more efficient, s i l icon cel ls  arc cheaper and 

more stable i n  the long term. Almost certainly , s i l icon wi l l  be the principal material 
of the future. Durabi l ity of 20 years has been demonstrated for si l icon cells. 

P hotoelectric power is i n it ial ly  expensive, but maintenance is low and fuel storage 
inexistant. The average house has enough surface area to col lect energy for its needs, 

hut a cheap method of energy storage remains the problem. 
Arrays of  solar cel l  arrays can he connected to a power grid  and coupled with 

hydroelectric power lo provide peak load service. Any excess solar power can be used 
to pump water uphi l l  for storage and l ater energy production. 

The most i mportant system that uses photovoltaic cel ls has been establ ished in  Saudi 
Arabia. A photovoltaic power plant at Al uyaynah Saudi Arabia using si l icon has a 
capacity of 350  Kw. One successful photovoltaic app l ication which is already 
economical in Arab countries is in telecommunirntion. I ndeed, in both Jordan and 
Saudi Arabia, hundreds of photovoltaic emergency telephones, placed on highways 
has been perform ing wel l .  
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9. Ocean l l ca t  engi n es 

Deep ocea11 waler i s  crlP l c r  t h a 1 1  the 1w1tcr al the s i 1 rfoce. prototype hL'al t• 1 1gi 11cs 

us ing work i ng fl u i d  such � 1s a1 1 1 1 1 10 1 1 ia  have hcen b u i l t .  J\ 11 1monia  is h n i l ed al  the 
te111 pcrn lurc o l' the su 1-racc 1\alcr. p;1sscs l l t rnugh a l u 1 b i ne to ex tract energy and th en i s  

cooled u nd l i q uc l i cu u.� i n g  waler a l  t h e  l o wer te 11 1pcra l u1 c bcncalb t h e  ocean su1  face. 

l fl .  Oil from oil  sh ale, coal a n d  wash's 

I 0 . 1 O i l  from o i l  slrnlc 

/\ 11  oi l  sl talc i s  a sed i mentary rock 1Yh i c h  when healed in the absence o l' �l i r .  y i elds 
yapnrs f1 on1 wh ich may be conde nsed a l i L[Uid comprising an aqueous phase 

(co11la i ni 1 1g phenols.  py ri d i ncs etc . )  and an o i l  phnsc (golden muller ( the record i s  
95% 1 ), ; 1 11d y i e l ds S'�·;, o i  I h y  wei g h t  u pon beating a t  a tcm peniturc o l '  500"C .  

O i l  shales were l ong k n o w n  i n  Srntland as "kewscne S ha le s "  a n d  used d ur ing the 
l 1 Jd u s l 1 i a l  I Zcvu lu l iu i 1  lo pro v id e hulh kerosene for l ight i ng nnd l ubricati ng oi l .  There 
arc pa int ings nr smal l  c h i l dren running arnund i n  f'actmics \vi t h  o i l  c<1 1 1s  contai n i ng 
shale o i l .  

I I '  hydwgeiwtcd, shale o i l  g i ves u stable c l en r  l iq u i d  w i lh p1 opcrt ics s i m i l a r  t o  l ight  

petroleum. S compounds are lost as I J2S. hul  1 1 i lrngcn co1npou1 1ds  rrnrn i n ,  1 1  h ic h  m ay 

he poison refi nery ca talysts . Using mod i liC'd t cJi n i 1 1 g  pt ocesscs, a range o i' t ra 1 1srmt 
fue l s  and lubricat ing oi ls  can be obta ined from shnle o i l .  

The main problems with shale o i l  arc as follows: 
• '1 l w  ! i r.,l d  or o i l  from r: urrc n l  o i l  shales is low (50 Ill ), which mc;1 1 1s  ynu need ahout 

L lll ! J l1CS or rock lo be processed lo Ji l l  your petrol lan k !  The quant i ties o i' n1nlcr ia l  

which must he dug nnd transported are enormous. 
• ,.\ huge vol u me o f  �pent �ihnlc,  now occup) ing aho u l  I 0')·\r more vol ut n c  thn11 !ht 

ori g i n a l material must be d isposed o r  in a1 1 e11vi rn 11rnc11 1 a l l y  sa rc man ner . 
• The spen t o i l  shale wi l l  con lai n tox i<.: rolvnromat ic  l 1 \ c lrocarbo1 1s ,  1 1 1cla ls  nnc l  a 

range n I' ot her compounds. I )uc lo the 1110re pnrnu� nal u rc o r  I l ic malcr i a l  nlh:r 
retort i ng. lnxic cnmponent s arc 1 11 n h i l c  :iml may l each fro11 1  the wa�;\e. 

M a ny o i l  shale depos i t  occur in c 1 1v i n111 1 1 1 c�nl a l l v-scns i l i vc l oealions.  The 1 undlc 
deposi t ,  1(11· i n �:taneL•. l i c� near lhe cost adjo i n i ng the Cl i ral  barri er l�ec h\ h ich has 

rcslriclcd wnler c i 1 eulal i\11J be!wccn 1 ce r and shorc.:.Shalc oils wi l l  one d;1y be used 
but not unt i l  eas i l y  access i b l e  pelro l c 1 1 1 11 r csc1 \·cs have hccn ex hau s ted . Thei r  

grentesl vn l ue may b e  as raw malcrifl l s  t o  chem i s t ry indusl r )' ,  rather th an as fuels .  
( > i i  slrn l e  deposits in  the J\rab Wn1 l r l  n r c  c: t11 1cc 1 1 l r aled in  .J ordan aml l\fo rocco as wel l  
a s  i n  J\·lm1ritania with reserves about I U .'i . 7  b i l l ion�; tons 11 i t h  o i l  y ields o f  aboul 6.5%. 

I 0 .2 O i l  from coal 

Coal <.:011tfl ins  more carbon r n 1d less hyd 1 1 1�c1 1  l imn oil  .�hn lc  l f' y1 1 1 1  Jw; i t  n11 i t  i ts  
own, you gel  very l i t t le  o i l .  [ rc111c111 bcr lhal a1 1 al i phat ic  o i l  i s  approxi 1 1 1atcly Cl  12•  
nnd requ i res C:I  I I : 21 if coal i s  hcnled under cond itions w h i c h  al low simulta 1 H::ous 

hyd rngcnat i o n ,  good y ie lds  o r  l iqu id fue ls  can he obtained . Nc\'erlhcless, Hydrogen 
<ivai lahi l ly w i l l  st i l l persir.t. 
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Various hydrogenolysis methods ha\'c hccn devclopcc l. rtw best-known is the Sasso! 
process used in ( ic.'nna11y during W. W.1 1  and Inter in South A rrica. 1 11 hoth cnscs, t he 
process wns 1 1sed t<l avoid dependence 0 1 1  i mported oi l .  

The advant11gc o f  � 1sing conl rather l hun < i i i  is the more concentrated nature of the 
raw materia l . T he yield of oi l  from coul may be 1 00 t imes grc11Ler thrm l"ro111 o i l  slwle. 
There is a corresp(lmlingly smaller problem o f' waste d isposnl :md thc oi l  co.n l<lins less 
heteroatomic compounds. 

Oil  from coal i s  a proven lcclmology ·;;hich w i l l  continue to be used ahead o f  oil from 

o i l  shale. 

Morocco, and Egypt and A lgeria possess viable reserves o f coal .Other reserves 

econom ical ly feasible  arc also present i n  L i bya, Tuni5ia,  Egypt, Morocco, Kowcit, 
Sudan, Palest ine.  Yemen, and Somalia.  I mportant l igni te deposits were d iscovered in 
Saudi  Arabia, l'vlorocco and A lgeria. 

1 0.3 Oil from wnstcs 
Mnny waste materials such as scwugc. car tyres. p lastics. co1 11 wm;tcs and drcd�cd 

river algae give an oi l  remarkably s imi lar lo shale oi l .  In foct. al l  pyro lysis oi ls  from 
a l iphatic organic mallcr nre remarkably simi lar. due to the tendency for the most 

thermodynamicaJ ly stable (e.g. arnmatic) 11wlccules lo be produced. 

Liquid fuels from the pyro lysis uf wm;tcs arc cxpe11sivc. l kUcr ways arc probably 

·wai lable for disposing, of waste� ( including not muking them) 

1 1. Conclusions :  

Opportuni ties to develop a l ternative energy sources t o  hydrocarbons primarily , Jo 

exist  as described above. Arab world e fforts and financial means shall be concentrated 
in many areas where potentiali ties arc tremendous such as solar energy , wind power 
and l!eothcrmal energy lo name just a few. Research and Devel opment is to be 
ori ented toward these promising al ternatives .  Forums which w i l l  reduce t he gap 

<i 1 nong shattered and d i spersed Arabs po l icies in the energy sector should be 

enco u raged. More coordinat ion and fol low-up must be la id  lo  assure c f"licicnt resul ts .  

J1.,_J!_lj°!:rC II C CS : 
( I )  Proceedings of the Th ird Arab energy Conference 4-9 May 1 985 Algiers 

A l geri a . 

(2) Proceed ings of Energex 88 The global Energy forum Nov. 25-30 1 988 .  

805 



ADA PTA BI LITY OF GEOTHERMAL ENERGY TO REFRIG E RATION 

PRODUCTION 

A.BENZAOUI , M.SA I G H I  & A.BOUABDA LLA l l  
Laborato ire Energetique - Institut <le  Physique - USTHB 
B P .  32 E! Al i:i  Rab Ezzouar 1 6 1 1 1  ALGER ( Algeria) 

ABSTRACT This paper deals with the possibility of finding u setUl applications to the 
geothermal energy available in  the hot Albian water. In the Algerian Sahara some wells give the 
hot water a mean temperature of 70°C and a rate mass flow of 250 kg /s. This area is known 
for its climate , 35nc fi um April to October, and its relatively weak hur111d1ty. The distances 
between towns are important, and some difficulties in preserving the agricultural production and 
other sensible products are oflen encountered. The availability of i mportant free Albian 
geothermal energy, which is lost in  the atmusphere , could be used to improve lhe l ife conditions 
of inhabitants. 

Thus, the requirement for the adaptability of this lost energy to refrigeration production seems 
to us very opportune. One part of this survey is presented. 

1. Introd uction 
'I he appl ication of geothermal energy for non electric uses had mobilised a great number of 

researchers in the world. Numerous International Symposiums had been organised since l 975.  
The latter one is that ofFlorence (Italy) 1 995 [ l ] .  

The installed thermal power is about 8664 M W  with 1 9 1 5  MW in China , 1 874 M W  i n  USA , 
599 MW in France. The main uses could be classified as: 
-14% fnr space heating, 1 4% for b:ithing, l 1% for greenhouses, MJ 1 3% fv1 l u.:nl µumps. 
In Northern Algeria , 240 springs have been identified (about I 001/s , SO to 96°C) (2] The Albian 
reservoir in the Sa.horn is more important ( - 50 wells of 250 to 3 00 l/s , SO to 90 °C) 
only in the Ouargla area. The hot water corning out frorn l hese wells serves only as irr igat i ng or 
drinking water , except for the experiment of some greenhoui;t:s. The generalisation of these latter 
has been recommended in order to i ncrease the food production[3 ] .  

An important loss of Albian geothermal energy is registered. Tt i s  possible to collect a great part 
of this lost energy, by means of investments. One of the possible applicat ion is the heal pumps and 
the refrigeration p1 ouudiun in order to preserve foods, fruits , medicines, etc. . . So . t he Djamlla 
area , where the annual production of good quality dales is more than I S,000 tons, disposes only 
of one iJlStallation of classical dates conserving, which is  very insufficient .  

T n  order to adapt the lost Albian geothermal energy to useful application, we have proposed 
this opportunity Lo ENAFLA. 

In this paper we report the first part of the study which consists of the conception of one 
refrigeration production un it, using the hot water deli vered by the well ( 200kg/s, 70°C) and 
taking into account the Montreal protocol about the use of CFC. 
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�. Some procedures of refrigeration production 
There are many procedures of refrigeration production and air conditioning in the literature. 

[hey are destined for different uses ( industries, fruits and foods preserving, medicines and 
>iological products, etc . . .  ) . We can class them in three categories (4),[6],[7] :  
U Procedures using compression and relaxation cyclcs[4) , l6] :  

vapour compression with phases changes, 
gas compression without phase change 
gas compression with phases changes 
compression and relaxation with exterior work production, 
compression and relaxation without exterior work production. 

!.2 Absorption procedures[4),[6J :  
continuously working, 
intermittent work. 

Z.3 Thermoelectl"ic procedures {4J, [6). 
Z.4 Choice of one procedure: 

Despite the possibility of associating the AJbian geothermal energy with any one of the 
preceding procedures, our choice has been led by the preoccupation to give one procedure as 
simply as possible to set up and to maintain, which would be adaptable to Saharan climate, 
autonomously towards the electric network and using a refrigerating fluid without a bad elTect on 
the ozone l ayer. 

In these cases, the absorption procedure seems to satisfy the requirements. Consequently, we 
have opted for the absorption procedure working continuously. 

This mode of refrigeration production presents the following advantages: 
-refrigerating fluid : the NHrH20 solution i nert towards the ozone layer 
-static working 
-energetic needs very small 
-energetic supply: the Albian geothermal heat is supplied directly by the hot water coming 

from the well near the unit of dates preserving 
-regu lation equipment could be fed by the solar electricity 

3. Description 
The general schema shows the essential organs. 

3. 1 The evaporator: 
Set up in a cold room, it receives the heat delivered by foods. The temperature of the 

refrigerating fluid increases, the latter passes to vapour state and begins to describe the 
refrigeration cycles. The frigorific effect is produced in this room. The mass flow rate is 

� 
m 

= h6 - hs 

where h5 ,  h6 are the enthalpies read on the Mollier diagram and Q0the heat delivered by the 

foods. 
On the other hand, we can write : 

Qo = KSliT 

wher e K is the global exchange coefficient and S the exchange surface. 

liT = 
liT1 - Lff:t 

6T L i -1 I 6T2 
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where�T1 ,  �T2 represent respectively the inlet and the outlet temperature gaps , i n  regard to 
evaporat ion temperature To 
3.2 The condenser: 

It permits ammonillc coming out from the separation column to pass from vapour state to a 
l iquid one (Pk , T 2). The gas temperature decreases to T k ,  we obtain then the heat Qk· 

3.3 The absorber: 
It permits the mixing of ammon iac gas and the poor solution to give a rich one, which wil l  be 

t he separat ion column load. 
3.4 The l iquid vapour exchanger (e): 

It allows the liquid cool ing between the points 3 and 4, which is necessary for the frigoriflc 
effect. 
3.5 The solution exchanger (E): 

A heat exchanger has been settled between the absorber and the separation column. I t  permits 
R rid1 50J u t i r.'n t o  arrive in the separ ation column at a tem perature nenr t hn t ofitn �nturntion o ne 

3.6 The boiler: 
lt contains t he heat exchanger fed in Albian hot waler which brings the he� l Q8. 

3. 7 Calculal ions of Q11 and Q0:  
3 .  7 .a 1'1m.{ ha/a11ce : 

mr - 11111 - m = 0 

where rnr , mp are respectively the rich and the poor solutions mass. 

J. 7 .b Energy balance: 

mrho + Q8 - 11111 x11 - mh2 - Q11 = 0 

where : x11 is the humic.li t.y degree of the solu t ion read on the Mollier diagram, 
hR , h7 are the enthalpies read on lhe Mollier diagram . respectively at B and 2 

These balances are nol su0ii.:it:11l , aml l ( I  i.:alcu la le  

QB - Qo 
w e  must u se a gr aphical method b y  means of  t h e  Merkel diagram. 

3.8 Determination of installation sizes: 
Jn the case of this paper , we present only t he results obtained in t he column where the Albian 

geothermal water i s  u�ec.l. The cnlcu1£ltiou� hrul hccn rmd� for the refrigeration produdiu11 �t:l uµ, 
local ised at Djarni\a in the case of: 

-refr igeration power = I 0 KW, 

-Evaporation temperature = -J 0°C. 
These results have heen obtained by means of a computing program made specially for this 

work 

Data: m = 9.26.  I o-3 kg/s , nv=0.0 1 58 kg/s , m r = 0 06 1 1  kg/s. 

Pam meters read :  h0 = I 05 kg/s , hB = 80 kg.ls , h1 - 442 kg.ls , QD ru in = 2 kg/s , 

QB min = 90 kgis . 

Paramet ers cal cu la ted : Q0 = 30 kcal/s , Q8 = 95 kcal/s . 
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,,9 Frigorilic balance : 
It is necessary to make the frigorific balanced in order to determine the sizes of the 

nstallation. We have made it, using the real data available in  the refrigeration production unit of 
)jamaa. A computing program has been established in 4 parts for that. 

We must know the following magnitudes: 
1 .9 .a Tlte energy los.f: 

It contains the heat given to a cold room by the environment throughout the walls, the soil and 
he roof. The computing program gives this heat. 
1 .9.b Tlte refrigeration needs o.f fom/,v: Q0 = hi - hr 
Ne must determine, for that , the difference between the initial and final enthalpies , in regard to 
Jrocedure. 
l .9 .c  Duration of foods .vtay: 
l .9 .d Otlier loss: They are 

the thermal equivalent; of machines work , of opening the doors, of workers, of ventilators. 
All of these types of heat have been calculated , using the computing program. The evaporator 

must compensate them, in order to maintain the temperature T constant, in the cold room. 

�. Conclusion 
This study shows one useful application of Albian geothermal energy, among many others. 

Our objective was to adapt its direct use to local needs. The unit of refrigeration production 
studied could be adapted to all sizes, according to client requirements, by means of the computing 
program developed. It is possible to give this installation completely autonomously with the 
electric network, using a thermal engine, devised in the case of this study , to train the pump. This 
engine will be presented in a future paper. The regulation equipment could be supplied with the 
solar electricity. 
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Fax: 2 1 8.5 1 .6 1 53 1 4, Tel. 6 1 53 1 3  

+National Academy o f  Scientific Research 

Misurata- Branch Fax : 2 1 8. 5 1 . 6 1 5954 

Dwellings a re o n e  of lhe main e11crgy consuming seclors in l h is counlry. This 
energy is consumed in simple applicalions, such as water heating for domestic 
nse, l ighting, and other uses for lim ited periods of time. There a re many 
renewable energy sources lha t  n re suitnble to supply dwellings with their energy 
needs. Solar energy is most obvious and more abundant in this couulry. This 
paprr is intended to explore methods and means or using solar energy in Lihyan 
dwellings, in order to reduce the cons umption of energy geueraled from fossil 
origin, consequen tly, red ucing emissions of pollu tants. Solar technologies and 
economic viabilities are also explored. Related existing applications, in t h e  
coun try, are d iscussed. 

1. I n trod uction 

The i m petus to conserve and nse 1·enwable energy is that " the age or petrolium 
will, someday end, either by design or by defaul t " ref. ( I ), and the concentration 
of C02 in the atmoshere will reach unprecedented levels, that  could cause 
irreparable d amage to the environment, if current consumption of fossil foels 
continues as usual. The most profound energy adjustments should occur in 
countries, l i ke Libya, that completely dependent on oil and gas. There is a solar 
potential, in this country , if well harnessed , it could minimize or even eliminate 
the use of electricity, generated from fossil foels, in residential sector. Solar 
energy is well suited to heat the water used largely for cooking and healing which 
accounts for 30 to 50% of energy use in most coun tries o f  the world ref.(2).  Many 
solar energy npplications have been initiated in this  country, for space and water 
heaHng and for other purposes. It  is unfortnnate, that they were not part of a 
whole plan or certain strategy. There are two relatively , large projects to supply 
hot water for about 3000 dwellings in two new towns, Brega and Ras Lan uf, 
planned and constructed by oil industry. Plans to build 60 thousand new 
dwellings within the next few years, have been completed, but without 
considering any solar a pplications, due, mainly, to lack of understanding of the 
technology and i ts  merits, on the planners s ide. There is an infrastrnctre for 
manufacturing solar collectors and small factory nssemblying solar cells (P. V) 
which can be expanded for large capadties. 
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2. Energy Consum ption iu a Libyan Dwell ing 

2. 1 .  Rrsid c n t i a l  sec t o r  ronsn mrs a maj o r  part or t h r  total  currgy rcq 11 i rr1 1 1rnts  in 

many r o u n t rirs. 111 Libya, i l  consn ml'S llhoul 25%. or the clectrir r ncrgy end-usr 

d r m and , a n d  st i l l  grnwing. I t  is scrnnd to t h e ind ustrial scrtor 3U 'Yo rcr. (3).  l l igh 

grnw t h  rnte o r  pop11 laH011 a n d rising s tan dard of l iving a rr the m ajor driving 

fo rces for i nn-casing end-use demand for rlertrici ly. O n  t h r  other h a n d ,  rlectric 

eneq�y is rnns11 1 11ecl in s im ple a pplka t io n s  in tlwell in gs, m a in ly, i n  hrat ing wllter 
for domest ic  use 35'Y,,, l ight ing 1 6% , refrigeration 1 8%. Fig ( I ). Thes e forms of 

consmn ption rn n  be ensily mcl,  totally or parl.ly, hy solar ener gy, iu an economic 
way, in  most regio n s  of t h e  co u n t ry.  

1 8 %  

/ 
16% 

JG% 

35 % Water l l eafini: 16 % Lii:htini: 13  % Others 
18 % Rcfrii:. 18 % MC. 

Fig ( I )  l>istl'i b u t ion of Elec t rici ty Use in a Li by:1 11 Dwelling 

2.2. There lire many wllys to reduce the energy con s u mpt ion i n  dwell i n gs. M os t 
of these ways a re passive, such as the orientation a n d  the shape of t he build i n g, 
t he : u·ea of windows, t h e  degree of insulation, and the l ifestyle of t he 
householders. The active methods or cutt i11g consumption a rl' t he type or hl'ating 
system, the ll'vel of vent ilation and the introduct ion or solar energy. J nspite of the 

im portan l'C of all factors mentioned a bovf', using active solar energy is thf' on ly 
factor to be discussed h ere. 

3. Sola r Energy Availabil ity 

Libya, like the rest or north African coun tries, is blessed with unlimited reservoir 
of solar energy. The S u n  sh ines about 3500 hours lln mrnlly, and solar irrediance is 

one of t h e  h ighest in t h e  world. It is 2200 Kwh/ 1112 per year on the avenge Fig. 
(2). Further mo1·e, i ts  population arc scattered over large desert area, making 
solar as the most viable energy alternative for all applications that are needed for 
sustainable standard of living, during and post oil era. Jnspite or this h uge 
reservoir of dean and i n exhaustible eneq�y, there is no solid plans to harness it.  
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There are many individual institution applications, in space heating, 
greenhouse, domestic hot water, street lighting, cathodic protection for oil and 
gas pipe l ines • . .  ect. But without systematic a nd/or strategic plan ning. Energy 
requirements for dwellings can completely be met by solar energy in many towns 
and villages aroun d  the country, particularly , i n  the middle and the south 
regions. Solar c.ontribution to domestic w a ter heating is estimated as 85%, and 
payback time of four years is feasible for many cases, ref. (4). 

12��������������������--.. 

10 1--11-jl---fl I 

_,__ ___ � _ __. .,____. ,� 11--11-----1 1----11----41--------< 

&-l---ll--ll--lll--lll--11--111----111--11-ll--U-l.,__I 

4-111--111--111--11--11-11----111--111--111--111--11--11---1 

2-ll----ll l--111----111--

o I'' r I' •" •" ,W' 111 ,•• I' •"' I" •" I 
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Months 

D Sunshine (hrs) - lnsolation (kwh/m/clny) 

Fig. (2) Solar lrrediance and Sunshine Duration 

4. Sola r - for Fossi l  - Energy Conservation 

M ore than 90% of Libyan dwellings are con nected to the electrical grid, where 
the cost of electricity is (0.02) Libyan Dinar per Kwh ($ 0.065). This cheep 
electricity m eans that there are no incentives to the public to buy , or even think 
about buying, solar collectors to prod uce hot water and/or photovoltaic systems. 
Thus, government and/or its institutions should take a leading role to promote 
household solar applications. The role of governments and their agencies is 
making a big difference in ind ustrial and in developing countries likewise, 
ref. (5, 6, 7). Fina ncing solar energy for the residential sectors, in this coun try, 
implies conservation of fossil fuels, reducing pollution and developing n ew 
industry for the futu re. 

Energy consumed in Libyan dwellings consists of two forms, namely, natural 
gas for cooking and electricity for everything else; some householders use 
electricity only for all pu rposes. The pattern of electricity consnmption in a 
Libyan dwelling, during 24 hours, is depicted in Fig. (3), where 37% of the 
consumption occured in the sunny period between t o  and 17 hours. Further 
more, electricity consumed to heat domestic water represents 35% of the total 
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consumplion,  as it rnn he sern in Fig. (4)  w h ich sh ows, also, l hl' d istribut ion of 

electricily rons11 111 ption, compared to a typical dwel l ing i n  thr l l n i ted Stales a nd 

Brazil. I t  is clra r that  solar hrat 1 rnd ekrt ricity can replacr thr energy grnrrated 
by burning oil a nd gas and ronsN] urnt ly,  avoiding the em issions of 77 Kg 11f C02 
per dwelling 1 l a i ly. 
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Fig. (3) Electri c i ty Use i n  a Libyan Dwrl l ing 
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5. Sola r  Heati ng p rn,jccts ( Ckega a n d  Ras Lanut) 

Previous :i l l  cm p i s  lo  u s e  solar collrctors t o  heat  d omestic water for fa rm ers 

dwrll i n gs, i n  l h e  easl regions a n d  for villagers i n  t h e  south,  l 0- l 5  years ago failed 
wilhout  real ernl u a t ion or the rx periencr gained. D u ring t h e  last four years 2600 

collectors havc hern i11 s t a lle1l 011  all  new B rega town dwell ings, and 400 in Has 
Lan n r. Both tow ns a rc lornlrd on t h c  middetern ncan sea in the desrrl between 
Sirt and Benghazi. 

Thry rrpresl'l l l  the righl d ircc l ion or a government ins t i t u t ion to llro m o l e  solar 
a pplirntions on a largr srnll', hnl I hey were a part o r  l u rn kr)' proj ects. Thus, no 
ron l rh u t ion from local i u d u s t ry i n  111:1 111 1facturing o r  the collectors w h ich 
represented a lost apport u nit)' to  develop solar t ec h nology in t h e  co u n t ry. Both 

projects hel o n g  t o  S i  rt I 'd rnlium Compa ny. The collectors tec h nology is not  t h e  
b e s t  o n e ,  hnt  i i  is prn printe fo r i l s  time. 

6. Conclusions 

A t  t h r  end o r  t h is disrnssion,  o n e  may conclude the fol lowing remarl<s: 
6. l. The p o t e n t iol of soler enl'rgy in Libya is very h igh, b u t  the prnmolions for 
e x ploitat ion h ave been very low so far. 
6.2. Energy n.�l' iu Lihyan dwellings s u ites very well solar a pplicatious, b u t  needs 
stroug incentives from the government and its inst i t ut ions. 
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ABSTRACT 

Optimisation and integration of building control strategics can save huge amount of energy, while 

preserving or improving the standards of the indoor comfort. Integrated control strategies of the 

Building Energy Management Systems (BEMS) provide potential for larger energy saving , by 

increasing efficiency and optimisation of plants, and better indoor comfort, by combining the physical 

control actions with the human presence/room occupancy. 

From several years ENEL DSR/CRAM and CONPHOEBUS are operating, in strictly co-operation,  in 

rational use of energy (RUE) and the best exploitation of renewable energies (RE), in view of the 

efficient management of the national ENEL building stock. Among the possible aspects of RUE, RE 

and indoor comfort in buildings, the research activities are aimed at bioclimatic design and 

development of closed-loop control strategies, mainly for heating, cooling and lighting. The integrated 

control of the environmental conditions, in  terms of internal temperature and i l luminance, and human 

presence have demonstrated an energy saving opportunity through the reduction of both the 

heating/cooling and electrical loads, as well as improvement on the thermal and visual indoor comfort 

has been achieved. 

This paper will present also some interestinQ applications lo an ENEL office building and will oul l ine the 

main lechniques developed and implemented by ENEL and CONPHOEBUS. 

1. Approach 

Computer Integrated Building (CIB) are integrated hardware and softwrire structure and are 

often adopted for the overall management of the technological services in buildings. 

Basically they are supervisor and control systems of the different building services: healing,  

cooling, lighting,  access control, fire prevention ,  etc. , but they are not oriented to energy 

savings and Indoor comfort purposes. 

Since 1 990 ENEL and CONPHOEBUS have been operating in some buildings of the 

national ENEL building stock for the best exploitation of the CIB systems and for identifying 

innovative control strntcgies which r.Rn hA implem1=mted to minimise energy consumption and 

to improve or preserve the thermal and visual comforts. 

The following steps of approach (methodology) have been carried out: 

1 .  CIB system features analysis; 

2. verification of the CIB system performances for the hes! operation of the technologic:::il 
plants; 

3. implementation of additional or modified features; 

4. efficiency verification. 

The first tv10 steps. fulfilled vvith on site surveys and short-ten11 measurement, provide an 
idea on the possible actions to undertake for the improvement of the overall management on 

the energy functions. 
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The third step is carried out selecting some reference rooms of the building and applying the 

new control strategies through an ad hoc control system (PROTEUS), finalised to energy 

savings and indoor comfort purposes. 

The fourth step demonstrates the advantages and benefits of these control strategies 

through a parallel comparison of the PROTEUS and CIB performances. 

2. Monitoring system. 

Sensors were sampled at one minute frequency, while hourly average data were stored into 

the hard-disk data base. Special attention has been payed on the data acceptability criteria: 

only data which belong to a realistic range and which have a percentage ( i .e 80%) of 

measured values in the hour are stored. 

J. Control strategies description 

The more efficient management of the technological plants, which al lows to achieve the 

presence/behaviour inside each room .  

The basic criteria was t o  choose 

couples of adiacent rooms,  with the 

same area equal to 1 7.57 [m
2
] ,  and 

which are occupied by the same 

number of people with simil�r work 

activities and comparable human 

behaviour. 

One room (hereafter named CIB) was 

controlled by the traditional CIB system 

and the other one (hereafter namend 

CONPHO) was controlled by the 

innovative PROTEUS control system. 

Room occupancy was monitored through infrared personnel detectors 1 . People occupying 

the reference rooms were monitored since their input to the building (magnetic bedge 

detection in the morning) to their exit from the building (magnetic bedge detection in  the 

afternoon). . 
The overall occupancy of the CIB and CONPHO rooms is showed in the following table. 

Period CIB occupancy [min.] CONPHO occupancy [min.] 

Tota/ 74158 621 77 

Data of both rooms were collected by the PROTEUS system and stored in its internal data

base. 

This information has been only utilised to demonstrate the convenience of control strategies 

based on the room occupancy. 
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.t. Heating/Cool ing control strategies. 

Energy saving and tt1ermal comfort were ensured by a combined set-point control of 

temperature, different for heating and cooling, based on the room occupancy. 

Thermal comfort was defined through 3 thermal levels. according to the following figures: 

maximum comfort with temperature at its set-point value in presence of personnel inside 

the room; 

stand-by comfort with temperature lower than its set-point value for temporary absence 

of personnel ins ide the roon1; 

minimum comfort with temperature at its m1111mum set-point value in absence of 

personnel at work (detected through the magnetic badge) or during long period of room 
non occupancy. 

5. Results of the temperature control. 

The temperature control for heating and cooling confirmed the expected behaviours 
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• Thermal comfort was different for the 

two reference rooms: the CIB one 

was mainta ined at higher set-point 

values for the whole working day and 

it was independent  from the room 

occupancy; the CONPHO one was 

mantained at its set-point values only 

during the presence of personnel 

inside the room . 

• The start-up time of hoUcold air in the 

CONPHO room was b<tsed on the 

arrival of personnel at the office,while 

the CIB room was programmed o n  
t ime base. 

• Supply air circulaled for ti le whole 

LIC1ys , incluutiu also week-e1 1Lls amt 
holidays. An immediate energy 

saving ,  a part of those obtained with 

the smart control sirtegies, has been 

readied stopping the supply air 

during the non working days, 

provided that it was not explicitally 

requested to be on. 

The numerical analysis demonstrated the convenience of the applied control strategies 

based on the room occupancy; the following table sl1ows the average values of the seasonal 

energy consuption for Fan,  Heating, Cool ing. and the obtained energy savings. 
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Fan consuption [kWh.] Cooling Loads [kWh.] Energy Savings [%] 

Summer GIB I GONPHO GIB I GONPHO Fan j Cooling 

Average 1 1 70 I 217 467 I 378 81 l 1 9  
Heating Loads [kWhu,] 

Winter CIB I GONPHO GIB I GONPHO Fan I Heating 

Average 1 340 I 1 38 1 647 I 840 90 I 49 

6. Lighting control strategies.  

Natural lighting and room occupancy are combined with the artificial l ighting in order to 

ensure the best visual comfort on the working desk. Artificial lighting were controlled with a 

dimming regulation in order to provide the necessary contribute to integrate the natural 

lighting. The room occupancy controls the On/Off status of artificial l ighting. A time delay is 

assigned to turn off the artificial lighting if no occupancy in the room is detected, and turns on 

automatically when personnel comes in .  

7.  Results of the lighting control. 

The artificial lighting control have confirmed the expected behaviours. 

• During both seasons - winter and summer - the CONPHO room was maintained at the set

point values during the working hours and with human presence inside; the CIB room 

showed free fluctuations of the internal illuminance around its set-point values. 

• Larger energy savings have been obtained with the control strategy based on the human 

presence inside the room of those one can be obtained with simpler time-based control or 

manually On/Off based control. 

Hereafter the seasonal average values of the artificial lighting electrical consuption are 

showed. 

Period Energy Consuption [kWhe) Energy Savings [%] 
-

CIB CONPHO 

Summer 1 1 20 580 49 
Winter 1 940 895 54 

The figure below shows the different behaviour, during the winter season, of the artificial 

lighting in the reference rooms. 
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It was calculated2 that energy consumption for artificial lighting in the CONPHO room was 

46% less than of the CIB one, 

8. CONCLUSIONS 

The following table summ<irises the potenticil for energy saving on a single room where 
control strategies based on the room occupancy have been adopted. 

Energy Savings 

Season Fan Heati11ri Coolin a• Artificial Lig/1ting 

£%1 £kWh.l [%] lkWhthl [%] lkWh.l [%] [kWh.I 
Summer 81 2 1 7  1 9  378 49 580 
Winter 90 1 38 49 840 54 895 

Tho integrated control stratAgies based on the room occuµam;y have been demonstrated 
more efficient respect to individual On/Off or thermostatic controls of the heating/cooling and 

artificial l ighting, ensuring on the same time the best functionality of the equipment and 

providing better indoor comfort. 

3 

Energy consuption have been calculated multiplying minutes of presence inside the room for 
the e lectrical power of the lamps (288 W). 
Energy consuption for heating has been calculated on the basis of 6 months, considering 20 
working days per month. 
Energy consuption for cooling has been calculated on the basis of 4 months, considering 20 
working days per  month. 
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Abstract 

T l l lmM A L  IH� l l AV IO l J R  or LEA F COV ERS 

ON f:XrnnNA L JH l l LU ING WA LLS 

M .  Cappel l i  IY01 a zio.  C. Cianfr in i ,  M. Co1\: io1 1e  

Dipa rt imc1 1t o di  hsica Tc..:n ica, U niversit:\ "La Sapienza" 
via Eudossiana,  1 8  - 00 1 94, Roma.  l la ly 

The thc1 m a l  efliciency of leaf cover s 011  extern a l  hu i ld ing wa l ls  i s  t heor et ica l ly a n a ly7.CU.  The 
thermal pc1 for111ances of plants with diOercnt radiative and diffu sive p roperties which shield w a l l s  
of diffc1 ent ma sses m summertime cl imat ic condit ions H e  simu lnted through a finite-di !TCrcnce 
numerical model.  Quantitative clata of average and instantaneous incoming th ermal fluxes a 1 c  
repo1ted. Compara tive results with rc[cr ence t o  unsh i elded wal ls as  wel l a s  t o  w a l ls prote<.:tecl by 
11011-vcgetable screen s  are p t  csented. 

I .  I n trodu ction 

Solar ra diat ion 1 1 1;1y play a decisive rol e  i n  h eat  t 1  a 1 1 sfor tin oug.1 1  the exterior wal ls  of hui ld i n e.s 
both in s11 1 11me1 and i n  wi1 1 tc1 , thus a lli.:ct ing 1 1 1cm 1 ingli11ly t h e  e11 e 1 gy rates requi l'ecl Lo keep 
su i tab le  i n do o 1  te11 1p c i a t urcs. The employmen t of exte rn a l  sc1 ce11 s  may represent a good solut ion 
in su n 1 1 1 1er , but  l i m i ts the the1 n w l  pedi.i 1 1 1 1a 1 1 ces o r  t h e  wal ls  i 1 1  wintei. Deciduous leaf cover s n rn y  
p 1  ovide a convenient  s o l u f  i n u  \\·h er e  t l 1 c  p 1  esc11ce o f  s h a d e  i n  su111111er and s u u  i n  winte1 m a v  he 
sign i fica n t  on the e11e1 gy ha lance o f  the bui ld ing. r ep1 esc1 1 t i 1 1g a 1 el iablc se11: r egulat i 11g shield i n g  
system, c :ip ::b lc  or prn1 iding cai licr sh,1ding Lo outc 1  wa i ls  i 1 1  hot  springsieady su1 1 1 1 1 1c1  s amt 
earl ier exposit ion or outer walls to more sunshine in  ea r ly  a ut umns. F111 1 hcr111orP, 1 1 11� rel a t ionship 
hct\\ccn 1 1 a 1 1 �p i 1 ali o n .  leaf t empcrntmc and e11vi1 01 1 1 1 1ent may resul t in a larger p ro tect ive effect 
\\ i t h  1 cspe<:t to l h e  e1 1 1p lny11 1cnt o f 1HHI-\'t'gct ahle cxl e 1 1 1 a l  shie lding. p a 1 1 ic1 1 l arl y  i f d u 1 i 1 1g su1 1 1 111cr t he plant  hccon1cs coob than the 1111 l sidc a i 1  

The energy b a l a n c e  of a p l a n  I lea f  i n  a givc11 cnvi 1 0 1 1 11 1ent must t :i k e  i n t o  a c.;co11 1 1 t  t h e  r a d i a n t  
ene1 gy ahsm bed ;i nd emit t ed by t h e  lcaC t h e  ener gy e-.;changell hy co11vectio11 h e a t  tra n s fer wit h  
;m1hic1 1 t  a i r, t h e  enc1 p.y 1 en 1ovccl b v  eva pot 1 a 1 1 sp i ra ti o 11 ( if con densation phe1 1 C1 1 11c1 1a occu1 on 1. 1 11;  
lear c11c 1 gy i s  gained) and t h e  r:11 c 1 gy consu med or co11t 1 ib u 1 ed by the  metabol ic p 1 occsscs 
( 1 1su a l l) . IHn\ cvcr . negl ig ib le  i11 t h e  c11 e1 gy budget ca lcu la t ion ) 

Spc<.:L 1 al o p t i r n l  p 1 opc1 t i cs of lea\'CS as wel l  as t h e  t ouil 1 csisla11cc of the dilliis ion pat l 1ways. 
made up o l" t h e  s 1 1 11 1  o r  suhst 1 1 1 1 1 a t a l  a11d sto11 1a ta l  r csis1 a 1 1ccs plus the external  1 esista 1 1cc  i n  the 
hn1 1 1 1dai y air l11yc1 . a 1 c  1 r:p o 1 1 ed i11 the l i te 1 at 1 1 1 c for many d i flel'ent p l a n t s  [ 1 -4J . 

The d cpcndc1 1cc o r  lea f 1 c11 1pc1 aturc a 11cl t rn n sp i ra l i o n  1 a tc  011 t h e  1 11a i 1 1  envi ro11 1 1 1c11ta !  f:1ct o 1 s. 
essen t i a l l y  t ot a l  i n c.o u 1 ing 1 a d i a l  ion.  wind speed. a i 1  t cmper nture and relat ive hu midity, a s  \\ e l l  a s  
t h e  1 c la t ivc c!lcct i vc11css of a l l  1 1 1odcs of e 1 1 c 1  g y  d issipat ion at c widely d iscussed iu p lant scic11cc 
l i t c1 a t 1 1 1  c i '1 - 8  J 

The :1 1 1 a ! y�: i �. nr ! he :  :nal c!lCcts and cffi�icncy of vegei11i iott �hiclds on t h e  outside \\ ails of 
l J 1 1 i l d i 1 1gs has just  been a ccen t ua ted .  wit h  1 c le 1 c1 1cc Lo specific bui ld ing types and someh o w  

B22 



neglecting the effects of transp iration [9). On the other h and. the di ffi1sion process has a 
sign ificant iufluence on the leaf temperature a nd then on the thermal  perforrnanccs of the 
vegetation cover. 

The present paper proposes a basic numeri<:al study of the ther mal perfo1111ances of 01nside 
wa lls of different masses shielded hy vegeta t ion screens in summer. taking into account both the 
leaf tr an spiration effects and the inlluence of the cover geometry. Lea f covers effectiveness and 
emp loyment convenience are p o inted out and clliciency comparisons are made with reference to 
the case of 1 1011-vegetable shields adoption . 

2. C o m p u tational  model 

An in finite vertical wall o f  uniform thickness. div iding the indoo r  ambient fi·om the outside. is  
considered p a1tia lly shielded from solar  radiation by a vegetation cover p laced al a giveu distance 
from the outer surface of the wall as sketched in Fig.( I ). 

The leaf cover consists of a variable number of layers, each with mass a1 1d thickness negligib le 
with 1 espect to the wall, thus ncglecti11g i ts thermal ineitia and assuming a 1111.ique temperature 

value for each layer. The average leaf absorptance for sunlight of wavelengths 0+2 wn is 
condide1 ed variable in order to  tak.c into account the beh aviour of diiferent plants, while, 
according to  the spectral propert ies of most p lants, the leaf emissivity for wavelengths larger than 

2 �Lill is assumed 0. 9 5  [ 4 ) .  As far as the transp iration process is involved, the different responses 
of p I ants to the main e11vironmental factors are taken into account by invest igating the leaf thennal 
performances for a wide range of values of the total diffosion resistance. The night-time leaf 
behaviour is  simu lated by assuming an infinite diffusion resistance [ I  0, ! I ), while possible 
condensation phenomena on the leaf surface are not considered. 

Each leaf- l ayer is a ssumed to be parallel to the wall and not complete ly covered by leaves, 
i 11t roduci11g mi "areic cover i 1 1g factor" F1. =A,/A defined as the ratio between the area actually 
covered by leaves, a ssumed unifonnly distributed over each layer, and the area of the layer. 
Following the hyp othesis of vertically placed leaves. the model does not take into account that 
the actual orien tat ion of any single leaf depends on the sun 's app arent movement, wind action, 
leaf curvature. shading by other leaves and d i fferen tial growth. Fm1 he1 mor e, the model does not 
t ake into account  wi lting occurrence and the  fact th at variations in radiative p roperties of any 
single leaf rnay occur. 

T l te wa ll i s  assumed to be so11th w:11 d- fac ing . Its aver age nbso rptance for so lar radiation and its 

emissivity for wavelengths lnrgei thau 2 �Lill a rc a ssumed i espect ively 0. 6 and 0. 9. 

leaf cover air layer building wall 
s.E.i-P..[ I I , •�-: s!+Pi ,_ ....,-:..):·::;:. , I 

' ff tt;: Ti 

w� 
Ta 

f 2 i II 

Ta f,- ; •. . �- · :: I  Int 1tti 
s 

F'ig. I - Sketch of the model 

JS 
l����ie;;,1��;J�B 

0 f2 18 (h) 24 
Fig. 2 - Ex ternal cl i111�tic conditions 
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The indoor ambient is considered to be kept at a 25°C constant temperature. 
As for as the external climatic conditions are concerned, reference is made to summeitime 

typical Meditenanean climate: the specific daily solar radiation and air tempe1 ature time
distributions assumed are repo1ted in Fig. (2) .  The wind speed is assumed constant, with a value 
vw = I m/s. 

The energy balance equations relat ive to the un ity surface area of each leaf-layer are: 

wit h :  

( " 1; S' I ) ( r� ,,. P. '  ) F r4 '' 1 + '  i a + ; + · i a - 2u o /, 11 1. '; + 

. li- 1  - lj lj� 1 - 1; � Fr. , r�· ,r ( -· ' ]  _ 
-r ---R .. --- + ·--R·- -- -1 L. D  Al l ; JlXa - x.1·0 1 ; )  = U  

1�· I I. 

S ·''. = r(S H + pS 1 )f I 1 - J  I 

S. 1 (s 1 r::; H ) r  • ;  = r i+l  + P• ; . 

J�E = [u 0 17 1, F1. (7f�1 +rT;4 ) + 1(1��l + rP;1 )]g 

P;1 = [o-0 17 Ifr {7f!1 + r7j4 ) + t(P;�1 + rP/ )]g 

I 
I =  ? , g = --2 1 - p� 1 - r 

a = FL af. , p = FLPL • r = F1, r 1, + (l - FL ) 

a = F1,a1, , r = F1,r1, , t = F1 ,t 1, + (1 - FL ) 

where: 

(1 � I ,  2, . . . , N )  
( \ )  

(2) 

( 3 )  

(4) 

(5) 

(6) 

(7) 
(8) 

- S'; and ::/, are the specific overall solar radiative powers 1 espectively incident on the outer side 
and the inner side of the i-th layer, due to multiple reflections mnong leaf-layers and the 
external surface of the wall, whose expressions are determined acco11liug lo the procedure 
sketched in Fig. ,(3 ), which specifically refers to the calculation of S'; ; 

- pE'; and P; are the specific overall leaf-emitted and wall-emitted radiative powers respectively 
incident on the outer side and the inner side of the i-th layer, due to the above mentioned 
multiple reflections, whose expressions are dete1mined according to the procedure sketched in 
Fig. (3 ), which specifically refers to the calculation of pE; ; 
ao is the Coblentz constant, equal to 5 . 670x I o·8 W/(ru2K4); - 171. is the ave1 age leaf tmlissivity for wavelengths larger than 'l. �Lm; 

- Rr, and R1 are the thermal resistances of the adjacent air layers located r espectively toward the 
outside and toward the inside with respect to the i-th leaf-layer position; 

- D1. is the total resistance of the leaf diffusion pathways; 
- A( T;) is the latent heat ofvapo1ization of waler at the temperatme of the i-th leaf-layer; 
- x., is the concentratiou of waler vnpour in th e free air; 
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- X.rn(T;) is the concentration of water vapour in the saturated air layer adhe1ing to the leaf 
surface at the temperature of the i-th leaf-layer; 

- aL, p1. and TL are the average leaf absorptance, reflectance and transmittance for sunlight of 
wavelengths 0+2 �Lm; 

- a,, , r1. and t1• are the average leaf absoqJtance, reflectance and transmittance for wavelengths 
larger than 2 �lm. 

For the l st leaf-layer lhe following conditions must be assumed in Eq. ( I ): 

I 
Rr-; = - , T0 = Ta , hcH 

while Eqs (2) and ( 4) must be replaced by: 

where: 

S( = W  

[) 4 4 Pi = a o17 F TmrE = ao Ta , 

(9) 

( 10) 

( 1 1 )  

- hn: is the coefficient of convection heat transfer with external air calculated as a function of the 
wiud speed v,,. [ 1 2) :  

hcE = 5.7 + 3.8v111 (W/(m2K)] ; 

- Ta is the external air temperature; 
- W is the specific total incoming solar radiation; 

( 1 2) 

- 1/1! is the emissivity of the external environment, assumed to behave like a black-body; 
- 7;,.,,; is the mean radiant temperature of the external environment assumed equal to Ta . 

For the N-th leaf-layer the following conditions must be assumed in Eq. ( I ): 

I 
R1 = -- ,  TN+l = 1if10 ' hCJ 

while Eqs (3) and (S) must be replaced by: 

with: 

where: 

SI SEf' N = TPw N 

P£ = [a a(11wTrto + rw Fi, 7/L T� ) + t rw P� ]
g

' 

l 

f ' = l -·ppw 
l 

g' ,,, 1 - r rw 

s2s 

( 13)  

( 14) 

( 1 5) 

( 16) 



-- h, -1 is t h e  coel l icie11t ol convection heal  l l ansfor  with the air located between t h e  lea r cover and 
the ex t c1 1 1a l  su1 lace of the wa ll ;  

- 7/1 " i s  the tempern ture o f  the external  sur face o f  the wall (x-.- 0) :  

- a,,- and pw aie  the average wall absor ptance and r cf1ectance for sunlight or wavelengths 0-;.2 

p 1 1 1 :  
- - 0 1 1  and r,,. are the aver nge w:t l l  absoq>lm1ce and reflectance for  wavelength s larger than 2 iu11 ;  
- l/11 is the  average wall  emissivity for wavelength s  la 1 ger than 2 p m_ 

The energy balance equation rela t ive I n  t h e  1_11 1 i 1y s11 1 f�Gc n rea o f  the wa!I,  trnder the 
a ssu mp t ion o f  homogen eous and isotrop ic material.  is: 

(72 T I /1i' 
== -

r?x 2 a /7r 

\\' i lh  t he following boundary cond it ions: 

S '' J" [ ( / 1 / · 1 ·4 ) /'J r,· ] , 7 · 4  a w r  ,, .. + 0 1 1  <T o  r 11 1 1  x + ' r. 'l r. x + t ,\° � ·- (T o x + 

/:r[ +hu ( 7;1 - Ty ) = -k --- at x 0� 0  
r:X x-o 

whc 1 e : 

- . . � . k . .  /"'Fl fl I ( 7 x -- 7 ind · r:\- .r c.\ 

- a is t h e  ther mal  d i ffu s ivity of the wall mater ia l :  
k is  the  intcm a l  the; mal  conduct ivity of the wal l  1 1 ia te1 iaL 

at x = s 

( 1 7) 

( 1 8 ) 

( 1 9 )  

- '11 i s  the  sum o f  the co11\'cctive rtnd radiative coenicients o f  heal lrnnsff-r with  th e indo01 
a mbient;  

- T;.,, is the indoor te111pe1 a t 1 1 1 c  

The system o f  t h e  govern in g equat ions ( I )  an d ( 1 7) with t h e  boun da 1 y condit ions ( 9)-( I l ), 
( 1 3  H 1 5 ) and ( 1 8 )-( 1 9 ) has  been solved n u merica l ly through an i mpl icit finite-di lfercnce a lgorithm 
developed by the autho1s. which a llnwecl 1 1s lo c!ct c1 111i11e the temperntu r e  o f  each lea t: Jayer and 
each d i sc1 eti;1.atio11 uocle wit h in the  wall at each d i scret ization t ime inte1val.  thus per111illi11g the 
ev;i l ua t ion of the d a i ly t ime-d istr ibu t ions of the incoming the1 ma l  powc1 

The an a lysis has been couducted fol' d i lfe1 cnt values of the average leaf ahsorptm1c:e o:1 
bet 1\een 0. 3 and 0 8, I ca r I rn n smil lance. Ti bet1vee11 0. I and 0.5 and leaf re lleetm1ce p1, between 
0. 1 and 0 6 ·. f(ir d i Oe1r1 1 1  va l11rs of lhe above defined areic c ovei ing factor F between 0. 7 and 0. 9 ;  
fo r d ifferen t va lues of  the r n t io D,,. /D1. of the d i lli1sio11 resistance o f  satu rated a ir a l  the !ea r 
temper a tu re ''�Lh the l eaf  total d iffi1sio11 resistance between 0 and 0. 9 :  for a number of lea f- layer s 
between 0 a n d  5, thus  consider ing a lso the case of unshiel<lcd wall ;  for d iffere11 l masses of the 
wall .  The value D.,//),_ = 0 may he consider ed as the l imit cnsc of non-vegetable shields adopt ion 
(U1 _ _. CYJ). thus permit ting the eval u ation of the cflccl iveness of the leaf transpi ra lion process on 
the t h er1.11a l pc1 for11 1ances o f' the sh ielding c.over. 
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(i- 1 )  

� '  S, Tp 
--i - S,�,Tp2 

- I 
P·,,-� s, r/ 

--

--- PJ tr 

---= P,' tr3 

-a= ct7,1.�ri1 
ct?AFr4r 

-q,?AF.T4 2 
--��--'--

L H (  
::::;:;t ct'" F.T'· J (i) '1H I ( 

Fig. J - Calculation of the radiative powers 
incident on the outer side of the i-th 
leaf-layer 
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3. Results 

'Il1e distributions of the ratio E1/E0 between the daily incoming thermal energies in the presence 
of leaf cover and in the case of unshielded wall are plotted iu Figs ( 4) through ( 6) against the ratio 
D,/D1_ between the diffusion resistance of saturated air at the leaf temperature and the total 
diffosion resistance of leaf, for an average-mass wall and different values of: the average leaf 

absorptance and transmittance for sunlight of wavelengths 0+2�Lm, the areic covering factor and 
the number of leaf-layers. Simulations of the thermal behaviour of low-mass and high-mass walls 
have p ra ctically given same incoming energy distributions, thus showing that the vegetation cover 
clliciency ( I - E1/Ea) does not depend appreciably on the thermal inertia characteristics of the wall. 

The ana lysis of the results allows us to point out as follows: 
a )  The contribution of the average leaf absorptance for solar radiation to the leaf cover thermal 

performances reduces as the global  transmission of the vegetation cover for solar radiation 
(evaluated in terms of average leaf transmittance, ar eic covering factor and number of layers) 
anrl thP. lP.a f rl i ffo �ion n:sistan c:.� r�duce. Within the bounds of the cases imalyzed, for average 

di ni1sion properties the contribution of the leaf absorptance a,_ shows almost negligible when 
the vegetation cover consists of mor e  than three !t:af-layers: this could be explained by noticing 
that, when the thickness of the le;i f cover increases, only the outer leaf-layers interact with the 
incident solar radiation, thus carrying on their optical filtration function, while most of the 
deeper leaf-layers act like radiation shields to the energy from outside. 

b) The thermal efficiency of the leaf cover increases as the number N of leaf-layers, the areic 

cove1ing factor F and the ratio D_,jD1. increase and as the average leaf absorptance a1. and 

transmittance r1• for solar radiation decrease, with global p er-cent reductions of the daily 

mcoming energy between 20% (case of one leaf-layer, F1.=0. 7,  r,_=0 .5 ,  a1.=0.4,  DJD1=0. 9 )  
n n d  97% (case of five leaf-layers, F1.=0.9, r1=0. 1 ,  a, =0.3,  D.,,/D1.=0.9) in cu111p11 1 isu11 with the 
case of unshielded wall, with reference to the lowest value of the leaf diffusion resistance taken 
into account. 

c) High values of the leaf diffusion resistance coupled with given values of the global 
transmittance of the vegetation cover for solar rn d iaction may result in a larger daily incoming 
energy rate with respe<rt to the case of unshielded wall, as by example it happens to case "3" of 
Fig. ( 4 ) . This derives from the relative irnpu1 ta11ce uf the different thermal effects due to the 
presence of the vegetation cover: the positive effect following the so!Rr radiation shielding and 
the ncgntivc effect following the wall rcradiation shielding, which affel:ls the lomsient thermal 
behaviour of the wall. 

d)  Same daily incoming energy rates may be obtained with different combinations of thermal and 
geometrical properties of the vegetation cover: as an example, this substancially happens to 

case " I "  (F,_=U.9, r1.=U. I ,  a1.=0.3,  p1.=0.6, D_,/D1.=0) and case "2" (F1.=0.7, r1.=0. 3,  a1.=0.6, 
P1.=0. I , D,/D1.=0. 9) of Fig. ( 4 ): in  the absence of the transpiration process cont1ibution, lower 
values of absorptance, areic covering factor and transmittance are necessary to obtain the same 
incoming ener gy value. In order to analyze the different thermal behaviours of the system in the 
above considered cases " I "  and "2", the time-dist1ibutions of the dimensionless temperature: 

0 = T - lint 
7int ' (20) 

of the outside air, the leaf cover, the external and internal surfaces of the wall, respectively 

denoted by 0,, , 01• , E>wo and 011:� , are plotted in Fig. (7) and Fig. (8), where the time-
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disl1ibuliu11s uf 0 *,,0 and 0*rrs for unshielded wall are also rcp01tcd. It can be noticed that in 
the abse1ice of the plant tran sp iration p rocess (case "' l ") the lea f temperature is higher than the 
outer wall temperature for most of lhe day. On the con trary, when transpiration occurs (case 
"2")� the leaf temperature is a lways lower than the outer wall temperature, with the cm:sequent 
effect of balancing the larger r ate of solar radiation abso1 bed by the wall ( dne to the h igher 
value of the global transmission for solar radiation of the vegeta tion cover): fiuthe1111ore. due 
to the low value o f leaf diffusion resistance pertain ing to case "2", the vegetation is also cooler 
than the outside air for most of the day . 

e) The thermal efficiency of the vegetation cover increases meaningfiil ly as the  leaf diffu sion 
resistance decrcilses: under sanic oth er conditions, as the ratio D.1./_lJ, increases fro1n 0 to 0.  C)� 
p er-cent reductions of the daily incoming energy up to 60% a re achieved. Jn order lo highligh t 
the cont1 ibution of the transpiration process to the l ea f cover thermal performai1ces. the ti me
distrihutions of 01., E>wo and E>ws relafive to case "2" and case "3" (same solar radiant power 
incident on the externa l  surface of the wa l l) He reported as an example in rig. (9). It can be 
noticed that, due to the diffusion p henomenon, the leaf temperature pe1taining to case "2" is 
sensib ly lower than that relative to case "3", from winch an approxnnate JO% reduction of the 
dai ly incoming energy derives. 

4. Conclusions 

The theoret ical model deve lop ed has pennilted the examination of the thermal behaviour o f  
plants wi th  rnther cl iffere1 1 t  rndiative and diffusive properties which shield external building wall s 
of differen t masses in sum111e11i111e climatic conditions. Within the boundaries of the cases 
investigated and the above cit ed l i mits of the model, a leaf cover with average spectral and 
transpiration p r ope1  t ies shows lo p r ovide a re11rn1 kable reduction of the average and instantaneous 
in coming the1 mal fluxes - aml then the ene1 gy requ ired to keep indoor comfo1t conditions - in 
comparison with the cases of total absence of p r otection or p recence of non-vegetable shields. 
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Pass ive Evaporative Cool ing :  the PDEC project 
Alfio Galata, Salvo Sciuto 
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ABSTRACT 

ThP. growing 1 1,:;P. 0f �nnvf"11t i0na! HV.A.C systems in offices and comrnercia! buildings in Southern 
E u rope is having a major impact on electricity demand. Passive Downdraught Evaporative Cooling 
(PDEC) techniques offer significant potential for reducing the energy demands for cooling of non
domestic buildings in  hot dry climatic regions. Air can be delivered by capturing the wind within a 
tower, and cooling may be achieved by spraying microscopic droplets inlo the airstream. With PDEC 
cooling process, the air temperature may be reduced by 70-80% of the wet-bulb temperature 
depression, providing the potential for very significant cooling in  hot dry climatic regions. While the 
potential or this tecl1nlque t1as been alrnady demonstrated, the cooling capab1l1ty a nd indoor comtort 
have yet to be assessed, to promote a wider application lo non-domestic buildings. To investigate the 
PDEC system, a th1 ee-yea1s research is performing by a mul!l-dlsclpllnary European Consort ium,  In 
the frame of the European Commission JOULE II programme. This paper will i l lustrate the PDEC 
Experimental Test Facil i ty, and the experimental measurement campaign lo inquire on the cool ing 
capability and indoor comfort. 

t. Approach 

Significant efforts have been made rn literature to reveal [1 ]  the cooling loads of offices and 

commercial buildings, while research activities [2] have demonstrated passive cooling 

techniques offer a considerable potential for reducing fossil or fuel energy demand. Wind 

towers and chimneys have been largely adopted in buildings to catch the wind at higher 

elevations for natural ventilation, indoor air quality and free cooling for centuries [3] . The wind 

catcner apertures are oriented rn the directions where wind is prevai l ing; part of the air 

entering the tower spread out in the living spaces, due to pressure coefficients difference. 

The portion of entering air is  partially used to cool the building structure. With heavy 

structures the energy storage plays an important role in rroviding thermal r:omfort during the 

following hours. 

Catching the wind and direct it into an evaporative tower, a cooling effect can be achieved by 

spraying microscopic water droplets into the airstream. This technique, already adopted [4] 

as prototype for cooling outdoor spaces, at the Seville EXPO '92 , realizes a passive system 

and don't require any energy to operate. 

The principles of passive downdraught evaporative cooling system (PDEC) have been 

studied through mathem;:itical models in order to calcLrlate the outdoor conditions (dry and 

wet bulb temperatures, relative humidities ,  air flow patterns,  system effectiveness) for 

different input conditions (geometry, outdoor weather conditions). Theoretical studies and 

simulation results have been used to correctly dimension the PDEC equipment and to 

provide guidelines for architects, engineers, designers and consultants of cooling systems. 

While the potential of this technirpJe has been £1lre£1dy demonstrated, the coo!lng capability 

and indoor comfort have yet to be assessed, to promote a wider application to non-domestic 

build ings.  
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2. The PDEC project. 

To investigate the PDEC system and explore ttie application inside non-domestic (new or 

refurbished) buildings, a three-years research is performing by a multi-d iscipl inary European 

Consortium, in  the frame of the European Commission JOULE I I  programme. 

The project is co-ordinated by the De Montfort University (UK) and Conphoebus (I) i s  partner 

together with University of Malaga (ES), Micro/ide (F), Mario Cucinella Architects (F) and 

Shorl&Ford Associated (UK). 

The partnership activities cover three main a reas: Architectural Design Studies (ADS), 

Building Performance Assessment (BPA), Experimental and Monitoring (E&M) to final ise the 

following project objectives: 

• establish a technical and financial feasibility of PDEC systems; 

• monitor and optimise the performance of PDEC systems; 

• stimulate interest and il lustrate the appl ication of PDEC products in energy efficient 

refurbishment and new buildings; 

• quantify and compare the overall energy demands of PDEC and non-PDEC bui ldings; 

• explore the applicabil ity of detailed simulation models and the accuracy of their predictions 

for PDEC buildings; 

• assess the indoor thermal comfort in PDEC buildings; 

• produce a PDEC Design Guide for architects and engineers . 

To rea l ize al l these objectives, ADS will produce a design of an Experimental Test Facility 

and two case studies of PDEC system integration in building refurbishment; BPA will be 

involved primari ly in thermal and airflow simulations, cooling and electrical loads evaluations, 

thermal assessment comfort in the living space ; E&M will carry out several experiments on a 

full-scale Experimental Test Facility, in view of the characterisation and the model val idation 

of the PDEC technique. 

3. The PDEC Experimental Test Faci l ity. 

Figure 1 - Experimental Test Faci l i ty 

The PDEC Experimental Test Facility has 

been erected on the Conphoebus test site , 

located in Catania (37.5° latitude, 1 5° 

longitude) and consists of a tower (4 . 1  m x 

4.4m x 1 0.7m) and two rooms (6m x 3 .6m x 

4m), connected to the tower on the south

north sides. 

A wind catcher (light metallic structure 

supporting two bent elements, symmetric 

respect to the north-south axis) is mounted 

on the top of the tower to catch the wind. 

This component has two apertures ( 1 .7m x 

3.7m) on the east-west sides, according to 

the meteorological prevailing wind d irection 

of the site (figure 2). In order to better 

regulate the wind speed coming into the 

tower, two moveable louvers a re mounted in 

the wind catcher apertures. 
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Just below the wind catcher, a straightener 

is installed to convey the air  flow patterns 

towards the microniser spring system. 

F igure 2 - Preva i l ing wind direction al the 
Conphoebus lest-site. 

The wind catcher and the straightener 

designs have been achieved through 

scaled down wind tunnel experiments. 

The microniser spring system consists of 

five independent circuits composed of 

variable number of nozzles, each one with 

a water flow rate of 6 litres/hours. This 

arra ngement gives the possibility of 

injecting water from any number of nozzles 

from 1 to 31 . 

Figure 3 - External windows 

4. Experimental activities. 

External windows (figure 3) are installed in 

the glazed facade of the rooms, and are 

composed of four openings, two at the 

upper part of the frame and two at the lower 

part of it. These openings are operate 

through a swinging pane which is opened to 

outside up to a certain maximum angle 

around an upper horizontal axis .  

Figure 4 - I nternal windows 

lnfRrnAI windows (figure 4) allow the air to 
flow between the tower and rooms. The 

window is composed of twelve openings 

(three horizontal x four vertical) and has 

much more possibil it ies of mounting and 

openings. They can be opened to inside 

(room) or to outside (tower) through a 

swinging pane ar ound its upper or its lower 

axis (four operating possibil ities for each 

opening), with an adjustable aperture angle. 
In the room south suspended ceiling and 

floating floor with two ventilation grills are 

also installed 

The experimental campaign of measurement on the PDEC system will be carried out during 

the next summer to perform full scale measurement on the tower/micronisers and on the 

complete PDEC experimental bui lding . The overall set of experiments are intended to cover 
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the different requirements for model validation. components design and characterisation, 

control strategies, comfort assessment etc. 

The comprehensive knowledge of the physical phenomena which constitute the rules of the 

PDEC functionality will allow to understand: 

• the relationships between wind speed and wind direction with the mass flow of the a i r  

outside the wind catcher; 

• the temperature and humidities profiles and air patterns across different section of the 

tower; 

• the thermal comfort inside the rooms (temperature and humidities profiles and air patterns 

at different levels); 

• the cooling capability of the microniser rings as function of the size of droplets, of the 

contemporary operating nozzles and of their position into the tower; 

• the control strategies to optimise the cooling and ventilation performances of the system .  

All these activities ought to improve CFO/thermal algorithms and ADS, a n d  will constitute a 

knowledge base for PDEC systems and confidence in this technology. 

5. Measurement Sets. 

Measurement sets wil l be finalised to: 

• Air intake zone (wind catcher, louvers); 

• Cool air production zone (micronisers) 

• Air distribution zone (elements of coupling between the tower and rooms); 

• Occupied space zone (air flow inside the rooms and air outlets the rooms). 

All the measurement will regard the external meteorological conditions (solar radiation, wind 

speed and direction, dry and wet bulb temperatures, atmospheric pressure), the inlet, internal 

and outlet tower conditions (air velocities, ury and wet bulb temperatures, pressure 

difference), the environmental room conditions (air velocities, dry and wet bulb 

temperatures). Continues monitoring of the physical magnitudes and control strategies wil l  be 

performed with short/long terms experiments having the following objectives: 
• to test the effectiveness of the evaporation and accurately define the size of the 

evaporative zone; 

• to explore the cool ing capability of the tower, i ndependently of the rooms that wil l be 

served and the number of contemporary operating microniser need for the required 

cooling production - for fixed diameter of the nozzles - without fog (of water); 

• to define the 
'
transient time between the starting injection of water and the cool ing regime;  

• to characterise the air pattern inside the tower, eliminating any risk of up-draughts (system 

going into reverse). 

Moreover control strategies would be studied for ensuring a required volume flow of air ,  a 

required evaporative cooling effect, the fast response at variations of the wind velocity to the 

control mechanisms. 

All possible configurations, by combining al l the possibilities of the wind catcher apertures, 

internal and external openings, number of operating micronisers, will constitute the short/long 

terms measurement set of the PDEC Experimental Test Facility. 
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Since the purpose of the experiments deals with air flow phenomena, the variability of the 

experimental variables can be extremely high (specially with variable wind conditions) 

Therefore, few seconds should be the frequency of monitoring, while the stored values will 

be the average of the sampled values over tt1e whole acquiring period. 

The position of the sensors will be fixed for some of them (meteo sensors, control variables, 

etc.) and movable for the others, depending on the test performed . The position of the 

movable ones will be explicitly mentioned in each test. 

Special attention will be focused for the accuracy and reliability of the measurement of a ir  

velocity inside the tower, due to the probable presence of droplets of water in the air. Visual 

techniques such as smoke trials, tell-tail (e.g. of papers) or tracer g as would help to visualise 

the level of turbulence as well as tl1e speed and air rnovernents. 

<>. CONCLUSIONS 

The experimental campaign wil l  provide as much information as possible about the 

performance of the PrJFC systems and will a l low to: 
• learn about the behaviour of PDEC systems; 

• validate the models developed to predict PDEC system's performance; 

• derive useful design rules for the PDEC Design Guide; 

• implement control strategies for a proper operation of PDEC systems. 
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U S E  O F  SOLA R  E N E R G V  F<m S I�AWATER D ESA LI N ATION: 
A S O LA R  PO N D  ASSISTED M E-TC D ESA LT I N G  P LANT 

G .  CA R USO\ A. N A V I G LI O', I'. l'R I N C l l ' I  .. 

' U n iv. of Rome " La S a p i enza" - D I N C E- Corso V. E111 a 11 11elr 1 1°, 244 . 00 1 86 ROM E ( I taly) 
" U n iv. of A n rona - Dip.  di  En rrgel i ra  - Via Brrrde Bian rhe - 60 1 00 A N CONA ( I taly) 

A BSTRACT 

I n  the frarnewm k or the r esearch act ivi t ies of the Depa rtment of Energetics of the University 
of Ancona, i n  the lick! of solar ponds, <tnd of the Department of Nuclear Engineering and Energy 
Conversion of the U n iversity of Rome "La Sapienza", in  the field desal ination technology 
development, a co-operat ion has been established to evaluate the performance of an innovat ive 
t i tanium manufactured desal inator, in combination with solar energy sources (a salt gradient solar 
pond cou pled with plane solar col lectors). The co-operat ion research program has three main 
aims : 
I .  the improvernent of the  economics or solar desal inat ion , na 111e ly des<t l ination o f  water th 1  ough 

operat ion of solar ponds; 
2. the demonst 1 atiun of  therma l pe1 formancc. maintenance and chemical requ irements. rel iabi l i ty  

and overal l  c o s t s  of a fu l l - t i t an iu m desali nator, through operation of a p lant  of meaningful size, 
in order to  disseminate the t echnology of fu l l-titaniu 111 desalinators in the electric-energy 
product ion  industry, for ut i l i sa t ion in co-generat ion units; 

J the i 111provement of  knowledge regard i ng the industri al-size uti l isat ion of heat recovery from 
highly corrosive fluids. 

l .  I NTRO D U CT I O N  

The demand for steady, eccJ l lo 1nical su pply of water is constantly increasing a l l  around the 
world, and supply ollen does not equnl the present needs. This problem will be more and more 
import a n t  i n  the futu re. When all the poss ib i l i t ies to solve the water supply problem (control of 
consumption, conservation. imp1 oved d is t ri but ion and storage, purification and reuse, new 
sources, etc.) have been ruled out fo1· vari ous 1·easons, desal ination is an attractive a lternative. 

In p rirt icu lar. the potab le water needs of arid lands, as in developing countries, are partial l y  
sa t i slled with desal t ed wat er, b u t  waler accessibi l ity t o  remote areas is very l imited and expensive. 
S i nce t hese lands have generally a very high solar i nsulation, solar desalination can be seriously 
consid ered to sat is l'y w;i ter needs i n  remote areas Salt  gradient solar ponds may be an 
ecunom i ca l l y  viable met hod of co l lect ing and storing solar energy to supply heat to  several types 
or  desa l i nat ion syste111s 

Among the vnr ious desa l i na t io n t echnologies, o nly those lrnsed on a t her111al princip le of 
operat ion must be considered in combination with solar ponds A low-temperature mu lt i-efTect 
process is ve ry suitable to be combi ned with a solar pond for the  fol lowing reasons: 
• the temperature of the heat source suppl ied by the solar pond (60+75°C) matches with that 

requi t ed for low tempera ture M E  desa l lers opera t i ng at a top brine temperature of 50+60°C; 
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• t h e  M E  desal t i ng system i s  very flexible to chai1ge in energy supply and operates in stable 
condi t i ons under variable heat supply condi t ions (temperature <ind flow rnte): 

• the ME process is economical ly sui table in l imi ted sizes of product ion; 
• the ME plant may be operated as a vapour thermocompression plant if improvements are 

i ncluded during the design. 

A scient ific co-operation between the Department of Energetics of the University of Ancona 
and at the Department of Nuclear Engineering and Energy Conversion of the University of Rome 
"La Sap ienza" ,  wi t h  t he .�1 1 p porl. of of the desal i nator designers and manufacturers, has been 
established to evaluate t h e  performance of an innovat ive full-ti tanium d esal i nat or in combination 
with solar energy sources (a s o l a r  pond coup led with plane solar col lectors). 

2. SOLA R PO N D  

Solar pond i s  n low cost d evice t hnl  colllhi nes capaci ty l o  col lecl solar energy and t o  store i t  
as a thermal energy to be u sed f'o r a vm iety of pu rposes, inc luding low temperature heat ing 
appl ications, elect ric power genera t io n  and de�:i l inal io t l .  

A sal in i ty g1 ndienl  solnr pond consi s ts  or Rn upper convect i ve zone, where a low sRlt  
concentrat ion is mantained near t h e  surface, a nd a lower convective zone, wi th  saturated brine, 
separated by a sa l in i ty grad i ent  zone The densi ty d ifference between high sal i ni ty solution near 
the bottom and the low sal ini ty near the su rface prevents natura l  circu lat ion due to the 
temperature di fference between the cooled water near the surface and the warm, high sal in i ty, 
water near the pond botlo111 t hat i s  d enser t han t he cool water l 'he i ntermediate zone, where salt 
concentrnt inn increa ses w i t h deph t , is ca l led grad ient zone: it reduces natural convection from the 
lower convective zone and provides the thermal insulation of storage l ayer, reducing thermal 
losses to the atmosphere. In this manner the lower zone is a solar collector and operates, with 
temperature approach ing 90°C, as a thermal energy reservoir to supply energy at a constant rate 
in every season 

Salt gradient solar pond research started at the Department of Energetics of the University of 
Ancona in  the 8 0 ' s  and begun with the construct ion of a l i t t le 1 2  m2 experimental solar pond. 
Following encou raging resu l ts with li rst exper i ment and u t i l izing the experience gained during the 
construct ion and operation of the sma l l  solar pond,  in 1 986 was constructed a larger pond [7) to 
be used as a research faci l i ty t o  exmn ine essential aspects of solar pond operat ion as thermal 
energy nrnnagemen t ,  stabi l i ty con t 1  ol and to provide hot water to hent bui ld i ngs. 

A large Imel of land i n  t h e  a rea of t h e  renowab le energy laboratory was avai l able for 
construct ing t h e  solnr pond that has an average collecti ng area or 625 1 1 12 a1 1J the deµh t  is 3 .5 m 
w i th the  storage zone s ta rt ing 2 m from the hot su rface level. To min imize construction costs. the 
design cons isted of a 2 1 1 1  deep excavation and the construction of a 1 .5 m high berm giving a 
total pond depht of J . 5  m and a s ide wR l l  slope of I :2 was sel ected to prevent soil instabi l ity . 

The I n1 111 t h i ck El'DM sheet ing for pond l in ing was d ec ided because of its characterist ic to  
retain i ls physical properties under adverse cl imat ic cond i t ions. The t hermal storage zone internal 
heat extraction system consists of four separated cro ss l inked polyethylene p ipes wound as a spyral 
submerged below the interface between t he convective and salt gradient zones and each fixed to 
cover one quarter of pond area. I t  should be ubserved t hat this kind of t he p ipe shape permits a 
more u n i form heat removal from the s torage zone 1 edu cing the horizontal temperature gradients 
and the hazard of erosion of the salt gradient  1 cgion.  
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3. M E-TC D ESA LINATION SYSTEM 

A desal inat ion technology based on a t hermal princip le, which fits very well with the 
uti l ization of a residual heat at low temperature, and in plants of l im ited size, has been developed 
The technology refers t o  the p rocesses of steam compression through ejector and of multi p l e  
effects, a n d  u t i l izes o n e  o f  t h e  t w o  processes depending on t h e  avai labi l i ty o f  d ilferent energy 
sources 

The ut i l ization of solar heat stored in  solar ponds has been tested in the past. For th is  
purpose, a prototype of desa l inator was designed and bui l t  i n  I 989,  with  a production capacity of 
10 m3/day, which has been producing pure water from sea water, ut i lizing the solar heat of the 

solar pond bui l t  by AGIP PETROLI at Margherita d i  S avoia ( I ta ly) [2, 3 ] .  

T h e  technology especially satisfies these requirements: 
• need of very pure water, both for agricu l tura l  aims and for i ndustrial ones, with stable and 

rel iable characteris t ics ( this requirement excludes t he u t i l ization of reverse os111osis); 
• need or opportu nity of ut i l ization of residual heat, at a temperature higher t han 60+ 70°C; 
• need of l i 111ited-size plants (up to some thousand m'/d), typical l y  for water supply to smal l  

towns,  indust ries, d ry areas with availab i l ity of sal ted or saltish water. 

The fu l l - t i tanium desal i nation u nit was bu i l t  in  the framework of a p roject partial ly financed 
by the EC (cont ract TH ERM I E  n° SE J O J /94 IT), concerning the design, o ptimisation, 
construction, assembli ng, start-up and extensive monitoring of the fu l l-titanium desali nator, with a 
production capacity of 3 0  m'/day. I t  is the first ful l-titanium desalinator in the world [4], with a 
meaningfu l  size and fed by a high salin ity heating fluid. The operation tests wil l  take p lace at the 
s i te of the S o l ar Pond of the Department of Energet ics of the University of Ancona, Italy. Data 
col lected duri ng m anufacturing tests and most of al l  d u ring the start-up and the operation of the 
pla nt, under various condit ions and align111ents, wi l l  b e  usefu l  for the improvement o f  the know
how o n  heat recovery with highly corrosive media, on co-generation plants aimed at producing 
electricity and fresh water, on desal ination fed by solar energy. A main output of the project i s  the 
assessment o f  data which wi l l  al low to compare the additional cost of the full-titanium desalinator 
with respect to a traditional technology, with the benefits of: i) a better heat transmission through 
tube bundles, which means a better performance; ii) a reduced requirement of chemicals and of 
maintenance activit ies; iii) an i mproved plant rel i abi l i ty  and duration. A carefu l  fluid dynamic 
analysis of the fal l ing fluid on the tube bundles wil l  be performed during the first p hase of the 
testing act ivity,  i n  order to m aximise t h e  improve111ent of heat transfer coet11cient due to reduced 
fou l ing, and therefi.ire t he improvement of heat performance. 

The type of t he desal ination plant described i s  based on thermal principles of operation. 
Mult i -effect (ME) and therrnocompressor (TC) processes have been selected to satisfy the need of 
obtain ing d ri n k i ng water at low and medium capacity of product ion (up to 3 000+5000 m3/d), with 
low instal lation costs,  h igh avai labi l i ty and operational flexibi l i ty .  Furthermore, these two 
processes may be realized with the same plant,  because the thermocompression solution u t i lizes 
an evaporator in a mult i -effect configu rat ion. M u lti -effect process i s  uti l ized when low 
temperatu re heat is  avai lable (60°+90°C) from a solar pond or from a steam turbine. Thermo
compression configurat ion  needs med ium-pressure st eam (9+ 1 6  bar) to operate; this steam i s  
produced by a vapour generator fed b y  conventio nal fuel or b y  a solar system.  I n  table l the main 
process parn meters of the desal inat ion plant are repo11ed . 
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Tl 1e se<1 waler d esal i rr n t ion  p lant  (fig. I )  consists of' a mult i -effect evaporator, with i l� 
auxi l iaries and anci l laries /\n ejector vapour co111 pressor al lows to operate the  plant according le 
the t hermocompression p rocess also. The whole desalination instal lat ion is sui table for outdoor 
insta l lat ion near the sea shore. Pu 111ps, motors and chemical dosing equipment are located below 
the evaporator .  The con t rol panels and electrical cubicle are located in  the evaporator platform. 
The design a l lows a good access to a l l  componenls where maint enance, repair and inspection may 
be required. The ent ire p lan t  is designed for simplicity of control and stabi l i ty in operat ion.  The 
p lant is  capable  of operat ion at reduced capacity from I 00% to 50%. Under all operating 
cond it ions the rate of output is control led from the control board located in the evaporation area. 
The feed-water to each efTeci is sprayed over the horizontal tubt:: bund les by spray nozzles Their 
l ocations on distribution headers ensure a uniform !low distribution over the tube bundles to avoid 
ar eas of low !low or d rying out  and t he consequent formation of scaling on the tube surfaces. 
The evaporator is equipped with a l l  necessary measuring and monitoring instruments  t o  i ndicate 
the necessary parameters for an opt imum cont inuous opernt ion. 

l he advantages of '  the present technology are the fol lowing: 
• simplicity and compact construct ion; 
• can be operated with no recirculat ion;  
• low pumping power; 
• high performance ratio/unit of instal led heat t ransfer surface area; 
• stable operat ion ;  
• low operating labour cost. 

. , ,, 

. . .� . l 

" 
" .. . •I . j , . ,  . . ...... .. .... c�·-� J. = 

0 r ' ( �:-.. -;-·=-· - -- j··,·"-1 c.·�· "� -
. 1:1 J• !�_:,-;_�::L __ ._, J_"'""'_ .,--- .... 

v '· -'' - - ' 
-1'·" " "' 

;· ' . ·;c-- - ·l- 1 �·· 1'""' �-"'-"i ,_ ,��;;;f�· I , . .... )1 �· t" - · 

'. .. \ J . . .... ·- ·[ . ... j '  
� ·•'• · 11!1  I I\. " 

I 

1-= 1h-�" r=�s· .., l ,- c �.sl I Lf l ... 
_ __1_ , _ 1 t. T 11 J 1 11 t - t_= 1;f-1 • - -· 

'_' . U•• ' I : ·J,• �- • 

.... : ·1· b• " '""' : j'' �- .. . .. : ·,··J ., ... ( .. jj � - _] � ,- ���I . . . . . . . � . . .. . . . . . 

1 ·· ,...-1 · . . ... 
�- 1 ;��- ���I�:- ������� ·�� 

" '" ... . . �· t 
· -- . -1 I . - 1 .\:j J I · ] l " .. rt l  _ _  . . . . '' "M-· d .�:. �{_ "'v_ l• 

" 
�� . --··---__1 - . .L - --- �· 1 � r \) • "  " bl' , .• r-•·------\'.1----·-· , ,_.l.r; "1' l. -· · -· 

I "' I " .·, 
·· · · - ·- __ .. .... . 1 ' ,,t- �. ·r �•4 -�.�·�M· -L-1'.f. ., ....:• · ft :--... 
. �·.;." .. '. '.::: .. ;;,-:;�:.:;;-,· I " ...... - - " I 

[� "· �t��.-� =I 1���:�" _ · i;�. · .. ·;:�l . . :»--- i-L:/{:::::�' " T �.,., .: .-, ::,,,.. .�., Ulmf£� 

F I G .  I - Drs a l i n a t i o n  system p rorrss d iag.-:1 1 1 1  

840 



4. THE EXPER I M EN TA L  PLANT 

T h e  experimental p l a n t  h a s  been erected i n  the open area of t h e  Laboratory of the 
Department of Energet ics of the University of Ancona, where t he solar pond is  insta l led. The site 
is quite for from the sea, and the process water feed to the desalting system i s  provided by two 
201113 flbregln ss tanks where a salt solution will be prepared at a control led concentration, and a 
t h i r d  tank of 5 1113 col lects Lhe dist i l late (fig. 2). The saline solution will  be u sed also for the 
operation of control of the salinity inside t he solar pond.  [n TC mode of operation the heat source 
of the desal i n ator is  a steam generator instal led at t h e  site. In ME operation mode, a full titanium 
exchanger o f  the desalinator plant is fed by a closed circuit of hot water, heated us ing three heat 
exchangers, each one connected, respectively, to:  
• the solar pond heat transfer circu it [ 5 ] :  

• a fl at solar collectors bat tery o f  60 m2; 
• an aux i l iary heat t ra nsfer circu i t  

T h e  experimental plant is  equi pped with a l l  t h e  necessary measuring and monitori ng 
i nstruments to ind icnte the important parameters ror an optimum continuous operat ion and for 
data analyses purposes. A great number of thermocou ples, pressure and vacuum transducers, fl ow 
meters, conductivity meters and alarms are foreseen and the measured dat a  wil l  be collected. by 'an 
acquis i t ion system and a personal computer for control and future analyses and elaboration. 

l 

\\ 

I solar pond 
2 boiler 
3 desalinator 

I I, 

4 heat exchanger 
5 "cold" tank 
6 "warm" tank 

Fig.  2 - The experimental  pla n t  
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7 product tank 
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TAB LE 1 - PROCESS PARAM ETERS O F  THE FlJ LL TITA N I UM 

30 m3/d D ESALINATION PLANT 

M ULTI EFFECT VAPOUR 

COMPRESSION 

PROD UCTION I 25 t/h 
N UM B ER OF EFFECTS 4 

HEAT PERFOR M AN C E  1 65 kcal/kg water I 06 kcal/kg water 
EFFICI ENCY N . A .  5 .  7 3  kp, di st./kg steam 
S EA WATEK t< LOW RATE 22 Llh 1 1  t/h 
M AKE U P  FLOW RA TE 4 t/h 
HEAT INPUT 240 kW at  6 5  °C 1 54 . 7 kW 

I N LET VAPOUR TEMPERATURE S S  °C N .A.  
DISTILLED TEMP ERATU R E  4 1 .4 °C 
,'; F. A  W A TFR fN l,ET TEM P E RATURE 25 °C 

DRAIN O UTLET T E M P E RATURE 3 3  ° C  
SOLAR P O N D  EXCH. MAKE UP TEMP. 4 3 . 2  °C N . A .  

THERMO-EJECTOR MOTOR VAPOUR NA 2 1 8  kg/h; p- t o  bar;T= l 80 °C 

EJECTOR OUTLET TEMPERATURE N . A . 60 °C 

FIRST EFFECT T E M P E RATURE 49.6 °C 
FOURTH EFFECT TEMPERATURE 34.6  °C 
BLOWDOWN TEM PERATURE 35 °C 
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\BSTRACT: 
The solar stills are used to produce fresh-water from sea and brackish water by directly u s i n g  

:unshine.However,these sti l ls  represents the best technical solution t o  supply remote vil lages or 
;ettlements with fresh-water without depending on high-technique and high-know-how. 
:n the south of Algeria, water resources (underground and geothermal) are available.but water has a 
:al in i 1y of 2 10 4 g/l.To snlisfy population on fresh water,desal ination becomes necessary. 
fhis paper presenls the model isat.ion and the results of experiments carried out with a cap i llary fil m  
iisti ller insra lled in  the south of Algeria ( i n  a village near Touggourt) fo r  groundwater distillation and 
:o improve the efficiency of a distiller using solar energy and applyi11g the capil' J effect.This type of 
jistHler called DIFICAP( Dlstiller w i th a Film in �illary motion)was de:.igned and patented by 
R .a 11d C.OUAHES and P.LE GOFF. 
[t was found thal the efficiency of this disti l ler increal)Cd wi th increasing the temperature of the brine 
al inlet and also with increas ing the in 1.ens i ty of the solar radiation.It depends on other parameters:the 
heat loss and the fabric used.Also.the efficiency can be i ncreased and the cost decreased if the plant 
works all day long.111is needs a heat storage in  large amounts. 

I .Author whom all correspondence should be adressed. 

1 .  INTRODUCTION: 
The direct use of solar energy is a promising opti on for el iminating the major opera ti ng cost of the 
distillation plant,especially in arid regions.where solar radiation is imense .. The supply of water in the 
most remote arid areas is  of great importance for smal l  commun i ti es. 1 J1 descrts,water may be no 
available with distances of  several kilometcrs,rain is another rare physical phenomenon i n  these areas 
and underground water in most of the cases is brackish.It is necessary,therefore;to find additional 
sources of water. 
Solar desalination is a method using the sun's energy to produce fresh water.I n  the direct application 
of solar energy for dist i l lation.the energy is absorbed by blackened plate covered by saline water and 
transparent cover.Evaporation lakes place from the sal ine surface and the vapor condenses on a cooler 
surface and col .lected as a fresh water product.The apparatus is termed"solar sti l l". 
For certain locations such as remote.arid regions.for example the south of Algerh1, where the commu
nit ies are poor and where the techniques and tools of water product ion and distribution developed in  
industria l ized areas are not  a lways appropria te to  be used,solar desali nation is  admittedl y  the  most 
suitable process.The most commonly used device in solnr desal ination is the roof-type sti ll[6] .This 
device,however,has the d isadvan tage of hav ing low operational efficiency and a low production rate 
of fresh water. 
The present paper shows the experimental research appl ied to the saharian reg ions .Our aim is the imp 
rovernent of the efficiency and a product ion rate of a fresh water by using the DIFlCAP.An energy 
balance equation for the di fferent components is written to analyse Lhe perfo1111ance of lhe system. 

2 .Tl IE SOLA R STILL: 
Solar desa l ina1 i911 of brack ish or sea waters is carried out,on a large scale basis , i n greenhou se-type 
d is t i l lers of which certain prac tical installations attain several thousand square meters.lo these stills, 
the solar rad iath)n passes through the transparent cover and heats the horizonu1l bottom of the basin 
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on which l ies a tJ.Uasi-stntionary layer of water.The water vapour which is g iven off condenses on th 
transparent roof and the droplet;;· which arc fon11ed rnn down to u \uternl condensate though . 
These devices are relatively s i mple to bui ld but they prese11t the d isadvantage of hav ing low efficienc 
In order to overcome this d isadvantage.various authors have the water to be evapora ted run over 
porous gauze up of several layers of ju te placed on an inc l i ned support p l atc [6 J and [ 1 3 ] .This tcxti l 
is several centimeters thick and absorbs the solar radiation coming through the transparent cover. 
Again .condensation of the vapour takes pl;ice on the transparent cover.The cost of waler produced b 
any desal i nation process depends nn the capi tal cost of e4uiprnent.the cost of the energy and the cost 
of maintenance a nd operation other than energy.In the case of solar st i l l s, the cost of energy is a ver 
small fraction of the total . s ince the energy other than solar is  only that requi red to operate pumps an 
controls.Th us.the major share of the water cost  in  sol ar dist i l lation is that  of amortizat ion of t h  

capita l cost.The production rate i s  proportional to  the n rP.n nf  the  �nln r  sti l l .so thnt  the cost per  u n i t  c 
water produced is nearly the same regard less of the size of the i n sta l lat ion .Solar s t i l ls of d i fferer 
designs have been proposed and i nvesti gated to maximize the output of dist i l late.The efficiency of th 
solar st i l l s  can be en hanced by:having  the l iquid surface.pl aced at opt i m um incl inat ion to rece iv 
max i m um solar  rad iat ion ;p lac i ng  the transpnrcnt g lass cover or the solar sti l l  para l le l  to the wate 
surface to mi n im i ze ref lect ion losses and hav ing  low therma l capac i ty  of sal i ne water which i 
i1rndiated and heated by the su1 1 .  
As solar sti l ls ait:: luw p1 uduc liu1 1  luols  per square meter.the insta l h11ion surface area is  relative! 
large .In remote and arid wnes,where l and is avai l <ible e i ther free or at a very low cost.the use of solu 
sti l l s  is rccormncndcd. l n  these s t i l l s,the solar radiat ion passes through the transparent cover and heat 
the horizontal bottom of the basin on which lies a quasi-stationary l ayer of water.The wa ter vapo11 
which i s  g iven off condenses on the transparent roof and the droplets wh ich are fonned run clown t• 
a lateral condensate through. 

3 .THE CAPILLARY FILM DISTILLER CDJFICAP): 

3 . 1 Description of the Apparatus: 
The caµil la1 y fi h 1 1  d is ti l ler,as the mult iple effects dist i l ler.presents the advantage of the reuse of 
vapour condensation heat to evaporate another quanti ty or water.Th is  type of dist i l ler was de.� i g11e1 
and paten ted by R.und C.OUAHES and P.LE Gorr: [ l 2J : lnsteaci of a th ick spongy Cabiii.:,thes1 
a�hors propose a very th in  fahrir. compri s ing n s ing le.fi ne l y woven layer.This fabric is held it  
con tact w i th the over-hanging p late through the imerfacial tension which is  m�1ch greater than th· 
force due to grav i ty.A cap i l l ary film i s  formed at the pl utc-fobric in terface.This explains the name o 
the devires [llstillnteur rr F! ! 1n C.t\Pi 1 l3 ire.!n 3. d i fferent ver�ion of the appnrotu�,thc :1uppo1t p?utc is o 
transparent gluss.Thc fabric.a very thin layer of a porous gauze, wi l l  direct ly absorb the solar radi atio1 
Scvc1 � I  such sra�t:); ca n be grouped together in series ,as proposed by COOPEK and APPLE YAIU 
[4 ] .Thus.the back face of the first stage condenser plate serves as the evaporator of the second stage. 
111 its tlm;c-stuge vcm:io11.lhc DlflCAP is ccimposcd of three identical evaporation-condensation cells 
in  the1111al series.The heat d issiputcd by the conden sat ion of steam on the metal plane is used on th• 
back face of the plane for the evaporation of an equivalent quantity of water.Sun energy is thus usec 
three times in succession .The di fference in tempera ture between p lates in each cell is 5 to 1 0°C. 

3 .2  Modcl isat ion of  the Capi l lary Film Dis t i l ler: -It is  known that heat transfert in such a cel l ,first supposed lo be full of dry a ir . i s  mainly througl 
natural thermal convection :hot air rises along the hot wal l  and comes clown along the cold wall ,whicl 
provokes a large c i rculati ng mov<"ment thro11ghout the cel l . If 1� and Tr are the temperatures of the ho 
plate and the cold plate of the cel l respec tively.The d i fference of te 111pe1 a LL11es betwee11 lhe two plate: 
is:t. T=Tc-T f ,the mean temperature is:T 111

=('l'c+ T f)/2 .The transferred heat nux is represen ted by tlu 

classical relationship: c!»r = hT(Tc-Tf) in W/1112 . Where the transfer conductance hT is expressed as < 

function of the Nussel t  and Grashof numbers .N u =be/A= A (e/L)m. (GrT Pr)n hT = (A./e).Nu 
,., ..., ...., .., 

=(A/e).A (e/L)1 1 1. (G rTPr)11 ,where GrT = (gcos 8 eJp t.T)/v..:. = (gcos 8 e.))(.0.p/p) lvL. 
- lf,as wel l ,some water evaporates from the h ot wall and condenses on the cold wal l .this \argt 
c irculat ion movement then transports molecules from one wal l to the other.As  a resu l t .there is t 

844 



upplementaiy heat flux.transported by th is evap01 ation-condensation .ll1is fl u x  is given by: 
hM = h (LvlPCp)(D/a)q(Cc-Cr)/(l�-T r) where Lv is latent heat of water. 

l\s well as the n atural thermal convection.there exists a phenomenon of natural mass convect i on clue 
) the fact that the volumic mass of the water vapour is less than tha t  of the air.Thus.near the 
v aporati n g  wall .the water vapour lighter than the a i r  rises:on the contrary.i t descends near the 
ondensing wal l .Th i s  second significant circulation motion produces a themial transfer flu x  <P'Tm in 
ddi ti o n  t o  t h e  prev ious one.Th i s  flu x  i s  expressed b y  the same relati o1 1ships as those g i v e n  
bove.but as a function of a second Grashof number in which the variation in volumic mass is related 
J the vari ation i n  molar concentrat ion of the water v apour /J.y and no l on ger to the temperature 

ariation /1 T: GrM = (gcos 0 e3)(11plp )M tv2=((gcos 0 e3)1v2)(Pasf Pam)( 1 - 1 8/29)/J.y 
In comparison with n atura l thermal convection in  dry a i r.natural convection in humid air.with 
vaporation-condensation,thus provokes an apparent i ncrease i 1 1  the heat transfer flu x .g iven by the 
:Jllowing ratio: B=(hM+<P' ·nvl llh = I +(Lv/fJCp)(DC/DD(( I +(GrMf'GrT))11 

. 3 Heatj3alance Eillilltions:  
11 order to write energy balance equations for the components of the system at the level of o n e  
tage,the fol lowing assumptions nre made:The thermal losses on the s ides arc negl igible.the tempera 
Jre of each plate is uniform.the thermal losses by conduction are negl igi ble,lhe form of condensat ion 
; dropwise,the water fi lm of the evaporator is very th i n . the fraction of energy absorbed by the glass 
over is insignificant and the stcady-st:ite flow exists at the entrance of the sti l l .  
Imler these assumptions, we can establ ish the fol lowing thermal balances: 
At the cover :The energy recei ved by the fi rst p l a te is converted in energy w h ich is stocked i n  the 
over (thermal i nertia) and converted i n  energy evacuated on the exterior (radiation and convection): 
\1vCvdTcfdt = l0(av+Tv'"c l av) + he l-vCfe-Tv) +Ee l -vcr(Te 

4-T v 
4)-hv-a( f  v -1�) -Ey<J(Tv 

4_Ta 
4) 

At thL@sorber-evworntor:The solar energy absorbed by the first pl ate i s  converted on energy 
xchanged with the glass cover and the second plate(radiation),convect ion w ith the cover and the 
econd plate and evaporat ion o f  the brackish water on the second face of the first plate and sens i tive 
eat  due to co ncen tra te brack i sh water: MeCe<fl'eJdt =ioTvCY.e 1 +meacc,/re-Tc)-Ee 1 -vcrO'e 4-T v 

4) -

e l -c I o(l� 4-T� 4)- he 1 -v( l�-Tv)-h 1 -cCl�-1�) - D Lv I 
At the condenser:The energy 1 cceived by the condenser is converted on radi ation and convection reje 
tcd at the exterior: McCccl'J�Jclt = DLv2+he-c(Te-Tc)+Ee2 -c l cr(l�4-:1� 4)-hc-uCl'c-Ta) - f.c2<Y0�4-T/l 
· .EXPERIM ENTAL SET-UP AND TESTING: 
'he so lar st i l l  assembly, wh ich has been designed for experi ments. is  given in Figure I .This device 
vere b u i l t, with three stages and of d i mensions l mx0.5111 , i t  is function i n g  u nder solar i rradiation i n  a 

· i l lage near Touggour t(Sahara).The four plates arc of alumini um,pl aced four cm apart.The first plate 
s an absorber at the first face and is an evaporator at the second face.The second plate is a condenser 
t the first face and is an evaporator at the second face.The fabric is porous gau7.e and the absorber i s  
1a i 1 1 ted black.The cap i l lary wicks of equal or al most-equal lenglh,st ick out  ubove the i n l e t  trough Jed 
1y a constant  l ev e l  of brack ish water.The feed fl ow-rate of the system.who i s constan t and 
1pt imum.is con trol led by adj u s t i ng the water level in  the i n let trough .To ma i n ta i n  a c ons tant level i n  
h i s  trough over a long t ime period (a ful l  day),a system of automatical ly con trol led valves could be 
nstal led.such as are very common i n  the deve loped countries.However, wi th the idea in m i n d  of a 
nore primi t ive system.reparable and even constructible in a vi l lage of a developing country without 
eclmical backup, we propose using the old system of the Mariotte cell,that calls for noth ing more than 
. recipient and two p i eces of p i pe.Brackish water to be d istil led streams slowly w i thin  a th i n  fabric 
absorbent gauze) stic k ing to the cei l ing of the cel l by capi l lari ty.therefore on the back face of the wal l 
1eated by the sun rays.The technology of the D l FICAP,as described abovc,is covered by a patent. 

i .RESULTS AND D I S C U S S LQH: 
l'he rnodel i sat ion of the DIFICAI' permits to develop a computer program to calcu late unknown 
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temperatures and flo w  rntes at each effect for a given set of parameter.A typ ical resu l t  i s shnw11 
figure 8 .(temperature vs. Lime, De:llowi ate at i nlet. Te:temperature of bri11e at  inlet). 

The experiments were carried out  u nder sol ar irradiation or Experi men tal St ation i n  11 v i l l a ge ne 
louggourt (i11 summer.w i th an ou tside mean temperature about 35°C).ln these experi 111cr ns.the recd 
the groundwater( the temperat ure is nboll! 65"C ttl source). The steady state flow was obtai ned after 
about 30 minutes.In experiments.the i ncitlcnt Ouxes wos incre;ised by reflec tion on la tera l 111inors. 

5 . 1  l11ennal losse�: 
l11e l iquids(d i s t i l l ates and concentrates) leaving  the pl ates are at a temperature c lose to that mcasun 
in the centre of cad1 p l ate . The non-negl igible thermal fluxes carried away by the l iqu ids represe 
thermal losses for the system. rurthe1111ore,losses by rnd iation .n nd particulary by conduction throu/ 
the metal supp0r!S,t11"e i 111pn11:1 1 1 r  (aho11 t 20o/r- of the disti l l a te llux). 

5.2 The dist i l l ate prod uction : 
Figure 2 nnd figure .1 show that the d ist i l late prcduction increnses with the t ime during the day a1 
attai n the max imum at 1 3  h (afternoonl,n rter this  t i me the disti l l ate prod uction decreases because t 
inc ide n t  fl u x  dencase . l t  was of in terest to compare the two figures, the d i s t i l l ate production incren 
when the n u 1 1 1ber of srnges i ncrease. In  fi gure 4 and fi gure 5 we can see that the dis t i l l ate prnducti 1  
increases when t he temperature of the brine Increase at in let. 
5.3 The efficiency of the d i�t i l ler: 
The evapnr: i t ion efficiency of each stage is de fi ned a s  the ratio of the fl ux rea l l y  ut i l i zed for t 
evaporation to the captured i ncident fl ux ,the l a t ter com i n g either d i rectly from the rad i ation for t 
first stage or from the preceed i ng stage for the second and third stages.The convers i o n  rate 
d i sti l l ation is defi ned as the rat io of the d is t i l late producti on to the feed of water. Figures 6 and7 she 
that the efficieney of disti l l ate produc tion increase when the temperature of the feed increasing. 

6 .CONCLUS IONS : 
Because l i fe  was created in w a ter and t l tere is nn l i fe w i thout water.the solar d i s t i l l at iu1 1 is pa1 t iut l : •  
wel l adapted to give dri nking water to smal l  v i l l a ges and isolated dwel l i ngs. 
In  the Sahai ian  regions, i t is i n terest i n g lo use the D l FICAP wh ich is n e i ther heavy.nor hri t t lc ,n  
cumberf.ome and con sumers no electricity but is  hardy and high-yield sol;ir app;i rn t 1 1s. 
The present study concl udes that the disti l l ate production can be augmented when the temperature 
the brine i ncreasing.The e fficiency of the DJ Fl CAP depends on the tempcrnture of the feed water a 
ll 1c; ; 1"i tcr1.� i ty \�,f .)Glar rad i at iViL Poruus gnuzc i �� a good fnbric for to fonn the capi l l ��_ry fi [ 1n .  \;\/e c 
obta i n  a su fficien t production of dist i l ler water with this type of tissue. 
Our research efforts nre aimed i n  three d 1 rect ions,through increasing the number of srnges.the 1 1ti l i 7.: 
t ion of l atera l reflectors to i ncr ease the i ncident flux .and a better opti mization of the d imensions so 
to reduce losses. 
NOl'vl�NCLATU RE: a : ab�orbit iv ity for solar rad iat ionl - J )  .. : thennal conductance(W/mK),p:volun 

mass(K g/1113
), a:Stephan-Boltzmann con stant, 1:tra11smi ti v i ty of cover'[-], 't=Ds/[)e('i'o ) :co nvers ion  rn 

Q>i : i neidcnt solnr flux.(W/m2) , Q>11b:absorbcd solar fl ux,Q>e c:evaporation-condcnsatio11  flu x(\V/1112) .r; 
emission factor,D:mass flo w  of dist i l late,D: rate of evaporated water per uni t of area(Kglm2h). Io:in° 
dent solar radiati on(W /1112) . Lvi :latent heat of vaporisation of water(J/Kg),1�:tempcrnture of atmosp 

re(°C or K) ,Ts : tem pcraturc of disti l led water(K) .(Tc,T f):temperntu1es of cold and h ot walls (K),"'1 T 
T5-Te:Difference of temperatures between d isti l ler water and biine,Tev :temperature of evaporator; 

Tv :glass tcmperature(K),e:cell thickness (m) ,h :coefficient of convective heat transfer(W/m2K) 

REFERENCES : 
[ l I BOUCI IEKIMA,B. ;OUAI IES,R. ;DIBOUN,M.and LEGHERA BA,LJ.E. ; Proceedi ngs of Work 
Con gress on Desa l i nati on and Water Scienees. IpA Abu Dhabi (E.A.U.)Vol .5 pp.337-347 , 1 995 
1 2 1 130UCHEKJ MA,B. ;GROS , B . ;OUAHES ,R. ;DI BOUN,M.;Colloque International Energ ie Sola 
ct En vi ron nemen t  (COM PLES)Agadir (Maroc),4-5 Juil let 1 996 pp. 1 39- 144 

846 



[3JB OUCHEKIMA,B. ;G ROS B . ;OU A H ES R.;DIBOUN M .;COMAGEP Tl,Gabes,1 996,pp. 1 9 1-94 
[4] COOPER.P l .  and A PPLEYARD,J. A . ; S u n  at Work, 1 2( 1 ),( 1 967) pp.4-8 
[5] DELYANNIS A . A .  and DELYA N N IS E.A. ;"Solar di;sal ination"Desalination,50(1 984)pp.7 l-8 1 
[6] DUNKLE,R.V. ; A S ME.Proc. Int . Ikat Trnns f. Conf..Part.V,895,Un iversity of Colorado,( 196 1 )  
f 7 ]  INA13A H.,lnt.J .Heat M ass Trnn sfcr,Vol .27,n°8, l 1 27- 1 1 39,  l 984 
!8J MALIK et A l . ,Solar Dis1 i l l:1 t ion,Pergamon Press,(1 982) 
[ 9 1  MOUSTAFA S . M . A . ;B R U S EW ITZ G . 1 1 .and FARMER,D.M.;Solar Energy,22,pp. 1 4 1 -48, 1 97 9  
[ l O]OUAH ES,R.el C.et LE GOFF, P.et J . ; 3cme 1 .  I.Th . ,LYON Villeurbanne,pp.709-7 1 6 ( 1 987) 
[ 1 1 1  OUAHES,R. ; OU A H ES ,C.;LE G OFF, P.and LE GOFF J . ; Desalination,67,pp.43-52(1 987). 
[ 1 2JOU A I IES.R. ,LE GOFF. P. and OUAHES.C.;Brevet CNRS n° EN 09490 du 2 1 -6- 1 985 
[ 1 3]SODHA M . S . , K U M A R  A . ,TIWARI G. N.and TYAGI R.C.; Solar Energy ,26,pp. 1 27-3 1 , 1 9 8 1  

� 
"4 

Brackish water 

� 

1. 1sl Stage 

2 200 Siage 

A ABroRBER 

E . EVAPORATOR 

C. COUNSER 

FIG. 1 CAPILlARY FILM DISTILLER 

Q ..---�����������-. 
" i � f 
" u � � il .  o �  � 
B � 1 � e  
� 
a 

� 

e I 

e 1 , • , • , , , • , • 1 • , • 1 • 1 • 1 1 
9h !Oh l l h  ll h l l h  14 h 15 h 16 h IH 18h 

Ture 
FlGJ Two s�ges 

" rl 

� 
v 

� 

� 2 

t 
l 
� � ii 

� .......... ,..._..._,_. ..... ______ .__. _____ --' 
'll Kt //h 11ll Ill I� Ill IHI Ill llil 

r .. 
flliltli<"1g< 

0..---�����������---. 

-i 0 

. ' Q 0 

� 0....-.......-�...,..� ....... -.-T""'T--.-..-.-r ........ ....,."'T""'I 
11 

847 

li T�q llJ 
FIG.4 Ore stage 

45 � 



��SJUQrnhl 
(); Ii i» (JPl I[ oc It 1i 

' 
·� 

� 0 

·1 
I'\ 
� �v 

0 
g 

u 

or 
I 

D 

S'.l�e]s 0;�! rnH 

d 

!\: (J) J! 9( 
I I 

Ii 
I 

e 

1f 
0 '1> 

0 iA� 
o� 
°' r-' 

" h' 

A -.I i\)  

0 � 

0 
ic 



FORCED VERSUS NATURJ\ L CI RCULATION SOLAR W ATER I I EATERS: 
A COMPA RATIVE PERPORMANCE STUDY 

Abdul-Jahhar N.  Khalifa 
So lar Ene1 gy Research Centre, Jad i1iya P.O. Box 1 3026, Bagh dnd , I r a q  

\BS TRACT 

An experimental study has  been car ried out to compare the perfornrnnce of 1 1atural and 
orced circu lation domestic solar \Valer heaters. Several measurements have been nrnde for the 
wo cases which included; the collector water inlet and out let temperatur es, the mass llow rnte, 
he tank t emper ature, the ambient temperature and the solar  insu latio11 .  · 1 11e  main paramet ers for 
he solar collector ai e calculated for the natural and forced circulatio11 syste111s. These included ; 
he top, back, aud overall loss coefiicients, the heal removal factor, the e!licie11cy fact or, the 
1seful energy gai11 and the instamaneous e!Iiciency. The comparison showed that t he elliciency or 
.he forced circulation system could be 3 5  to 80% highe1 . 

LJ_Nj'RODJlCT!ON 

In  natural circulat lon system, the thermal storage tank has lo be  located above the 
�olleclor, and water will circulate by natural convection due to density diflerence. There is no 
requirement in the f01 ced circulation syst em for location of the tank above the c.ollector. J\ pump 
is used to circulat e water between the collector(s) a11d the storage tank which can be located in 
this case at any convenient place. As each system has its ow11 advant ages, and disadvantages a 
comparison bet ween t he perfomiance of both systems is frmncl t. o  he or interest. 

2. _ Jl lEORY 

111e thermal analysis of sol:ir collectors is covered in 1 1 1any solar thermal engineering 
publ ica tions, see for example refa. ( 4, 5, 6 ) .The equations which descr ibe the niain parameters 
and their i 111po1tance a re shown below : 

* Top loss coe!licient (UT) 
J\ coefficient which accounts for the heat  loss from the top su rface or the collector c lue to 

convection and radiation, W/m2K, 

N I SB(Tmp + T;i J(Tmp2 + Ta 2 ) ( ) • I 

UI ·= (
-
J44/ ·f;;1-�)frr1�1p-:- T;Jf ( N  , -r)J0· ii I ,;,� f r;p-+-0.0425-N-(l�-;p ;f i�;l( 2N ,-;: -, ) / eg] - N 

where : 
N : number of glazing (= I ) . 
Trnp : Mean plate (absorber )  temperature, K. 
Ta : Ambient temperature, K. 
ep : Emittance of plate (absorber) surFace (= 0.94). 
eg : Emittance of glass cover (= 0.88). 
SB : Stefan-Boltzmann constnnl (= 5 .669 1 0-'l. W/m2K'1 . 
f= ( l -0.4 hw + 5 1 ((1 ll\v2 ) ( 1 -I 0,058 Nl 

IW� 

(2) 



hw : Wind heat trnnsfer coefficients. W/m2K = 5.7+3.Q v 
v :  Wind speed. m/s 

* Dottom and Ovc1 al l  Loss CoeOicients (Ub and U L  respectively} 
The bottom coetlicicnt �ccounls for the conduction loss th rough I he hack nr the sola1 

collector, W/m2K. 
.. 

Ub = Kins I L;,,, ( 3 )  
where : 

KiiiA ' ThPrmnl r.nnrl1 1rl iv i 1y  nf r ock wc.iol i 1 1� 1 1 l �H<n1 11ult�rifl! (=c-: 0 04). \V/m� 

L;"' : Thickness of i nsulation ( '� 0.05). n1 .  

·111 e overall loss coefficient is given a s : 

UL = Ut j Uh 

* Collector EfficienL'Y Fact or (F') 

( rl ) 

A factor which. al a pa 1ticu lar  place. rep resents the rat io or the usef[il energy gain Lo the 
useful energy gain i f  the co llectm ab sorb ing surface lrnd been at  the lorn I l11 1 id te 1nperntu1 e 

UL - I F '=  ---- --- ···--- -...,-· - - .• -- --

w( { uL[ D 1- ( W - D) F]} - 1 1 Cb 1 1 ( Diir fi J - 1) 

Where : 
W Oi.<tanrP hPtwr.Pn ri 51'r t11hp5 ('� I I  !l7R ), m 
D Oulcr diameter of t he riser tube (•� 0.0 1 8), Ill. 
Di I nne1 di�mete1 of the 1 ise1  tube (-- 0 0 1 4  ). 1 1 1  

( 5 )  

Hfi Heat transfer coefficient between the fluid and t he t 1 1be 1�<1 1 1  ( •• .100 a11d ' 1 50ll for 
11mural a11d forced circulation tests respectively. ref. ( 4 1 ), W/m'1K. 

Cb Bond conductance (taken as in linily because the fin is an i 1 1 teg,1;1tcd IKH I of the 
tube), W/m'K 

F : Fin ellicicncy -
t �nh 111( w - d )  / 7. 

m( w - d ) / 2  

where: 
m 00 (UL / k  t{�  
k .  Thermal conducti vity of  plate nrnterial 1 �2oi for �lu1 1 1 i 1 1 i 1 1 111l. \V / mk. 
t : F in  thickness t 00 0 . 00 1 5 ) ,  111. 

* Solar Energy Absorbed ( S )  

S �  l lR ( t . a )  

where; 
HR · Global rad iation on the collector p lane . W/1111 

l a  . Transmillance - absorptance product "0 t a /  I l-( 1 -a) rd] 

l ' Trnnsmissivity of cover (= 0,82) 
:i : Absorbitivity or plate ('� o. CJO). 
rd · Diffuse reflection (= 0 08) 

B50 

( 6 )  

( 7 ) 



* Collector I !eat Removal Factor ( FR) 
A factor 1>hich r elates the actual useful  energy gain of a collector lo the useful gain if  the 

;hole collect or sur face wcr e at the lluid inlet temperature ( Tli ) .  

R ··- G' I 1- exp( - 1 '' I G' ) ] 

.'Ir e r e :  
G ' �  G C'p I UL 
G : now rn l c  p e r  u n it or collector area. kg/sm' -., 111 / Ac. 
Ac : Tol;il collectors a 1 ea (= 2 .84) ,  1117. 

* Uselhl Ene r gy Ciain ( ()u),  W 

)u ·= Ac FR [S-UL.(Tli-Ta ) ] 

* Instantaneous Efficiency, Eff 

:ff = Qu I HR Ac 

LJ�.XI�l;:J�.lliU;J:iif..\L_ SEilli� 

( 8 )  

(9) 

( I O) 

The tests were conducted on a south-oriented solar water h eater which incorporated two flat 
ilate sola1· collectors tilted at  an  angle of 45° and a 1 70 - litre thermal storage tank. Each solar 
;ollector has a 1 .4 2  m2 absorber plate contained in an insulated case and covered with a 4 mm 
;ingle glass cover. The solar absorber is made from ten extmded aluminium finned tubes. 
��opper-constantan thermocouples were used to measure the collector in let and outlet water 
· emperntures and the tank temperature using a 0. I °C accuracy digital electronic ther1110111ete1 . 
J'hc global  sol;ir rncliation intensity on the plane of the collector and the mnbient temperature were 
recorded by a nea rby a utomatic meteorological station. ·111e measu rements were made at 4 5  

minute interv11ls. 
A dye-injection method wa s u sed to measure lhe mass flow rate of the water in the system in 

the case of the naturnl circulation system. ·n1is method requires the instal l 11tion of a trnnsparent 
glass Luhe or a known inside diameter in the flow path. A smal l  quantity of dye is injected in the 
flow stream and the Lime which takes the drop to travel a known distance is recorded. From the 
measurements of time and distance the velocity and h ence the mass flow rate is  then deduced. 
This procedure is  repeated at each time interval .  In  case of forced circulation tests, a circulation 
pump,  3 rotameter and 3 coutrolling v11lve was were located in the dow11co111er side of the system. 

i. �SUJ,TS A_ND _D1S(IJ_£SLQ.� 

Several performance tests of the solar water heater for the two cases were obtained. rig. 
shows the time vari11tion of the h our ly elllciency for the forced and natura l  circulation cases. It is 
cle11r that the h our ly c11iciency of the forced system is much greater than that of the natural  
circulation system. The hourly efilciency for both cases tend to decrease with t ime due to  the 
increase in the over al l  loss coeOicient of  the collector as the mean absor ber t e111peral ure is 
increased. 

The t ime var iation of the u sellil energy gain, the solar insolation 011 the collector plane and 
the ambient temperntur e is  shown in  Fig. 2 for a forced and 1rnlu ra l  cir culation test. Despite that 
the solnr power incident nn the lorced 11nd naturnl circulation systems through test hours is very 
close ( 8565  W and 8759 W respectively as shown in Appendix A),  the useful energy col lected by 
the forccll circulation system is found lo be g1 ealer by about 68'Yo ( 5 266 W co1111rnred to 3 1 22 W 

BSJ 
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t h r ough test h ours as g i\' crr i 1 1  A ppendix A ). Appendix A con fir med a lso t h a t  the c.:ollcc.;t nr  
cllicicrrcy l l 1ctm c a n  be ta ke11  cousta 1 1 L  ( 1 eL ( "I ) )  for  a given col lector design a 1 1 d  1 1 1 nss l low rn t c. 

5 ,__CONc; L U S LO_N_S 

I t  is found rr om t he t ests t ha t the elliciency t h r ough wor king hou1 s of" the fo1 ced circ:ulat ion 
syst c 1 1 1  \v a s  35 t o  80'�.;, higher t h a n  that  o f  the natural  ci1 cul:1 t ion sys 1 e1 11. The u se o f  the fo rl·ed 
circ1 1 \at io11 syst em may be reco111111e1 1 decl when the improvement in the systcn1  pcrfor 1 1 1a 1 1ce o flscl s 
the ext r n  comple.x i ty  and cost o f  t h e  forced circulation requirements. 
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A PPEN D I X  A 

Acc11 11111latecl u se fi r l  cne1 gy gain ( Qu )  and global solar radiation on the collecl or  ( l l R), 
avcl'�gc �·o l lccto; dlic ie l i...:y fa ctor (F'), aveiagc lop ioss coefficient (Ut), average a mbient 
te1 11per n t 11 1  c (Ta ), a 1 1d  eflicicncy ( Eff ), through working hours for th(') rlilfornnt t ests. 

-·-

date lhHV Qu Ut I• ' HR EII Ta 
l <J% (g/s) ( W )  �-""-""'- ( W/m2K) {W ) % oc 

A u g. 28 90 5 266 5 . 78  0 .906 8565  6 1 .4 8  40.2 
J\u g. 3 1  so 4802 .� 99 0 901 8442 56. 88 39.6  
Sep I 70 4424 6. 1 9  0 . 903 8467 52 .25  40 .9  

Sep . ,, -- 3 1 22 6 .00 0 .658 8759 3 5 . 50 38.0 

Sep.  5 ·- 3040 () 07 0.656 8935 34.00 3tJ . 9  
Sep . 6 -- 3348 5 .95 0.660 8784 38 .  I U  40.0 
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LONG-TERM SIZING O F  CONCRETE 

SOLA R COLLECTOR 

N a'ris P RATI NTl lONG 1 ,  Joseph K l l lWAIH 1, .longj i t  H l lW N L A B H 1 ,  
Sopin WACHI RJ\ PlJ WAJ>O N 1  a n d  M ichel DAG l JE N ET2 

A BSTRACT: 

I .  Energy Technology Division. School of" Energy and Materials,  

King Mongkll t 's  Insti tute of Technology Thonburi . 

Bangmod, Radburana, Bangkok 1 0 1 40, Tlrni land 

2.  Laboratoire ue Thermoclynamique et Energetiqlle, Uni vers i le de 
Perpignan, 52, Avenue de V i leneue, 66860 Perpignan Cedcx-rrancc 

Under the cl i nrnle of Bangkok, the model of Concrete Solar Collector (CSC) coupled with 

a si mple drying sylem is s imlllated. The CSC configllration has two air passages: the upper 

passage -is between a glass cover and concrete slab, whi le the lower passage is between � he  

concrete s lab and an  i nsulator. Designing o f  the optimum size and fract ion o f  a i r  flowi ng 

through the passage i s  investigated by consider ing lhe long-term performance indica ted in ter m 

of two effect iveness index: annual so l ar fraction and its ratio to the sur lace ar ea of CSC.  

The numericnl res u l ts showed t lrnl l i m iting the  size of" CSC reduced lhc erlcct of operating 
conditi ons: air flowrale. tempern lure and d rying time. Therefore. w i th regard to the long- teri n 

perl(mnancc. the s i ze o r  CS(' should he l imited to 4 cm thickness and 2 m2 surface area. In this 

case, with 7 hrs operating t i 1 11e. air  f1owratc lower than 0 .04 kg.s· 1 and whatever the setpo i nt 

temperature, the optimum frnc t ion of air  llowing through the passage was 0.5.  

Key Words: Desig n/Simulat ion/Concrete colleclor 

I. I NTRODlJCTJON 

This study i ntegrated dry ing system wi th a concrete solar col l ector (CSC). Before 

entering the dry i ng cha111ber. col lector nutgoing air  passed through nn nux i l iary healer. At the 

outlet of the d ry i ng chamber 1 he air was crn11pletcly rejec ted lo !he ntmosphere, figure I .b. The 
upper surface of Cl'l lcretc is  covered w i t h  n glass sheet and the lower su1 face is protected by nn 
insulatur, fi gure I .a. The nir lo be healed flows through one or both passages. The gaps of upper 

nnd lower passages wer e  scl eq u<1I lo 5 cm. The CSC unit, with 7 cm of insu lator th i ckness . 2 I ll 
length and I 111 of co l lector w i d t h .  �\ as t i l ted al 1 4  degrees. The uppe r concrete surface 1vas 
pa i n ted black . The c haraclcr is l ic  and thcrnrnl propert ies  of d i fferent materials used for 
si nndal ion arc g i ven in l l  J .  The heat stored w i t h i n  concrete slab a l lows, 011  o ne hand. lu avoid 
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overheat i 1 1g or the tcm peratu 1  e o r  air  ou tgo i ng from ! he solar c o l l ector a 1 1Cl. on \he second l ia 1 1d. 
long opctal i ng L i m e. 

I L  

,. 

Ta U1 ... 

cover 

h v lr.?'1 A h  T II c l  r2 co1«:'n\l.' O:.n\\'l ';('ll\r.G\Of Oily¥ . U\I IM 1J•'f 

T 
concrete slab 

l\,Y\ hcY v hrJ l n, 
r ' 

111sul;ltui 
T., ,. 

u b  
( a )  l h l  

Fig. I (n)  L\'llg sec.lion of co11crcle S\>lar co l lcclor 
(bl Schematic nfan i 1 1 teg1 atio11 o r CSC systrn1 with d rying p1 ocr.ss 

O.y•�ch;itn lif't' 

� 

2. l\IOimLI N < ;  O F  CONCRET I� SOLAR COLLI�CTOH 

Besi des the usu�il  assu 111 p li c111s  for a solar col lec tor [2J ,  the fol lowing assn111pt io1 1s were 
considered : · 1 he CSC is d i v ided into "s'' sections along i ls length. W i thi n  each st:ction:  there is 
one-di mens i unal heal llow through cover. hack i 11 � 1 i l ;i t i0n nnr.I concrete s lab .  I he concrete.: � lab  i:; 
div ided i n to "n .. nudes ulo11g i ts th it:k ness. /\ i r  nows t lu ough the upper and lower passages by 

forced co11vecl io 1 1  along the length or CSC.  I n let nir tcrnpcrnturc of the first section is equal to 
amhirnf  frmpcrnture. the ou t let 11 i r  tcrn pern ture al the exit  of cnch section is the i n l et ai1 
tempernture or  the adjncent sec tion in the d i rection of air flow. The energy balance equations arc 
given in appendi x . 

3. l' E llFOHl\1 A N C I': l'AHA M ET f:RS 
To de�;c r i hc the  lnng-trrm perlcirmance of CSC, two effect i veness i ndex were used : the 

solar fraction ( l 'r) de l i ned li-0111 the rat i o  of use ful energy Q,, to load (..1" and i t s  ratio to the surface 
arcn o r csc (fr//\ ) .  

The ra te of usefu l  energy su ppl ied by CSC and the ene i gy dem and can be estimated as 
l(1l lmvi11g 

<) ,, = 1 11 1 cp,  Jcrnul . '" · ). d l  ( 1 ) 

Q" = 111" . e r, . Jcr�, · · r;, ) d 1 (2)  

Where T.,,,, i s  t h e  temperature o f  air o u t g o i n g  lrorn the CSC wh ic h  might come from one 
passage of air (upper or lower) or both. I t  cnn be calcu la ted as fol lows: 

T0.,1 = (Pc.m1 .T0.,1 1 ·f ( l - Pc ). 111 1 .T0"'2 )/ lll r (3) 
Where Pc i s  the fraction of air fl owing through the uppc1 passage. 

The annual fraction o f  h eating load supp l ied by solar energy i s  t he sum of the monthly 
solar energy contri but ion divided by the annual  l oad : 

12 I irnc 12 l ime 
fr ee (  L LQ ., ) / (  L L ().i )  (4 ) 

111011th -= I  hr�:J 1111u11h-� I hr:- 1 
where monthly summation i s  based on the val ues of average days o f' month 1 2] . 
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4. N U M ERICAL RES U LTS 
The s i m ulations were performed by considering Bangkok ambient conditions l3-4J under 

d i fferent setp o i nt cond it ions (demand air flowratc, temperature and daily drying time).  
Execu t ion are started at 6.00 a.m. by considering CSC as a c losed system up t o  9.00 a .m.  for 
warming its surlace. In th i s  case, heat convection coefficients are calcul ated w i th the appropriate 
equations corresponding lo free convection. Then the s imulati on i s ru n unt i l  reac h i ng the desired 
drying t i me. 

F igure 2 .. 3 showed that, for l arger concrete s lab (thickness and sur!Hcc a rea), the s ize o f' 
the concrete slab as wel l as the fraction o r  air nowing lhrnugh the passages for the h i ghest 
performance depended closely on operating sctpoint condit ions. I I owcver, rur concrete 's  
thickness or 4 cm. 2m2 area, the opti m um traction of air !lowing t hrougb the passages depended 
mainly on air f1owrate. Thus, with 7 hrs operat ing l ime and air Ilowrate lower than 0 .04 k g . s· 1 •  
the optimum fraction was 0 . 5 ,  whereas fo r  h i gher a i r  llowrntc, the optimum was observed a l  an 
u pper fraction o r 0 . 7 5  and a lower fraction of 0.25.  

Pc.bw 

0 75 0 5  025 

0.7 0.7 

+ ........---+ -...........+ I ·� 0 6  '/ � 0 .6  

� O.S + .�6 05 
-+ - o u� kg1�f'1 .2) 
-0- 0 CM 1-.Q'5!·1 ?) 

"' 'ti 
ro 
" 
c: 
c: 
<( 0.3 

0.2 

0 0 25 0 5  
Pc.up 

0 75 

-X - O OCi k\,Jis(•l ?.J 
---fr- o n/ 1<.g s! Hl�J 

0 4 : --0-- 0 0.1 kq:s1 10 61 

-0- 0 06 kgls( 10,6) 

0.2 

rig. 2 Variat ions o r  annual  solar fraction with Pc for d i fferent a i r  nowr n Le an<l size 

(th ickness, surface area) with 60 C of drying temperature and 7 hrs o f d1)• ing t ime, 
Pc.low 

0 75 0.5 0 25 0 

0 7  I I 0.7 

0.6 0 6  
c: 

-+ - 0 02 �gls]4.2) 
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Fig.  3 Variations of annual  solar fraction with Pc for d ifferent a i r  nowrale an<l size 
( th ickness, surface area) with 60 C of d rying temperature and 9 hrs of drying ti me. 
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The effect  o f  d r y i ng lc111peralure on the syslcm pcrf(J 1 11 rn 11ce is a lso ind icated in figure 4. l l  

was found that  dccrrnsed the d ry i ng temperature i ncreased 1he annual solar fractil111 .  

Pe.lnw 
0 7fl O rl  (l/5 0 

O H  O H  
.,.----+ --

0 1  /+ -...+�, U l  

' � -- ' " '" �"·' " 

� 0 Ci + � (l () --o- a O·J 1<q:sul,2l •'= 
� 0 5  ; 0,5 -X - O <J6 kg:'s(4.7J 
g . ---.fr- 0 02 l:g1sf IO 6) ! " ' � " ' · -� " " '""' " "  
� ·�x� /x� -o- 006 >gis!10.6J: 

0 3  � 0 3  X 'X' 
0.2 0, 2  

0 0.25 0 5  0 75 
Pc, up 

Fig. 4 Va rial ions of annual solar fradion with Pc for d i fferent air flowrate and 

size (thickness, surface area) wi lh 55 C and 7 hr of drying t ime 

I t  can be a lso seen that, for higher air flowrate, increasing the surface area (fig.2-4) 
incrensed the annual solar fraction, but the ratio of onnuol 3olar fraction per unit area decreased 
as shown in figure 5 .  

Consequently, for the system under consideration and whatever the setpoint temperature, 
concrete slab thicknem; of � cm nnd 3urfucc urcu of 21112 with 0.5 of fraction of air flow ing 
th rough the passages o f' CSC shou ld be selected .  These condi l ions with an air flowrate lower 

than 0 . 04 kg/s allowed good compromise between the annual solar fraction of the system and the 
performance of a unit  of surface area of CSC. 

N' � � c: 0 u � :. g 
"iii 
� d. 

-;:,-- d [•I cm] :: � ::: : :::�:., 1 5 '/-.._,.,,__� 1 0  
5 
0 i 

2 4 6 
Area (m2) 

B 1 0  

Fig. 5 Ratio o r  annual solar fraction by un i t area at Pc, up=O.S Vs. surface area ofCSC 

with air  flowrale of 0.04 kg/s and 60 C of drying temperature 
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5. CONC LllSLON 

The long-Lenn s izi ng or co1 1crcle sol a r  co l lec tor l'SC i n tegrated to a d ry i ng system has 

been studied. · 1  he e lTect of drying set cond i t ions. frncl io 1 1  o r  air !lowing t hrough the two 
passages an<l co11C'1 ete · s  size of co1 1crclC' solm collector ( CS< · 1 hm·c been i nvestigated 
numerica l l y .  

' I  he  rcs 1 1 l l s  showed Lha t  the des ign o r  CS(' (cirncrt'\e th ic kness Hi ld SU I  face w e<i .  aml t h e  
opt i ll lUl11 value o r  fJ �Jct ion  o f  air l Jowing through passages) depended Oi l  oper a t i n g  cond i t ions .  
I l mvcvcr, with  r egar d to  the long-term sizi ng. ! he th ickness as wel l as the surface area 1i f CSC 
have to be l i 1 1 1 i t cd to .:J cm an<l 2 m', 1 espcctivly.  These condit ions with m1 a i r  nowralc lower 

t l ian 0.04 kg/s a l l CJwed good compromise bct1\'ec11 so l ar fraction and perfornrn nce of uni t mca of 
l 'SC whi le  Pc 00 0 .5 .  
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APPENDIX 
Trnnsient heat transfer of CSC i s  done by usi ng a fini te di l1erence method with the 

rorm u l at ion of thermal resistance and capacity [5) .  Two subscripts (i,j) are used with each 
variable (shown in figure 2) representin g  the order of concrete nodes i (-along thi ckness) an<l 
sect ions .i (along air flow). All heat transfer coefficients in the energy balance equations below 
are d i scussed in [ J ] .  

Considering Pc, the fraction of air  flowing through the upper passage (0 � Pc � I ), and 
based on nomenclature of rig .A the govern i ng energy balance equations of one section of the 

CSC arc the fol lowing: 

- On cover 
l l ,(T,- T,) + h,2(T 1 r  T,j ) + h, 1 (  T11.i - T,j ) = 0 

- Air between cover and concrete (upper passage) 
l\1 CT«.i - Tn,; )+ hci(T 1 j - Tn.i ) = Pc. m 1 .Cr,(T0111 1 .i- T;,, 1 j )/Ac 

- Upper concrete surrace 
d T · 1  

(1a)l t  +hci(Tnj - T 1 .i ) + h,2 Cl'cj - T1) = -- k l�"° 

- Within the concrete slab 

p C tiv· dT;.j � k l /\ T; , 1 ,j - T;,j k l /\ T;- 1 ,j - .Si_ 
c • p c .  I d I 

• C 
d X 

+ . C 
d X 

R<;Q 

(a) 

(b) 

( c) 

(d) 



- I .ower concrete surracc 
• • • • , - • • II I uT . , 

l\. ,( l n, ,· - 1 .. ,. ) + h, ,( l 1o ,· - r ,. J )  = - k l - --' · 
• . . . d x 

- /\ i r  between conc1 clc nnd i nsu l ator (lower passage) 
x -1 1 

h,<
0
1°,._ ; - T1

,�
: . ;) r l\ 1(Tt>.; - T11,,; ) =· ( l -l'c).111 1 .C'r,, . (l',,,.,1 .; -T;,.>J )//\c \: ···-' : .... . ... . 

- "' 

' 

- "··j.11,,, 

: :  

• 1(1...-J 
; ; • n � ._,,. 

Ho. I 0 

.,.... 

• 

111,i 

"'!LP '"' . .  
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., 
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Fig. A l'hermal 1 1etwork t>f C 'SC (ope11 both upper and lower passages) 
- U pper i nsulator sur l'ace 

(c) 

(f) 

h,1U . . .  ;- ' ")� 11, , o·,".i - 1 h,i J ' u,rr . .  - rh.j _, = o ( g) 
To sol ve this system of cquri t ions. the temperature or outgoing a i r  from each scl:tiPn 

( going i n to the next section) should be determ i ned. Thi s  temperature can be derived by 
11 1athc111atical analysis o r  heal energy balance [6J . I t  was foun<l that: 

' [ '  = 
• m111,1 

- 2 .h,,J .A 

.2.�-�·x�:�·1 .j_:::_2·,J· (e ,;, c ,; _ ! ) + T; .. ; : i = U  (h) 
I lowever. ll.1r s i mpl ic i ty .  a common simple l i near equation niay be considcn:d inst�ad of 

the preceding exponential equation (h) which can be written as: 
TnJ = f'.Touli j +( 1- f ) .Tiu. j ( i ) 

where 0 < r < 1 
For Pc=O, The precedi n g  energy balance equations of CSC can be used wilh the new 

appropriate equal i ons concerning the cover and the upper surface of concrele. 
on cover 

U,(T, - T,j )+ h,i(T1 j  - T,)+ h, .. ( T1 .; - T,,; ) = 0 
- upper concrete surface 

(1a) l t+ h,11( T,j - T 1 j)+ h,2 Cl"j - · 1 1) 
d T 1 .; I 

·- k l -i�-- , o  

Ci l 

( k ) 

For Pc= 1 ,  the first set of energy balance equations are also valid except those concerning 
lower surface of concrete and insulator: 
- lower concrete surface 

hc1( l'hJ - T"J ) + h,i(Thj • T ,,) 
- Upper i nsulator surface 

d T,. ,j l 
- k t ---<I X lrrll 

h,,(T,.r Tb,;) � hc1 (T,.,; - T",j)+ lli,( T,. - Tb) = 0 
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A NEW DESIGN OF ROOF SOLAR COLLECTOR 

MAXIMIZING NATURAL VEN llLATION 
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T he paper discusses the performance of a construction element : the Roof Solar Collector 

(RSC) with regmd to the rate of induced natural ventilation which contribute to improve houses 

indoor thermal comfort. The RSC configuration was made by using rnodern materials C PAC 

monier concrete tiles on the outer side and gypsum board on the inner one. The comparison of 

numerical results with available experimental data validated the developed model. The e ffect of  

RSC parameters, mainly, t i l t  angle and length was analyzed numerically. Finally, a new 

configuration of RSC was proposed. 

KEY WORDS : Design, Roof Solar Collector, Simulation, Natural Ventilation. 

Introduction 

The neecJ for indoor ther111al comfort of building is greatest in tropical countries, where higl1 

annual temperature are preclorninant. Today's technology can be used to provide required thermal 

comfort, but the economical penally is l1igh Thus, passive solar designs of  building are being 

interested agciin today, 

One i nteresting application of passive solar cooling [1 -2]. is to induce natural ventilation. 

Ventilation provides cooling by using moving air to carry away heat from bui lding, making 

comfortable for \he building occupants . 

In this study the large area of roof is used to reduce the heat accumulation under the roof 

structure and to induce suitable natural ventilation [3-4]. However, as experiments cannot research 

all condition and need long time, analyze of the performance of  the "Roof Solar Collector" is done 

numerically 
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2. Modelling of RSC 

The roof solar collector is made by using CPAC monier roof tiles on the upper part and 

gypsum a t  the lower part, as shown in Fig. 1 

�· 
T, 

T, 
Air Inlet - -==; •T, 

k,,d, 

T 
r : Gypsum bo&1d l .. "'t'ut T"s·d· 

T, 
T,o 

L•11�l1:------l 
Fig. 1 Scliemalic representation of RSC Fig. 2 Node and heat transfer exchangess througt1 the RSC 

Heat transfer is considered to be steady state and one dimensional and thermal capacity 

of mater ial  are neglected The radiation exchange between CPAC monier and gypsum is 

accounted for. since the heat transfer fluid is regard as a non-radiation absorbing. The inlet air 

temperature is considered equal to ambient temperature. Considering Fig 2. under the preceding 

assumptions. a nodal formulation of RSC system is provided by pertorm ing an energy balance on 

each node of the RSC 

• On rnonier-upper surface 

(am ) 1 1 A (h, + h,1 ) A (T, - TJ + ( k 1 / d 1 ) A (T, - T7 ) 

• Monior lowor Gurfoco 

( k 1 / d 1 ) A Cr, - T2 ) 

• Upper surface of gypsum board 

h ,23 A (T2 - T3 ) 

• Lower sur1ace ot gypsum 

(k 2  / d2 ) A (T3 - T4 )  

• section of  moving air 

m C P (T0 - T, ) 

• Solar chimney equation [5] 

hc2 A (T2 -T • )  + h123 A (T2 - T3 ) 

hc3 A ( f3 - T1 )  + ( k 2 / d2 ) A (T3 - T4 ) 

(h,4 + hc4 ) A (T4 - T, ) 

hc2 A (T2 - T1 ) + hc3 A (T3 - T1 ) 

Q Cd Ao ( g H sin 0 (To - T;) / T; )05 

862 

( 1 )  

(2) 

(3) 

(4) 

(5) 

(6) 



The di fferent heat transfer coefficients are discussed in detail in reference [6). The a mbient 

conditions (solar radiation, ambienl temperature, wind velocity) used are those based on data of  

bangkok [7-9), The a bove set of nonlinear algebraic equations are solved using Newton-Raphson 

method [ 1  DJ. 

3. Numerical Results 

3 . 1  Validation of numerical model 

The figure 3 shows that the calculated results of a ir RSC temperature followed well the 

ambient condition. I L can be seen a few disagreement with the measured dala , This is mainly due 

to the effect of rain heat loss and wind which weren't accounted in the model .  However, regarding 

the weak tem perature differen.ce between lhe RSC air and the ambient air, and also with the quite 

weak wind speed (about 1 .5 mis for Bangkok), the developed numerical model can be considered 

as a good a pproximation, for estimating the long- lerm performance of RSC. 

34 
33 

� 32  � 3 31 -
� 
., 

E" :io -� 
29 -

28 

9 

,,. .. - ·--e '- � 
if 

·- Jr' 

� �Expe1nm l 
II -·- •;m.IAHm 

!ti. . I \, ... 
10 1 1  12 13  14 15  16 

Tirre (hr} 

Figure 3 Hourly variation of RSC air temperature 

and ambient conditions (length 2 111) 

3.2 Effect of RSC' parameters 

1400 
1200 1 
1000 � c 

.Q 
800 iii ii � 

� 600 ;;; 0 Cl) - 400 

200 

The results are presented parametrically by selecting a base case and varying one 

parameler at  a time whereas the other RSC's parameters are kept constants. I n  this study, the air  

in let  and outlet surface areas were considered equa l ,  and the widlh and gap o f  RSC were fixed a t  

1 00 c m  and 1 4  c m ,  respectively. 

Figure 4 shows that the induced air flowrate is a function of  slope and lhe intensity of solar 

radiation. Up to 30°, the induced air flowrate increased rapidly with increasing the tilt angle. 

However, the vertical heighl still �mall to induced higher air flowrate although the energy absorbed 

by tiles is higher. For 8 > 60°, the increased of air flowrate was quiet insignificant. Consequently, for 
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the further design of RSC's systems, the appropriate rang of tilt angle should be considered 

between 20° lo 60°. 
0.040 ....---------
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Figure 4 Variations of lhe air flow rate Vs. slope of RSC for di fferent 

months at different times (Gap: O 14 m: Length: 2 111) 

Figure 6 shows that ror all slopes, inc1easing the length of RSC increased the air llowrate 

which is a consequenr.P. or lhP. inr.rP.<ised vertic<1I height of ventilation path. 
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Figure 5 Variations or air llowrale with lenqth or RSC al three different 

limes for different slopes (March 17 ,  Gap: 0. 1 �  m). 
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Figure 6 Variation of air flowrate per unit area of RSC Vs. length at 

different limes for different Slopes (March 17 ,  Gap: 0. 1 4  m). 

However. as shown in figure 6, the air flow rate per unit area decreased with increasing 

length of RSC. Thus, the amount of air flowrate induced by one longer RSC would be lower than 

that induce by two units of RSC with a total length equal to that of the longer unit. Therefore, to 

maximize the air ventilation by RSC's system, the length of RSC should be shorter on the order of 

1 00 to 200 cm. This length could be selec�ed by architects depending on available surfac area of 

roof. 

Based on preceding results, the RSC's concept can be used to induce a natural air 

circulation within the roof structure, which consequently wil l  reduce the heat accumulation under 

the roof. Fig. 7 presents a first approach for the new design of roof of new houses . 

. t� 

Fig 7 Schematic view of proposed new design of RSC's system 

4. Conclusion 

Roof Solar Collector can provide a significant part o f  ventilation air flowrate of houses. The 

proposed configuration of RSC system has to be verified with a full scale testing. With only RSC 

system ,  there is a little potential in inducing sufficient natural ventilation to satisfy resident's comfort. 
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However, if it is cou pled with other passive cooling devices such as Trombe wall and/or small 

mechanical system, the cooling efficiency will be improved considerably. 
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Cylindrical Parabolic Solar Collector Heat-pipe 
Asse1nbly 

F . AC HB ALOl' A .TOCZA�I � I . : d.ADA � I . CH..\TI L-\ + 

A . D ER :\"ATCHOl�+ 
Ernk· � foliaunuaclia c l " Iug,(-ni<'nrs. LTI EL PD /G;) TI a hat 
+ Farnlt <'· <ks Sci1·rn·<·s. LES . PD 1 0 1 -!  TI a hat ( � IoroC'co ) . 

1 abstract 

Tlw 1 1 ,;e of l ie;i l -p i pc <1 s n l isorl l ( 'r  sol a r  nil kct or i n neas<' t lw rt'lllu\·a l rnte w i t.hout <'X<>ssi YP 

i nn < '<tS<' i 1 1 t lw J l l l l l l J l i l lg  ] HJ\\"<'l' a n d  l w 1 1 C"e i 1 1 nease t lw pfli c i<'1 1 r y  ;rn d t h i s  fea t  nre ma ke i t  

;., 1 1 ;i i I r a c· t i \'C� opt i on for 1 1 1 ;rny i 1 1 c l 1 1 s l  r i a l  nscs. T h i s  pii pn <ksni lws an ove1"<1 1 l  l l l l l l l < 'l ' i c·a l  

1 1 1rn lc l  l'or t l w  ( ' P (  ' -c • 1  l 1 a 1 1 o l  heal pip<' ( J:'lf / ' )  asscm l il .'·· a 1 1 d  a rom p;i rison I J<· I \\'('('JI < · 1·ac11a l cr l  

n·c"i wr a 1 1 1 rn l11s /:' R. \ - ( ' P<'  ;1 1 1d r�· II fJ - ( ' /' ( '  for l 1t>i1 l ing water is  examim·d I o  pr<'d i ct 

I ] 1 <· t lwnwd pcr l'orn1 a 1 1 1·e as \\' ( • I I  as t l i t '  c•con"rn i c a l  ;is pect of bot h sys! Pms ro1 1si c lercd . 

2 intro duction 

Tl w a r l \'a1 1 l <1g<' of ! 1 C 0il l. p i pe• sol a r  rcC< ·i 1·<n i 1 1d1 1 cl c' t lw fol lm1·i 1 1g .  c!Pl i vPrs h iger OHTill l  
• 

s_1·sl  c • 1 1 1  dfiric · 1H',\' IJ.\ c lc l i \'C'r i 1 1 p;  t lw lwa I i sot l wn 1 1 a  lly, a l l ows i 1 1depcmlc ·nt  op t i mizat ion of t lw 

( ' ! ' ( ' for 1 1 1 ;i 1 1y uses. prm· i c lcs ii t lwnrnil  l iu lkr s w l i  t l i ;i t co111  rols is sign i fica n t ly s i m pln. 

l 1o l l i  r l i s l l l il l l t l i 1 1 g  a 1 1 r l  asscm l i ly a n· c-·a s,\'. Tlw fml l ' t iun of a ( ' P ( '- EJ J P  a;ssc'mi>ly is  to  com·t·rt 

s"J ;1 r  C ' l l C ' i'g\· i 1 1 t u h<'al . t o  C 'olkd ;rn c l  t r ;, 1 1 sport. it 1 10!. ;is sc• 1 1 s i l 1 l c - ! i C'a t as i11 a J ll l l ll ]H'< l l i q 1 1 i d  

l"' 'P l 1 11 t ni t l 1 n  as ; 1  i su i l l < 'rl l l a l  l a t c ·1 1 I h c •a t . l a q.\t' a l l 101 1 1 1 t s of < ' IWI'g,Y c · a 1 1  l >t' t r a usport .>d \\' i t h 
,.,.1 ·y s 1 1 1 ;d l  l < · 1 1 1 p <Til i l l rC' d i l fcTc ·ncTs ll' l i i C "h c ·a 1 1  l w  pru,·i ded t o  i 1 1d1 1st ri\'s \\' i t h  gre11 t est. nc ·<·c l s  

fur p 1 o c c ·ss h<:"at i 1 1 ; 1  l ix t · c l  1 <' l l l l H'l 'ii l 1 1 1·t· 1·;1 n g1·s. 
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Til le : Weather Data gcncrnlor for humid c l i males. 

L.  ADELARD. F .  GARDE, f. PIGNOLET-TARDAN, I I .  BOY ER, J .C.  GATINA 
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Cassin 97400 Saint Deni s  Reunion.  

Tel : ( 1 9  262 ) 9J 82 1 6 ; Fax : ( 1 9  262) 93 S J  66; 
EMail : adelard@iremia .univ-reun ion . rr 

ABSTRACT: This paper presents the methodology used to bui l d  a weather data generator 
for humid c l imates. The studied s i te is Reunion Is land. in Indian Ocean. The methodology is 
spl i t  i n to three parts, the first consists in determining c l imatic sequences and fu nctions o f  
correlation between two or fe w  clim at ic  variables i n  this sequences. This step shows that 
l i near correlat ion i s  very d i ffi cult lo find.  So,  in the second part, we analyse the data with the 
help o f  factor analysis lo li nd relations between the variables. This part shows that i t  i s  
necessary lo take account of t h e  " h istory" of each variables. Spectral analysis is also then used 
to show the coherenci e s  lhat exist .  We'll talk then about the possi b i l i ty lo use neural networks 
to bui ld  weather data models. 

I .  Presentation. 
Reun ion I s land i s  s i tuated by +2 I 0 South la t i tude and 55° East l ongit ude. next to 

Madagascar I sland. S ituated i n  a tropical zone, the year i s  theoretical ly divided i n  two 
seasons: 
- The hum i d  season ( f'rnm November to Apri l ) . The inter tropical convergence zone is ncm the 
is land and cyclones perturbations nrny occur. 
- The fresh season ( from Mny to October), where the c l i mate of the is land is inf l uenced by the 
trade winds. 
The is l and i s  highly mountainous. There are smooth bents on the coastal zones. whieh 
increase quickly lowmd the cent re o r  the i sland. The centre i s  made o r  l l irce c irq ues which 

give a very con trasted rel ief. Such complex i ty on a sma l l  surfaces (2 500 1<. 1112 ), gives a lot  o f  
micro c l i mates. 
Estimations o f  energy loads in bui l dings required meteorological data for simulations. It i s  
necessary l o  evaluate the behaviour of buildings i n  real condi t ions.  I n  hot c l i mates. f'or 
buildi ngs s im ulations. the most i m portant c l imatic sol ici tations arc due to solur rad iation and 
a i r  temperature. Jn Reunion, thermal environment i n  bui l d i ngs depends mai n l y  on outdoor 
c l i mat ic  condit ions. l !eat transfers are due to convection. conduction and above al l  to solar 
rad iation .  That is d i fferent from lhe temperate cl imate zones. Wind speed and air  humidity nrc 
also i m portant to access i n  studi es of thermal comfort in bu i ld ings. 

Meteorological data are u n fortunately unavai lable for two reasons : 
- There is no meteorological data measured for the site.  
- Data arc m issing on l i ttle periods. 

We don't have a database which can represent the usually encountered or extreme c l i matic 
situat ions o r  the site, for di fferent periods o f  the year. The purpose of our researches i s  to 
bui l d  a weather d ata generator to produce cl imatic sequences. Generated data must r espect 
some cond i t ions:  

- they m ust respect the mai n statistic for each variables (distributions laws, auto 
correlations). 

- they must respect the interactions between the climatic variables. 
- they must take i nto account of geograph i c  and physic environment effects on the 

cl i malc of the site .  
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2 .  P resen tation of the existing generators. 

Da i l y  datas give an incomplete vision of the cl imate. That's the renson \vhy users use hourly 
data. Efforts have been used to produce a complete year of data, representative ol' the c l i mate 
or the studied site.  
In  U nited States, a "Ty p i ca l  Meteorological Yem" has been used. This year of data were 
selected out o f 2 3  years or data. F irst ly ,  the statist ic d istribution. means, and auto correlations 
for 1 3  weather data ind ices were calculated on this 2 3  years (Ref. 1 ) .  And then the months 
which correspond the most to these elements were chosen lo bui l d  the "Typical  
Meteorological Year" . 
Ann1her \.v�1y to hnve representative datns 'VHS to c lassify the  cl in1:i t ic  �� i tunt ion;, to find sonic 
typical meteorological d<iys for the c l imate. To determine these typical days (Ref. 2), authors 
used factor statis t ic  rinalysis  and aulonrnlic class i fication. 
Bol and ( Ref'. 1 2) m ade a L i me series analysis o f  c l i matic variables lo !ind Lhc characterist ic  of 
the i r  cycl ical  components. This cycl ical components were then removed from the measured 
data. and it lrns been shown that the residuals can be generated by auto regressive process. 
Bolnnd showed that it  was possible to generate synthetic series simi lar to the original series. 
Tilt: study were only made for solar radiation and air tem perature data. But !his method isn't 
Laking into accou n t  of cross correlations. 

2. 1 .  Weather data generator of Degclman. 

De gel man ( Re f. 3) created a weather datn generator for some regions i 1 1  U n i ted States.  1 n 
order to access to data of global solar rndiation, dai l y  clearness i ndex Kt were generated !'or 
each month.  The cumulative density f unction were given by Liu and Jordan ( Ref. 4 ) .  
T h e  values of Kt w a s  then ordered lo  respect the l o n g  term auto correlat ion.  Secondly,  the 
mcn n and the m ax i m a l temperatures were generated wi th a normal probab i l i ty dens i t y  
fu11diu11,  a1 1J 1 ega1 d i 1 1g to the  relations between s o l a r  rad iat ion a n d  air  temperature. The 
fo l lowing datas l ike a ir  humidity ,  a m\ w i nd speed were also generated with their statistic 
d istr ibutions.  
In th is  generator, cross corre l i! l inns 11rP. · nn1 pmsrnt 
2.3. Gcncrntor of Van Paasscn. 

The second generator ( Ref. 5).  made by Van Paasscn, is tak i ng i nto account of this  
cross.:u11 eh1t iu1 1� .  To dL�velop i ts models, the author used spectral analysis  to ident i ty 
corre lations between c l i matic variables, annual and d iurnal pallerns of weather data.  The 
studies slwweJ !hut the wlar radiation cun be assumed as an independent variable. In the 
generator, hourly globa l  solar data q(t) wi l l  be generated thanks to the fol lowing equation ( 1 ) :  

q(t)=J\1 sin(  t-Cl 7l )  
t-b ( I ) 

a mid b arc re!lpec t lvcly t he :;unri:>c anti suuscl t i mes. /\q 1s I lic a1 1 1pl i tudi: ur �lu i ly  gluhu l 
rndialion. /\q w i l l  be generated with the he lp or i t �  s ln t is l icul propert i es. 
The other c l i 111a1 ic variables cnn then bee separated i n  two pnrts: 
- one part is dcpc11danl o r  the solar rad i at ion.  I t  is i m portam tu d iscern dai ly and l io1 1rly 
dcpt:mlcncies. Effocti vely.  solar rndiation has an hourly. ns wel l 11s a dai ly i n l l uencc M air  
temperatures and on absolute humidi ty .  
T he ampl i tude /\q wil l  be the paramclcr from which ull  the inlluenc.ci; of �lobnl radiation w i l l  
be derived. 
- the second part is  to tal l y i ndependent and generated w ith the help o f  its statistical properties. 
This tool also generate the dai l y  and the hourly i ndependent p<!rts of the variables. 
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These two generalors can give a total year of data which correspond lo the mai n stalist ics 
properties of measured data (same distributions laws, means. auto correlations. 
crosscorrelations ).  

2.3 Particular objectives of our work. 

Instead of generating one year o f  data, we want to generate cl imatic sequences, as asked by 
the user consi dering i ts specific needs. I f  he wants for example a warm sequence for lhe 
humid season, our generator must be able to provide the result and lo speci fy if necessary lhe 
frequency of this sequence, and the cl i matic conditions in which lhis may occur. For example. 
we won't have the same humidity before or after two rainy clays for the same radiation 
conditions. 
Our purpose is  to generate hol only trad i l ional cl i matic sequences, bul we a lso want to be able 
lo simulate non current si tuations. To be able to s imulate all  these cl i 1mlic si tuations. we need 
lo know the interrelations between the environment and the c l imate. It  is clear for example.  
that the effect of the proxim i ty of the sea on a site can be very i m portant. The sea wil l  bring 
humidity, w i th the d iurnal breeze. This h u midity wi l l  i ncrease nebulosity, and so wil l  have an 
effect on solar rad iation l1  ans fer through atmosphere l ayers. 
A such generator can be very useful  on a s i te where no data is avai lable.  Only with the 
geographic description of the site, and i n formations on the global c l imate o r  lhe is land. we 
will  be able to generate cl imatic dala for this s i te.  

3. Methodology. 
3.  l First stage: hasis analysis. 

In a f'i rst stage, we s tud y  the cl imatic data on a location of the cost of the I s land ( G i l lot). 
We chose this s i te because of the qual i ty of measured data and because i ts cl imate i s  
representative o r  the cl imate o f  the main town o f  the is land. The data analysed i n  this part i s  
made o f  two years of data for global and diffuse solar radiation, a i r  temperature, humidity ,  
nebulosity, w i n d  speed and direction. 

To mrn lyse this data, we decide to represent the dai ly evolutions of each variables by specific 
indicators. The table I shows these indicators for each var.iables. 
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Th is i ndicators where chosen in regard tu potential user needs. The d iurnal mean value for the 
wind speed has been preferred because, the speed decrease in the n ight. So, if  you take the 
dai ly mean, you have a 1.ess precise indicator for the evolution of this variable i n  the day. 
Then, we analyse the d istribution o f  each i nd icators on the two year and we separat!!d the 
values of each i ndicators into precise intervals. For example, the figure I shows the 

875 



d i s1 ri bution of the dai ly g loba l rad iation for 1he years. We decided lo spl i t  up 1 hese vnl ucs i n  
f ive intervals.  Each i n terval received an expl i ci t  designation (table 2).  

A series of observati ons uhout !he distribut ions or cnch i ndicntors for the diflercnt periods of 
the year can be made.  In  humid season. multiple situat ions of dai ly radiation (very low unti l  
very h i g h) are encountered. J n  the fresh season, weather is  less unstable. so low Md average 
radi;:it ion are the two main chl$SCS. The distribution of the wind is also remarkable. I n  the 
humid season. there is a l ot ol breezy days. In the fresh season, more days with medium or 
strong winds can be found. The d i rection of t he wind is general l y from East to North-East. 
f3cC<lUSe of the i n n uence or trade \V inds.  
We recorded the days by fixing cri terion based on the indicators. For example. the users may 
ivish tu use JJy� wh ich have high rad iat ion and breeze . S1 1 1a l l  dalabase for each or these 
cri teri on were created. C l asses for the criterion based on solar radiation and wind arc 
presented al tnble3 .  

l\1r each scque1 1u:, w e  a i m  at  estnbl ish ing functions of corre lation between the variables. The 
l i near dependence between two variables is tested by the Kendal test (Ref. 6), and then with 
regressions, lhc coel l i cicnt  of the functions. 1 lowever, this part is not gi v i ng a l ot of  resu l ts . 
I t's true that  the evo lut ion o r  tempera ture antl humid i ty in a day depend on the evolution o f  
l!.iobal  radiat ion.  hut  a l ll t o f  slutl ics show t h e  i m porlunce of the evo lu t i on of 1�nmc•rri l 1 1 rr and 
l1un 1 id i ly du r i ng the thi ; s  before. 

· ' 

3.2 .  Second stagL•: clabornlctl anal)•sis. 
A�; il was 110\ poss i b le lo llnd signi lirnnt l inear re l at ions between the variables More 
e l aborated means have been i nvolved. First.  we use flH.:tor airnlysis to observe our data. The 
l�1ctor a n a l ys is  a l lows lo fi nd the i mplicit foc101·s that describe the datas. It gi ves graphics 
representat ions of the \'aria h ies. according to the existing i nteractions between them. 
There arc two mclhod:i or liictnr ;m n l y s i s  The first p1:1 1 1 i i l� tu Jescribe untreated duta by 
treati ng a corre la t ion matri x .  
The second perm i t s  you lo describe data by groupi ng them i n  c lasses and calculate the 
frequency o l" each classes. As  the methods treat the frequencies. 11011 l i near rclttt ions between 
vm iablcs (Ref. 2) appear. 
The principles of t h i s  analysis is qu i te simple: each variable is  cons idered as a point. wi th  a 
n umber or components. Fu1 e.x:.w 1ple. fol low i ng the evolut ion of temperature al IJ hour for a 
sequence of I 30 days, \he vector C()rrcsponding to temperature a 1 3 hours wil l  have 1 30 
components. J n  order to evaluate the inleractions, ii is necessary lo choose and to ca lculate a 
stat ist ical  d istance between a l l  the poi nts . 

The spectra! analysis of each vari3ble sho\.vs the auto correlation and the coheu:=11\;y b�tween 
variables (Ref. 7). F irst ly.  the data of each sequences are fil tered to take only the low 
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frequencies to lind the dai ly i n l l ucnces. And then. we calcu late the coherency between 
variables. I t  shows lhal sol� 1r  cnngy can he considered as an i ndependent variab le .  The 
tempera lure. rn1d l i te h u m i d i ty nre dependant of solm rad i at ion and a lso or wind speed whe n  
t h e  wind is  slrong i 1 1  fresh season .  
l l  w o u l d  he i n leresl i n g  l o  eva l uate l h e  t ransfer l'unclion between t h e  variables, lo eva l ua te lhe 
most i nfl uencing var i a bl es . 
We ca n lhcn clahornlc lllode ls  that take  account of the i n fluence and lhc past evo l ut ion of the 
vari ables.  For exrnnple,  lhe Lempcrnlure shou l d  he generate by using aulo corre l at i o n  and 
i n fl uence of solar rad ia t ion .  To e l aborate stochastic models. i l  i s  necessary to have 
i n forlllal ions aho u l  slat ist ic  d i slr ihut ions o f  lhe vnrinbles. So. we have lo evalunlc the s ln l i s t ic 
d i str ibut ions of varinbles wch as solar rad int ion.  wind.  lempcrntu 1 e  (Ref. 1 ) . A gmiss i a n  
d i s lr ibut ion c a n  h e  used l(ir t h e  a i r  lempcralure . Aut hors u s e  gencrnl ly Weibul l d istri but ions 
for the wind speed ( l{ef.8). This d istribution i s  then transformed to be normal dist 1 ibution li•r 
the sloc lwsl ic lllod c l .  hir the rml in t i on.  i l 's poss ib le  to use the d i s tr ibut ion descri bed by 
Sm111 i c r  for trnpica l  c l i nrnlcs ( R e l'. tJ). 

4. M odclisat ion. 

i\nolhcr way to estahl ish the rel al inns between lhe vari ables i s  to use lhe rn  l i  l ic ial neural 
networks to genern te the dn t�1 . ·1 his  network can handle non l inenr re la t ions and take account 
of all lhe i n teract i o ns.  l l  i s  more and more used in app l i ca t ions or weather pred ictions ( Ref. 
1 0) .  The network is  com posed of general l y  three l ayers. The lirst l ayer represents the i n p u t  
l ayer. i t  receives t h e  p1 cd iclors values.  The second l ayer h a s  n n umber o r  neurone determ i ned 
w h i l e  the learni n g  phnse nf the nelKork . Each node consisls in a non l i near funct ion .  The stale 
o r  a neurone depends on the pondered connections with the lirst layer (wi th the predictors). 
The last l ayer has one or more node. 

The first stage lo elnhornle neural network in to determ i n e  lhe i nputs or lhe network. The 
methods or l i near regressions, spectral and foelor analysis wi l l  permi t  lo have these i n puls.  
The seco nd sta�e is  to establ ish the number or h idden nodes. nnd the eoc l"Jic i enls of each 
co11 11cc l i n 11s between neurones (Ref. 1 1  ) . This  stage i s  a lenrn i ng plrnsc. where we' l l  use 
cxpcr i 111cnlal data lo l ind t h i s  coerlicicnts .  · 1 he le a rn i ng phase is based on 111 i 11 i 111 isat io1 1  of t i le 
q uadra t i c  errors or 1 1 1ode l isal ion,  adapted to non l i near rel a l ions. The a l gori lh111 1 1 sed fo r lh is  
slage is  t he R PE, wi th  the techn ique or back propagut ion or errors. 

The eval uat ion or the model i s  made w i th two cri leri o n :  
- l h c  Jirsl i s  t h e  square 111can error between the ca k: 1 1 l alcd 0 1 1 lpuls H n d  the  1m:asured 

daln. 
- the second is n percentage of i n fi:mnati o n .  ll w i l l  he usc l'u l lo know how docs the 

network reacts when using olher sels or da las. 

This model i sat ion has been mnde for une site where data a re 11 1easurcd. · 1  he generator must be 
able to g i ve weather sequences for a l l  of the s i te. Thnl's lhe re�1son why. we are going now to 
i nc l ude the physical  aspects of weather dala evolut ions .  We have now lo consider lhc i s land 
as n system which trans form the  general atmospheric c i rculat ion .  T here ar c two k i nd o f  input 
liir the syslem ( fi gure ] ): 
- The physica l  snl i c i lal ions which  can be the k i nd of solnr rnd i a t i on . lhc w i nd speed and i ts 
d i rection or the t y pe of cl ouds. 
- The malhematical i nd icat ions llrnt cun he lhc i nd icat ion or the season.  m lhc i n i t ia l  val ues l'f 
the weather variables.  
Each s i te of the system cnn be model led by gi ven his a l l i l udc and his a7.i muth (a  reli:: rcnec 

a x i s  is  give n ) ( li gu rc 2). At this stage, we have tn e l abor n t c  physical models  to llnd t h e  
evolul io.n o f  ai r tcmpcra lurc. w i nd speed. humid i ty a s  ru11ct i o 1 1  o r  t h e  two precedents 
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parn n 1etcrs .  As the re lnl ions  bet\\'cen variahks :ire kn\11\ "l l  i 'tlr a s i le. i t  I\ i l l  he th en poss ib le  lo 
generate c l im rit i e data Ji1r the \v hnlc  is land . :\t t h i s  stage. ncurnl networks can ;.i l so p lay an 
i mportan t role. S i n1u l �1 t i n 1 1s  o r  the \\' ind speed :1 11d d irec t i o n  C<l ll  be made w i th  the rndc F l uent.  

Rc!Crenc 

Cl im <i tc mode l i sil l io n  in o ne s i le 

C l i ma te m odcl isa l i t> ll  L• y 11 <11 i i 1 1g 
the al titmlc of the sites 

Mod el is il ti u n  br sectors 
(by vmyi ng the. 01lt i  tu de) 

F i!c(urc 'I : iVlcthodotogy for � imu lntion�. 

4. Conclusions. 

...- ·----
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l nitii1 1 air 
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dcscriel ion. 

'igurc ): fJC.wr ipfinn \ll tJlc Sy�Cll \ .  

Cl  i rna t 
respon 

We exposed here our concepts and methodology for t he claborntilltl or a 1\ cather data 
generator. O ur methodology is  qu i te d i fferent from the e xi st i ng \\'eather gc1 1.: 1 ators. Our aim 
i s  lo i 1 JCl\lde the phy:; ir.;u l  U!ipcct�  o f  the  cvnlut inn n f  t hr wc<1thn \':irinhlc� and l hr stnt i st i i: ; i l 
re l a t i l) llS. Our generator is adapted lo ihe needs or users. The use o r  new tec hni ques as neural 
network can a me l i orate the gcm::rn l ion of the data .  'I lie seque nces ob ta i ned for the first stage 
or t h i s  study l rn1-c been used in bu i l d i ng s i 1 11 11 l at i o11s lo C\ <i l ua lc the therma l behaviour, and 
the f 1 V 1\C '  co1 1sum pt io 1 1  ( Re l". 1 2 ) .  

Rcl'crcn ccs: 
I 1 1  K . f\  I K n i g h t .  S.i\. K l e i n  . .J.1\ . D u ffie :  ;\ methndl1 1ogy for lhc synthesis o f  h o u r l y  weather 
lhi la  Sul ;i r  Fncrgy. V o l .  46. Nn. 2.  !'ages I 09- 1 20 ( J 9<) I )  
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SIMPLE CHARTS FOR THE ESTIMATION 
OF THE MONTHLY A VERA GE SOLAR RADIATION ON VERTICAL , SURFACES, FOR THE SITE OF TUNIS 
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Abstract : A method for the est ima t ion of  the monthly average daily solar radiat ion on 
t i l ted surfaces is described. It was developed originally by Liu and Jordan, and laler 
extended by Klein .  Charts giving the conversion factor of  monthly aver age dai ly  1 ad iation 
from horizontal to vertical surfaces, oriented to the south, the east and the west and p l aced in 
the s i te ot Tun is are developed . They w i l l  be used i n  the computation or the mo11 1 h l y  
util i zabi l i ty a n d  c o u l d  a l s o  b e  i ntegrated i n  s i m p l i fied design p1 ocedures for pas s i ve solar 
energy systems which requi re the knowledge of t h i s  solar radiation dala. 

1- INTRODUCTION 

In one of our prev ious works, we deve l oped a simple correlat ion lo ca lcu l ate the monthly 
ut i l izabi l i ty for the Tunisian c. l i male. The uti l izabi l i ly function is  defined as the fract ion of the solar 
radiation i ncide n t  on a surface that has an intensi ty greater than a specified critical leve l .  This wol'k 
was presen ted at the International Thermal Energy Congress ( ITEC 95)  [ I ] . Like many s i m p l i fied 
des i gn procedures for sol ar energy systems, tne app l i cat ion of the corre l at ion a l l ow i ng the 
computation of the uti l i zabi l ity requ i res the know ledge of the monthly a vet age dai ly  solai rad iation 
i ncident on vertical su rfaces having different orientat ions.  Mon t h l y  aver age d a i l y  sol ar radi at ions 
i ncident on a horizontal surface are ava i lab le . However, data of solar rad i at ion inc ident  on ver tica l 
surfaces of various orientations are extremely rare. In order to gel values of these solar radiations, 
the user has two solu tions : 
- To use them d irect l y  from ex i s t in g  sol ar rad i at ion a t lases, such <Is the Eu ropean Solar Rad iation 

A tl8s  [?] from F11ropt>. whirh i nrl 1 1rlr' rhl.R fnr mnrr lhan I ()() �t�1 l i n11� Rllfl q ' 1 1 r far·p� 

- To compute them from v<1lues of month ly global rad i at ion inc ident on horizontal surface. 
T l 1 e  fi is l  wlut iu 1 1  i� w i.: 1 1 U!Jl .. i l i i.:Ll i 1 1  l l 1i.: i 1 1du�l 1 i al i 1,i.:d euu1 1 t 1 i t:�  w l ie 1 e  the k. 1 1 u w lt:dgc vf t i le  
meteorol ogical data i s  not  a problem. As far as Tu n is ia is concerned, the second solut ion is more 
conve n ient  due to the u navai labi l ity of solat r adiat ion at lases or tables presen t ing d ata su111 111al' iz ing 
the tunisian c l i m ate. The monthly average so l ar rad i ation i ncident on t i l ted su rfaces of various 
orientations coul d be then esti mated from the month l y  avernge solar rad i at ion i n c i dent  on the 
horizontal surface. 

On the other h and, L i u  and Jordan [3] have prese n ted a method to compute the monthly 
average dai l y  radiation on surfaces l i l t ed toward s the eq uator. Later, Klein [4] checked this 
method wi th  experimental measurements and extended i t  lo al low calcul ation of monthly average 
rad i ation on surfaces of a w i de range of orientat ions.  Computation of solar rad iati on using this  
method is  q u i te bori ng because i t  presents  l on g  express i on s  inc luding lots  of parameters , such as 
dec l i nat i on and l at i t ude of the s i te ,  sunset hour angle for the t i l ted surface, surface ti lt from the 
ground, albedo . . .  These expressions can't be in tegrated in s i mpl i fied design procedures where the 
k nowledge of the m i n i m u m  n u mber of i n put data, and a qu ick determ i nation of resu lts are 
required. 

In t h i s  paper, s i mple ch arts are proposed. They are i n tended for quick esti mation of the 
month ly average daily solar radiation i ncident on vertical surfaces of various orientations placed i n  
the s i te o f  Tu n is .  These charts g i ve the conversion factor R of global rad i at ion from horizontal lo 
vert ical p l anes , for a g i ven or ien tation , versus the long term average clearness i ndex Kt . They 
w i l l  be used in the computat ion of the month l y  u ti l izabi l i ty and cou ld a lso be in tegrated i n  
s i mp l ified des ign procedures for passi ve solar energy systems. 



i- METHODS ESTIMA TI N G  THE l\'I O N T H LY A VERAGE S OLAR RADIAl'ION 
ON T I LTED S U RF A CES 

Tn this sec t i on , we shal l try lo descri be the method est i mat i ng the month l y  average dai ly  
;o\ar  rad i at i o n on t i l te d s urfaces,  avai l ab l e  i n  the  l i te rature q uoted earl ier,  by g i v i n g  i t s  
nathernatical formulations.  

The mon th ly average dai l y rad iat ion on a horizontal surface, TI , for each ca lendar mon th 

:an be expressed by defin i ng the long term average c learness i ndex Kt . T h i s  i n dex is t he ratio o f  

H and the mean dai ly  extralerrest1 ial  radiation, Ho : 

Kt = TI I ITo ( I )  
Klein (4) h as shown that by se lec t i ng for each month the day n of the year when the dai ly  

:xt ralerrestrial rad iation is near l y the same as the mean V(ll ue, fro can be conven ient ly est imated by 
he fol l owing re l at ion : 

Ho 24 [ (360 n )] [ s: . ( ) . . "'] 
- I s 1 + 0. 033 cos -- cos <jl cos o s m cos + Clls 2rr I 360 sm <ji srn u 

rt 365 
(2)  

where Is is the so l ar constant, <!> is the l at itude. o is the solar dec l i nat i on , O\ is the sunset hour 
mgle,  and n i s  the chosen day for lhal month.  /\ tab le  of recommended va lues o f  n ,  for each 
mon t h ,  was g i ven by Klein [4] . 

The mon th l y  average dai l y radiat ion on l i l ted surfaces H t .  can be co m pu ted from the 
fol lowing expression : 

Hr = R TI = R Kt Tin (3 l  

R is the conve1 sion factor for the m onthly  avcrngc dai ly sol ar 1 adialion. ll is defined t o  h e  the ratio 
of the monthly average radiation on a t i l ted surface to that on a h orizontal s u r face for each month . 

rl1e estimation of R can be done by working w i th the beam di ffu se and reflected components o r  
the radiati on incident on the t i l ted surface. 
Assu m i n g  that  the s k y d i ffuse radiat ion a n d  the gro u n d  ref l ected d i lluse rad i at i on are both 

isotropic, Liu and Jordan [3] have proposed that R can be expressed as : 

-R _ ( i Tid J -R Hu ( I + cos µ ) ( I - cos p ) 
- - --=-- b + '"="' +- p ---

H H 2 2 
(4) 

Ht1 i s  the monthly average d i ffuse radiation, Rb is the conversion factor for the beam r ndiation . I t 
is the ratio of the average beam radi at ion i n c i dent upon the t i l ted sur face lo the average beam 

radiation i ncident upon a horizontal surface. µ is the l i l t  of the surface from the hori zon ta l , rn1d p 
is the gr ound reflectance. 

Liu and J ord an suggested that equat ion (4) can he �pproxi rnated by assuming Rh as the ratio of 
the extraterrestrial radiat ion on the t i l ted surface lo that on the horizontal surface for that month. 
For su rfaces facing d i 1 eclly towards the equ ator. 

Rb = cos ($ - P>cos 8 s in m' s + rr. /  1 80w'5 sin ($  - [3) sin 8 
c1's lj> cos 8 s i n  CrJ� +- rt /  1 80Clls sin <� � i n  o 

ui' s is the sunset hour angle for the  li l ted su rfaces wh ich is g iven by : 
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(!)' , - 111 i 11 f co, , ar cos ( -- t g  ( <P -- 13 ) tg o)] (6) 

K i r i n  [1i j gaYc a re v i e w of L i u and Jord a n's me th od by com pari ng experi mental  values of 
R w i th t h ose est i mated l ro m  t h i s  met h od .  In the same work 1_4 J .  he extended the pl'ocecJure 
p1 esented by Li u and J ordan lo co111p 1 1 te  R t, (equat ion ( 5) )  so t h a t  it becomes ap p l i c able for 
surfaces w h ich are not oric 1 1 ted d i rect l y  towards the equ a to1 . This  was done by i n tegr at ing the rate 
of cxt1  aterreslrial  rad i a t ion  on the suri"<ice for the pe r i od during  which the sun is  both above the 
hori zon and i n  fr ont n r t h e  s u r face and then d iv id i ng t h i s  res u l t  by Ho . The new expression of 
Rb is then : 

R ti == { jcos I) s i n  b s i n  1�1 ] rr i l 80 [rn,, - co,. ] 
- [ s i n  o cos cjl s i n  f3 cos y] rr /  1 80 [en,, - w,1 ] 
+ ! cos 1� l' OS o s i n  Pl [s i n m,, - s i 1 1  (1\1 J 
+ [ cos o cos y sin <P s i n  P l  [sin cri,, - s i n  rn,1 J - [ cos b s i n � s i n  y j [cos Ci>,, - �'.OS o>sr ) } I 

{ 2 [cos <j> cos o s i n  (!ls + rr I 1 80 rn, s in cp s i n  o] } ( 7 )  
y is  t h e  surface azi m 11 lh ang l e ; .  <1>sr a n d  Cr>ss are t h e  sunrise and lhc  s u n 'ict hour angles on  the 
ti lted surface. They ar c giYen 14 1  \Jy : 

i f y < 0  

(r)�r n1 i 11 [_ <'l:• . ar cos [( A B  -1 ��\ 2 :_

- --nx- �;�- -j ) / ( A  2 + 1 )]] 
rn i n  [ms . a r cos [( J\B - {A2 �---B'i �-- - 1 ) I (A2 1 1 )]j (8)  

(r)ss 

i f y > O 

o>s, ·- m i 1 1 [_<•J1 . . ar cns [( J\ B  � t\2 B 2  + 1 ) I (A 2 I )]j (9)  
(!)SS = m i n  f w, . ar cos [( t\B +- J/..1 �-- -i32�1---l) I (.i\2 + 1 J]] 

wi llh 

t\ rns � s in  cp 
_ _____ _ _  , ,  _ __ _ _ _  + -- ... 
� i 1 1  "f lg � t g y ( I  0) 

anJ 

B [cos cjl s i n  � J l g  0 -·- - -----
tg y s i n  y tg r� _ ( I  1 )  

3- D E VELOPMENT I.J I'  nm C H A RTS 
K lei n's expressions give a good est i mat ion or the mon t h l y  average d a i l y  values of the so l ar 

radi at ion on t i l ted s u rface.-; for a wide range of or ientat ions 1 4 ] .  Compu lat ion u s i n g  t h i s  method i s  
11 0 1  d i ffi c u l t  b u t  i t  i s  bo r i n g .  I t  req u i res t h e  k n o w l e d g e  o f  l o t s  o f  p a r a m e t e rs 
( cjl. o. rnsi . Ct\5 , 0. ')'. f'l.. ) .  These e x p ress i o n s  c a n ' t  be i 1 1 t cgr <1 tl:d i 1 1  s i n 1 p l i ri c d  d e s i g n  
p rocedures for s o l a r  e nergy bec ause these p roced u res shou ld  b e  s imple enough I n  al low a q u i c k  
app l i ca t i o n  and must  req u i re o n l y  m i n i mal  11u 1 1 1bcr o f  i n put  data .  S i m p l e c h arts g i v i n g  t h e  
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:onver sion factor R for vertical surraccs, versus !he long lcrn1 avci agc clearness index Kt are !hen 
11"0(lOSCd . 

A rive year c l i malological  dala base recorded i n  Tunis from 1 975 to 1 979,  cont a in ing  
10urly values or solar r ad iation on horizon I al su1  face, was used lo  compute for each month !he 
non!h l y average Lla i l y  rad ia t ion  on a hori zon l a l  surrace, IT . A great  n u mber of  hou r ly  
:omputalions were also done, us ing  the  s imu lnlion progra111111e TRNS YS [5 ] ,  i n  order to  determ i ne 
'or the same months  the s o l ar 1 ad i a1 i o11 values i nc i cl c n l  t.1 1 1  vc1·1 i ca l  su rfaces and o r ienled 
·especlively lo !he south l y :::: 0° ) . the cast ( y = - 90° ) a n d  the wesl ( y == 90°). and also lo 
:nmpute the val ues of R = TI 1 I TI. The main da i ly  extraterrestrial  rad iat ion ,  Tio , for each 
nonlh was computed from equal ion (2), using,  Klein 's  recommended values of the average d ay 
lor each mon l h [ 4 j .  The rat i o  TI I Tio deter m i nes then !he va lue or the long t erm average 
;learness i ndex K1 , for each mon th. 
rile variation of the conversion factor R w i th !he  Kt i ndex is found l o  be l i near. Figures ( I ) a nd 
:2)  presen t charts for vert ica l  surfaces, oriented to the south, the cast and t he west, and placed i n  
.he s i te o r  Tun is .The know ledge or  the conversion factor and ! he month ly  average so lar radi al ion 
Jn a hor i zontal surface, al lows an easy est i mation of the month ly average da i ly  solar radi ation on 
.he concerned surface. 

Fig( I)  
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Co11 1•ersio11 factor of 111011 tli ly a 11eHtf:e daily radiation from 
h oriz o n ta l  to l'Crtical s111j(1ces, orie11ted to the south a11d placed 

i11 t h e  site of Tunis. 
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FiNure (2) Co111'etsio11 factor of 1110111/i ly a J'ernge daily radiation frnm 
liorizo11fal to i•ertical sm:faces, oriented to the east (and west) 

and placed in tlie site r�f 1'1111is. 
4- CO l\ l l'A R J S O N  OF RESU LTS 

The cl iniatolng.ical  d a l <l base ment ioned <lhovc and the equal  ions (4 ,  7 ,  8 .  9, 1 0  and 1 1 ) 
proposed by K le in  a11d the  c l i m atological dat a base 1 1 1 c n l i oned above were used lo compute I l ic  

con vers ion factor  R . for the l l i rcc oricnl al ions (south,  cast  and wcsl) .  Computed v a l u es or R 
were compared lo t hose given hy t h e  c ha1 1 s  of fi gu 1 cs ( I )  and ( 2) .  rn1 t h e  same c l i 11 1alo logica l  
cond i t i on ;..; an<l t he s an1c 01 icntat ions . Figu i c  (3)  sho\vs l hc rcbi t i un hct\.vccn con1putl:d rc�u l ts 
( R Klein ) and r t'su l ls  g i ven by t h e  charl s  ( R ,:li a i i  ). The v a l ues of R were fou n d  lo rail a lo 11g  the I :  I 
co1 rcJat ion l i n e i n  th is  rigll l c, ind icat i n g  l l ia t  the 1 esll l l s  fw1 1 1  l i il' deve loped ( harlS ag1 ce w i t h  

(1()4 



;,imputed ones .  The charts estab l ished here give good es t irnat io 11s rm t i le m o n t h l y  average da i l y  
;ol ar rad i al ion 0 1 1  \'C'i 1 i ca l  surfaces o f  various orientations . 

. .  

J 
, . 

, ,  

• •  

0 2  o .. " O B  
A111,1n 

" " 

Fig (3): Tlie relafio11 between computed results a11d tltose gil>en by cltarfs 

5- C O NCLU S IO N  
A n  existing method for t h e  est i m ation of t h e  monthly average d a i l y  solar radiat ion o n  t i l ted 

surfaces was described. Co mputation with this method was found quite boring and requ ired lots o f  
i npu t data. This  l ee! us t o  develop charts g i v i n g  t h e  conversion factor of month l y  average dai l y  
rad i at ion from horizon tal to vert ical  su rfaces, oriented to  the south,  the cast and the  wes t ,  an d 
placed in the s i te of Tu n is .  

· 

, 
The real  advantages or the proposed charts are that they arc extremely easy 1·0 use, rely 011 a 

m i n i mu m  amount of i n formati on and g i ve good results compared to t he C?onvcrsion f�clor (so l ar 
rad i at ion)  coll lpu led from Klein 's  method.  They w i l l  he used in the computation ofcthe month l y 
u t i l i zahi l i l y  and cou ld a lso be i n tegrated in s i m p l i fied des i gn proccdu1'cs f01> •solar energy which  
should be  s imple enough to  a l l o w  q u i ck app l ications. . , ' 

.. ' 
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DEPENDENCE Or MINORITY CARRIER LI FETIME AND CELL PERFOBMANCES ON 
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Abs trnc t :  F; f f J. c::i e ncies a s  ld q h  a s  1 6 . l 'I> ,  con fi rmed a t  t. he N a t. i on<ll 
Renewa h l e  F:n e r g y  t,abo1: a t o ry < f.mEL) u s l ng a mu l t i cr y s c a .l l in e  Si l i con 
m« t e r i a l ,  have been ach i eved hy a vr> r y  s i mµ l e  p roces s . Work has been 
ca .c t i ed out wl L h  Mu.l t i c c ys L .� 1  J. j nc P·- t ype wa t e rs f i:om : Ba yer,  Pol i x  
a nd l l EM Mu .l t i c r y s t. a l l i ne ma t eria l s.  wi th  a low r .. sis L i v i t y { 0 . 7 ,  0 . 5 ,  
.r nd t . 3  ' 2 . cin) r e s p ec t J ve l y .  ! n  t·.h l s  p a p e .t  we .s tudy t he i n f l u ence o f  
t emr·e � ;i t: u cP. p r. ocr:ss  .i n  t h e  p r e - f,r<:'tt. e r i  n<J 1· rPa l·m,.nl· a nd P//\l dl f fuo i o n  
i; t ,;ps . 'l'he a j  i n  i s  tt' d e ve l op a process for M u l t i c r ys t a  Uine solar cel l 
Eabi; i ca t i o n  that r�e e t s  t h e  r e q u i i:ements of get t e r.i ng act i on to achieve 
h i gh e f f i c i en r. y  a 1 1 d  s imp.i .i d  ty to take advn. n t a g e  of s o l a i:  g .rade 
m.� te r i a l . 1'h i s  oµ t i 1n l za t i o11 IMS res11 l t.P.d I n  signi f i cant i n c reaoco i n  
" o l a  r cel l. e (  f i cien<:ies o n  tl> i s  ma t e d .a L w i t h  a non-optimal do ub l e 
Am: . ·rex t u r i z a t ion a nd a Doub le /\RC, wh i c h  me :1ns t h a t  a ca r e f u l  dell ign 
of it wi l l p n1cluce even h i g h e .r  e f E i ci encies . Fu t u te .lmp rovernen t ca n be 
i\ oh.i eved . 

1 .  INTRODUCTION : 

I t  i s  wf" l 1 known Lha t t h e  111i 11o r i t y  ca r r i e r  recomb i 1 1 d U on 
l i (etime has a p L ono11nc1"<.I <? f fect on t h t'!  most lmpo i: t a n t  pa t ;11ne t: e r s  
in f J ucnc i n u  sol a r  r.:el l p t: t (orma n ce s ,  J n  p;a t i c:u l <1 r .  the co11ve r s io11 

f f icte11cy . 1 11 f11ct; , t hfl phP11nm .. o;i r o;, l a ted to the S i l i con wa f e r  
p rocess ing a re ve r y  co1oplex,  bec11use t hey cons i s t  e> f  mu l l' .i p l e  
i: ea c;t ions be tl4ef'.'ri res itluii l l mpu .r. i t .i e s a1 1d c r y s t a l l ograph i c  defe cts , 

i t her p resen t i n  t he <1 s - q ro1-m 1na c.c r i a l  Q( i r1d \ 1 c;P.rl hy )1 ;rnri 1 i 1>1J a w l  b �· 
1�chno l o9 i c:a J  p rocesses . Ex t e r 11 <1 J.  q e t t e rJ nq p l" ovci.ded by [' O L  J\l 

di ffusi"n Mnends I: his s h o r t coml IH) ! " "' ''"" r i n  :r t nud;i rd f11 t 1 1;"1 cc o  b y  
s i n k i nq impu L l ll .es f r om t h e  bu1-k to r eg i on s  wlie re they rema i n  
r e l 11 tively i na c t i ve ( L ) . lfoVli!tl.hP J es s ,  h i q h  t. ernpe r " t u r e  t> t l'.!i;s p re r. l udP 
t h e  u .� e  o f  ci dUU Mu l t i e r ys t a l t :l, n P.  :;; 1 .l 1 co11 duP tn l· l ie mechanism known 
as i n ternal get t er. i ng ( ?. ) . 'l'hcH e fo r e ,  9et t 1 H i 1 1g t ecl1 1l i ques 11eP.t! t:o ho 
devel oped and op t im i ze<J ( o L  thesP ma L .. r i a l s .  The pu rpose; of t h i s  pape r 
i s  to i n v e s t i ya t e  t he pos5·l h i J  i t y  o E  op t j mj z i n y  L h e  t1?mpe1 .) L 11 i:: e p 1:.e
qet t e r l ng ilnd p 1·ocesl'< f'lbrit;•l t l on m.1 j n t a i n in<r h l yh ge t te ri n9 
p rop<' c t ir: :i  to ech i .-v, .. \ 1 i 1J l 1 -.. [ Ll c l c> 1 1cy crJ.l l 011 B.iyer , {'c, l l x  a111.J l l EM M..:
Si . S t a i:  t.i ng bu l k  l i f et·1mes "" m<�.<1 s u  1·<>d by ( 1 11l11cti ve Cou p l i n g  

coutact l ess l 'hot o<:ondur.t i ve IJctcay ! l CC PCt'Jl i s  a r o1111d 1 1  11s . Tfi improve 
.:he i n i t i a l  bul r. qua l i t y of t. l l i s  ma re l l a l ,  a p!e- 9et te r: i ng s t ep is 
C<1 r r i Arl O i l \  b y  h"'avy p l o o sphO C ll !l  d ) f f\ ISJ OI! ! l' 0111 ,) POCl , !H>ll C Ce ,  and \:h"' 
op t i mi 7. n t ion r/J\l di ( f u :< l \ 1 1 1  L P111p1'!r il t 1 1 r e  j s def; i gnerl � o  take <t d v nn t a q  

o !  t h e  p r nrw r t· i "A n f  J\l t o  r n < l u ce t h r.  p r occ:is induced co1 1 1...u11l 1 1,1 L l o n . 
Ce l l s a re made · b y  seve r al p 1 qce::is amt t .h,1 1 r  pe r .fo rman •�e an•'l l yi;ed . 

2 .  CELL PRO C E S S  AND EXPERIMENTS 

Three d i f fe rent r type 
c o n s i d e r e d : Ba y e r  o f  0 . 7  . O . cm ,  

rn u l t i c r y s t a l l i n e  

Po l j, x o f  0 .  5 0 .  c m  
mn t. � r i a l s  

a n d  HEM o f  
a r e  
l .  3 

� L em . T h e  i n i U. a l  q u n l i t y o f  t h e  J1i;, t e r i <1 J s  i s  e x p r: e s s e d in t e rms o f  
b u l k  mi n o r i t y  c:a n: i e r  I i  f P t i rne mPa s u r e d  b y  t h e  I ndu c t i ve Coupl ing 
Co11 t. a c t l e :; s  P h o t: o condu r. t i. v •• fle c C1 y  ( I CC P C D ) , wi t h  s11 r f C1 c e  p n s s i va t i o n  

(,f\r 



b y  H F [ 4 9 '1; )  s o l u t i on . I n i t Ll l  l i f e times a r e  1 8  µs , 1 5  flS a nd 2 2  f�S f o r  
Ba ye r , and HEM r e s p ect i ve l y .  I' d. o r  to f a b r i c a t ing the ld. gh e f f i ci e n c y  
c e l l s ,  b a s e ]  i n e  exp e r ime n t s  w e r e  con d u c t e d  to op t i mi z e t h e  p r e 
ge t t.er i n g t r e a t me n t s  t o  i rnp r ovoe t h e  i n i t i a l b u l k l i fe t ime . P r e 
g e t t e r i n g  i s  c a r r i e d o u t  b y  hea vy p h o s p h o r u s  di f f us i o n  i n  
s u p e r s a t u r a t i on condi t i o n s  f r om POCl , s ou r c e , p r ov i d i n g  a g e t t e r  l a y e r  
we r e  t h e  me t a l  impu r i t i e s p r e s e n t  i n  t h e  a s - g r own wa f e r  a r e  C il p t u r .,. d . 
H i gh e s t g e t  ti> r i n g  e f f i c i e n c y  is s ea r ch ed by t e s t i n g  di f f e r e n t  
temp e r a t u r <> s  ( be t w e e n  8 2 5  ° C  and 9 '/ 5  ° C ,  f o r  3 0  mi n p r o ce s s ) a n d  t i me s  
( f or 8 2 5 ° C ,  b e tween 1 5  a n d  1 2 0  mi n ) . 

A p l a n a r  e t ch [ HNO , :  ll F : C H ,C:OOH ) r emoves t h e  fi r s t  few mi c r on s , s o  
t h a t  w e  e l i mi n a te hot:h t h e  s a w  damage o f  th e s u r f a c e s  a n d  the 
g e t t e r .i n g  l a ye r  with the doped phosphorus a n d  t h e  c ap t u red me t a l l i c  

.impu r i t i e s . T h i c k n e s s  a f t e r  t h e  e t ch i s  a r o u nd 3 0 0  1un, 2 0 0  1un a n d  3 2 0  

µm for Ba y e r , P o l i x a n d  l l E:M r es pe c t i vel. y .  
An o x i d e  i s  g r own t o  d e f i n e  the a ct i ve a rea o f  the c e l l s  ( 2 x 2  

cm' ) ,  t h e n  an Al l a y e r o f  l fLrn i s  e va p o r a ted on the b a c k  o f  t h e  wa f e r s ,  
a n d  t h e n  a r e  i n t roduced i n  t h e  f u r n a c e ,  wh e r e  a p h o s ph o ru s 

p red epo s i t i o n a t  B 5 0 ° C  f o r  2 0  m i n  i s  made , f o l l owed b y  a s imul t a n e o u s  
d r i v e - i n  o f  P a n d  A l  a t  di f f e r e n t  t empera t u r e s . T i me o f  d r i v e- i n  a t  
e a c h  temp e r a t u r e  .i s  de s ig ned to ob t a i n  a p h o s p h o r u s  p r o f i l e  o f  5 . 1 0 1 •  
cm- •  s u r f a c e concen t r a t i o n  a n d  0 . 5  pm j un c t i o n  d ep t h . 

Me t a l l i z a t i o n  comp r i s e s evapo r a t e• d  l i f t -· o f f  p a t t e rn e d  ( T i - Pd-Ag ) 

on t h e  emi t t e r  s i d e ,  wh e r e  s i l ve r  i s  e l e c t r o p l a t e d  to ob t a i n  5 fun 
t h i c k  f i n g e r s , and ( Al -Ag ) dep o s i t ion on the r e a r  s i de . To improve 
me t a l  a d h e r e n c e  <1 n d  remove s 1 1 r  f i'l ce d a ma g e d  hy e l e c t ror1·- g u n  x- r a y s , an 
a n n e a l i ng i n  f o rmi ng g a s  at 4 5 0 ° C  i s  p e r formed . And a d o u b l e  a n t i 
r e f l e c t .i. n g  c 1; a t i n g  ( Z n S  and Mg F,. ) i . s  d e. p o s i t ed t o  r e d u c e  r e f l e c t i on 
l o s s e s . 

3 .  RESULTS AND ANALY S I S  

3 . 1  Pre-ge t tering treatments 
I t  i s  we l l  k nown t h a t  a ph o s ph o r us d i f f u s i o n  g e t t e r i n g  i s  a 

p r a·c u c a l  me t h od of imp r ovi ng Tb i n  p h o tovol t <1 i c  ma t e r i a l s  beca u s e  i t  
cari b e  i n t e g r a t e d  co s t  e f f e c t i ve l y  i n t o  the s o l a r  f ab r i ca t i on 
s equence . T h u s  a p r e - g e t t e r i 1 1 g  s t ep is ca r r i e d  out by a p h os ph o rus 
p r edepo s i t i on di f f u s i o n  in supe r s a tu r a t i on cond i t i ons f rom a POC 1 3  
s ou r ce .  T o  e va l u a t e g e t t e r i n g  e f f i c i e n c y ,  mi n o r i ty c a r r i e r  l i fe t ime i s  
rne a � u r e d  b y  a c on t a c t. l e s s  p h o t o c o n du c t i ve d e ca y t e c h n i q u e  ( P C D ) , w i t h  
s u r f a ce p a s s i v <1 t i o n i mp l emen t ed b y  i mme r s i n g  t h e  wa f e r s i n  a H F  ( 4 9 i )  
s o l u ti. on d u r i n g t h e  mea s u r emen t .  
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I n  f1q . l ,  we can ,. 1 iow ;i r l r r  9Pn ,,. 1: i n9 l i fetime the depe ndence 

o( Th wi t h  t empe r a t ure for t: h e  th cee ki nds of ma te r i a l s  f o .r  the 
cond.i t i ons of our experill\!wts . I t  can be s een that .i n ci;ea s i ng 
tempe r a t u re r educes get t e d ng e f f iciencies for Mc-Si , due to the 
oxygen con t e n t  a nd c r ys t a l  d e f e c t s  ( grain bound a r ie s ,  d i s loci\ t i ons , 
. . .  ) . We t h i n k  that t he t empe r a t u r e  w h e t e  di f fus ion limits s hould be 
11nder 8 2 5 " C . 
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To evalua t e  the i n f l u ence o f  g e t. t e e i n g  time in f i g . 2 ,  we then 

ca u . y  u u l. p t edep o s i t. i o n s  a t  d i t t e r e n t  times f o r  8 2 5°C , a n rl n11r r e s u l t s  
show tha t m o r e  t h a n  3 0  mi n a r e  n e c e s s a r y .  

3 . 2  Cell performances 
To e va l ua t e  t h e  

t empe r a t u r e ,  w e  me a s u r e 
fig . 3 ,  we show r e s u l ts 
more e v i d e n t .  

i n f l uence o f  s i mul t a n e o u s  P/Al d r i ve.:. i n  
J.<r f o r  c e J  l s  ma de o f  the Bayer ma t e r i a l s .  I n  
f o r  J "  wher e t h e  infl uence o f  temp e r a t u r e i s  

27 -r��������������������� 

2e � 

� 25 -1 ;; . .s 
u 24 "' 

...., 
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22 . 

Mc-Si  : bayer 

eso 900 1000 1050 
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Figure 3 . - S h o � t c .i r c u i t  cu r r ent d e n s .i. t y  o f  cel l s  b e f o r e  the ARC vs . 
t empe r a t u r e  of P /Al d r i ve - i n .  
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T h e  J� d e g r a de when temp e r a t u r e  i n cr e a s e s , t h a t  c a n  b e expl a i ned 
b e c a u s e  o f  the behav i o r o f  l\l g e t t e r i n g  with t emp e ra tu r e ( 3 ) , a nd 
b e c a u s e  o f  t h e  e f f e ct o f  oxyg en a n d  crys t a l  d e f e c t s  i n  Mc- S i . 

Fin a l l y ,  s e v e r a l l  c e l l s  h a ve been proce s s ed wi t h  t h e  d ri v e - i n  
s tep a t  9 0 0 ° C  a n d  1 0 5 0 ° C .  These c e l l s  h a v e  b e e n  made wi t h  a s imi l a r  
p r o c e s s  t h a n  t h e  p re vi ou s o n e  i n  o r d e r  t o  ve r i f y  A l  g e t t e r i n g  
p rop erti e s a nd p r o ce s s-i n d u ced contami n a t i o n . 

Voe (mV) Jsc (mA/cm2} F F  
BAYER * *  (900°C) 624 32 .23 0 . 8023 

POUX (900°C) 620 3 1 . 40 0 .  7958 

HEM (900°C) 602 32 . 1 7  0 .7987 

BAYER ( 1 050°C} 6 1 9 3 1 . 5  0 .  7768 

BAYER (*) (900°C) 604 28 . 9  0 .  7964 

M c - S i ,  4 cm2, Polished surface,  d o u b l e  A R C  (ZnS + Mg F2) 
(** } :  Confirmed by NREL, {*) : Cell  without pregettering 

T a b l e  1 .  P a r a me t e r s  of s o l a r  ce l l s  

,. , •o f: � 
� � 25 
E ; 201-

·u; 5i 1 s  "O 
c: ! ,,,. 
:; 0 . .. 

(·) :Conllrm•d by t1Rf!L (••) C.11 """''lh"'H pt•Q•tt..-1ng 
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Voltage (V) 

T/ (%) 
1 6 . 1 3 

1 5 .54  

1 5 . 4  

1 5 . 1  

1 3 . 9  

Fi g u r e  4 .  - I -V cha r a c t e r i s ti c s  f o r  t h e  t h r e e  ma t e r i a l s . AJ s o  s hown ,  
r e s u l t s  f o r  a Ba y e r  c e l l  W i t h o u t  p r e g e t t e r i n g . 

We c a n  S Ee e  the p e r f o rma n c e s  a n d  I -V c h a r a c t e r i s t i cs o f  t h e  
di f f e r e n t  ce l l s  p r oce s s ed i n  t ab l e  l a n d  f i g .  4 , r e s p e c t i ve l y .  Th e 
b e s t  r e s ul t s  have be e n o b t a i n e d  wi t h  B a y e r  ma t e r i. a l , 1 6 .  1 1. ( con f i rmed 
by NRE:L ) . As a comp a r i s o n ,  r e s u l ts o f  Baye r cel l f a b r i c a t e d  wi t h o u t  
th e p r e- g e t t e r i n g  s t e p  a r e  a l s o  s h o wn , i t  c a n  be o b s e rved t h a t  how a 
p re-g e t t e r i ng s t ep i s  n e c e s s a r y  to o b t a i n  h i g h  e f f i ci e n cy , a n d  
h e i gh te n s i t  a lmost 21 absolu 

Fi g .  5 s h ow a compa r i s�m of the I Q E: s  in t h e  near i n f  rared 
wave l eng th b e tween two ee l.l s  o f  B a y e r  t yp e s  p ro c e s s ed a t  9 0 0 ° C  a n d  
1 0 5 0 ° C ,  t h u s w e  can concluded t h a t  the d i f f e r ence i s  d u e  t o  a 
r e duct i on in b u l k  l i f e t i 1he , p r ob a b l y ,  i nduced by h i g h  t e mp e r a t u r e  
p r o ce s s . 

we a l s o have made ce l l s  f o r  a d r i ve - i n  at 1 0 5 0 °C ,  and t h e  
r e su l t s  a re ah1a ys u nd e r  t h e  ones a t  9 0 0 ° C ,  but the d i f f e rence i s  
under 1 '6  absolute when a p r e - 9e t t e r i ng s t ep h a s  been p e r f o rmed; the 
di f ference is much impo .c tnnt: wi thout this p re-9e t t e r i n9 beca u s e  th 
i mp u r i t y  i ni t ia l l y  p r es e n t  in  the wa fers iH"e not tota U y  removed . This 
i s  impo r t a n t  beca use t ime needed t o  ohta i n  the phospho r us emi t t e r  is 
much highe r a t  900°C than 1 050°C . S o ,  wi thout l oosi ng a lot i n  
pe r f o rma n ce , we ca n r e d u c e  t ime o f  fu r na ce . 
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We t h i n k  t h a t  r e s u l t s  can be imp r o ved e a s i l y ,  s imp l y  by a 
r e c a l cu l a t i on o f a dou b l e  a 1 J t l - 1 e f l e c t i o n  co a t i n g . A p roper de s i gn 
w i l l  i n c re a s e  the s hor t-ci r cu i t  cur r .,n t ,  a n d  so e f fi ci en cy . E f f i ci e ncy 
can al s o  imp r ove with t e x t u r i z a t i on . 
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Fi g u r e 5 . - I nt e r n a l  Qu a n t um F. f f i d c; n c y  of B a y e r  ce l l s  f o r  d d ve- i n  a t  
9 0 0 ° C  and a t  1 0 � 0 °  c 
4 .  CONCLUS IONS 

Expe r i ments to dc- t e r mi n e  t h e i n f l u e n ce o f  p r o c e s s  t empe r a t u r e  
f o r  Mc- S i  have be"'" 1nnde f o r  p h o s p h o  r 1 1 s  p r P - fJ P t"  1· P d.ng and s i mul taneoufl 
P/AJ. d r i v('>- i n  sl Pp.� . \·lo ahow t h a t  p r e - g e t t e i: i 1 1 y s l ep is n e c e s s a r y  t o  
ob t a i n  h i gh i n i t J n l bu l k  l i f e t i mes . Temp e r a t u r e  and t i me mu s t  b e  
e s t ab l i shed for d i f ferent t y p e s  o f  materi a l s . 

The pr r fn rrna nces of s o l � r  co l l n  o f t h e  t h r e e  ma t e r i a l &  Jey t dJes 
when P / A l  d i f f u s i on tempe r a t u r e i n c r ea s e s , p r obab l y  , c a u s ed by a 
degr a d a t i on in bul k l i f e t ime . 

E f f i c i e n c i e s  as h i gh 11 11  Hi .  I '.'. ( rnn f i. rmPd h •/ NP.EL ) h:i c  b e e n  
a ch i eved w i t h  B il y e r  ma t e r i a l . I t  h a s  t o  be po i nt ed o u t  t h a t  t h i s  
e f f i  r. i  P n r.y r 11 11 <;> n s i l y  b.., i.rnp r o v0d \li t h  il g o o d  op t imi z a t i uu u f  Lhe 
double a n t i - r e t l e c t i o11 coa t i n g ,  a n d  t e :d-. 11 r i z a t i o11 . 
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Economical Evaluat ion fo1· a M ultimegawatt Photovoltaic System Suggested for a n  
U niversity Center 

P. Di Filippo - M. f'am11ci11i' - /,. Ze11ohi - /J. ( 'alcag11i 

Dipartimento di Energetica - University of Ancona - via Breece Bianche, Monte Dago 
60 J 00 Ancona 

A HST RA CT 
The possibility of installation of the photovoltaic panels i n  the bui ldings has been demonstrated 

through the connection between the duration of l ife of the panels and the cyclical extraordinary 
maintenance carried out on buildings; it offers economical and environmental advantages in terms 
of use of the sites that may be already otherwise occupied, saving in storage batteries in case of 
grid-connected system and low environmental impact. 

The analisys concerns the possibility of covering the energetic requirements of the University 
Center with a grid-connected photovoltaic system and the development of the economical 
evaluation of the system. 

1 .  INTRODUCTION 
The diversification of energetic sources is going to be more and more necessa1y for the world 

economy; in this background, photovoltaic systems and particularly these integrated in the 
buildings ( ! ), (2), (3) are interesting in t erms of easy installation, reduced nrnintainance, low 
environmental impact and simple use 

The University Center of Monte Dago in Ancona covers an area of about 40000 m2 that 
includes both bui l dings and parking areas; the orography of the site causes however some 
shadows during daytime that reduce, but not seriously, the efficency of the panels. 

The study has the1 efore located the shadows aml classified them in hourly band for Summer 
and Winter. 

The lay-out of the panels (tilted 30° and 45° to the horizontal) shows that the PV working 
area is about 84% and 60% respectively of the whole available area. 

The working area for installation of panels with an array tilted 30° (first hypotesis) to the 
horizontal corresponds to about 32550 m2 and allows the installation of 64000 photovoltaic 
panels of the actual technology of 80 W peak, table ( 1 ). 

Tab. I - Technical Particulars of the modules 
Peak Power (W) 80 

Current to the point of maximum 4.70 
power ( A) 

Tension to the point of maximum 1 7  
power (V) 

Dimension (mm x mm) 1206x543 

The PV plant has been subdivided into 1 0  sub-fields, each one for a gross power of 452 kW 
peak. Each sub-array consists of 1 60 parallel connected strings of 20 series connected modules. 
An example of sub-field is shown below, fig. ( ! ) .  

to whom correspondence should be addressed 
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The same organization i s  used for the second hypotesis of installation with panels tilted 45° to 
the horizontal; each sub-field has a gross power of 364 kW peak. � � 11 1 - 4.70/\ 

• • • • • • - 2U V - J40V 

II  - 4.70A 
• • • • • • 20 V � J40V 

. . . 

. . . 
n n n 11 - 4.70A 
� - - - - - - � V - J40V 

. . . 

n n n 1 1 � 4.70A 
1 60 � - · · · - · ·� V � J40V 

Vt � 340 V 
ll - 160'4.70 � 7�2 J\ 
" - 226 kW 

Fig. 1 - Lay-out of a section of the sub-field 

2. PV SYSTEM SIM ULATION AND RESULTS 
The hourly power load profile of the University is taken from the electrical bill wich shows an 

avarage annual consuption of 3200 MWh. 
The study of the simulated behaviour of the PV system has been accomplished using the 

PVFORM code (4) wich requires the entry of data such as the TMY (Typical Meteorological 
Year) pertaining to the city of Ancona, the amount of tilt of the panels an<l the extension of the 
site. 

Two hypothesis have been formulated in the PY system simulation: 
I) g• iJ-i..;urn11::i..;l1::J PV system; when the PV supply is insufficient to cover the load, electrical 

energy is fed by the grid to the University , on the: c.ontrnry, when the PY output exceeds the load 
the energy surplus is rejected to the grid with a substantial equilibrium in the year; 

2) the experiment has been accomplished using two different angles of tilt of the panels wich 
were facing southward: 45° and 3 0°. The first solution allows the maximum exposure of the 
panels and consequently the highest efficiency; however there is a strong reduction of the number 
of PY panels because it is necessary to have an higher separation between the lines of panels i n  
order t o  reduce the shadows. The panels tilted .10° t o  the horizontal allows the installation o f  an 
higher number of panels than in the previous solution with a consequently i ncrease in energy 
production not with standing the minor etliciency. 

I I 

Both solution cover the annual energy demand of University, tab. (2). 

Tab. 2 - Annual Energy Balance: 

I Annual eross load MWh l 3000 

Annual Energy Production 

Tilt anele = 45° I 
3536 I 

RO? 

Tilt anele = 30° 
4332 



In figure (2), (3) ,  (4) is shown the compari son between t he hourly electric load profile of the 
Univerity Center and PV energy output .  The connection between i nsolation and PV energy 
output, that is the share of solar radiation turned into electrical energy, is shown in fig. (5). 
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Fig. 2 - Profile of t he University load and system performance on a representative day 
of April 
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Fig. 3 - Profile of !he University load and system performance on a representative day of July 
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Fig. 4 - Profi l e  of the University load and system performance on a representative day 
of Dicernber 
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Fig. 5 - Jrmilat ion - EJlc1 gy (army l il t �- 3 0°) 

The Fpv parameter (PV fraction of total input Energy) (5), given by the ratio between outpul 
energy from DC/AC conve1ier and the tol al electric energy l oad , indicates the pc1 cctage of the 
University load covered by the PV system, fig.(6). 

In case of an array t i l t  angle of 30° t he Fpv is about 40%. 
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Fig. 6 - M onlly Fpv profile 

3. FCONO M IC A I ,  F,Vi\ f , l JA T I ON 
The major disadvantage for a widespread d i flusion of photovoltaic conversion of solar energy 

is the very high cost of energy produced cunnecled with the high cost of the modules and sensible 
costs of storage system and that o f  the s i te; regardi ng PV system cost, a remarkable reduction will 
be possible through to economies of scale, larger experience and optimization of the production 
processes with an i ncrease of the range of applications. 

The PY system, studied in these papers, is an i nteresting application of a grid-connected plant 
that produces energy near the load to avoid in transit and distribution losses; moreover it is 
possible to el iminate the storage batteries in order to reduce the cost of the plant. Another cost 
eliminated is that of the site just available (parking arens and roofs) 

The economical analisys is based on the evaluation of the rnst of installation and of running 
the plant, disregarding maintenance expenses that are reduced to a minimum. 
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T he hourly elct tricily bi l l  lrns been worked PU( by rnca1 1s  or a simu lation both \Vith and without 
a grid-connected P V  system. 

The cost of the vm ious compo11e11ts ( modules, DC/ AC conver ters, electrical equpement, 
supporting frames) derive fi om the sub-division of the totrtl ca p i t a l cost for the various classes of 
expense (6 ).-(7) of multi-MW PY p lan t loca led i n  Serre ( SJ\)-l taly. lab_(J ) 

Ther efore it is possib le to r eek on t he p1 oli le  of the cost during the durat ion of life of t h e  
system using t he present i nfl;i t ion parn 111et ers such as t he i 11ter cst rate and t h e  discount rate that 
are necessary in the computation nf t he Net P1 esent Vri lue This value is obtained from the 
add it io n of t he net cash flow ( co11 1putalcd f'o1 the  cco1tomiclll l i fe o f  the intervention) reduced of 
the value o f t  he starting i11vest 111ent, fig, ( 7 )  

T h e  a 11a lysi s of t he cost ha� show11 !hat  for an a n n u a l  energy product i o n or about 4 I 3 0  MWh 
(panels t i lted 30° to the  ho1 izo11til l )  the cost ol'cach generated kWh is 0 3 2  $/kWh 

Tab. 3 - Sub- di vision of the t otal irll'estmcnl co;,ts: 

PV system components S u b - d iv is ion o r  the Cost 
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1 .  INTRODUCTION 
The exploitation of renewable energies, as they are naturally available, unavoidably implies a 

:emarkable environmental impact, but, on the other hand, is often well suited to a combined 
�rnployment of the natural resources to satisfy different and co-ordinated needs. For example 
:nini-hydro power plants are o ften part of projects of water resources explo itation for civil, 
1gricultural, as well as for recreation purposes [Rusc1rn ( 1 994)]. In addition, the integrated 
management of different renewable energy sources may compensate, to a remarkable extent, 
;ome of their undesirable features, as their own typical discontinuity. The energy storage 
required for this purpose in order to smooth the electricity production of wind turbine generators 
�WrG) and to stabilize the connected grid, may be sinergically combined with a water storage 
needed to compensate the flood and the low water conditions of canals employed for agricultural, 
�ivil or industrial uses. 

This situation is actually foWld in the center of Italy in the Fucino area of the Abruz.zi region. 
This area is characterized by an intensive agricultural production, by industrial installations, and 
urban expanding dwellings owing to an internal immigrat ion. Jn  this land water is also available 
streaming into the ancient Fucino lake, that was drawn for the above mentioned agricultural 
needs. On the other hand, elevated water reservoirs may be found in the neighbourhood, as this 
area is located among the highest mountain chains of the Ital ian Appermini .  Therefore very 
promising wind sites are also available. Some of them may be found at forca Caruso, a mountain 
throat between the Tirreno and the Adriatico coasts. 

Based on the above considerations, for the integrated exploitation of these natural resources a 
combined plant was conceived for the production of electric energy by means of wrG's at Forca 
Caruso and the water storage of fucino streams in the Mandrelle site of the Amplero valley. In 
this reservoir water from the Giovenco river, tributary of  the ancient Fucino lake, may be also 
directly diverted. Then the stored water energy may be recovered by a mini-hydro plant. The 
environmental impact assessment was a remarkable item of this study, as the Fucino land is 
contiguous to the "Abruzzi National Park'\ that is one of the more ancient and wider Italian 
parks. 

2. Tm: INTEG.RATF.D PLANT 
Due to the above mentioned high anemological interest of the considered area, some years ago 

a deep research of the most promising wind sites was commissioned by the regional agency for 
the agricultural development (ERSA) to the Italian agency for the renewable energies (ENEA). 

The ERSA also studied the feasibility in a neighbouring area of a water reservoir for 
agricultural, as well as for industrial needs, to supplement during the low water periods the 
drainage canals o f  the surface of  the ancient Jake. 

Based on the data of the above researches, the feasibility of the integrated p lant was studied in 
which the electric energy produced by a wind farm is used to pump the drainage water into the 
above mentioned reservoir. To recover the hydraulic energy of the stored water, a mini-hydro 
plant was designed, that also contributes to stabilize the local grid. The lay-out of the integrated 
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p lant is rqxnted in fig. I .  The wind farm locat io n  at Forca Caruso is shown in fig. 2 .  Its overal 
surface is alxiut 1 .5 km2 . The w ind speed frequency and cumulative curves are reported in fig .  3 .  
TI1e two pre va iling wind d i rect ions, N-NE and S - S W, are detected from the corresponding 
frequency c urve, fig. 4.  Some freq uency data of t he electric outages in the local grid are reported 
in the tab. I .  Data o f llood d;i magcs in t he Fuc ino fields arc shown in tab. 2. Estimates o r  the flov. 
rat e requirements of the Fucino land are co ll !parcd in tab. 3. At present to supplcme1 1 l  t!Jc canal� 
during t he low water per ioJs water is pu 1 1 1pcd with remarkab le energy consump t io n  from well� 
o r igina l ly dril led in order to s1 1pply drinkab le water. The water reservoir here considered allow� 
the wells to come back to tbcir or igi nal func t ion and in additi0n it can satisfy the waler industry 
demand .  The integrated plant may also t : 1ke aJ vantage from the government fimrncial benefits o J  
t he ! Of9 I law. 

The an nual theoretical energy potent in! of the wind farm site selected in the Forca Caruso area 
is abo ut 1 . 1 MWliJm2 , of the ro t o r  swept m ea at the Belz l i m it . Based on the t:·ncrgy level  a nd on 
the sur face extension, 1 5  medium si7..c \V"J G o f  about 300 k \V capac ity or I 0 la rger size WTG oJ 
ahout 600 kW may he installed, acc< • J  d i 1 1 g  to the d ista nce opt imizat ion c r i ter ion. Due to the 
o r ography of the Fo rca Caruso m c;i ,  the wind characteristics and partic 1 1 la 1  ly ils higb t urbulence 
intensity, suggest the choice of ho1 iz.u 11tal []Xis srnll COlllro l leJ WTGs. The ac t ual overa l l  land 
oecupacy would be of alxiu t  24 or 30 Ha respectively. However only 1 ".10 of th is is required by 
t he machines. The income of the soil. used for sheep p<L5ture, \vi i i  he incre<lscd by the winJ farm 
1 e ve11uc, as it was asct'1taim:d i 1 1  I l ic fl 1 sl 1\b1 u uu w ind fa1 m  al Tocco da Cas;1 u r ia .  The i1 H.· 1 casc 
of the soil income will be part of the so ca l led "energy va lue" of lhc wind so u rce, that can be 
exac tly defined only by the plant energy production data. 

The locat io n of the Mandrel l c  water reservoir is shown in fig. 2;  the corresponding des ign data 
are reported in tab. 4. 111e inui.kc of the pumping p lant is a small hasin made by the en largement of 
the e xist ing d rain ing canals at the 11acine tto site. ror the des i gn of the pump ing plant, a maximum 
flow rate of about  3 . 4  m3/s may be ctssumed, taken from t he above mentio ned hydraulic data. The 
co n espond ing gross head is a bo u t  230 rn. T he max imum rc41 1 in·d electric po wer is then nearly 1 1  
MW. A typical duratio n  curve o f  the Oow rate streaming into t he Fucino bas in is reported in fig. 
5. The estimnted maximum flow i ate, to be der i ved from the water 1 escr\'oir in order to withstand 
the peaks of the grid elem.and ,  is about 3 .  5 m3 /s, during 1 2  h.lday for I 50 days/year. The 
corrc�ponding c�;t i rnn1 c<l p0 \.1.'cr is nbnut 5 J\!\l/ nnd the nnnua! cnc:gy prcduetion is ncnrly 9 
G Wh/year. 

�- E NV I RON�IENTAL f l\IPAC r ASSESSM ENT 

In recent years in 01der lo incr ease the elect1 ic capacity in  the Fucu10 a1 ea,  the l taliaJ I  Natiow.d 

E lectric Board (ENEL) proposed a co mbu1cd turlxi-gas power p lant .  But this project found the 
strong opposi t ion of the local inhahitanls, justi fied by the spec ific orogrnphic , meteo-clirnatic and 
environment condit ions of the region t hat is close to the Abruzzi National Park as ment ioned 
before. Based on qua l itati ve co11sidcrat io11s abo 1 1 t  the impact oJ i ts  c iv i l  works on the terr i tory, as 
well a..� on the local flora and fauna also the J\ mplero reser\'o ir caused the opposition of local 
green associations. At last, due to i ts visual impact and no ise pol lut ion t he same party opposed a 
w ind farm near forca Caruso, in the Col larmele site. 

For the q uant i tative, even though prel i 1ninary, est imat e of t he environmental impact of the 
proposed integrated plant, the design data 0 r the Amplero reservoir [BALDOYJN ( 1 98 1  ), 

MANrn EDrNr ( 1 98 1 )] ,  the ENEL environment study for the TG plant [ENEL ( 1 992)] and for the 
Collarmele wind farm [BELLOMO et al .  ( 1 996)),  and gencrnl, a> well as site spec ific, eco bio lo gical 
data were co l lected and carefully evaluated. T he same computation met hod used for t he 
environn1cntal irnpact assessrnent of hydraulic systcn1� and of indust r ial pJants in the frucino area 
[DE PRA Tll ct al ( I  996a), DE PRAT!l et al ( I  996b)] was c11 1p loyed . It is based Oil the construct ion 
or numeric thematic charts fo r  the computation of the plant i 1 11pact values Oil the d i flerent 
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e nvironmental components. The corresponding results arc sho wn in tab. 5 .  Due to the complexity 
of the est imates. in\'o lving a great number of independent \'ariables, tl1e computed values can be 
refined only by the actual measurements of local quant it ies over a lo ng per iod . Nevertheless some 
of the plant features, such as for example the control of the flood and low water conditions of the 
canals and the grid stnbilizing effect o f  the supplied e lectric ene1 gy, led to posit ive estimates of 
severa l environmental impact v;ilucs. 

4. CONCLU DING HEMA RKS 
I n  t h is paper the complexity and t he variety of the items invo lved in the study of integrated 

p lants l ike the proposeo one was pointed out . 
In add it ion to the energet ic benefits,  a posit ive numerical evaluat io n o f  d ifferent enviromnental 

impact values was obta ined . Although the co rrespo nd ing computation methods are still 
characterized by uncertainties and subjective evaluat ions, they remarkably improve the reliabil ity 
of previous qua litat ive considerntions. 

The promisi ng quantitative results suggest lo carry out the study of the proposed integrated 
p lant by assessing its economic feasibility, )(_,!lowing the design of the various plant components. 
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Fig. l - Lay-out of the integrated plant - . 

Fig. 2 - Map of the in tegra ted plant -
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Tab. 1 - Electric O u t a ges of the local grid -

------- - -· - -··--

YEAR DMIAGE VALUE ( i lalian l i re) -
1 990 1 .2 ·  !09 
1 992 >2 · 1 09 

Tab. 2 - Flood damage values -

BALDOVlN (1981) DE TlBERIIS & SANTORO (1986) CELICO (1990) 

22 · 1 06 m3 /year 0. 1 50 m3/s (industrial needs) 2.5 m3/s 

Ta b. 3 - Estimates of the i rrigation 11 n d  i n d ustrial needs -

MAXIMUM STORAGE VOLUl\-m 25.2'106 m3 

UTILIZABLE VOLlll\IE 24· 1 06 '"3 
DEAD VOLllM E  1 .35·106 m3 

SURFACE 1 .510·106 km2 

Tab. 4 - Design d ata of t h e  M a n d relle Reservoir -

CO MFONF:NTS TG I'O\VER PLANT lNTEGHAT.El> PLANT 

EMISSIONS +9.879 -0.676 
Wt\ T ER RESOLIRCE +7.0 1 1  - 1 .377 

DWELLINGS +7.509 -0.977 

CULTIVATIONS +6.71 9  -1 .059 

EN£RG \' MANAGE/'llENT << - 1 . 0  5.582 

Tab. 5 - im pact \'llhtl's of t h e  in tegra ted pla n t  -
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.I\ s1 1 : 1 lL'g1 frn rd:11 1 1 1c l t i 1 1g  o f S<ll:ir 1" 1 1c1 1 1 1a l  Power i 1 1  IT/\ l .Y 
1 ltc I ll-st Oppu1 t u 1 1 i l1  to Lk1·clop lhc J 1 a l i :11 1  Sola r Thcr1 1 1a l  Markel 

Fcnl i 1m11do Suraci 
StJl:11 · 1  l tcnna l  Con1 1n i ltcc. I SES - I t a l y  

'llF.Sl•:N l'ATION OF I t rn  110( ' l l�ll".N r 

I 1 1  Fchruary I 997. an ISES-l t aly Co1 1 1 1 1 1 i l lcc mis sci up fol lowing a con ference on 1 c1 1c\\'ablc energy sources 
•rganisccl by ENE/\ ( Agency for N e\\ ·1 ccl1 1 1ologies. Energy and t he Environment) for the p1 1 1 pose or d rafting a 
1 1ogran11nc of actil'ily in Italy for t he dc1·cfop111ent of t he solar l hc1 mal 1w11kct. a11d especial ly llal plates for hol 
1 <llc1 p 1 od11ction 

The Commit Ice 11 01 ked i n  coll:1bo1 at ion " i i h public and pri1 a le sector operators for some nionlhs lo d r an 11p a 
:l l atcgy fDr rcl:11 1 11chi 1 1g the  solar t hc1 11rnl 1 1 1a1 kc1 in l la ly based 011 a co111p:1 1 a tivc sl ud�· of c:-:pcricnccs i n  ot her E U  
:0111 1trics and of the possib i l i l _1' !'tu 1 1 a 1 1 s l'c 1 1 i 1 1g lcch11ologics a n d  pencl rn l i on methods lo t he l l a l i a n  contcxl 
Jisc11ssio11s e1nb1accd I l i c  p1oblc111s :1nd ba1 I ic1 s l h; 1 l  haw i mpeded the grnwlh o f  deniaml and s1 1pplv.  whether oi' 
lomcsl i c  or i m ported p 1 od11cts 

Crn1c1e1e actions to c"pc1 imen1 dcl' c it1p 1 1 1c 1 1 t  s l l aleg.ics were plannGd i 1 1  1 cal t i me with the p1 csc11 1a 1 io11 or 

irojccl proposals i m  oh i1 1g major opc1:itnrs i n  the  scclot .  t he 1 1 1ain l la l ia11  1 escarch ;111d dc1 clopmc11l i 11st i l 11 lcs and 
1ssociat io11s. a 1 1 1 1 11 1hc: r  or local bodies :11 1d :n1 lho1 i l ics i n 1e1 cs 1 ed i n  r cla1 1 1 1cl 1 ing l he 1 1 1 : 1 1 kcl. as nell as E111 opca11 

:01 1 1pa nies s11cccssr1 1 1 i y  engaged in s i 1 1 1 i l a 1  c1To 1 1 s  at  home 
The main sl l :1 1 egic 01Jjcc l i 1 c  is  l o  b1 i 1 1 g  uu1 crn 1 1 1 tn· a nd its p1 ocl11cl io 1 1  sysle111 1 1p lu l he same le1·cl as t he olher 

EU co1111lries This  means taking up the ch:i l l cn�c embodied in l h•c li ual doc11111c11l on t he devclop111c1 1 l  11f lhc  
Enropcan sol : 1 r  111a rkc1 np lo the 1 c:i1  2 1 11 15 issued b _1  t he F11 1 0JK'at1 /\ssocialion ESIF: i c. ;i potential ma1kc1 of l.1 
1n i l l ion  square met res of' gl azed :i nd pl:i'i ic plates. for 1 :1 .400 G W h/ye:ir lhcrm a l  energy prodnclion. w h ich is  
equi 1-;i lenl  lo I 1 5  Mcg:1 l l1C sm·ing 1 1f lossil l'1 1cls and a 1cd11ction or? mil l iun Ions per _1 c.1r  in  C02 emissions ( lab l l  ) 

To take 1 1 p  t h i s  cl1:i l lc n gc 11 c 11ccd a glohal intl'n !'11t i;n1 str:1h:gy l h:1t \\'i l l  cl1a11gc l lal�··s i n dusl l  ia l  pnl ic,· i u  

t he s11lm lhcn11: 1 l  scc101 s o  as lo h e l p  public decisio11-11 1 : ikc1 s : i t t 1 1 11c lo lcch1 1 i c:i l .  economic a n d  em·i ro1u11c1 1 l : i l  

choic<'s. i 1 1s1 i 1 1 1 1 c  col lall(lral ion lwtwec11 opc1;1101s. 1 csea1ch i 11st i l 1 1 1es : 1 1 1d loc:il a11 t hoi i t ics - partly H'i t h  l hc a i d  of a 
rn l t m a l  r cvoh1 l i o 11 : 1 1 1 1 11 1 1g use r s  .. and ct111l ributc i 11 t h i s  \1ay lo lhe ccono 1 11 ic tlcvclop1 1 1c 1 1 l  :ind g1 011 l h  or 
rn1plo) 1 1 1cnl i 11 t he crn1 1 1 1 1 1·. ll'h i lc  1 cspccl i11g the c111' i 1 011 1 1 1c1 1 i. 

The co11c1 1 1s io1 1s  1 cachcd in I l ic doc111ue11l � 1 c  based 011 t he assun1plio11  that  dc1clopi11g t he sob 1  l hcr111al 
1 1 1a 1kc1 i 1 1  l t : i l.1 docs nol 1 cq1 1 i 1 c  a pol ic\' or outr ighl  cco11omic grnuts as i n  lhc '811s. 11\11' the "free ma1kct" :ipp1 o;ich 
t hal replaced ii rch i ng 011 lhc p1cq1 1 1 1cd 1 1 1 a 1 1 1 1  i i� or s11l;1 1  1 hc1 1 1 1al lcch11olog_1 : whal ii docs rcq1 1 i 1  c i s  a pl : 1 1 1  of global 
i 1 1 lc1 1·c11 1 in1 1  based nn the crc:it io 1 1  or a 1 1cl11 0 1 k  or 1 cgional 1111ils co11 11cclcd by a s_1 slc111 u r  shared scrl'iccs lhal " i l l  
al loll' s trn lcgic choices lo h e  made along fou r  c:1 1 d i 11;il l i nes: i nformation, t raining, 1u·o11rntion a n d  tli.,scmi nation. 
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A New lnd11stri:1I  Policy in the SOLAR THERMAL Sector 

By study i n g  ! he experiences of oilier EU cou111 rics. such as Austria and G reece. where the performance of 
the solar l hcrnml market i n  l hc '70s and '80s was the same as I ha! or I ta ly. \\'C have been able lo obsen•c how 
productivity µcaks coincide wilh government policies or i ncentives and then foll back lo the prcl'ious low levels of 
production and i nsta l l a t ion once ! he i nccntil'cs end. lo a poi 1 1 1  where the productive base narro\\S and periods of 
crisis and slagnation ensue 

Whereas a careful i ndustrial pol icy enabled many European countries lo launch the markel in the early '90s. 
as in lhe case of Greece. Austria. Swit1,crland. Holland and even Germany, in other countries such as I ta ly, Spain 
and France. delays. resistance and l o  some extent a n  1 1 ndercst i 1 1 1alion of the problem continue. even today, lo prevent 
a rea l i 11d11sl r ia l  policy for development from gel l ing under way 

More csµ�l:ia l ly, a w1dy of Austria's experience a llows us lo be moderately optimistic in our assessment of 

!he opportuni ties for developing ! he mmkcl i n  Italy. 
In Austria. in fact, the market took off in the early '90s with such a spurt that product ion and i nstal lation of 

sol : 1 1  syslcrns for waler he;1 l i ng in hospita l s  doubled each year to over 1 20,000 1112/vear by 1 9 9 3 .  
The growth of demand for solar thermal power i n  Austria is  l inked lo l h e  phenomenon o f  'self-made' and 

'self-assembled' groups. which l i tera l ly led ! he whole market in the years '9 1 -'92-'93, accounting alone for 57% of 
demand and sl i nnil:Hinc I hr market for supply of morn Gophi3lienlcd und hence mo1c .:.u&lly im.lust1 ia l  pruduc1s. 

This virtuous cil' c l c  helped Austria's home i ndustry so lhal in the two years '94-'95 i t  was able lo reverse 
that share in i ts  favour, coveri ng <>O'X, of the market :11ul growing steadily over the years. The 'do-i t-yourself groups, 

on the other hand. hm·e 1 1 1ore or less mainta ined !he same number of square metres i nstalled per year but their 
market share has dropped lo 40'Yo. 

The rencction inspired by this  experience is !hat Austrian socicly l1as undergone a cultural shill towards lhc 
1 1se of renew able energy sou rces. brought about not only by mass infornrnlion, but  also by a phenomenon of 
emulation t riggered by 1 hc disseminat ion or 'do-il-yoursel r  solar systems, which a l l owed the industrial productive 
s1 r uc1 urc lo adapt by accom111oda1 ing demand for solar technology at moderate cost. 

A decisil'e factor has been the awareness cmnpaigns carried out by the regional authori t ies, which launched 
promotion cmnpair,ns thal have gradua l ly taken over from those of the govern111e11l .  

There can be no doubt llrnl the costs ol' 'sclf-11wdc' and 'self-assembled' systems a l'c lower (between 40% aml 
GO%) 1ha1 1  imluslrial keys-i n-hand sysle111s (rcd11c1 im1 or p r oduction costs and i n 1cr1ncdialio11  and i 1 1sta l lation costs) 
and t hi s  has greatly enlarged the pote11lial user board. 

IC for pure spcculal ion.  we automatically carry over lo l laly data on t he dissem ination of DHW solar 
systems for domestic uses in Austria o r  Greece, given our population we should go from the present slock or J 76-
200,000 1112 lo around 4 . 1 m i l l io n  1112 . 

And if we do the same for l he potential in terms of direct c111ploymcnl a 11d cmploymcnl i n  lhc induct of lhc 
solar lh"rmal sector we go from the present 200 lo lhc astronomi'-al 11u111ue1 of 34,200 employe.cs 

The proposed strategy for disseminating solar lhcnnal technology in I t a ly is based on successful rcgion:1I 
pro,jccts for the transfer. penetration nnd rlisseminalion of 'du-it-yoursclr and indnstrinl solar thermal tcch 11ului;y 
based on "diffuse enlwprcneurship" processes. These slart from acclai med success stories i n  regions of other E U  
countries a n d .  b y  following a similar pathway of i n formation, I raining a n d  promotion. ident i fy a strategy for the 
dcmonslratio11 and dissemi nat ion of best practices lo apply in our regions i n  order lo assist existing SM Es or sci up 
nC\\' OllCS 

II lws hr.r. 1 1  d"mumlr aleu l lrnt the dissemination ol 'do-1 1 -yoursclr sola1  t1.:cl 1 1 1olugy opens the way for more 
sophistirntcd and i n dustrialised solar technologies by helping lo create a mass cul ture i n  ! he use of renewable energy 
sources and especial ly by promot i n g  the 1 rn i ni11g of tech11icians and leaching of cntreprc11curial ski l ls  that  arc 
reciproca l ly syncrgctic and preparalo•)' l o  the conquest of new markel scg111c11ts. 

The fo l l-011 1  of a rn ucess based on "di ffuse e11trep1rc11c11rship" w i l l  be ! he positive c!Ter:t s (HI employment i n  
!he success fu l r egions by triggering i nduced processes o f  local crafl/i 11d11slrial production and franchisi 1 1g/l iccnsi11g 
agreements bclwcc11 n a l i o n a l  1 11< 1 1 1slry a nd local SMEs. 

The proposed i n l en•cnt ion  w i l l  consist in a s11 n•cy ;1 1 1d lechnological audit  of local SMEs in each scpa 1 a tc 
region, follm1cd b.1 a negotiat ion :i ncl engineering process 10 l·1 catc the new activities. 

Generally spc;1 king. SMEs operat ing i 1 1  l he hea l i n g  a 1 1cl plumbing sector do nol use co111rlex lccl 1 1 1ologics 
and arc therefore a very sui labk t:irgct for i ncre111e11tal inno\':l l i vc i nlcrvcnl ions ll v..;1 ;1 wiuc spcctnnn of sol ar 
lcc!rnologics (p1Jstic. gl;iJ_cd cul l ccl m s. iow concc11 1 rn 1 io1 1  syslcms, m1h1 1 a l  and fo 1 ccd c i 1 culc1 1 ion systems). 

Relationships bc\wccn t hese new opcralors a 1 1d domcslic i ndust ries or importers ll' i l l  of the franchising 
lypc, hnsed 011  l he crca 1 io11 of loca l (rcgimwl or pro\' incial)  nc11rnrks with sl r11cl u rcs and iufrasl ruclures fo r pre
compcl i t ive co-opcra l i on 
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It is therefore of strategic importance for the solar energy sector lo adopl cer t i fied qual i ty syste11 1s t hat " i l l  
echnological i 1 1nm·a1ion : 1 1 1d orga11isalio11al methods lo be int roduced in  Lhe fields of both 'clo-it-yoursclr 
ns and industrial systems. 

The proposed service providers play a cmcial r ole in promoting anti i11t r oducing innovation and both 
logicnl and orga nisat ional transfer. Oflen the lack of dc11rnnd for i nnovat ion by SMEs is due to shortcomings 
lUant i ty and quality of service providers present in t he area and with which they have con11eclions. 

A study carried out by the association of Greek solar t hermal operators reveals that t he percentage of work 
it of output t hat each operator i nvests i 11 i nformation a11cl services amounts to 41% of the total. i 11cl11ding the 
material. 

Given this sil1 rntion. adeqw1lc mid specialist service providers al provincial/regional level lo suppo1 l 
:ti\'e act iv i ty could help to develop the activities while reducing lhe cost to users 

Some of lhe tasks performed by these providers lake on a st rategic role in launching the solar thermal 
I . especially as regards awareness-rais ing among demand. supply ;umlysis. planning and the preparation of 
tes free of charge by means of networking. assisrnnce mid counsel l i ng. 

The plan should envisage trnnsi t<Jr)' trnini ni:. both or t 1 a iners and or new operators ( i nstallers and 
re11eurs). the cost o f  which should. in  this  case. be covered by public f unds. 

The plan musl en\'isagc a11d i t i 11g of enterprises al ready operat i ng in the heat ing a11d plumbing sector and 
need to i n tegrate new technologies. and in this case solar technology. i nto  their product aml/or process and/or 
sat ion. 

This type of action.  mainly targeted al the solar thermal sector. could become a vehicle for other 
ilogics relat ing to renewable energy sou1 ces. 

Regional networks. possibly l inked lo a national 11etwo1k. wo11lcl cc1 tainl�· cnco1npass pr i \·ate or public 
companies or 01:gauisal ions operating in Lhc field of R&D. laboratories a 1 1d cert i ficatiou inst i tutes. t ra ining 
s. 

The acli\'ities of t hese networks are of cmcial i 1 11po1 ta 11ce i 11 11cgol iat io11s between i ndividual local 
mies and nat ional operators or  foreign importers because they provide a l'rarne or reference for standardisation 
clps to  reduce costs a nd ensure the qua l i ly of supply. 

Consequent ly.  the areas covered by the services wil l  be t he following: organisation-infm matics thenmtic 
administrnti\ e-fi nancial area. marketing. distribution. promotion and advcr tisi 11g, qual i ty and certi ficat io11 

The following facfors play a cruci:1l r o le in th is regard : fi11ding solutions and identifying the technological 
of the product. est i ma t i ng lhe cost of acquiring and adapting the chosen solution. cont ractual and regulatory 

�alions relating to rights of ownership or use that must be sold or bonghl. technical and assistance 
lcalions. analysis of  expected economic returns in t he case of contracts with guaranteed results, etc. 

The success of a plan for the development of the solar thermal market depends on the mass in formation 
:, This may be dclcgalcd in part lo the local nctwo1 ks but should 11evc11helcss be par\ of a national in i tiative lo 
awareness and i n form about the problems of rational use of fossil fuels and renewable energy sources and lhc 
ol of pollution. 

A s imi lar  oper at ion should be agreed with the national operators concerned. ministr ies and publ ic 
rl public e nergy agencies. which 111;1ke use of a variety of 111c:111s - brochu1 cs. <ldvcr liscn1cnts i n  newspapers. 
zincs and TV, d i rect mai l ing. lhc In ternet, Web pages, telcvidco. 01 ganisalion of seminars and meetings with 
rcss and press associations. catalogues. guides. 111anuals. dossiers. bullet ins of results. mult imedia suppo r ts - to 
ivcly raise awareness. draw allcntion and cr·eatc a mass c11ltme o n  the use of r enewable energy sources 

Solar- Plate Mad.ct A round lhe World 

According t o  data provided by the European assoc1aflon ESIF. approximately JO mi l l ion 1 1 12 of  solar 
ctors arc installed world-wide. and the annual production is  24 m i l l ion  m2. 

Japan. wi th  6. 1 1 1 1 i l l ion 1112 of glazed panels i nstalled at the end of 1 994, has actually ovcrlakcn Lhc U.S .  

5 .2 m i l lion 1112 . in  addi t ion to ·  this there arc  1 .2  mil l ion unglazed panels whi le  the  Japanese stock is unknown. 
rnlia follows with 2.4 m il l ion m2 and China wilh 1 . 5  mil lion m2 (Table 1 ). 

The EU countr ies possess 5.6 mil lion m2 (glazed and unglazed) while the Mediterranean area, European 
t ries excluded. boasts a total of 5 .6 mill ion m2 (gla7.cd only). 

The European and Mediterranean market alone represents 40'Yo of the world market. 
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The So l ar l'lalc M a .-1,cl in Eu rnpc 

Solar collector compone11ts a1 1d systc111s (glazing. ah11nini11111 sections. thc1 ma!  insnlal ion. tank. cn111rol 
uni t . circulation pump, plastic col l ector. etc.) arc gcncrn l ly 11mnuraclured by d i ffc1 c11t companies. often i n  cl i ffcrc111  

. The World wide solar thermal market 
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0 I 2 J � G l n zerl solar co llec tors 

c:::::J Unglazed solar col lectors 

5 (, ., 
ll ! i l l i n 11 s q 1 1 a rc 111 1, l r cs 

"" ' Estim ated park of solar collectors in t l 1e pr i 1 1c iµa l  11 or ld markets. 
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fruni SIJ,'11 IN .\C 1 101\1 - Allt:m:r F.SIV l?!ltl 

co11 11 1 rics /\ studv l>.1 ISL�S 1 cn�al� that 20·�·;, or ahsnrbcr plates a r c  1 1 1a 1 1 1 1 l;1cl 1 1 1 ccl 1 11 Sw eden a11cl :'ill% or stor;1gc 
tauks in l la l ,1 

In Europe l hc 1 c  : 1 1e  :1 pp1oxi n1a1ely ! :'il l  solar co111pl1nc111 1 1 1 : 1 1 1 1 1 fi1cturc1s. or which 2(, empl!!)' 1 1 101c t h: 1 1 1  :rn 
\\'orkcrs: 1 nclud1ng l hc 1ml11ct.  a 1 01 1nd 1 1 1,11011 people n 1 c  cn1ploycd in t he sccto1 

In E11rnpe. I he association ESI F ( Emopcan Solar I ndus! ry Federal ion) has been set 11p. groupi 1 1g the 
national associations or  1 5  co11 1 1 l 1 ies, I ta ly  excluded i\ ro111 1d .100 co111pa11ics are members. 

In 1 994. Cic1 1 1 1an_v o\·crtook G 1 c0ecc as the largest user or solar collectms. and i11 fact 1 8.'i. l lOO 1 1 1 ·' or )!lazed 
cnllcctors have been i 1 1s1al fcd plus 85.111 1 1 1 111' or 1111glazed colkcto1s. for a tota l  or 2711.000 111� (Table 2 ). 

I lowever. Greece. wi th  : 1 101 1ml 2 m i l l ion m' or collecto1's in total and 1 9R 111' per 1 1 10 i r 1habitants s t i l l  holds 
an cnviahl� rc�ord. :1 l lowi 1 1g lhe co1 1 1 1t 1y to sa1·e 1 .2110 G\Vh per ycnr a11d red11ee C02 polh 1 1 in11 b_1• I 4 m i l lion 1011� 
per year 

The aYe1 ;1ge surrace a 1 ca instal led in Europe per I .0110 i11habi tanls is  1 2  m' 

Tht:_Solar Plalc Market i n  llah· 

In the early '81Js. I taly was l he largest manufacturc1 of solnr plates in Europe. account ing for 24 'Yo. fol lowed 
closely by France with 22% and t hen Greece 1 8%. 

This dominant position in a market or JS0.0110 1112 or colkctllls pcr year was then lost for a nu11 1hcr of 
reasons. 

Th<:: 11atiu1 1-wiuc pol icy or i nccmivcs implc111c11tcd in t he n1id-'Xlls. I l lOJlOO 1112 of pl�1lcs i nsl<1 l lccl u11dcr 
ENEL's 'hol water from t he sun' project. fai led to consolidnle I t a ly's posi t ion a1 1 tl instead paveu lhc way for ils loss. 
The majority or the plant  i11stalled dur ing that period are now disactivatcd (Cognc Meeting). 

The factor that llppears to lrnve spurred t he growth or demand during that period was without doubt l hc 
possibility or having payment i11s1almcnls debited on the elect ricity hil l  

R&D pn!icy during lho�e years ;;·;.1s niincd : i t  improving ihe yield or siugie 1,;u111pu11c11 is noi  of 1 h c  s_\ s1c111 ns  
a I\ hole. while imhrstry remained firmly a11chored t o  the goal or u1ainla i n i ng sales targets. favou ring a pol i cy or 
nat ion-w ide i ncen t ives rather than adapting lo market dcnrnnd. which was beginning lo seek low costs and good 
value for money. 
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()ycr the past lcu ye.ars. 
ual producls have been litc1 a l ly 
:d f10111 the market and the way 
cd for i mports (about 50'!/o of 

lied stock) of European products 
ece) as well as some from Israel 
lie). Australia and the Uuited 
;do111 (radia tor systems). They arc 
:nt throughout the counl ry. with 
(el shares conccnt1 atcd in a few 
ms: al least a dozen fi rms, of which 
1 arc medium sized. work on publ ic 

rncts and public and low-cost 
:ing. covering approximalcly 30% of 
lomcslic mmkct . 

Our lllarkct has narrowed to mi 
ime low of app1 ox imately 10.000 

per year (glazed and u nglazed). 
The average collector area per 

10 inhabitanls in I taly is 3 m2. 

ll is inlcrcst i  ng to note that 
md 30% of l hc home market is 
;entrated in the Trentino region and 
icularly in the prO\ ince of Bolzano. 
he province of Trento i tself. solar 
lolls are widely used 

Environmental associations in 

;tria, Gcnnany and Switzerland play 
ucial role in developing the market 
making public opinion forcefully 

ire of the values of environ11tenl<1l 

tectiou aud pollution control. 
�resti ng work lrns been done by 'do-i l
rsclr groups i 1 1  Anslria. which has 
n partly experim en ted in l la ly in the 
ions of Trenlino and Emilia
nagna and al Palermo. 

I nterest ingly, 'llo-i t-)'oursdr 
terns made in Italy arc exported lo 
ird World countries. 

S11l:lr ctilll'< lt11 productiH11 
i r 1  l lJ S O  

J05 000 1 1 1 '  � 
O()'d: 1Jf 1 l 1c f.1111 111<•:i.n 1• 1ndm:ti<H1 l ln l }' �2', 
iii l imircd 10 fi\{ �  t.:01111n ir.s. 24 ':"c J l(H\CVCJ,l l lC market j <;  f:i l J i l lf:! t >,.<· e\ery\\ lwrc except i11 G1cccc l":::::::;::::=:=;;;·:,.,,. 
I he l lni lcd K i n gdo111 i-; the only 

cnuull y \\ ith <111 irnro11an1 cxp1111 
1rmJC' 

Solar collector produclion In 
1 9 8 7  

2 5 7  000 m '  
G1cccc produces over h:ilf o r  the 
solar colh:ctors in Europe. for �he 
needs or their home tn�ll kc:t only. 
The- 1Jni1ct..1 Kingdom conliuu� 10 
c:q•or! :rnd 1he market in Ausltb is 
beginning to grow, The indu!!.iry 
in Ilic: olhcr European coui1 lries is 
in  dirritullv, but mosl of them main1ain p;oductio11 al ;1 low levct. 

Soln r collector 
prmluction in 199'1 

550 000 "'' 
Rising sales in  Ge1ma11y nnJ 
Austria �timulate t.hc i111h1s1ry in Eurorc. Nntio11al 
productil1n in Greece 
Dr.nm ark and tile United 
Kingdom i� gr�:llcr thi\Il 
lum1c m;ukct s:ilcs. 
• Otha co1mtries ll'itlt mr 

u1111twl mfnr cvUccror woJ11uim1 vf less 1/um 
10.lJtlO 1q,,n1 e me11 c r. 

Gcr11r nny 
3 1 %  

Fr:mce 22Cfb 

1 3 %  

<;,.-rtct 
52% 

l.J/.t 2 Glazed solar colleclor p1 oduclion in the European Union. 

hum SUN IN  ACI ION • Allc11<'r ESIF 199" 

A potential expansion of the market is dawning in l ialy and should be guided by a nalional plan thal 
olves <111 the operators in au effo11 of benefit lo everyone. 

c Growth Prospects of the Euroncan Market 
ESIF has presented the findings of a study funded by the AL TENER-EU project, poi n ting lo an interesting 

{clopmenl of the solnr lhcrnml market in Europe. 
A growth objC(;tivc of between 1 8  and 2J% per year would result, in the year 2005. in a stock in Europe of 

mi l l ion m2 glazed solnr col leclors mid approxi mately 5 million of unglazed for a lot<1l of 33 million m2. To this 
Juld be added ihe figures for non-European countries in the Mediterranean totalling a further 20 million 1112 

able 3 ). 
Assumi ng an average value of 500,000 lire per 1112. the total European and Mediterranean market up lo 

05 amounts 10 26,500 bil lion lire. 
The study also reveals that if market conditions rema i n  constant, Germany will have a 46% share of the 

1ropean market, ! hat is 1 5 . 2 5  m ill ion m2 of collector area . 
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lali J Target figures for the solar thermal marke t in 2005 

from SUN IN ACTION - Allcncr ES IJI 19% 

These dala show lhal unless llaly's i ndustrial policy changes. i ls  stock wil l  rise fro111 the prcse111 1 76,000 1112 

lo 205.000 1112. which represents an exlremely small. indeed 1111qw1111 illable. 111arkc1 share. 
The average European collcclor area wil l  increase from 1 2  1112 lo 77 1112 per I . ODO i i
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1 lcnlial G rnwlh ur the Sular Thcnnal M arkel in ltah· 

The plan for the development or the solm lhennal market in l laly is based 011 a change of i ndustrial pol i cy' 
Jng the following l i 11cs: 

choice of an overall strategy based on four cardinal l ines of action: Information, Trainin�, Promotion, 

l>isscmination 

ident i fication or development plans based on networks lo be set up in successful regions 

development of a p rocess or "1liffnsc cnt rcprcncn rship" 

use or sources or funding curre n l l v  available in I taly and i n  the En ropean Union according to a nationally 
agreed plan 
removal or teclrnical. fi nancial aml pol i tical/legislative barriers 
dissc111 i 1 1a l io11 or the de\·elop111ent plans in al l  regions 

If th is  plan is adopted. t he poten t ial development or the domestic 11rn 1 ke1 is  based 011 an ass11n1ption of 

owth s i m i l a r  to that \I hich occurred in Austria. with lhe existing markel doubl ing e;ich year over lhree lo four 
:ars 10 reach by the ye;ir 2000 a lolnl or l l l0.000 111' of colleclors i nsta l led per year for a total stock of 800.000 rn1 
'able 5). This would coi rcspond to an cuergy production of 390 GWh per year. a reduction in C02 emissions of 
i,000 tons p e r  year and e111plo) 111ent of a 1 m1 nd 2,000 workers 

Accordi ng Lo t h i s  ass11 11 1pt io11 .  it would also be possible to launch a replacc111c11L market in 2005. with an 

lditional incr ease in p1od11cli ve capacity 10 around 3 50.000 m' per year and a tota l collector area or approximately 

111 i l l ion 111 2• This \\ ould gi\'e a total heal produclion of I .JOO GWh per year, a reduction in C02 emissions of 
l8.000 Ions per year and e111ploy111enl of aro11nd 1 0. llOll \\'OJ kers (Table 6) 

I t  is  worth reca l l i n g  thal  the first l lal ian ener gy plan envisaged a growlh or the solar !hernial market by the 

:ar 2000 s i 111 i l a r  to l hc nbjecl i\'CS set for 2005. 
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P roposed rcd1 1c l io1 1  or VAT on producls. componenls and syslems for solar i nstallations to 4% ( from the 

:urrenl 1 9- 1 0%). Ass11111 i ng I l le solar ma rket grows according lo plan.  lhe surface a rea should increase rro111 an 

1 1 1 nual 1 2.tltltJ 1 112 by 20tltl to aro1111d 1 00.000 m2 per year. This means that lhe prescnt 2 b i l l i o n  l ire or annual VAT 
Jay111cnls (which is  a11 oye1est i male since a large pa11 of the ma1 ket relates t o  building under Law 457 ;ind therefore 
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Modeling of lhe pulp in lhe Wet-end in Pulp and Paper Industry 
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his paper pr esent one [Hll t or the Fnurd1 i nier  111achim . . s modc l i 1.ntion i n  lhc pulp and papc1 nmchi nc.s which i s  t he 
1odc l i zntion of the 1ra11s l'o1 n 1at i o11 susta i ned ily the pulp along the Fuu1 d r i 11 icr  mac h i ne (dntinage). This 111odc l ,  
11ce co111hi11ed wi th  t h e  second pai l of" thc 1nmlc l i zatill 1 1  which is  the action of t h e  d i rfc1 e n t  clcmcnl s  cncounlc1 ed o n  
1 c  Fourdrinier machine thus pro\'oking t h e  drai nage. was used t o  simulate the behavior or the pulp on t h e  Fourdrinicr 
1achinc. The resolut ion o r  the 111odcl is  s tudied and some s i 1 1 1u lat io11 test resu l ts are presented and d iscussed. 

llroduction 

he prod uct ion of' a shecl t>f paper consists p 1  i mai i l y  on lowering the pulp"s concentrntion which is made ol a i ' ibrnus 
Jspension in waler, at 5%, depend i ng on l he type or paper wanted. This p 1 ouuc l ion req uires four i mportant stages : 
1c fornrntion,  the pressing. the d1 ying, and the l:oating. The c lements needed for the formation arc the head box and 
1e fourdrinier machine which c l i m i nalcs about nine tenth o r  the water contained i n  the pulp The concenll alion of 
1e fibers in  the pulp at the begi nning or the l'oll! drinier vat ies between 0,5% and 1 % and, at the end. is he tween 25% 
nd 30%. This phenomena i s  cal led the d r n i nage. The water that  is extracted from the fibrous mat i s  called the white 
'ater. Arter the d 1 ainage, the fibrous mat ah eady has some proprieties necessary for a shcel o f  paper : orientat i o n  o \  
1c i' i hc1 s .  d is1 1· i hut ion o f  t h e  rihcrs a n d  t h e  c harges. The f'n11rd1 i n icr machine uses a cont inuous w i re, made o u t  o f  
1 0111.c <11 ny lon threads a n d  i s  chnrni:tcrizcd h y  a type of armour. ancl by the nu111bcr of meshes by t h e  inch. generally 
etwecn 40 and 1 00 The w i 1 e is  f irst  suppo1 tcd by a head 10 1 1 .  and, then, ·.�upported by e i ther a number of vacu u m  
•ct boxes, ei ther smal l i:yl i nders called table rol l s, either dr ipp i ng foi ls. o r  a combi nation o f  tll(lsc three components. 
1ow11 the fou rdrinier 111achi11e me the vacuum hoxes, fol lowed by a couch ru l l  or vacuum cyl i nder. 

'his dcsc1 ipl ion clearly ident i f ies two phcnnmcna c11cnu111crcd when the pulp travels 011 the founlrin icr machine : 
i sl ,  is the transfor111al i n n  sust:i incd by lhe pulp, the cl 1 ai nagc ; and second, me the elements i m:ludcd in the dra i nage 
'age, The modcl ization of the f'ou1 d 1 i nicr no<1d1ine can he d i v i ded in two parts : lite first one consists of lhc 
1odel i zat ion ol the clc1ne111s· actions founued du1°ing the frn mation or the papc1 r I .J ;  the second part modelizes the 
·ansf'or mation sustai ned hy the pu lp going t h rnugh the l'u u 1 d 1  i n icr machine, whii:h is the main purpose or this paper. 

' l ie  1 n udc\izatiu11 

"he pulp. going 1\11 ouµh the f1 1u 1d 1  in ic 1  machine. sustains a l i ltratic>n prm:ess. The pulp, hy all researchers. can be 
1 1 11s idc1 cd as po1ous,  and ;ti\ the last experiences have confi nned this hypothesis. Consequently, a l l  the laws of 
hysics concc1 ning the porous envi ronment  can he applied to the pulp. 

'he pulp 

Ve begin by descri b i ng lhc physical  phenomena sustained hy the pulp going through the l'ourdri11ie1' mach i ne, 
nc\uding each and c vc1 y clw1 actc1 istie needed fur the 111odcli1.atinn. The pulp is  cha1 acterizccl hy a m1111bcr of 
omponcnls : the fiber s ,  the fines, the charges anu the fi l lers contai ned in the water. The physical  u i mcns ions 
vol ume. density, etc . )  and the geometr ical shapes (speci f ic ar ea, cyli ndrical or spherical shape. etc.) or the 
umponcnts vary from one coinponcnt to  another. I n s id e  the pulp,  these components ar c nut equally d istr i buted, 
1ci 1her in  the thickness or the suspension nor on the width of" the fo1 1 1 d r i n icr machine. 
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To het 1c 1  con1p1 chc1 1d t he 1 1u lp ' s evo lu t ion  011 the f'o u 1 d 1 i 11 i c1 1 11 : id1 i 11c.  we accept t wo hy11o t hcs is  · 1 l 1a l  the 
t 'ourdri 11 i c 1  1 1 1ach ine  adva11ccs nt a cer t a i n  spC'cd, and t l 1al \\'C advance al l hc same spt>cd and in the same d i 1 cc 1 ion  as 
the rou 1 uri11 ic 1' 111ad1i11e Tlwsc (\\'() hypothesis pe1 1 1 1 i ts  us lo  r(ll low. in r ea l  t i me .  the evolu t ion ,,f ' the pulp Oil the 
rou 1 d 1 i 1 1 icr mach ine  

Bcg inn inµ  : H  the Ile.ad hoX:eS .  \\'C 11ol icc 1 1 1 1  i 1 1 i l i n l  suspc11sion p 1 oduccd n11 lhe  w i 1 c : 1 h i� �a1!'pcn:·,io11 wi l l  su:-'ita i 11 011  i t s  
Sll[lCI iur /'ace al l  a t 11 1ospl 1c1 ic p1 CSSU I  e ,  ;md O i l  i t s  lo l'ICI /'ace ( rac ing  the wi! e ) ,  a J ' I  CSSLll C s 1 11a l lc 1  than the ntnll1srhc1 ic  
p1 essu 1 c .  Th is  d i ffe 1 c11ce induces the d 1 ai 11agc. ��ti! ... , . . ' " """"' "" 

;;;Ja yzawzzatJ�l���l��ibreux 
rnllc 

l'igtirc I View of 1hc pu lp d1 1ri 1 1g drainage 

The drainage is clin1 nctc1 izcd by two phenomena : the l i l t 1 alio11 and the 1 cte11 t ion. The cxt1 ac tio11 or  some V<>lu111e or 
lho � ;w;pc11 :1 ion i� c u l l ed lhc f i l l l' l l t io1 1  nnd thi� Yol u111c i .'i ...: .::1P...:.d l lK  \\. l 1 i 1 L. \\ , t lu . u1 1 1 q 1 1 1�t.·d ur  Wi:tlt..: 1 a 1 1LI 1 1u lp ' :-.  
c l e 11 1e1 1 ts  The c lemen ts  s111al lcr  th < 1 11 the 111eshcs w i l l  he the  on ly tlll\'s f i l tc 1 ctl hy t l 1c  wire. Jn " r ea l  case, a l l  the 
c l c 111cn ts  c< >nlai ncd i n  the  pu lp  : 1 1c  gcnc 1 a l ly  o l' cyl ind 1 ica l  shape wi rh  a dinmclcr sma l l er than the lllcshcs openi ngs 
the c 1 1 1 1 1po 1 1cnts  w i l l  thc 1 1  he I i i  tercel or stopped tlcpentl i 1 1g 01 1  t hc i 1  •11 i ival d i r cc t i < >n ,  The r eten t ion is ,  i 1 1  co11 tra 1 y  to 
the  d ra1 11agc, a keeping or  a pa1  t or the volume o l' the suspc11s io 11 c 1 1 1  the w i 1 c_ ;\ t  the hcg i 11 11 i ng ,  the comptHlcnls 
presen t ing  thc1nsel vcs w i t h  their  longitud i nal  axes pe1 pc11d icu la 1  to the llow anti sustai n ing  the hytlrodynmnie rorccs 
wi l l  ci catc the f'irst coat ol  the  wire. /\rtcr a pc1 iod of t i me. anti depending on the l 'ressur c  applied on the w i 1 e  
S U I  race, d i ffer e n t  CO:l l S  D i '  CllnlJltl llCll lS w i l l  he f i xed O i l  the wire. t hus l-or 1 1 1 i 11g the flhrous 1 11:1 1 .  w h i c h  a l >tl CllllS i i tu les :1 
1 c s istancc lo l i l t rat i 1 1 1 1 ,  : id c l ing tu the  1 c sista11cc u l tht' w i 1 c .  ;\s we proceed i n  t i 1nc .  l hc c< 1nq1oncnts in the  wl 1 i tc waler 
dccrc"sc, and it i s  s'1 i d  that the  r etent ion i 11c 1 eases. 

The 1 ctc 1 1 t iu 1 1  a1 1d I l ic l i l l i : 1 t io 1 1  ; 1 1 c  p1 nducctl by the prcss 1 1 1 e  ap11 l i cd 011 1 l ic 11 i 1 c · s s ide_ lt l1as been not iced tha t  I l ic  
11u)rc the 1 l·s i..; l :.111ce incr ca..;cd. \he 1 1 1p 1 c  lhc p1 c�su1c  on lhe wi 1 c ' s  ..;idc had Lo he incr eased S P  that  lhc J i ltration could 
cu11ti11uc to wor k .  up to the p1> int  1 hat the  th ickness ol thc  suspension w<1s nu l l ,  pl1e110111c11011 ca l led the wet l i n e .  

T h e  co1 1 1pone11 ts o f  t he  rll l 1 1 cl 1 i 1 1 ie 1 1 1 1ach inc 1. l nh lc  1 o l l s ,  roi ls .  boxes. etc ) a 1·c "':ctl t o  c1 eatc a dcp1 cssion u n d c 1  the 
wi 1 c lo l ac i l i ta te the d 1 a i 11<1ge : they thc11  coJ 1 t 1 o l thc drainngc 011 thc l'uu 1d 1 i n ie1 1 1wchi 1 1c. 

Let  us 11mv l < 1ok "I'"" the phrn1 1111rn:i c 1 ca l •'d hy the. com1H111cnts wh i •.·h :1 1 c  the ahso1 ( ' t in1 1  arid the w;1tcr t l 1 1 own out 
or the components :111d the l locul n t io11 \\'l11ch depend C)fl the saturation level and the 111·c�sme appl ied , respectively. I f  
l h e  cn1 1 1po11en ts  <1 1 c n o t  sa 1 11 1 a1ct l .  w:1tcr w i l l  he. :1hsnl iwd, and i i  r lw prr.ss1 1rc :1pp l i •'t l  i s  l rn l  h i e h .  w:i 1r 1  w i l l  hr. th i riwn 
c 1u L  1 1 1 m u  c;1sc. w i ! h  ! lw J'1 1 u 1 d r i n ic 1  1n:1ch i 1 1c .  t hc.•;c l wo 1 1 ' 1e 1Hi 1 1 1c 1 1n L'llll be :�c t  w..; i c lc  hcc�u<>c the L:omponc nls  
a1 1 i vi 1 1g on t h e  1·, n 1 1 tl 1 ' i n i er 1 1 1 : ic h i 1 1c a 1c  ah c:1tly s< 1 tu1 atcd, ant i  the 1 • 1 cssurc " l'Pl ictl i.s not  h igh  enou!,!h to change the 
co11ql l 1 1 1c1 1 ts '  vol 1 1 1 1 1c. 011  the othn h:rncl ,  these 1 11·0 phenomena C<lll he ohse1vctl  d u 1 i 1 1),! 1 1 1 c'ss inJ,!  and dryi ng. The 
Jlocu l ;.1 ! i o 1 1 ,  OI l i nes f'ot 1 1 1 i 1 1g  ( [1;H.:k i ll)!: P f  COlllpOlll' l l l S),  j � ;  i l  phCll011 1Cl l0ll VCI )' p 1 C!-'C l l l  dut i l l�  rn t ll la l i <l l l ; <Jill.I j (  i s  due 
lo this phc1 10 1 1 1cnt 111 1hal  n l i hrous m:il 1 ·a11 he· 1 · 1 1 · : i 1 1 •d  

· 1  hesc :UC lhc  l l l l !' I  i l l l ( ll J l i i l l l l  pl tCl l \ l l l lCIHI o l  the rrn 1 1 1a l io 1 1  p 1 m·css C J I' the sheet. Othc1 l l llKllt >\\'11. UI C J f  less 
i 1 11 portancc, phenomena ois l . /\ L'O l l l f1 lc tc 1 1 1 " the 1 1 ia t icnl  1 1 1odcl sho1 1 ld take i n  conside1 atio11 the l'o l lowing : 

the d i s t 1· i 1Ju t ion  of r h "  p u l 11 c·c > 1 1 1pP1 1c 1 1 t:;  in i l l<' s l "'"I "r p:1p•·1 
the q1 1n11 t i ty  of the wh i l e  watc1 r i l tc1  c t l , 

t h e  q u � n t i ty of the  co111 1 H> 1 1enl ;, co11 tni 11cd in 1 l 1 c  ll' h i t c  m1tc1 

the floculat ion ; 
the  pressure nppl icd on l h c  suspc11 s io11 ; 

the t l i 1 ect ion ol. thc  pu l p  co1 1 1pt> 11cn ts : 

the <ll l lUU ll l  or �ach CUll lfltlllClll l'' l l l !ai11cd in the f ih1 t'll" Jllr\l : 

l hc  thnv 1_· !mn1�t� ! i� t ! c  fn-.; idc !he  .._:u�:pcw;t(rn. 
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l u L  a malhc111alical model that would i nc l ude a l l  or those co11siderations would ne very comrlcx lo resol ve . Knowing 
hat there is  no exact theory enabl ing us Lo lake i n  considc1ation all  of these factors, we use flow 111ode.ls i n  po1 ous 
:n v i ron mcnl tu chm aclcrize l he rulp,  add ing lo these mode ls empi r ica l relations based on cxpe1 i menlal 

HCCISUJ ClllCll(S. 

'orous envi ron111cnts 

l'hc del in i t ion given J'or a rorous envin1n111enl is in foe! a synthesis ol' defi n i t i ons J'ound in litc1 a lu1·e 1 3 ,4.5,ci] and is  

1 1 <1s t ly  based on Schciclcgger's book [6 ]  who has done a fair ly crnn plelc study o r  the subject. 

Che notion of fibrous env i ron 1 11enl i s  used in d i l J'e1 enl engineering l ields ; l or example , soil mechanics, petroleum 
1 1d11sl 1 y, ruri rica l ion of waler , and pulp and paper. /I. gcne r n l  defi n ition of  a rorous environment coulc.J be as 
<i l l o w : « i L  is cons idered a porous env ironme n t  an environment composcc.J or  solic.Js and i n  which a l iquid can he 
n j ecied, or extracted if saturated, without c r eat ing any variation in  the total volume of the cnviron111cnl ,, [7 ] . This 
lcri n i l i n n  suggests that the cnvi 1 onmenl is  composed hy solid part ic les with free space , cal led po1 es, in hetwcen 

>articles. These rorcs c;111 he intcrconncclcd or not, hut i n  rea l cases, me general ly inte1 connecled. Figure 2 sl 1ows a 
:ccl ion n l" a r i hrous cnvi 1u nment. the black parts 1 e rresc n l i n g  the sol ids,  and the while pa1 1s rcrr escnl ing the por es. 

Figure 2 Section of a porous environment 

!'he pores do not general ly have the same shape and lo be able lo sludy the motion of the l iquid in a porous 
c n v i 1 011me11l. si 111p l i l'icc.J models o f these en v ironments arc necessary. Such models arc numerous and Sche idegger [ 6 1  
prcscnls a 1 cvicw of 1nosl or  these moc.Jels. Two of  those have proven themselves a n d  arc Lhc cap i l l ary model and the 
pa1 allel  lype model 

Capillnry model 

The rnpil lary 111odcl i s  the simplest one : the porous envi 1 011menl i s  cons idc 1 cd lo have a mu l l i l udc nr cy l i nc.J rical 
capi l l a1 ies who at e  oriented fol lowing the now 1 um•cme nl.  The total volume or lhese cap i l lm ics c.Je.pends on lhc 
Jlllssihlc volume occup ied by a l iquic.J i n  the porous envi 1 onmcnl (the total  volume nol occupied by sol ic.Js). These 

pores can be nf same radiuses (average radius) or or d i lTercnl racl iuses (radius d istrihul inn). This model  supposes 

that the prnes do 1101 i nlcrconnecl and I ha! they go 1'1 om one face lo another. Figure 3 p1 escnts a rorous envi1onmcnl 

with cy l indrical cap i l l a r ies of avcrnge rnuiuses. Though s imp le , this model works wel l  with mathematical 
rnlculalions anc.J g i ves good !low arp1 o x i mations in  porous envir onments. This 111oc.Jel is the most used i n  the Pulp 
and l'apc1· l n<iuslry. 

The parallel type moclel 

111m:s 

sens de l'ecoulemenl Figure 3 Cnpilla1·y model 

These models 1 cfc1 lo  l hc capi l l a 1 y  1nodel hut with pores or d i l fe 1enl  radiuses all along lhc pore. For t his, a rad ius  
d ist1  i hut iun i :-1  useU .  

Darcy's Ln11· 
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Prediction of the pu l r ' s behavior under vacuum cond i t ions 1 csidcs in the rr ed ict ion or the quant i ty of fi l tered pulr 
under spec i fic app l ied rressure. I I  is,  in fact, a prob lem w i th water filtration that  sh11 ted , in  1 85 6, while he was 
study ing the publ ic fountains in D ij on , the stud ies of Da1 cy concern ing llu id mechanics 1 8 ] . He has established 
empi r ica l l y that the llow or a llu id in a porous environment is prnportiona l to the p1 essu re ' s grad ient (or hyd1 oslat ic 

grnd ienl) applied on a cross section of the llo\\ and inversely proportional to the lluid's viscosity. M athematically 

speak ing , Darcy ' s Law can be presented as follows : 

. k op. 111, = -µ& 
Th i s  law can on ly be used with respect lo the fo l lowi ng assumptions : 

fl u i d  is considered homogeneous ; 

there is no chemica l reaction between the fl u id and the porous env ironmen t ; 

permeabi l i ty depends neither on the temperature nor the pressure of the lluid ; 
flow is cons idered l am i nar. 

Permeability 

( I )  

The chosen model fo1 lhe rulp i s  the capi l l a1 y model. T r  l he morlel 1 1ses HVr.rnee rnrl i 1"r� fnr the rore>, the now 
l(i l l ows cyl i ndr ica l tubes of same radiuscs. The study of such llow i s  nar rowed to 1hc study or parallel llow of an 
i ncompressi bl e  viscous ll uid in a cyli ndrical tube. To obtain a solution, the fol low ing considerations have to be 
aprlied : 

the use of Na v i er-Stokes equations rrn an i11cu111p1 cssiblc viscous' lluid ; 

rad ial a nd tan gen ti al srecds in the tuhe arc nul l  ; 

llow is parallel to the tube sides ; 

now is asym metrical and stat ionary . 
Us ing the Kozeny-Carme n equati on [9 ] ,  Davis ( I O I  es tab l ished a new form of permeabi l i ty dctem1incd from tests 
done on a sheet of paper absorb i ng air. This equat ion can be wr i llcn as follows : 

I k = (2) 
k1s2(1 - t:)'-1 [1 + ki{l - t:)"' ] 

Tl 1 i s  last cqumlon Is the one used lor  pred icting the drai nage on the Fourdrin ier machine. To comp lete a drainage 
model on the Fourdrinier mach i ne, other variables have to be added to this equation that would take in cons iderat ion 
other phenomena. 

Retention of components 
In al l  fi lll at iou processes across a wire, the quantity ol components retained depends on their orientation when 
arriving on the wire and on the i r  size versus the openings of the wire . In our case, al l hc hr.gi n n i n g  of the dra inage 
stage. (at the output ol l hc m i ry box). the quantity of comronents go i ng through the wire is very high, but as we 

trave l further up the rrocess. the more components are retained by the wi re thus creat i ng layers of fibrous material ; 
the resistance to fi l tration i ncreases and the quantity of components going through the wire decreases. Only a few 
theoret ical studies were con ducted on the reten t ion phenomenon ; in fact, all the equati ons describ ing such 
phenomenon are empirical. 
The l'c ten ti on equation [3] was verified using 1 epet i t i vcly ex perimen tal measurements. and was found to be a good 
apprnximation of this phenomenon . 

The rrrnc:cntrntion or t he white water in function of the ini tial retention of components ovc1 the d1ai 1 1agc 111occss can 
be wrilten as fol lows 1 661 : 

r,. = (c. )0( 1 - rx0 )c�11 (J) 
This last eq uat i on g i ves a re lat i on between the rnncc n l ra tinn o l  the white wnlcr and the bas i s  weigh! ( tota l mass or the 
components i n  the l" i b1 ous mat pc1 squ:n c mete> ) The i n i t i a l 1 ctentio11 rcp1csents the prohah i l i ty or 1 ctcn t ion of' the 
ct>mp1111c11ts. This p1 ohahil i ty depends on th!' fll ic.ntation r1f !he componc11ts arri ving on the wire nnd on their si1.c 
'.'cr�:u::; lhc :-c�i��tnrn:c of the \\"i i·c (npei·. i ngs ui i l ie w i l l; j ; il i l! cxponemial term rcprescnls lhe 1'csis lanc.:e ol lhc ll hrous 
mat to li l trati on.  
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impressibility of the fihrnns mat 
the layer s of the fibrous nrnt hegin to sci down on the wire, they sustain the hydrodynamic forces of the load they 

-1 y and the pressu1 e g1 adicnt effec t  applied through the mat  (applied pressure under the wire). Those two forces 
ve a d i r ect  impac t 011 the compression of the fih 1  ous mal, The components change 01 ienlation as they set down and 
: inner spaces bet ween the componen ts decrease. Thuse cornponents continue lo travel in the fibrous mat unt i l  they 
1b i l ize. In the m tides found on this subject [ 2 [  [ 3 [ .  the authur s speak more or a l ihrous mal dcfo1nrnlion than a 
orous mat compr essibi l i ty .  

I 
:glecting the effect of the applied pressure on the suspension, lng1nanson [ 1 3 ]  proposed an empirical relation 
tween the l i brnus ni:ll crrncentrnlion and the pressure across the mat ; this re lation was written as fol lows : 

c,,, = l'mo + k3p�, (4) 
1 e  emp irica l constants have heen ident i fied for several kind of' pulp [ 1 4 ] .  This relation wns ver i l iecl several l imes, 
comparison with the experi mental mcasu1 c111cnts, and, each time, its va l id i ty was confirmed. 
athcnmtical model of the pulp for the balance method 
ilil now, we have seen all the physical relat ions 1 u l i ng the drai nage on the wi 1c. We w i l l  now def 'i ne a model of the 
t ip  us i n g  a balance method. 

1e mass balance over a contro l volume i n  the pulp w i l l  pc1 mil us lo l ink  all these equations together lo dcte1 mine the 
lues o f  the variables of the pulp. The conl1ol vol ume chosen for this purpose has a base ol" dx in length lo l lowing 

c movement of t h e  f'ourclrinicr machine a n d  a he ight  dz fol l owing t h e  height or the  pulp  (figure 4). 
Volume de  contr61e 

�paisseur de la pale 

Figure 4 Control volume in the pulp 

he mode l or t he pulp is  dc! incd considering the follow ing assumpt ions : 
c pu l p ' s  rate in the z d i 1 cction is established the water's 1 ale with the non deposi t  components ; this rnte is the 
hitc water's r ate ; 

the1 c is no rcdisl1 i hut ion tlf the rihrous mat ; once the components have set down 011 lhe surface of Lhe wire, they 
w i l l  change pos i t ion only because ol the dcfonnalion ; 
the flow is lami nar, ve1 i i'ied hy C11 111an [9 J ,  who has calculated the Reynolds number, wh ich lrnd lo be under 2 · 

. u ( Rayno lds number 1s - 2 ftS 
the P' "P' ietics ol' the pul p  arc uniform with the length of the Fourdrinicr machine. 

z 

mpf><,z/ 

'iJ:ofxzJ 

I I zllz x I x1Jx 
Ofo/XZ'if Z/ 

t�/A'l!J(.q 

Figure 5 Control volume with inputs and outputs 

\.' i th  th is ,·on !rol  volu 1nc, a stat ic mass balance is done and wr it ten as follows : 

1i1,.J 1 ,  ;:)«5x " 1 i 11, ( ' . J,5,, -- 1i1,.li( r, z + ,�<)& - 1i11, (  \ "  ck z.)& = 0 
I d.r and d: --> 0, t l 1c mass 1 a1e then hccnmes : 
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But ,  lJal"cy's Law says !hat : 

��'", (x, z) J1i11,( r , z) 
-;;:- = ---()-\ -

. k r)p 111,.J, = -µ Ck 
Replacing the w h i le wale1 1 nlc in the mass rate with the expr ess ion of Darcy's Law, we obtain : 

I () (A r7p(r� ;:n _ rJ1i1"(x,z) == 0 p Ck Ck ) ar 

(7) 

(8) 

(9) 

W i l h  1 h e  use or lhc ru lp  dcfonnal ion's  cqua1ion (equation 3) ,  we obtain the r e lat ion between the pulp's mass in a 
conl 1  <>I volu111e and the pressu re . If we transform this eq ua l ion to cxrress the pressur'e as a fu nction of de pu lp 's 
mass, then derive it wilh 1 cspect to z, we obtain : 

(J1, _ k_�11" ( .  ( 
) -

. 

)

1
�� r71i1)x.z) r,� - /1 m1, x, z mJ ;)z 

Th is last eq uat ion is the mass equation. 

( 1 0) 

Let us now take equation ( 8 )  lo estab l ish an equation for rressure. Using !he compr essi b i l i ty equation (3 ou 4),  we 
cnn w1 I le  : 

r71i1lr. z) - a(k ,11" (x.z)) 
rJr - rh 

Rep lacing the varial ion o f  the pulp's  rate i n  equation (8), we obtain : 

.!_�( k r7p(x.z)J _ 0'l(k,p" (x, z)) == 0 1r Jz l  rk ) Jr 
Th i s  last  eq ual ion is Lhe pressu r e  eq ua t ion . 

( 1 1 )  

( I ? )  

Tr) b e  able l o  create, a n d  then rc�w l ve, lhc .�ystem, w e  l 1avc  l<> establish the hounuary condi t ions.  · 1  h e  ur'a 1 nage 
pr m:css b1 ings with i t  lhc formation oi' a fibrous mal . We then have another variable which is the thickness o r  the 
ribrous 1 1rnl, noted as L(x ,7.). The basis weight of the f i hrous nml wou ld then be the lolal 1 11ass found in l his thickness 
per �ceond T t ' �; c..:p.1,·l t iuu i."I i"L;.'\1..:11leJ as fulluw:·; ; 

) J l.(x,,) ( ) /J( < - 0 1i11, ,l,Z i/z ( 1 3 )  
J)cl"i n i n g  the total he igh t o f  the pulp as lr(x), 1he varintion f"ol lnwing the x axis would equal Lhc q uan t i ty o f  the while 
water gett ing <>ul u f  the pulr,  for z = 0. Th i.' relation would I hen he : 

jJI'.!_!.)_ - ,;, I' ( 0, x) 
rh 1�1,1 

To m a i n t a i n  a con t i n u ity between the fibrous mat and the suspension, we have lo note l l rnl : 

( 1 4) 

1i11,( . , , L) = iir, ( 1 5) 
Another boundai y conuil ion is gi ven by the retention relation (cq. 2). To he ahle to sat isfy this 1 e lat ion.  the whi le 
waler rail:' on the wire has to equal the rate of the Jlhrous mat less Lhe total quant i ty of the conrponcnls retained. This 
r el at ion is given hy : 

1i1,h (.1,0) = 1irc1,(x. L)(! - et)efl0 ( I  (1 ) 
Those last two equations consist  on the boumlary cond i t i on s  Iha! w i l l  later sc1 vc lo r esol ve the 111ass eq ual ion ( ). 
As l'or the pressur e, we cons i der i t lo he nul l  al the surface of lhc fibrous 111al al a l l  pninls or the f'ourdri n ic1· 1 11 : ic h i nc 
nnd that the pressure applied on the wire is equal lo the pressure <lppliccl by the ele111en!s of 1 h e  Fou 1 u 1  i n ic r  machine.  
The applied pressme is given hy the 111alhc111alical moucls ol  the fourclr inicr mnch i n c  clements. Those lwll  boundar y 
condi t ions  m e  given as : 

p(.r. L) = ri ,  ,,(x,o) == !')xi ( 1 7 ) 
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:onsideri ng lhe case or a real pulp. lhese lwo equations (mass and pressure equations) keep lheir giver. form bul 
ertain variables have to be replaced by equivalent variahlcs, which arc : 

permcahi l i ly is replaced by lhe equivalent permeabi l i ty k [7]  ; 

pulp's rate is the sum or each of the component's rates in the pulp plus lhe water's rnle : 
N 

1i11, (x . z) = I,1ii1,, (x ,z) ( 1 8 )  
i=O 

vhile waler's rnlc is lhe sum or  each of the componcnls rates plus the white water's rate : 
N 

1i1,.,, (x, z) = L 1i1,.,,, x, z ( 1 9) 
;:�o 

'or the mass, the houndary conditions are given as : 
N 

1i1_,, (x.O) = L, 1i1,.,,1 (x, L)(1 - a; }el1• "( . J (20) 
i=O 

1i1 '" (x, L) = 1i1.,, (2 1 l 

N N Ln\,, ( r. L) =  L, 1i1,., (22) 
i-::0 i�O 

ro complc le the pulp's 1 11odcl, we give the consistence ror the suspension, the fibrous mat and the while water , 
·especlivcly as : 

,;,So 
c.f :: N  ---L, 1i1s 

i=O 

c,,, (x,z) = iii,.,,,, (x.z) 
N 

Lih,.,,, (x, z) 
•=I  

.vhere index i = 0 indicates the l iquid phase (water) and index i = 1,2, . .  . ,N indicates the other components. 
l'1 1c general model for the pu lp under lhe drai nage effect is  summarize in lhe fo l lowi ng table. 

Mass and pressure equations: 

Boundary condi t ions: 

Variables to be calculated: 

!_}_( b-1/M ( . ( ) • ) /�1' 0Jit1,(x, z) ) r71it/t, i) "- k  m1, x, z - m, "- - ., µ �  II . � m !_}_(k Jp(x,z))- J(bp"(x,z)) 
= 0 µ Ck  · Jz Jx 

p(x, L) = O  p(x,0 ) =  pJx) 
N 

1i1,,, (x,O) = I, 1i1, (x, L)(J - a)efl,B(x) 
i=O I 

1h1,f (x, L) = 1i1.1.1 
N N 

L1i11" (x. L) = I,,;,"; 
i=O i=O 

J/i(x) 1i1,,,(o,x) 
-g;- = -r;:;1 f L(x.z) ) B(x) = 0 1i1,, (x,z dz 
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• ( . _ _ 1 i 11,,, (o.x) 
l.,,, .\, ,.) - -N-'-"--

I,1i11,, (x,z) 
i=J 

. ( . ) - ,;,"''11x, z 
<d1 .\ , l - N 

I, 1i1,1., (x, z) 
i=I  

1111,1 (x,z.) � 111_1.1 (1 + h,.p11 ) 
b, = 1 [1 - (1 - a)eP•11 ] 

r = ti 
k.1 

I,c,, [l - (1 - a)eP,n ] 
i=I 

z �L 

In the abovemenlionned model ,  the var iables lo be calculaled are gi ven from !he resolution of the rnouel. For the 
boundary l i mi ts ,  only !he pressure applied under !he wire has to be calculaled and is given by the mathematical moue! 
or each clement of the Fourclrinier machine publ ished in earlier researches [ I ,2]. 

The resolution of this rnodcl is described in  the following algorithm : 

Figure 6 
Validation 

Start si 1 1 1ulation 

lupuf 11l u111rnl da!a 

f'nl1·11l11tinn of initial 
conditions 

c�lculnlion ol lhc 
cocfficicnls for lln� 

11mss anti ll1c pressme 
equation!' 

Resolution of lhc mnss 
nncJ the pressure 

eqirntions for the height 
of the pulp 

C:ilcu/alion of lhe new 
rrnprif'tif''\ of 1 1 11: pulp 
f10111 the results of lhc 
equaliuns resolution 

Algorithm for the pulp's model in a control rnlume 

The mathemalicnl nrrnlP-1 dcvelopccl is  very complex and can be used lo !:imulnte the behavior of !he pulp on a 
Fuu itJiin iei il1a..:.hinc. Tu lie able iu vaiiUme the modei, we need Lo combine with the pressur e model lhe d i l l'crcnt 

clements o f  the Fourdrinicr machine [ 1 ,2 ] .  We present a validation of the table rolls [2]  combined with the model of 



1e pulp by cornrar ing the 1 csul ls  obtained with those publ ished in earlier works [IJ] . We have calculated lhe whi te 
'aler rate, i ts consistence, and its grnnulomelry : the resul ts obtained presented an ct ror less than 5%.  
h present here some results or a simulation as an e ffect or lite water's rate i n  t h e  p u l p .  for t h i s  test, w c  used a 
ourdrinier mac h i ne wi th  39 table rol ls  combined with lite pulp's model. The ex pet imental measurements ror the 
onfiguralion is g i ven by lngmanson [ 1 3 ] .  

"he figures presented here use lhe ro l lowing abbreviat ions : 
:M : fibrous mat concenlrntion 
:EB : 
'F :  
:r : 

w h i te water concentration 
total pulp i n  the f ibrous mat 
co1nponents i n  the fibrous mal 
white water '8 : 

·11e water 's  rate in lhe pulp , measured at lite functioning point or this configuration , is 72.7 [kg/s j .  Fur this test, 3 
i lTercnt results for the slalic solution of the model arc presented in following 6 and 7 figures. The water's rates i n  
l C  pulp are 1 09. 1 7  [kg/s], represented with 2-hyphens series « -- » ,  72.78 [kg/s) represented a s  series o f  d o t s  and 
yphcns « -• », and 36. 39 [kg/s] represented as set ies of hyphens « - ». We note that an increase of lhc water' s  rate in 
le pulp decreases the fibrous mat concentration, i ncreases the white waler concenlrnl ion,  i ncreases the components 
ate in the white waler thus decreasing lhe components rale i n  the fibrous mat. 

}cncral ly ,  the i ncrease of the water's rate in the pulp causes a bi gger loss of components. !ls decrease thus increases 
he pulp 's  concentration along the Fout dr inier machine, preventing the drainage. The choice of the functioning point  
, f  one configuration l ies on a compromise between the white water's rate and the components rates . 
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Conclusion 
In this paper. we have presented one part oi"  the Fou 1 d 1  i n ier mach ine's modelizalion in the pulp and paper nwd1ine. 
which i s  the nwdcl iznt ion of the lr:insformal ion sus1ai11e<l by ihe pulp along the Fourdrinier machine (drainage) 
Th is model. trncc co m b i ned with the second part of ihc modclizalion which is the action of the d i fferent element: 
cncotn1 l c 1 cd 011 the Fm11 drinir1  machine thus prnvoking the drainage, was used lo simulate ihe behavior of the pul1 
011 the Fourdrinier machine. 

Thi' nH)d"! is '-' "� lhal permits us lo predict the p: i lp's  chnrnrlr.rislics during dr ainage. IL also pc1 111ils u' to p1 cuic 
!he pulp's composi t ion dtn·ing the d i!Tcrcnl stages of the making of a sheet of paper. And that is  how we prcdiclcc 
the quant i ty or co111poncn1s i n  al l  the layers of the pulp, 1hc motions of the components i n s ide he pulp, and the part o 
those cornpulll:n l s  lost in the w h i te water 
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N u merical Study of the N a t u ra l  Convection 
in a Cavity with U n d ulated Wall 

L.Adj lout , A .Azzi, 0.J m i n c  & M . Bclkadi 
l 11s t it11 t  de Gen ie M a rit ime 

USTO B P  1 505 Oran Ell\lnaouer 
A LG ERI E 

Abstract 

In the present paper, a numerical study of a natural convection in a differential heated cavity with 
an undulated wal l was carried out, The partial differential governing equations used are the 
vorticity transport, heat transfer and stream function. These equations are treated in a curvi l inear 
co-ordinates. The Navier-Stokes equations are discretised in the present system by finite 
difference i mplicit scheme. The tests were performed for different flow and geometrical 
configurations. Different Rayleigh number and full, double and triple undulated walls were 
investigated. The results show that the fluid structure was monocellular the same trend for the  
Nusselt number distribution f6r all the configurat ion up to Rayleigh number of2 . 1 05 

a thermal di1Tusi1·ity : 

g gr:ll"itational acceleration: 

J Jacobean of the transformation: 

I width of the ca\'ity: 

L height of the ca1·ity: 

LfF = l <f11 f)I;, - tr(, Fl11 ll J. operator : 

Nu Nusscll number: 

p pressure: 

Pr Prandtl number: 

T temperature: 

ti.\' velocity componenls 011 x and ' :  

u \'elocit�· ' ector: 

x.y Co-ordinates: 

N O M E N CLATURE 
Greek Sy'mbols 

Ji thermal di latation cocll ic1cn1 

P = xi;, x11 + YI;, )  11 . transformation factor : 

a = x q x q + ! ll ' ll :  
y = x � x l;, + ! l;, ! I;, :  
I; .  11 co-ordinates of ! he transformed domain : 

v k inematic ' iscosil� : 

p density: 

111 s l rc:11n function . 

(!) \ 'O rl ici l� : 

'V operator nabla: 

V' operator Laplace: 

V' "' [al'.;.; - 2 1 {Jc'.'.;,, + yc',1,1 + .J' (PG',1 + (Jc'.;)] ! . t 2 ; 

i11diccs 

:\.� .l;. 11 . t  
".  r 

dcri 1 m i 1  e rclati1 c lo x.y .�. 11 cl l: 
hot 11 a l l  and cold 11 al l  



l .  Jn trodliction 

The heat transfer of a natural convection in a closed cavity i s  a problem encountered i n  t h e  
technological appl ications such as t h e  solar col lector, t h e  green house vent i lat ion and the energy 
storage reservoi r  
Several works relative to t h i s  p roblem have been carried out these last three decades essential ly t o  
understand a n d  predict t h e  behaviou r of the confined llow. I n  the pred iction domain,  a big 
progress has been made The i nvest igat ions of Vones( I ), Mal l ison and De Vahl Davis(2), De Vahl 
Davis(3 )  and Sa i toh and Hirose (4) arc l yrical  examrlcs of such elTnrt 
In th is  paper, a nu merical study of t he natural convection in  a clC'sed cavity with an undulated wall 
i s  presented. The numerical scheme employed in the calculation allows a fairly good results to be 
obtained at least for the high values of Rayleigh nu mber. Three geometrical configurations of 
undulated wall are chosen for this study with a constant amplitude. A length t o  depth ratio is also 
conserved for a l !  the cavi t ies and is equal  to t hree. 

2. Theoretical analysis 

The configurat ion of a vi scous i ncompressible fluid, i nside a rectangular cavity with an 
u ndulated wall  and the temperature distribution cou l d  be determined by solving the Navier-Stokes 
and the energy equations. 

v (! = 0  

v P , ( P I l l, + (U v )u  = - -·- + l' V {! + g l  -- - I J l)1 1 . Pr1 � 

1; + (U v) f'= a'V 2  r 

( I )  

(2 )  

(J) 

B y  i ntroducing the l inear relat ionshi p between densi ty and tem perature, named Boussinesq 
approximation expressed as fol lows:  

P =p,, [ 1 -(J (r - 1;,)j (-t) 

and taking into account t he foct that the flow i s  considered b i cl i rn�nsionaL new variables; stream 
function and vort icity are obtained 

IJ = V x lf' 
D = V x U  

(:i )  
(6)  

The obtai ned t ransformat ions s impl i fies the pressure term The fu ndamental equations are now 
written under their new form. 

rv = - V 2 VJ  

cu , + V ((u ( ! ) =  v �1 � cu + K /j 1\. 
1; +(U .V) J ' co a\7 2 T  

( 7 )  
, o ,  \ U I  

(9 )  



Hence, introducing the following non-dimensior1;!d variables. 

(x ,;')° =(x ,y) I !, 
(11 , 1 ')' = (11 , 1 ·) / / a, 

8 ={T- T0 )/(T" -Tr ) ,  w ith T., = (T"+ T1)/ 2. 

Pr = v/a ,  

Ra =ftg !'( T;, - 0 ) ! (a 1} 

[he equations o f  t h e  problem are now expr essed as follows: 

m, + V' . ( m U) = Pr '\7 2 rv + Ra Pr 0, 
(V = - '\7 2 1/I 
81 + Y' . (Olf )='\720 

[ h e  study i s  completed w i t h  t h e  definit ion of t h e  following boundary conditions . 
. ·: 

0 = - 0, 5 ;  // = 1' = 0  on cast 11:111 

0 - 0,5 ; II '.::: I ' =  0 on ll'CSI \\ a l l  

on = 0 ;  11 = \1 = 0  on norl h and soulh \l a l l s  

3.  Numerical proced u re 

( I O l  

( I I ) 

( J 2 )  
( 1 3 )  

( l � l  

The grid generation calculation is  based on the curvi l inear co-ord inate system appl ied t o  lluid 
llow as described by Thompson et al. ( 5 ) .  The problem is  now descr ibed i n  terms of new 
variables: 

l,'' w = Pr V � rv + /?a Pr /;' O, ( 1 5 )  
v'Tf = - rv. 

/,'' 0 = v2e, 

where the operators L'i'ro , U 8 and V 2  are defined in the nomenclature, 
and t he fol lowing boundary conditions 

- . - . ,/, - - �- - - .!!__ .; - 0 .  l/f - 0, 'I' - 0,. , (V - , I// '" .1 - " 
a � - 1 · 111 - o· ,,, - o �- rv = - -- 111 s - y - ' Y' - .- , .! 2 Y' �� , 

1/ = 0' II/ = o· ,A = Q· (V = - ..!_ II/ ·r , V' 11 , ,/ :! y· ,,,, , 

y 17 = I : l/f = O; </> ,, = O; rv = - 7 111 ,1,1 , 

(1 6) 
( 1 7) 

( 1 8) 



3. 1 N u m erical resolution 

The physical flow domain is discretised by a finite difference method. The resolution of the 
equation system is performed by an implicit method with an alternate difference implicit ( ADI) 
scheme, and the grid is fine near t he walls (3 1 x3 1 )  function of the Raleigh number and the wal l 
deformation. Under relaxation factors were necessary in order to converge the vorticity equation. 

4. Results and d iscussion 

The curves presented i n  this paper are the first results of an important research program which 
started two years ago. The figure( ! . )  represents the streamlines in the closed cavity at Rayleigh 
number of I 05 . It is noticed that the flow is monocellular for all the investigated geometrical 
configurations. This last finding is val id for Rayleigh number up to I 06 .  Despite the new 
geometrical configurations, th is  result is the same found by Saitoh and Hirose(4) in a closed 
cavity. It can clearly be seen that no separation occurs near the undulated wall as shown by 
figures(2 .)  (3 ) and (4. ) . 
Figures(S ) and (6.) show respectively the temperature distribu tion for the case of one undulation 
and three undulations, for a Rayleigh number of 1 04• For both distribut ions and near the straight 
wal l ,  the temperature gradient seems to be perpendicular to this wall in most part of this region. 
However at about 95% of its height, this temperature gradient starts to decrease. Inside the 
cavity, the space between the temperature contours is enlarged and hence a decrease in the 
temperature gradient. 
The Nusselt number d istribution on the straight \ ;all for different configu rations and f'i.1r d ifferent 
Rayleigh number is presented in figure(7. ) . The same trend for all the curves is observed 
However, i t  seems that the configuration with one untlulation has the highest values of Nussel t 
number. Those distributions are presented for Rayleigh number up to 2. 1 05 due to the divergence 
of the calculation for most of the configu r at ions. While, for one undulation the calculation was 
possible until Rayleigh number of 2 .  I 06 and is shown in figure(8. ) .  The distribution seems to have 
a parabol ic trend. 

5. Conclusion 

The conclusions t o  be drawn from this first part of the study of natural convection heat transfer 
in  a closed cavity with undulated wall are that: 
- the fluid strncture is monocellular for all the investigated geometrical configurations up to 
Rayleigh number of 2 .  I o' and I 06 for the configuration with one undulation, 
- the calculation for all the configuration diverge for a Rayleigh number of 2. 1 05 except for the 
one with one undulation, 
- the Nusselt number distribution seems to have the same trend and almost the same values for all 
the configurations. 
All these results should be confirmed by carrying out some experiments for al l t he configurations 
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Solar  Thermal  Energy,  State of Art Tech nology and 
Appl ication in  EU cou ntries 

by Panos Lamaris President of E S I F  
E . S . l . F  1 9  G , PAPANDREOU STR. 1 44 5 2  METAMORFOS I S ,  ATH ENS, GREECE, 

:=. S I F ,  t h e  E uropean S o l a r  Industry Federation was founded in  January 1 992 a n d  is a 
ionprofitable organization. The Federation consi sts of 20 members. 

Brief Background 

There are two types of collectors produced : the flat p l ate col lector and the vacuum 
tube col lector. These col lectors are u sed in thermosiphon units systems or forced 
circu lation systems. The thermosiphon units are. mainly insta l l ed in  Greece while the 
majority of the remaining EU countries instal l  flat plate or vacuum tube col lectors in 
forced circu l ation systems. At the moment there are no common standards for solar 
systems and components in  the community. However E S I F  applied to the 
standardization authority of the Union which is C E N  with a request for common 
standards and the procedure is almost com pleted. We bel ieve that in about one year 
we wi l l  have E u ropean standards for solar systems and components. 

Commercial appl ication of solar thermal energy equipment in the European Union 
began in  1 97 4 ,  r ight after the first energy cris is .  B y  1 980 annual sales of solar 
collectors had reached 300, 000 M2 . Dur ing the next 1 0 years, solar energy developed 
considerably in Europe. Factors influencing this development were the price of oil and 
incentives which were establ i shed in many countries.  By the end of 1 996 5 m i l l ion M2 
of solar col l ectors had been insta l led in  the European Union. 

In 1 996, E S I F  within the framework of the AL T E N E R  P ROGRAM of the European 
Commission completed the study " S U N  IN ACT I O N " .  The Solar Thermal Market, A 
Strategi c  P l a n  for Action in Europe. This 400 page study reports on the solar thermal  
markets in a l l  the E uropean Union countries as wel l  as in 30 more countries around the 
world where solar thermal activit ies have been noted. 

For the real ization of such a monumental study many of E S  I F's members and experts 
from the 300 E uropean industries with over 1 0, 000 employees which comprise E S I F  
worked extensively. Furthermore E S I F  h a d  the assistance of several consultants from 
the European Union.  
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Below is a brief r e port on the main conclusions. 

World p;oduction of solar col lectors in 1 9 95 wa.,;, 1 . 3 mill ion squarn meters solar collectors. 
Of these, 0 . 5  mi l l ion i.e 4 0 % ,  were manufactured in the European U n ion which naturally 
eme�ged as the leading force. 

The estimated park of solar collectors in the principal world ma rkets can be seen in 
F igure 2 h .  The development of the mediterr anean countries is q uite obvious.  They 
include European mediterra nean countries with 8.5 mil l ion rn2 installed whereas the 
E u ropean U nion countries alone have 4 million m2 (data of 1 994) solar collectors i nstalled th 
sl ightly fal l ing behind the U SA a nd Japan. 

F ig ure 2g gives the total solar collector area installed in the.E U per country. This figure clear) 
shows that out of the 4 mil l ion m2 ( 1 994) in working order the leader is Greece with 
2 million m2 However if we compare the instal led m2 per capita with 2 cou ntries outside 
the E U ,  i.e Cyprus and Israel we can see the potential for further growth even in  Greece 
(figure 2 ) .  Cyprus comes first followed by Israel. The contribution of solar energy to the 
total energy dernanr.J of Cyprus is 6 % .  This is a very sig 1 1 i ficant percentage. 

I n  Europe Austria is no. 1 in sales per capita followed hy Greece but bol h countries sti l l  fall far 
behind the world leaders I srael and Cyprus. 

The development of sales from ·1 9bu 111 t11e Eu was rapid. S 1 11ce · 1  \::!8\::J there 1s a steady 
increase with a round 20% per year. All the indications a re that this trend will continue at 
a rapid pace since measures a re being taken all over the EU for the promotion of solar 
systems. 

Fortunately the G reek market rema ins steady at the levels of 1 994 without further decreasin!; 
in  1 996 there was a 6% increase. F igures 2d & 2e show the n a tional  market shares of solar 
collector production in  1 98 0  and 1 994.  In Figure 2e Greece has 30% of the production in the 
E U .  It  is  quite obvious that Greece exports la1 ge qua ntities to other Europea n U nion countrie: 
mainly Germany and Austria. Greece's share of 52% in 1 9 87 was q uite imp1 essive. 

The European Solar I ndustry represented by E S I F  is trying to develop the markets in  all 
of Europe and the Mediterra nea n .  The Europea n Commission has been very supportive to 
these efforts and has financial ly supported proqrarns. Tt1e Euro pean P a rl iament has a lso beE 
morally supportive up to now. The Energy Commission of the EP is in close collaboration wit! 
E S I F  and lobbies the EU for larger allocation of funds to renewable energy sources. 
F u rihermore the Commissioner of Energy Christos Papoutsis is an avid su pporter of 
renewable energy a nd has been trying to influence the Commission for stronger involvement. 
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)rtunately despite all  the assistance and support from European organizations the national 
:irnments do not respond with the same attitude. 

F's activities are focused on the following main objectives : 

'UBLIC AWA R E N E SS : efforts for large scale pan-european campaigns in all  the news 
nedia (tv, radio, newspapers etc). This is the only way to reach the end user and 
m% of this target is the average european household. 

: INANC IAL I N C EN TIVES : efforts are being made for grants, tax credits and loans 
1hich will counterbalance the cost of conventional energy sources and thus make 
olar energy more competitive . 

. EGAL M EASU RES : attempts are being made to amend laws and building regulations 
vhich would encourage the use of solar systems on buildings and make them obligatory 
1t least on public buildings. 

�EM OVAL OF NATIONAL PROTECTIONISM : extensive efforts are being made for the 
emoval of national protectionist legislation that some E U  countries il legally have which 
1inder free trade and healthy competition. 

IF's studies show that the average European country can save 6% of the total energy 
nand by using solar water heaters (eg Cyprus) and a further 8% by using solar systems 
space heating. That is 1 4% which corresponds to 40% of the domestic energy 
1sumption. 
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F igure 2 h. Estimated p;11J1 of .�ol a r  coll e,�tors in the principal world mark ets.  
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A UTHORS JN DEX 

llOl /i\LL/\01 JE M. S. 880 1130\ J])[ s. 1 63 llOUBEKRl M 427 
IDELB/\KI /\ 592 . 586 BO\JCHEKlMA B. 843 1011131 K. 353 BOUOlN/\ /\. 629 
IOIJRIDA ll. 3 I I  BOUKEZZl Y 497 
:l lARI> li. 4 97 llOUKR/\NI K. 7J7 
llll  K 655 BOULE I'. 625 
lDlNGTON M 44 1 llOlJNIF A. 1 40 
lEl ./\ Rl l L. 87.1 BOURAS O. 633. 6.17 
lJLOUT L. 925 BOYER f l. R73 

lHlli\LOl/ F. 207. 867 BOZZETTI M 78 1 
;ouzouL M 237 BRUN R. 58 
m.J\W/\L K.N. I J4 HlJ[)IN R. 1 4 5. 1 54 ,  1 59 

IMED MlJST/\fi\ 672 c 
:l!AV/\N M A  1 34 Ci\LC/\C>NI B 8 9 1  
. Sl!EMMERI T. 249 CAMILLE BOURAS 672 
.EM7.ADE! I I. (180 Ci\MP/\NELL/\ L. 743 
.!DINI\ E 1'1.1 

CAPPELLI l.l'OR/\ZIO 822 
.KASS S 4r,5 C/\RLIER C 737 
.l.ARl l F  5 5 1 C/\Rl .IER P. fill I 
"1/\1 IMID A 34 1 CAR USO <J. 837 
"11NE /\ 1 8 1  CERISJER l'. 275, 299 
"1JAD S 592 CESlNl G. 368. 580 
'11\0NOSTOPOlJLOS J.S 685 C l l/\FI M. 2 1 9  Wl'.R r E  (1,l'l Cl l/\RF'ITE A 2 1 NJ\]) M M. 2X Cl l/\Rl/\ M 207, 698 NBJ l lazim 47 1 , 484 CH/\USSA VOINE C. 649 '.7.1 A 925 CHA VEPEYER G. 3 8 1 .  387 

Cl lEMAT Z. 637 
\i\LIOUAMER A. 629 CHENlER E. 263 

'I.DANO E. 58ll Cll!A Tri G. 897 
\EK IL-I I .  9 1 Cl lMAISSEM W. 2 8 1  
'l.R/\KAT S 4 3 3 C l lO I S  545 
'\RlllERI D. 5 I l l CIJOJ lk S 9 1  

'\RNES R. 249 Cl lOI S 11. 9 1  
'\RTOLI C 522, 528 Cl lO\ l!Kl l R. 362 
'\TOl Jl. /\. 261 C l lU M .C. 545 
'LA l l ll /\ 1 8 1  CIAMPI M. 522, 528 "LOI ll rt l  /\. .162 CIANFRINI P. 822 

'".KAili M. 925 CLA\JDET B. 737 
'LLA l l MA R  K 293 COLOl'JCCHION! C. 74 3 

i'LUlJ/\lilJ/\DIA N 58 CORCJONE M. 822 

l'NAI S 633 CORTELL/\ G 368 
l'N()Ol I /\. 1 1 0 CUCINELLA M 580 
ENET J c. 1 4 8  D 
ENET S 737 D/\<JUENET M. 2R l , 193, J9� 405. 855 
l'.NF/\R"S K (137 DAHC l lOUR /\. 676 
ENH/\MOU B 1 5  l lAl!LSVEEN T 562 
ENSL/\FA N. 1 94 Il/\l/BY P.C. 269 
ENl/\Olll /\ 806 DE PR/\T I'! G M. 897 
ER<Wl.ES O.C. 685 DEGAN G. 347 
ERNA'I Cl 10 /\ 207. 698, 867 DELC/\RTE C. 263 
l'RR/\l li\ M. 'J i 5 DELFANIAN F 4 9 1  
El.ZINA M 1 69 DELMAS H. 2 1 9  J I.OEN E D5 DELOUCHE E. 323 
Li\ Y D. 9 DESEVAUX P. 40 
OIS l'A 2J7 DI FIUPPO P 89 1 
ONTOUX l' .  46 l llBOUN M. 84 3 
UT O l' A  7ll, 1 75 llJABER S M. 1 8 1  Ol JAl!J)i\l.LAI I A 52. 806 D.IEBARA K. 1 87 
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llONNlNI G. '1 1 5  KEIKO FlJJIOK/\ 85 

DOlJJ\MN/\ S 1 1  I Kl 11\J ./\F 1 1  63.\ 637 

E K I IA l.ll'/\ /\.-.!. 849 

EL EM/\M S.1 1 2 8  
Kll/\N M 40 

EL G/\FY /\ i'. 28 
KJIED/\RI J. 855. 86 1 

EL GAN/\01 1 1  M 4 G  KIM S. J 9 1 

EL I IM iU/\R S.M 7118 
KL/\INSEK .l . C. 540 

EL MO! ISSMJI I I /\ 886 
KOii C.N. 447.  574 

EL/\MR/\NJ M K. (1 7(> 
KONG I I  C . .  447. 57.1 

El./\R/\ l ll /\. M 2'1J KORONTT l/\LYOV/\ 0. 557 

El ./\ZZOU7.I M 676 L 
Fl.J l !RSl 11 r;  S 8 1 1 L/\ll/\T I'. 662 
El .K/\fllRI M 22'; L/\l llW�:SE U 263. 323 

El.T/\11\F K. M 79') 1 ./\1 ISSUNY Y M 2.1 1  
El.'f 'IEF /\ M 1 22 L/\M/\ R IS I'. 'JJ I 
EMIJINNI S O X I  I ! ./\NEVILLE /\ 1 5  

ESS/\DKI /\ 2 1 9  l ./\RROI J I  lE l'l l 46 

EST/\BEN M (>62 I./\ l !NI (l. 79 

F 1 ./\7.MR S 200 

Fi\N'l ll I . I r 78 1 l .E l'l\LFC () 4fl5 
rFRR/\1 1 I), (1D WBON G. 269. 299 

FERRICIR/\ M. /\. 70. 1 75 
LECORlllER J.C 225 

F l l .!Pi\N V 1 ,1 5 ,  1 59 
I .EE Y N  545 

Ffl\ IRNIER M. (167 
I .FMON N IER D. 1 1 7  

FRANCIS E. 580 
LEYRIS J-P 643 

FI Jl f "["i\NI T <11 18  
1 . 1/\/.ID /\ 1 8 1  

G I.IMAM K 55 1 

< i/\D El.Mi\ WL/\ i\ 708 
1 .01 1/\1 1 1 .r/\ r 1 .  7ll2 
f .I J( )  s 6 1 4  

li/\ILl.i\Rll F 1 10 

(i/\I I M. M. 7 1 6  
LUQUE /\. 88(1 

r;/\f .l\N I�: N 1 5  
M 

U/\ I .I\ I '/\ i\ 7'Hl. X I (>,  832 M/\/\LEJ M 1r>2 
li/\RIJF F xn M/\/\MIR s. 692 

( i/\TIN/\ .1 l' 87.1 
M/\l'l IROl Hll i\ 698 

UI IHl\ll-MUl<LUS N HRO M1\I J1\ M. 207, H67 

liOK/\LI' I. l 'Hi 
MALIK /\MIN /\SLAM 757 

liONi'./\LIOi'. /\ (155 
MALK/\Wl /\ .  4 2 1  

CiOlJJOi� : JU i\.t\i.JJ )  S j� i f'...fJ\T\1�vHH J  �vi •105 
rnms H R·1:1 M/\MOIJ M JJ5  
U I J l/./\NI fl .1<12 Ml\NS\ 11 11< M 629, fi7(i 

II Mt\NZAN M 368 

l l/\J)J/\ J )J /\ li'J:l 
M/\Sl.Ol ll 1 1  /\ 29.l 

1 1/\01 IllII 11\T F '1 1 5  
MAI S U  Ml rm M. 5 1 6  

I !/\MllJ/,/\IWI I I L IC MBOW C: 399 4 'J I MEl l R/\l.llAN M.A . 2 1 3 
l l/\SN/\OIJI M. 2.17. 257, 305. JI I .  Yl l .  3RI Ml'KIAt'l B-Y 629 
11/\T n>N /\ 484 M IC/\NGEU /\. 
I lllUJN LI\ I l l  I J 855.  86 1 

78 1 

l lOKOJ S. 5 1 6 
M l l rnuc BUUI J/\NIC A_ 1 45, 1 54 

I l lJZI\ YYlN /\.S 
MIR A. 1 1 0 

28 MOKHfARI /\ 497 

MOLINARI G 75 1 ,  775, 

IJJRAIHM M I 98 MOR/\l'S J M  405 

!MINE O 925 MORITA D. 504 

ISM/\11. M./\ 729 MORVAN ]), 46 

J MOUST/\I' /\ /\ 708 

J EDRAL W. 23 1 
MOYNE C 52 

JONO l !O L 399 MR/\N I 1 4 8  

K N 
KADI L. 4<J7 Nl\CIRI J. K. 287 

K/\I >!RI M.E. 9 1 5  
NAIMI M 257 

K/\I JJ/\ M. 685 
N/\ VIGL!O /\ 837 

K/\i',EOlJI ll.  4 97 NOUM/\RE B. 643 



ICAR/\ /\, 5 1 0  SJF/\OIJI S. 34 
SILVA /\ M. 70, 1 75 

lO K 504 SLIMAN! K. 375 

'/\R/\KU O 1 1 .  722 SNOEK c.W. 1 28 

TRTll lSCHEBEK 767 SOULE S. 667 

JAl lES R 843 SOUS/\ /\. C.M . 

I i\fV./\7.l M N. 329 SPERlJLJTO F 790 

J/\Zi'./\NI M.T 375 STANESCU G 1 04 

JKEBDENE /\. 140 SUG/\T T. 504 

'.AK I A. 504 SUN l-I 447, 574 
Sl  IR/\CI F. 'JOJ 

.CETll M 79 
SUTLOYIC I 1 54 .  1 59 

,NIJ/\ Y I' K 40, 702 
SlJZZ/\NNE I' 737 

d<AN'I I !OEN I' 225 
T 

dlK S. 1 1 6 T/\K/\1 1/\R/\ I. 6 1 4  

d<K Y.M 545 TAKEUC I II M. 608, 6 1 ,� 

dl.MENTIER I'. 269 ·r /\NT/\Krl Tl c. 453, 459 

dWNCINI M. ]68, 89 1 Tl IOM/\S D.G 1 1 6 

1SSERINI U. 79 TOM/\SSfflTI M 743 

1Tll'-RO! IL/\Nll 13 225 TORll  S.  (14 

'.TR/\S D 562 TOllZ/\NI A 207, 868 

ERON! S. 75 1 TOYIR .I. 6 1 4  

ETR/\ FESA M 5 1 0  1 1l/\HELSI H. 34 

t iNO!.ET-TARl l/\N F. 873 TRlC E. 323 

AITEN J K 257. J8 1 ,  387 rROJ/\Nl A.J  775 

>I.ENGl ll  l l  8 1 6  TlJONJ G 522. 528 

)IJT M 662 v 
ll .ON/\R/\ F. 79 V /\N DE IJR/\/\K N J 70. 1 75 
)l J J .TEl( R. 2 1 .� V/\IiMA I L K. l J.1 
{ATINTI JON N 854. 86 1 V /\SSEl l R  I'. 3 3 5 ,  34 1 ,  347 
<INC!l'I P 8.'7 Vl/\Ll.E I' 9 

VITAL S 5J4 
lJARlNI CJ. I. 2 1 3  VOSSOUGl I I  M (181J 

w 
/\Fll'Y/\ND M. 3 1 7  W /\Cl llMP\JW ADON S 855. 86 J 

/\ll/\L I. 169  W/\M\3/\IJ(�J I J 4 2 1  

/\ I  IA!. S . 275 . 299 WON HOON P. 399 

/\JI A Jll5 WI J J. 6 1 4  

/\NJ)! R 78 1 x 
/\OI JI E �I I  XIJ W.Q 4•17, 574 
/\SJ \Al l  S M 729 y 
EliNIER Y. 2Ci9 
!AD I I. 1 63 

Y/\M/\UCIII I. 6 1 4  

IC 1 1/\RD C. 625 
YANG Y.S. 545 

IZZO G 5 1 0  
YlJSl l l  H ll{AT/\ 85 

OIJILL/\Rl> L. 151 z 
ONI JOT D. 692 7.Enl lM/\TI B. 692 
OSSET L 225 7.ENOHl L 98 1 
OWE D. 568 ZERlKAT M. 1 8 1  
uscirn R. 897 7.RJKEM Z 1 1  o. 1 48, 586, 592 

/\llHll M. 52, 806 
AITO M 608, 6 1 4  
/\Kt\Ml M. 2 1  
AMMAR I lNO M.I'. 743 
./\NFELD A 60 1 
./\NTIC I l/\I L 451 
;CllHJNERT I (> 1 9  
,CJl lTO S 832 
:El l/\QLJI R 287 
:GfJAIER T_ 34 
:r !/\LOI 1/\M F. M. 799 
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